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Abstract

Cancer is one of the leading causes of death globally. To fight this disease, the

researches such as the risk factors of cancer, cancer detection methods, and cancer

treatment are all growing rapidly in recent years. Biomarker discovery was one of the

potential strategies for early detection of cancer. In addition, due to the promising

efficacy of therapeutic monoclonal antibodies (mAbs), these types of drugs are

frequently used in the cancer treatment. Many studies are still investigating the

pharmacokinetic (PK) and pharmacodynamic (PD) properties of therapeutic mAbs.

Therefore, an accurate and precise quantification method would facilitate these studies.

This study used both gas-chromatography mass spectrometry (GC-MS) and liquid-

chromatography mass spectrometry (LC-MS) platforms to develop bio-analytical

methods for cancer detection and quantification of therapeutic monoclonal antibodies

(mAbs) drugs, and hopefully to improve cancer treatment and also to facilitate precision

medicine.

This thesis is divided into two parts. In the first part, we used a targeted

metabolomics approach to investigate the potential fatty acids as the biomarkers for

breast cancer (BC) detection on GC-MS. Detect BC at early stage could not only reduce

the cancer mortality but also improve the treatment outcome. To investigate potential

VI
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fatty acid biomarkers, we developed a fatty acid profiling method for plasma

metabolomic studies by GC-MS. The plasma samples were derivatized by acetyl

chloride, and then analyzed by GC-MS. This analytical method was validated with

accuracy within 100 £+ 15%, and the intraday and interday precision were lower than

15% RSD for over 90% analytes. We further analyzed fatty acid profiles in both healthy

volunteers and BC patients. To consider that the fatty acid profiles would be affected

by the menopausal status, we divided the samples into pre- menopausal and post-

menopausal. In post-menopausal group, the concentrations of three fatty acids

including C22:0, C24:0, C18:2n6 were significantly lower in BC patients. In addition

to C22:0, C24:0, C18:2n6, seven fatty acids, including C16:0, C18:0, C18:1n9c, C20:0,

C20:4n6, C22:6n3, and C24:1n9, showed significant differences in pre-menopausal

patients. We further applied these potential BC biomarkers to build the prediction model.

The optimal prediction model for post-menopausal group was built by C18:2n6, C22:0

and C24:0 with the area under the curve (AUC) value of 0.72 (70.6% sensitivity and

70.4% specificity). In pre-menopausal group, the prediction model was built by C22:0

and C24:1n9, with the AUC value of 0.78 (73.3% sensitivity and 70.8% specificity). In

the second part of this thesis, we developed two analytical methods for therapeutic mAb

quantification in human plasma samples. In the first study, we developed a protein G

purification method to trap the target analyte, bevacizumab, from human plasma, and

VIl
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applied another immunoglobulin G (IgG) based drug tocilizumab as the internal

standard to correct the potential loss during sample preparation procedure. The method

was validated, and then used to quantify the bevacizumab concentrations in patients’

plasma samples. The quantification results revealed that bevacizumab concentrations

fluctuated significantly between individuals even though the dosage of bevacizumab

and the collection time point were both the same for the tested individuals. This method

could be applied to investigate the PK and PD properties of bevacizumab, and also for

conducting therapeutic drug monitoring (TDM) of bevacizumab.

IgG represents a high percentage of mAb drugs that have been approved by the

Food and Drug Administration (FDA). To facilitate therapeutic drug monitoring and

PK/PD studies, we developed a general LC-MS/MS method to quantify the

concentration of IgG-based mAbs in human plasma. Three IgG-based drugs

(bevacizumab, nivolumab and pembrolizumab) were selected to demonstrate our

method. Protein G beads were used for sample pretreatment, combined with a two

internal standard (IS) calibration method that includes the IgG-based drug-IS

tocilizumab and post-column infused IS. The results indicated that the accuracy for

three demonstration drugs were all within 100 £ 15%. The intraday and interday

precision were lower than 15% RSD. Using two internal standards was found to

effectively improve quantification accuracy. The successful application of the method

VIl
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to clinical samples at trough levels demonstrated its’ applicability in clinical analysis

This thesis used a targeted metabolomic approach to investigate the potential fatty

acids as the BC detection biomarkers, and developed LC-MS/MS methods for

quantifying therapeutic mAbs concentrations in human plasma. All of these methods

were validated, and applied to clinical samples to investigate the method applicability.

It is anticipated that these methods could be applied to clinical practice, and to achieve

the goals of personalized medicine.

Keywords: cancer, biomedical analysis, metabolomics, gas chromatography—mass

spectrometry, biomarker, liquid chromatography- mass spectrometry, therapeutic

monoclonal antibodies, protein G purification, post-column infused internal standard

method
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Chapter 1. Introduction
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1.1 Cancer

Cancer is the name given by a collection of related diseases, which contains
abnormal cells. The abnormal cells may invade or spread to other parts of the body, and
may make cancer treatment become a difficult task. According to data from World
Health Organization (WHO), cancer caused 8.8 million deaths in 2015, which was the
second leading cause of death in the worldwide. Currently, nearly 1 in 6 deaths is due
to cancer, which is a relatively high ratio. In addition, cancer is a high occurrence
disease in the world, and affecting the life quality significantly. In order to fight with
this common but serious disease, the researches about the risk factors of cancer, cancer
detection method, and the improvement of cancer treatment are all growing rapidly in
recent years.! "1

During last two decades, the cancer mortality in the United States, Europe, and other
high-income countries was decreasing.'!"!* This is due to the improvement in medical
science, such as early diagnosis and also various new drugs being available.!* Early
diagnosis could be achievable by several ways, and biomarker detection is one of the
potential strategies.'> Biomarker is defined as a measurable indicator in some biological
status or conditions.'® Biomarker discovery shows the potential to assist physicians to

achieve early detection of diseases, and it is also gaining more importance for precision
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medicine.!”!® Biomarker discovery for disease is no longer an unrealistic dream due to
the development of “omic” sciences including proteomics, genomics, metabolomics
and so on. These “omic” sciences provide the comprehensive information to discover
biomarkers which may be benefit to both early diagnosis and treatment selection.

The other method to reduce the cancer mortality is to improve cancer treatment.
The conventional methods for cancer treatment includes surgical therapy, radio therapy,
and chemotherapy. Due to the significant advance in medical science over past 20 years,
target therapy and immunotherapy are now also becoming treatment selections for
cancer therapy. Therapeutic monoclonal antibodies (mAbs) were commonly applied to
perform both target therapy and immunotherapy in recent years.'*?® Compared to
surgery, chemotherapy and radiotherapy, using mAb for cancer treatment can provide

better specificity and lower toxicity, therefore, improving the treatment efficacy.

1.2 Using metabolomics for breast cancer detection

Breast cancer (BC) is the most common female cancer with high incident rate in
worldwide.?*?? There are 1.7 million new cases per year, and the percentage of breast
cancer in all types of cancers is nearly 25% in female. It is estimated that around 0.5

million people died due to this disease.??2% In Taiwan, breast cancer incident rate is also
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very high among women, the incident rate has significantly increased since last two
decades.

The survival rate of BC is strongly related to the disease status at diagnosis, the
10-year survival rate is around 98% for patients who were diagnosed at early stage (0
and | stage) compared with a 65% 10-year survival rate for patients with stage IlI
disease.?*2 In addition, the outcome of BC patient is significantly influenced by cancer
stage at the time of diagnosis.?” Therefore, it is important to have methods for early
detection of BC. The current screening approaches for BC includes breast self-
examinations, clinical breast examinations and breast imaging. The good accuracy,
acceptable sensitivity and specificity, were all the requirements for a BC screening
method. However, even mammography is currently the gold standard method for breast
cancer screening, it still has some limitations such as higher false rate for women with
dense breasts.?®2° In addition, the increasement of risks due to repeated exposure to
harmful ionizing radiations.

Recently, due to the development of science, the results acquired from the genomic
testing, proteomic profiling and metabolomics provided additional information for
selecting treatment approaches and managements.***? Among these omic sciences,
metabolomics is becoming a hot issue in recent years. It is firstly described by Nichoson

et al. in 1993, with the definition as “the quantitative measurement of the dynamic

4
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multiparametrix metabolic response of living system to pathophysiological stimuli or
genetic modification.”** Metabolomics research approaches can be briefly divided into
targeted and non-targeted. The metabolomics study is mainly focus on small-molecule
metabolites (< 1500 Daltons) in a biological specimen (such as plasma, urine), and these
metabolites could reflect most closely to the phenotype of an organism at specific time
and status. The concentration of these metabolites often varies during disease status
compared to healthy conditions. As a result, metabolomic presents a promising tool to
explore the potential disease biomarkers due to its’ ability to measure these relative
metabolites and correlate to the physiological status. Several metabolomic researches
have identified the potential biomarkers for various disease, and also for breast cancer.
3437 Measurement of the fluctuations of certain metabolites in bio-fluids is a promising
strategy to detect breast cancer at early stages.*°

In non-targeted metabolomic studies, relative quantification using raw signal
intensity has been commonly applied as indicators of the metabolite level. This is due
to that it is impractical to construct the calibration curves for all metabolites, and it is
also difficult to select appropriate internal standards for correction all of the analytes.
Therefore, it is really hard to perform precise and accurate quantification of all
metabolites in bio-fluid in non-targeted studies.*>#* However, to make a biomarker be

applied from lab to the clinic, an accurate and precise method for metabolites

5
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quantification is a critical point.*>-3

1.3 Cancer treatment with therapeutic monoclonal antibody

(mAD)

Cancer treatment with different kinds of therapeutic mAbs has become one of the
most successful therapeutic approaches since last decades.** MAb has become a hot
issue in the medical field and pharamaceutical community and it has gained high
attentions among the biotech drugs in development. Many mAbs are currently used for
cancer therapies including breast cancer, colorectal cancer, lung cancer and so on. There
are also many mAbs currently undergoing clinical evaluation, and these drugs generally
show better specificity with lower side effects and better efficacy compared to
conventional small molecule drugs due to their target-specific mechanisms. Although
mAbs provide better safety profile, the clinical outcomes may vary among patients in
some cases, and the extent of the side effects also varied.*> In addition, the
pharmacokinetic (PK) and pharmacodynamic (PD) properties of therapeutic mAbs
were different to conventional small molecules and are being more complicated.**” To
investigate the PK/PD properties of mAbs and to improve the clinical outcomes for

mAb therapy, an accurate method to quantify mAb concentrations in bio-fluid is
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important.

1.4 Research aim and organization of this thesis

An effective, accurate and economic bio-medical analysis method could help the
physicians to get a better understanding of patients’ physiological status, which may be
benefit for both disease detection and drug treatment. Mass spectrometry (MS) has
several advantages to perform bio-medical analysis, including the high selectivity and
sensitivity. Mass spectrometry has been coupled to different kinds of separation
instruments such as gas-chromatography mass spectrometry (GC-MS) and liquid-
chromatography mass spectrometry (LC-MS). These techniques are frequently used to
investigate the potential biomarkers for disease screening and therapeutic response.
Moreover, they are also commonly adopted to measure drug concentrations in different
kinds of sample matrices.**->* In this thesis we aimed to develop bio-analytical methods
for BC detection and mAb drugs quantification by using both GC-MS and LC-MS. This
thesis composed of 4 chapters, the second chapter is to find potential biomarkers for
BC detection, and the third chapter is to establish the quantification approach for mAb
drugs in human plasma for improving cancer treatment.

Biomarker discovery could be one of the most promising approaches to achieve

early detection of BC. In the second chapter of this thesis, we aimed to find the potential
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biomarkers for breast cancer detection by using a GC-MS platform to analyze fatty acid
profiles in both BC patients and healthy control’s plasma samples, as a result, to provide
an opportunity to achieve the goal of BC early detection. GC-MS has been widely
applied in numerous clinical fields such as quantification of abused drugs, metabolites,
and environmental pollutants. The main advantage is its’ high selectivity and
comprehensive spectral databases. GC-MS has been commonly used in both profiling
and targeted metabolomics in recent years.>>>® Due to the high demand for reliable
quantification analysis of metabolites in complex biological matrices, in the second part
of'this thesis, we developed a quantitative method to investigate the potential fatty acids
as the BC detection biomarkers.>

In the third chapter of this thesis, we developed analytical methods for therapeutic
mAb quantification in human plasma samples. The first portion of the third chapter, we
developed an analytical method using the protein G purification coupled to LC-MS/MS
to quantify bevacizumab concentration in human plasma samples. Another IgG based
mAb drug, tocilizumab, was applied as the internal standard to correct the potential
variation during sample preparation. This quantification approach for quantifying
bevacizumab was accurate and precise. And we also verified the applicability of this
platform by quantifying the bevacizumab concentrations in patients’ plasma samples.

This platform could be applied to investigate the PK and PD properties of bevacizumab,

8
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and also provide the potential to perform TDM of bevacizumab drug therapy.

After the first approval of the commercial therapeutic monoclonal antibody
Orthoclone OKT3 for prevention of kidney transplant rejection in 1986, the
development of therapeutic mAb was growing very fast. Till the end of 2014, there
were 47 therapeutic monoclonal antibody products that have been approved in the US
or Europe for various diseases, and several mAbs have also been approved for other
global markets.%® As the mAb drugs have generated much interest in recent years, and
the majority of these mAb drugs belong to immunoglobulin G (IgG) class, it is
important to develop a general method to quantify these IgG-based therapeutic mAbs
in plasma to facilitate the investigation of the their PK/PD properties.

As a result, in the second portion of the third chapter, we developed a general
method to quantify the IgG base therapeutic mAb drugs, using bevacizumab,
nivolumab, and pembrolizumab as the demonstration drugs. In order to make this
quantification approach as a general method for IgG based drugs quantification, the
sample preparation steps and internal standard selection should be universal. Protein G
purification has high affinity to all the IgG class, regardless of their IgG subtypes, which
is an appropriate method to trap these IgG based mAb drugs. Due to each mAb drug
may have different retention times, it is impractical to purchase its’ own SIL-ISs to

correct the matrix effect (ME) for each analyte. As a result, we developed a general
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quantification method for IgG based therapeutic mAb drugs using the protein G
purification coupled with a post-column infused internal standard (PCI-IS) strategy to
quantify three IgG based therapeutic mAb drugs. Using a post-column infused internal
standard to provide the information of matrix effects was developed several years ago,
and it has been used to calibrate the ME in different types of sample matrices including
urine, plasma and cerebrospinal fluid during LC-MS/MS analysis.®'-> Because the PCI-
IS can continuously reflect the different MEs encountered at each retention time point
for the whole chromatographic run, one PCI-IS could be used to calibrate multiple
analytes, which provides the advantages of reducing the cost of purchasing many
internal standards for analyzing multiple analytes in LC-MS/MS. Considering the
universal capture ability of protein G for IgG class mAbs and general calibration
capability of the PCI-IS method, we anticipated that this general method will be benefit
to facilitate the precision medicine for IgG based mAb therapy in the future.

To summarize, in the second chapter of this thesis, we have developed a GC-MS
quantitative method to investigate the potential fatty acids as the BC detection
biomarkers. In the third chapter, we developed LC-MS based analytical approaches for
measuring mAb drugs concentration in human plasma. These bio-medical analytical
methods could provide their potential values for clinical use, and facilitate the

development of precision medicine. The conclusion and perspective of this thesis were

10

doi:10.6342/NTU201804105



discussed in chapter 4.
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Chapter 2. Using metabolomic approach for breast cancer

detection

Ch2.1 Using targeted metabolomic approach for fatty

acid analysis for breast cancer detection

12
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2.1.1 Introduction

Breast cancer (BC) is the most common type of cancer among women. According
to WHO, there are about 570,000 women died from breast cancer, which is around 15%
of all cancer deaths in women in 2015. In order to increase the survival rate, it is
important to develop early detection methods, and to treat the patients at the early
disease stage, which may have higher potential to cure the disease. Using biomarkers
for cancer detection is a promising strategy. Previous studies have indicated that one
main feature that distinguishes malignant cells from normal cells is the altered lipid
metabolism, moreover, breast cancer patients present altered fatty acid profiles.
Therefore, measurement of fatty acid profile shows the potential for breast cancer
detection. 667

Fatty acids (FAs) are aliphatic monocarboxylic acids that act as the building blocks
of lipids. They play important roles in the energy balance and signal transduction in
biological systems. Some fatty acids are important constituents of cell membranes 3,

while others are precursors of potent bioactive lipids.  Imbalances in fatty acids can

lead to a wide variety of diseases, including inflammation 7°, neurodegeneration !,

72-73 74-75

tumorigenesis , metabolic disorders and cardiovascular disease. ’®

Metabolomics, the study of metabolites relative to physiological state and

13
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environmental stimuli, has become increasingly important in investigations of disease
pathogenesis and clinical biomarker discovery. 7’ Metabolites are considered the
downstream products of cellular regulatory reactions, which are necessary for normal
function, maintenance or growth of a cell. 7*7° Approaches to the study of metabolomics
include target analysis and global profiling. Targeted metabolomic analysis of fatty
acids has indicated the potential of using fatty acids as breast cancer markers, with
several free fatty acids proposed as possibly markers. %7 8 However, one potential
problem in the use of free fatty acids as cancer markers is that their concentrations may
be easily influenced by dietary fat. Measurements of the total fatty acids can minimize
the concentration fluctuation due to dietary fat. Therefore, the study of the total fatty
acid content in breast cancer patients is required for clinical application.

Fatty acids are not naturally volatile chemicals and require chemical derivatization
to improve their volatility. Although silylation reagents have been used for the
derivatization of FAs, most studies employ alkylation reagent to convert polar carbonyl
groups into more volatile non-polar derivatives. A wide range of alkylation reagents are
available for the conversion of FAs to their corresponding fatty acid methyl esters
(FAMEs). Commonly used alkylation reagents can be categorized as acid or base
catalyzed methods. Acid-catalyzed methods can be used for methylating total FAs

(esterified and non-esterified fatty acids), while base-catalyzed methods are not capable
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of derivatizing free fatty acids. 8 In addition, base-catalyzed methods consist of mild
reactions suitable for methylating fatty acids bound within acylglycerides & in reactions
requiring anhydrous conditions. On the other hand, acid-catalyzed methods can be used
either in direct transesterification or in a two-step methylation including initial
hydrolysis or saponification of the lipids to free fatty acids. Among the acid —catalyzed
derivatization methods, acetyl chloride is the most frequently used reagent, which could
be applied to direct transesterification of fatty acid. This study selected acetyl chloride
derivatization method as our derivatization strategy.

This study aimed to develop an accurate, efficient, and economical GC-MS
method for the plasma metabolomic study of fatty acids and apply this platform to
investigate the potential biomarkers of breast cancer. We selected acetyl chloride
derivatization method as our derivatization strategy and used an ionic liquid (IL)
column to improve the separation efficiencies for both positional and geometrical
isomers of fatty acids. The method was subjected to method-validation in terms of
precision, accuracy and linearity. The validated method was applied to the investigation

of potential fatty acid markers of breast cancer.

2.1.2 Experimental
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2.1.2.1 Chemicals and reagents

A series of fatty acid standards, including lauric acid, myristic acid, palmitic acid,
elaidic acid, linoelaidic acid, arachidic acid, arachidonic acid, cis-5,8,11,14,17-
eicosapentaenoic acid, behenic acid, docosapentaenoic acid, cis-4,7,10,13,16,19-
docosahexaenoic acid, tricosanoic acid methyl ester, lignoceric acid, methyl
nonadecanoate, methyl tricosanoate and hexacosanoic acid were obtained from Sigma-
Aldrich (St. Louis, MO, US). Other fatty acid standards, including myristoleic acid,
palmitoleic acid, oleic acid, a-linolenic acid, cis-11-eicosenoic acid, erucic acid, cis-
13,16-docosadienoic acid, and nervonic acid were obtained from Cayman Chemical
(Ann Arbor, Ml, US). Stearic acid, nonadecanoic acid, and cis-8,11,14-eicosatrienoic
acid were obtained from Fluka (Buchs, St. Gallen, Switzerland). A standard mixture of
37 FAME was purchased from Supelco (Bellefonte, PA, US).

Methanol and hexane were of HPLC grade and purchased from Mallinckrodt
(Phillipsburg, NJ, US). Petroleum ether was of HPLC grade and obtained from J.T.
Baker (Phillipsburg, NJ, US). Potassium carbonate powder and acetyl chloride
methanolic solution were purchased from ACROS (Fair Lawn, NJ, US). Sodium

chloride powder was obtained from Merck (Darmstadt, Hesse, Germany).
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2.1.2.2 Human blood collection and sample preparation

For the metabolomic study of breast cancer, plasma samples were obtained from
the National Taiwan University Hospital. The study was approved by the institutional
review board of the National Taiwan University Hospital (200809033R). All plasma
samples were collected after overnight fasting. Blood samples were drawn in the
morning under fasting conditions and collected in citrate-containing tubes. The blood
samples were centrifuged at 10,000 x g for 15 min, and the resultant plasma samples
were stored at -80 “C until use.

For fatty acid extraction, the Folch method was applied with little modification.
Fifty microliters of plasma was added to the homopolymer polypropylene vial,
followed by the addition of a 2: 1 chloroform-methanol (v/v) mixture and vortexing for
10 seconds. The solution was placed on ice for 20 minutes. Subsequently, 200 pL of a
0.9% NaCl solution was added and the mixture was centrifuged at 3000 x g for 5 min.
The lower layer was transferred to a glass tube, and 0.5 mL of a
chloroform/methanol/deionized water (86:14:1) solution was added to the residue,
repeating the extraction process. Finally, the combined lipid extracts were pooled and
evaporated under an N stream. The plasma extracts were stored at -20 °C until use.

Two milliliter of a methanol-hexane (4:1; v/v) mixture (containing nonadecanoic
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acid methyl ester (C19:0)) as the extraction internal standard) and 200 pL of 99% acetyl
chloride was added to the samples, and the tubes were capped under an N stream. The
samples were incubated at 100°C for 30 min, and then cooled on ice. Five milliliters of
a 6% K>COs solution were added to the tubes for neutralization, followed by
centrifugation at 1500 x g for 5 min. The organic layers were collected from the tubes.
The remaining aqueous layers were extracted with 0.5 mL of hexane. The extraction
was repeated twice and the extracts were pooled and evaporated under a N2 stream. The
residue was re-dissolved in 100 pL of hexane containing 20 ng mL™* of tricosanoic acid
methyl ester (C23:0) as an internal standard to calibrate the GC-MS analytical error.
For direct transesterification using acetyl chloride derivatization method, 2 mL of
a methanol-hexane (4:1; v/v) mixture (containing nonadecanoic acid methyl ester
(C19:0)) was added in the 50 pL plasma followed by the previous mentioned

derivatization procedures.

2.1.2.3. Gas chromatography—mass spectrometry analysis

All analyses were performed in split mode (1:20) on an Agilent 7890a gas
chromatograph connected to an Agilent 5975C Series MSD (Agilent Technologies,

Wilmington, DE, USA). The chromatographic columns were 30 m DB-5 MS+DG
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capillary columns (5% phenyl, 95% dimethylpolysiloxane) with an internal diameter of
250 pm (Agilent Technologies, Santa Clara, CA) and a 25 m x 0.25 mm SLB-IL82
column with a film thickness of 0.2 um (Supelco, Bellefonte, USA). The injection
volume was 1 uL. The oven temperature began at 50 °C for 1 min and was then
increased to 150 °C at a rate of 30 °C/min, followed by further increases at 7 °C/min to
160 °C, 3 °C/min to 195 °C (maintained for 1 min), 6 °C/min to 200 °C and 2 °C/min
to 210 °C (maintained for 1 min). The helium carrier gas flow rate was set at 1 mL/min.
The GC inlets were held at 250 °C. The equilibration time between injections was 0.5
min. The electron impact ionization was 70 e¢V. The MS source and MS quadrupole
were maintained at 230 °C and 150 °C, respectively. The masses of the analytes were

acquired in full scan mode with mass range of 30-650 m/z.

2.1.2.4. Acetyl chloride derivatization method

The acetyl chloride derivatization method was employed as previously described
8 Two mL of a methanol-hexane (4:1; v/v) mixture was added to borosilicate glass
tubes containing the dried plasma extract, and the tubes were vortexed on ice.

Two-hundred microliters of 99% acetyl chloride was added to the samples, and the

tubes were capped under an N; stream. The samples were incubated at 100°C for 30
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min, and then cooled on ice. Five milliliters of a 6% K,CO3 solution were added to the
tubes for neutralization, followed by centrifugation at 1500 x g for 5 min. The organic
layers were collected from the tubes. The remaining aqueous layers were extracted with
0.5 mL of hexane. The extraction was repeated twice and the extracts were pooled and
evaporated under a N stream. The residue was re-dissolved in 100 uL of hexane

containing 20 ug mL? of tricosanoic acid methyl ester (C23:0) as an internal standard.

2.1.2.5 Data processing

Peak areas were calculated by integrating the respective extracted ion
chromatograms (EIC) with Agilent ChemStation software (Santa Clara, CA, US).
Numerical data were exported and processed with Microsoft Excel 2007. The paired t
test was employed to identify significant fatty acids between control and breast cancer
patients. The generation of principal component analysis (PCA) plots and barplots were
carried out in R (Version 2.12.2). The receiver operating characteristic (ROC) curve
analysis was performed using Stata/SE11-2 for Windows (StataCorp LP, College

Station, TX, USA).

2.1.3 Results and discussion
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2.1.3.1 Development of the GC-MS method

Fatty acids are composed of organic chains of various lengths. These chains also
vary in the number and locations of double bonds. As some positional and geometrical
isomers show similar fragmentation patterns by mass spectrometry, good
chromatographic resolution is required to provide additional retention time information
for use in compound identification. A thirty-seven-component fatty acid methyl ester
(FAME) mixture was used for selectivity optimization.

Recently, ionic liquid (IL) columns have been introduced for the separation of
FAME mixtures and were found to give better selectivity for FAME mixtures compared
with wax or cyanopropylsiloxane columns 3+%%. SLB-1L-82 is an ionic liquid column
containing asymmetrical organic cations and inorganic anions. Unlike a traditional
polysiloxane phase, the ionic liquid column provides good separation for both polar and
nonpolar components. Additionally, it is able to distinguish different positional and
geometrical isomers 8. Several studies have indicated that the column bleed of SLB-IL
82 is lower than found for other polar columns ®. This advantage is particularly
important for the metabolic profiling of fatty acids in biological specimens because
some fatty acids appear in only trace amounts. This low column bleed results in

relatively low background noise, which improves the identification and quantification
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accuracy for low-abundance fatty acids.

Considering the potential differences in the biological functions of the fatty acids
isomers, we adjusted the temperature gradient to separate positional and geometric fatty
acid isomers. A detailed description of the optimized gradient program was described
in Section 2.1.2.3. The total runtime of the optimized GC method was 26 minutes.
While most fatty acids in human plasma have cis configurations, C18:1n9t and 18:2n6t
are the most commonly detected trans fatty acids in human plasma. Figure 2.1 a
revealed that the SLC-IL82 column, in conjunction with the optimized conditions,
could separate trans fatty acids from their respective cis isomers. The optimized
conditions also provided good selectivities for fatty acids in the plasma samples (Figure

2.1b).

2.1.3.2 Method validation

Before validating the acetyl chloride derivatization method in conjunction with
GC-MS analysis for fatty acid profiling, we additionally determined the shortest
reaction time required for acetyl chloride derivatization. Almost all of the previous
studies used 1 hour reaction times for the transesterification of fatty acids 8 %, After

evaluation of several transesterification reaction times, we found that reactions run for
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30 minutes provided comparable signal intensities to those run for 1 hour for both fatty

acid standard solutions and plasma samples when using a direct transesterification

method (without lipid extraction). Therefore, a 30 minute reaction time with acetyl

chloride (using direct transesterification) followed by GC-MS analysis was validated

in terms of precision, accuracy and linearity.

Twenty-four fatty acid standards were used for method validation. Tricosanoic

acid methyl ester was used as the internal standard. The intra-day (n = 9) and inter-day

(n = 3) precision for each of the fatty acids in terms of peak area ratio were tested three

times a day for 3 days at low, medium and high levels of their respective linear ranges

(Table 2.1.1). With the exception of lauric acid (C12:0), both the intra-day and inter-

day precisions of all of the tested fatty acids had relative standard deviations (RSDs) of

less than 10% (Table 2.1.1).

The linear ranges for each fatty acids were designed according to their respective

biological concentrations. Table 2.1.2 shows the calibration curves and the correlation

coefficients of each fatty acid. The test results revealed correlation coefficients higher

than 0.999 for all of the fatty acids except C12:0 and C20:0 within the tested ranges.

Quantification accuracy was evaluated at three concentrations (Table 2.1.2). Over 90%

of the tested results showed recoveries within 85%-115%.
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2.1.3.3 Fatty acid profiling in breast cancer research

Breast cancer is one of the most common cancers observed among women, and its
associated death rate has been on the rise. In 2013, there were approximately 232,340
new cases of invasive breast cancer, and 39,620 breast cancer deaths are expected
among US women. It was estimated that one in 8 women in the United States will
develop breast cancer in her lifetime *. Due to the high incidence rate of breast cancer,
the development of a high-quality screening method is urgently needed.

Targeted metabolomic analysis of fatty acids has indicated the potential of using
fatty acids as breast cancer markers %7 . Compared with previous studies on breast
cancer, this study measured the total fatty acids (free and esterified fatty acids) with
more comprehensive investigation of fatty acid species. Considering the potential
differences in biological functions of fatty acids isomers, positional and geometric fatty
acid isomers were studied separately.

We collected plasma samples from 50 healthy volunteers and 48 breast cancer
patients to investigate potential fatty acid markers. The clinical characteristics of these
healthy volunteers and breast cancer patients were listed in Table 2.1.3. To minimize
biased comparison, samples obtained from pre-menopausal and post-menopausal

women were separately compared. All of the plasma samples were derivatized by the
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acetyl chloride method followed by GC-MS analysis.

The fatty acid profiling results revealed that the concentrations of three fatty acids
including C22:0, C24:0, C18:2n6 were significantly lower in post-menopausal breast
cancer patients (P<0.05). In addition to C22:0, C24:0, C18:2n6, seven fatty acids,
including C16:0, C18:0, C18:1n9¢c, C20:0, C20:4n6, C22:6n3, and C24:1n9, showed
significant differences in pre-menopausal patients. Decreased serum levels of free fatty
acids have been found to be associated breast cancer in most studies. This study found
the trend of total fatty acid expression in breast cancer patients to be very similar to free
fatty acids in that all fatty acids were expressed in lower quantities in breast cancer
patients. The decrease of fatty acids has been proposed to result from the fact that fatty
acids are rapidly metabolized in cancer patients for the synthesis of membrane
phospholipids®®.

Compared with the post-menopausal group, greater quantities of significant fatty
acids were observed in the pre-menopausal group. The incidence rates of breast cancer
in Taiwan tend to be more prominent among a younger age group. The number of
patients in Taiwan under the age of 40 accounts for 16.6% of the total breast cancer
population, whereas the same demographic in the United States accounts for only 8%.
Moreover, variations in in the dominant molecular subtype (luminal or basal-like) are

found between young Taiwanese women and young breast cancer patients in the west™.
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This observation suggests a more complicated pathophysiological origin for young

breast cancer patients in Taiwan. Our study observed complicated changes in the fatty

acid profiles of young breast cancer patients, which may provide useful insight into the

pathophysiological origin of breast cancer.

A binary logistic regression model was built using the significant fatty acids to test

their power in predicting breast cancer. The ROC curve was computed for the logistic

regression model (Figure 2.1.2), and the model was generated through different

combinations of significant fatty acids to give the highest AUC value using the

minimum number of fatty acid species. When combining fatty acids C22:0 and C24:1n9

for pre-menopausal group and combining fatty acids C18:2n6, C22:0 and C24:0 for

post-menopausal group for the prediction of breast cancer, the AUC values were 0.78

(73.3% sensitivity and 70.8% specificity) and 0.72 (70.6% sensitivity and 70.4%

specificity). The distribution of the fatty acids used to build the prediction model are

provided in Table 2.1.4.

2.1.4 Conclusions

An accurate, efficient and economic method for the employment of plasma

metabolomics of fatty acids was proposed in this study. Acetyl chloride method was
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demonstrated to provide the good derivatization efficiency. A newly developed IL

column, SLB-IL 82, was used to analyze the derivatized products, successfully

separating positional and geometric fatty acid isomers within 26 minutes under the

optimized conditions. The proposed method was applied in the investigation of

potential breast cancer markers. Three (C18:2n6, C22:0, C24:0) and ten fatty acids

(C16:0,C18:0,C18:1n9c, C18:2n6, C20:0, C20:4n6, C22:0, C22:6n3, C24:0, C24:1n9)

were found to be significantly decreased in post- and pre-menopausal breast cancer

patients, respectively. Nevertheless, further investigations using larger populations are

needed to adequately prove these potential markers to be viable for clinical application.

These fatty acids represented as potential biomarkers for early detection of BC and to

reduce BC mortality.

In addition to early detection, providing appropriate drug treatment could also

reduce cancer mortality. Measurement of drug concentrations in bio-fluid would

improve efficacy and safety. Due to the growing importance of mAb in cancer therapy,

in the next chapter, we developed two LC-MS/MS based analytical methods to quantify

the therapeutic mAb drugs in human plasma samples.
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Table 2.1.1 Precision of 24 fatty acids at three concentrations.

Repeatability Intermediate precision
Fatty acid (RSD%) (RSD%)
Low Medium High Low Medium High
C12:0 13.24 1.55 4.47 2091 5.30 6.60
C14:0 2.39 1.28 0.89 3.08 2.12 8.06
Cl4:1 4.03 1.24 2.15 4.28 2.78 8.46
C16:0 1.30 2.02 4.09 2.55 4.33 7.72
Cle:1 1.10 0.97 1.53 5.34 242 3.26
C18:0 1.52 0.52 0.58 3.24 6.35 3.77
C18:1n9¢ 0.56 0.43 1.57 7.94 8.79 1.75
C18:1n9t 0.77 1.08 0.66 2.73 2.55 2.11
C18:2 1.28 2.07 0.81 2.67 8.06 4.55
C183n  4.26 1.25 3.81 4.17 1.12 6.45
C20:0 1.75 2.09 0.70 3.33 3.53 1.96
C20:1 1.43 1.15 3.04 2.98 2.71 4.69
C20:2 3.37 0.67 0.39 6.80 3.31 5.36
C20:3n6 142 0.36 0.85 1.38 9.40 1.19
C20:4 1.62 0.68 1.10 1.61 1.53 4.80
C20:5 2.95 0.49 1.00 5.73 5.87 6.60
C22:0 0.78 1.55 0.26 2.36 6.41 1.63
C22:1 0.42 1.01 2.98 9.08 1.39 3.71
C22:2 4.89 2.17 1.18 5.17 2.29 1.88
C22:5 7.21 2.01 1.02 7.75 7.30 6.63
C22:6 1.19 0.80 1.15 3.50 9.06 5.37
C24:0 1.79 0.72 0.53 8.88 5.90 7.26
C24:1 7.70 0.73 0.43 8.83 3.66 6.34
C26:0 1.76 0.56 1.85 243 6.16 7.48
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Table 2.1.2 Linearity and accuracy of 24 fatty acids at three concentrations.

Calibration | | Accuracy (%)
FAME range Linearity

(ng/mL) High Medium Low
C12:.0 1.5-50 0998 100.0+9.2 1049+11.4 93.0+20.6
C14:.0  5-200 0999 958+3.1 1044+23 103.0+3.4
Cl4:1  10-200 0999 111.6+158 101.9+6.0 86.8+8.1
C16:0 31.3-500 0.999 92.1+3.2 103.8+1.5 879=+1.9
Clée:1  5-200 0.999 96.7+8.3 90.3+1.8 104.4 £ 0.8
C18:0 31.3-500 0.999 100.3+0.7 105.1+7.2 105.8+5.0
C18:1n9¢31.3-500  0.999 93.7+23 1022+1.6 90.6+1.3
C18:1n9t 31.3-1000 0.999 119.3+18.3 1209+3.6 101.0+0.5
C18:2 15.6-500  0.999 93.5+0.5 103.2+1.2  81.0+0.2
C18:3n 1.5-50 0999 83.7+10.1 101.2+04 109.1+19.5
C20:0 1.5-50 0998 856=+11.2 110.5+6.5 117.6+10.8
C20:1  1.5-100 0.999 1142+234 120.0+18.9 81.9+9.5
C20:2  1.5-50 0.999 999+5.5 106.1£2.2 114.6+3.1
C20:3n6 15.6-500  0.999 104.1+12.6 103.1+£0.8 86.1+6.2
C20:4 31.3-500 0.999 89.5+79 859+10.7 945+103
C20:5  5-200 0999 108.7+16.1 113.7+44 1085+174
C22:0 1.5-100 0999 1152+3.6 1025+15 979+14
C22:1  15.6-500 0999 1209+13.8 91.7+9.0 75.9 £ 16.1
C22:2  1.5-50 0.999 98.5+6.7 87.4+8.1 90.8 + 14.7
C22:5  5-200 0999 909+1.2 99.8+11.3 109.8+1.1
C22:6 31.3-500 0.999 100.1+£8.1 92.1+8.5 100.8 £ 4.7
C24:0 1.5-50 0.999 113.3+£26.6 109.7+11.9 127.0+13.8
C24:1  1.5-50 0.999 104.0+3.5 1046+15 1183+124
C26:0 31.3-500 0.999 97.847.8 89.9+1.4 855+1.2
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Table 2.1.3 Clinical characteristics of study subjects

Healthy control Breast cancer patient
Pre- Post- Pre- Post-
menopausal  menopausal Menopausal*  menopausal
Number 23 27 31 17
Age 43.1+52 59.4+7.0 434+54 58.4+73

Height (cm) 157.7+4.8 1548+33  1582+54 1548+ 4.7
Weight (kg) 56.1+7.6  56.9+6.9  59.1+122 595+11.1
BMI (kg/m?) 22.6+27 23728 23.6 + 4.6 249+ 4.8

Stage | 11 9
Stage I 15 6
Stage I 4 2

*Stage information was missing in one pre-menopausal patient
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Table 2.1.4 The distribution of fatty acids used to build the binary logistic regression

model
Breast cancer patient
Pre-menopausal (ug mL™) Post-menopausal (ug mL™?)
C22:0 125+ 26 C18:2n6 979.6 £ 257.1
C24:1n9 20.9+£5.3 C22:0 134 £ 3.0
C24:.0 103 £ 2.2
Healthy control
Pre-menopausal (ug mL™) Post-menopausal (ug mL™?)
C22:0 142+ 3.3 C18:2n6 1118.0 + 306.8
C24:1n9 247+ 8.2 C22:.0 152 + 3.8
C24.0 118 + 2.2
31
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Figure 2.1.1 GC-MS chromatograms of (a) FAME standard and (b) a breast cancer
patient’s plasma extract analyzed by the SLC-IL 82 under the optimized GC-MS
conditions. (The detailed conditions were in Section 2.2.3) (peak identification: 1:
C12:0, 2: C14:0, 3: C14:1, 4: C16:0, 5: Cl16:1, 6: C18:0, 7: C18:1n9c, 8: C18:1n9t, 9:
C18:2, 10: C20:0, 11: C18:3, 12: C20:1, 13: C20:2, 14: C20:3, 15: C22:0, 16: C20:4,
17: C22:1,18: C20:5, 19: C22:2, 20: C24:0, 21: C24:1, 22: C22:5, 23: C22:6, 24: C26:0,
ISTD 1: C19:0, ISTD 2: C23:0)
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Figure 2.1.2 ROC analysis for the discrimination of breast cancer and control groups in
(@) pre-menopausal (C22:0, C24:1n9) and (b) post-menopausal women (C18:2n6,
C22:0, C24:0).
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Chapter 3.

Development of LC-MS/MS methods for 1gG based

therapeutic monoclonal antibodies quantification

Ch3.1 Development of an LC-MS/MS method with protein G
purification strategy for quantifying bevacizumab in human

plasma

Ch3.2 A general method for quantifying IgG-based therapeutic
monoclonal antibodies in human plasma using protein G
purification coupled with a two internal standard calibration

strategy using LC-MS/MS
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Ch3.1 Development of an LC-MS/MS method with protein
G purification strategy for quantifying bevacizumab in

human plasma
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3.1.1 Introduction

Biopharmaceutical products such as protein drugs and monoclonal antibodies are
currently of great interest. These types of drugs have the potential to improve
therapeutic effects and reduce side effects. Monoclonal antibody (mAb) drugs are one
of the rapidly growing categories of biopharmaceutical products. From 2010 to 2014,
greater than 30% of the approved biopharmaceuticals in the United States and Europe
belong to mAb-based products.’! Bevacizumab is a humanized immunoglobulin G (IgG)
monoclonal antibody (mAb) drug that against human vascular endothelial cell growth
factor A (VEGF-A), and it is also the first anti-angiogenesis agent to be approved by
the FDA for metastatic colorectal cancer treatment in 2004.°2 Subsequently,
bevacizumab has been approved for treating many types of cancers, such as non-small
cell lung cancer, metastatic renal cell carcinoma, and glioblastoma.

Personalized medicine is increasingly important in the clinic, and therapeutic drug
monitoring (TDM) is one important strategy to achieve personalized medicine. TDM
of monoclonal antibody concentrations has also been conducted to improve therapeutic
efficacy, reduce side effects and improve the control of disease activity.”®> A previous
study found that pharmacokinetic (PK) behaviors are usually more complex with

biopharmaceutical products than with conventional small molecule drugs.’* Although
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mADbs can provide a better safety profile, a recent study indicated that clinical outcomes
vary among patients treated with bevacizumab, and the extent of the side effects such
as vascular disorders also varied.”> As a result, simple and accurate quantification
methods for these biopharmaceutical drugs in biological fluids is vital and allows dose
adjustment depending on the pharmacokinetic profiles of different patients.

Currently, ligand binding assay (LBA), for example, enzyme linked
immunosorbent assay (ELISA) is the most widely used methods for the measurement
of mAb concentrations in plasma/serum.’®*® However, these LBA methods have
several limitations. First, the customized of specific reagents such as antigens or
antibodies are usually required for LBA assays, and the reagent’s quality and
consistency between different batches would seriously affecting the method
performances including specificity, robustness, and also sensitivity.”-'% Second, the
generation of the specific reagent for LBA is commonly time and cost consuming. '°!
Third, the interference in the sample matrix may also lead to inaccurate quantification
and insufficient dynamic range due to the potential cross reaction.!92193 A recent study
compared the accuracy between LBA and LC-MS for infliximab quantification in
human plasma. A significant bias was found with commercial ELISA.!% Therefore, to
develop alternative methods for accurate quantification of mAbs is important in clinical.
Due to its high sensitivity and selectivity, LC-MS is being used increasingly for
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105-107 However, serious matrix

quantifying monoclonal antibodies in human plasma.
effects may lead to inaccurate quantification. Therefore, many sample cleanup methods
have been proposed for purifying mAbs from biological matrixes.'%!!! Twamoto et al.
developed a nano-surface and molecular-orientation limited (nSMOL) proteolysis
method for quantification of bevacizumab in human plasma; however, it required a
special device. Also, clinical validation was not performed in their study for evaluation
the utility of their method in clinical measurement.'®® Todoroki recently used an anti-
idiotype antibody to purify bevacizumab from human plasma followed by LC with
fluorimetric detection analysis. Since idiotype antibodies are generated by a customized
service, the sample preparation cost would be relatively higher.!'? Therefore, a simple
and cost-effective method is still required to enable a wider application of TDM in
clinical fields.

In this study, we proposed a general purification method coupled to LC-MS/MS
to determine bevacizumab concentrations in human plasma. Protein G magnetic beads
were chosen for sample purification due to their wide availability and low cost. Protein
G magnetic beads selectively trap IgG class antibodies in human plasma. This
procedure can help to reduce the sample matrix complexity and the large amount of
endogenous proteins such as albumin and other proteins, including immunoglobulin A

and immunoglobulin M, can be removed. To calibrate the potential loss by trapping,
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another IgG-based pharmaceutical product, tocilizumab, was used as an internal
standard. The tandem MS displayed the great selectivity for the surrogate peptide
quantification in human plasm. This LC-MS/MS method was validated in term of its
precision, accuracy, linearity and sensitivity. Finally, the validated method was used to
analyze plasma samples obtained from breast cancer patients with brain metastasis to

demonstrate its usefulness for TDM in clinical fields.

3.1.2 Materials and methods

3.1.2.1 Reagents and materials

Bevacizumab was purchased from Roche Applied Science (Indianapolis, IN,
USA). Trypsin was purchased from Promega (Madison, WI, USA). Protein G Mag
Sepharose Xtra beads were purchased from GE (Piscataway, NJ, USA). MS-grade
methanol was purchased from Scharlau Chemie (Sentmenat, Barcelona, Spain).
Acetonitrile (ACN) was obtained from J.T. Baker (Phillipsburg, NJ, USA). Ammonium
bicarbonate, formic acid (FA) solution (99%), dithiothreitol (DTT), and iodoacetamide
(IAA) were purchased from Sigma (St. Louis, MO, USA). Sodium chloride and sodium
phosphate dibasic anhydrous were obtained from J.T. Baker (Phillipsburg, NJ, USA).
Potassium chloride was purchased from Fluka (Buchs, St. Gallen, Switzerland).

Potassium phosphate monobasic was obtained from Sigma (St. Louis, MO, USA). The
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extend SIL-IS was synthesized by GenScript (Piscataway, NJ, USA). Tocilizumab was

purchased from Genentech (South San Francisco, CA, USA).

3.1.2.2 LC-MS/MS system

An Agilent 1290 UHPLC system equipped with an Agilent 6460 triple
quadrupole system (Agilent Technologies, Waldbronn, Germany) was used for the
analysis. An Aeris™ PEPTIDE XB-C18 100 x 2.1 mm (1.7 pm) column (Phenomenex,
Torrance, USA) was selected for the separation. The mobile phase consisted of 0.1%
aqueous formic acid (solvent A) and 0.1% formic acid in ACN (solvent B) at a flow
rate of 0.3 mL min™!. The gradient profile was the following: 0-1.5 min, 5% B; 1.5-5
min, 5-50% B; 5-5.5 min, 50-100% B; 5.5-6.5 min, 100% B; and column re-
equilibration with 5% B for 2 min. The sample reservoir was maintained at 4 °C, and
the column oven was set at 40 °C. The injection volume was 20 pL. A positive
electrospray ionization mode was utilized with the following parameters: a 325 °C dry
gas temperature, a 7 L min! dry gas flow rate, a 45 psi nebulizer pressure, a 325 °C
sheath gas temperature, an 11 L min™! sheath gas flow rate, a 3500 V capillary voltage,
and a 500 V nozzle voltage. MS acquisition was executed in multiple reaction
monitoring (MRM) mode. The transitions for surrogate peptides were m/z
588.3—602.3 and 523.3—797.4, and the transition for extended stable isotope-labeled
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peptide was 590.3—602.3. The transition for tocilizumab was 514.8—526.25.

3.1.2.3 Trap and digestion of bevacizumab from human plasma

In this study, we used protein G beads to —trap bevacizumab from human plasma.
The protein G bead solution was first conditioned with 200 uL of phosphate buffered
saline (PBS) buffer twice. Next, 5 uL of plasma and 20 uL of tocilizumab (50 ug mL"
1 were added to the bead solution and incubated for 1 hour at 4 °C. After the incubation,
200 uL of PBS buffer and 200 puL of deionized water were used as washing solutions
to remove unbound proteins. To elute the bevacizumab from the beads, 200 uL of 100
mM formic acid solution was added to the sample twice. The eluent was dried under
No>. The dried eluent was reconstituted with 150 puL of 200 mM ammonium bicarbonate
buffer and 150 uL of deionized water, and the solution was heated at 90 °C for 25 min.
Ten microliters of 100 mM DTT was added to the solution and then heated at 60°C for
60 min. After cooling, 10 puL of 100 mM IAA was added for alkylation at 30°C for 30
min in the dark. For trypsin digestion, 18 uL of trypsin (20 ug/ 200 uL) and 20 pL of
100 mM ammonium bicarbonate were added to the solution and heated at 37°C for 12
hours. To terminate the digestion, 20 pL of 10% FA was added to the trypsin digestion
solution. The digested sample was subjected to LC-MS/MS analysis. To evaluate the
calibration performance, ten microliters of extended stable isotope-labeled internal
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standard (SIL-IS) (10 pg/mL) was added before trypsin added.

3.1.2.4 Method validation
3.1.2.4.1 Selectivity

Six plasma blank samples (without administration of bevacizumab and
tocilizumab) were applied to evaluate the selectivity of this method. We compared the
chromatograms of plasma blank and bevacizumab and tocilizumab spiked plasma to

confirm whether there were any interference exist at the same retention time.

3.1.2.4.2 Linearity, limits of detection (LOD), limits of quantification
(LOQ)

A series dilution of the stock solution (25000 pg mL™") was conducted to produce
solution concentrations ranging from 1000 ug mL™"! to 30 ug mL! of bevacizumab in
human plasma samples. Aliquots of bevacizumab solution were added to plasma blank
to obtain 30, 50, 100, 300, 500, 1000 pg mL™! spiked samples to generate the
calibration curve, and each concentration was analyzed for three replicates. The peak
area of the analyte was integrated using Agilent software. The calibration curve was
obtained with a weighting factor of 1/X and by linear regression analysis. The limit of
detection (LOD) was defined as a signal to noise (S/N) ratio of three. The limit of
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quantification (LOQ) was defined as a signal to noise (S/N) ratio of ten.

3.1.2.4.3 Accuracy and precision

To evaluate accuracy, three different concentrations (30, 300 and 1000 pg mL™! in
plasma) of bevacizumab were spiked into the different plasma samples from healthy
controls and patients with infection, and the back calculated concentrations were
compared to the spiked concentrations. Five determinations per concentration were
applied to evaluate the accuracies according the FDA guidance for bioanalytical method
validation. For repeatability evaluations, the samples were analyzed by five
determinations per concentration within the same day. For intermediate precision, three
samples per concentration were prepared individually and analyzed at three different

days.

3.1.2.4.4 Stability, matrix effect and extraction recovery

Processed sample stability was evaluated by measuring the sample concentration
after 24 hours kept in 4 °C autosampler. To measure the matrix effect, three
concentrations of digested bevacizumab standards were individually spiked into six
plasma blank samples and one reagent blank sample. The matrix effects at three
concentrations were calculated using surrogate peptide intensity in plasma blank
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divided by surrogate peptide intensity in reagent blank. The reagent blank was
composed of same component as the bevacizumab digestion buffer.

To evaluate the extraction recovery, bevacizumab was spiked into the plasma
samples at three different concentrations (30, 300 and 1000 pg mL™! in plasma) before
incubation with protein G beads as the pre-spiked samples. The post-spiked samples
were prepared by adding bevacizumab into the plasma blank samples after the protein
G trapping step. The extraction recoveries were calculated by dividing the peak area for
the pre-spiked sample by the peak area for the post-spiked sample and multiplying by

100%.

3.1.2.5 Collection of clinical samples

Plasma samples were collected at the National Taiwan University Hospital. The
study was approved by the institutional review board of the National Taiwan University
Hospital (201709061 RIND). Avastin® (bevacizumab) is administered intravenously at
a dose of 15 mg kg!. The blood samples were centrifuged at 10,000 x g for 15 min, and

the resultant plasma samples were stored at —80 °C until use.
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3.1.3 Results and discussion

3.1.3.1 Method development
3.1.3.1.1 Selection of surrogate peptides of bevacizumab

This study used surrogate peptides for bevacizumab quantification. Plasma blank
and bevacizumab-spiked samples were profiled by time of flight mass spectrometry to
identify unique peptides that were contributed by bevacizumab. The amino acid
sequences of surrogate peptides were investigated using the website PeptideMass

(http://web.expasy.org/peptide _mass/). Two surrogate peptides,

VLIYFTSSLHSGVPSR and FTFSLDTSK, were identified, and they were further
investigated for their mass transition for bevacizumab quantification. The surrogate
peptide (VLIYFTSSLHSGVPSR) with higher abundance was used for quantification,
and the other surrogate peptide (FTFSLDTSK) was used for confirmation. The amino
acid sequences, mass transitions and the corresponding mass parameters are listed in
Table 3.1.1 These surrogate peptides sequences of bevacizumab were the same as the
previous studies. % '3 Figure 3.1.1 shows that the selected surrogate peptides were

selective and that no interference could be detected.
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3.1.3.1.2 Trapping of immunoglobulin G monoclonal antibodies by using
protein G beads

Protein G beads were used to selectively extract IgG class antibodies including
bevacizumab. A schematic diagram for protein G trapping procedure is shown in Figure
3.1.2. The entire immunoglobulin G trapping process can be divided into three steps:
incubation, wash and elution. Bevacizumab in human plasma was first trapped using
protein G beads with an end-to-end mixer to obtain sufficient interactions between the
protein G beads and bevacizumab. Phosphate buffered saline (PBS buffer) was then
used to remove unbound interfering substances. Finally, an acid solution (100 mM
formic acid) was added to disrupt the binding between the protein G beads and the
target analyte. This immune-affinity trapping workflow provides a convenient method

for reducing the complexity of the sample matrix.

3.1.3.1.3 Optimization of the protein G trapping procedure

To effectively trap bevacizumab from plasma samples, we evaluated different
protein G bead volumes for extraction of bevacizumab in 5 pL of plasma sample.
Theoretically, the capacity of 40 pL of protein G beads is sufficient to bind all of the
endogenous IgG and bevacizumab in plasma samples (3.5 pg of human IgG per pL of
10% medium slurry, according to the manufacturer). Five different plasma bead volume

46

doi:10.6342/NTU201804105



ratios of 1:2, 1:4, 1:8, 1:12 and 1:16 were investigated to determine the optimal volume

of protein G beads required to provide sufficient capacity for the bevacizumab in the

samples. The samples were incubated at 4°C with end-to-end rotation. The results are

shown in Figure 3.1.3 (A) When the ratio was lower than the theoretical capacity (1:8),

the signal intensity of the surrogate peptide was relatively low with a high standard

deviation. The peak area of the surrogate peptide reached a plateau when the ratio was

above 1:8 and was without improvement when the ratio was increased to 1:12 and 1:16.

As a result, we selected 1:8 as the optimal plasma: bead reaction ratio to trap

bevacizumab from the plasma samples.

The incubation time for protein G beads and plasma samples was further evaluated.

To evaluate the time effect on the trapping efficiency, we tested four incubation times

from 30 to 180 minutes. As shown in Figure 3.1.3 (B), the abundance of surrogate

peptide clearly increased from 30 to 60 minutes; however, as the incubation time

increased, the amount of surrogate peptide did not increase noticeably. To provide an

efficient method, we selected 60 minutes as the incubation time.

Other parameters, such as buffer volume and manner of incubation, were also

optimized to effectively trap bevacizumab from human plasma samples. A large volume

of buffer (420 pL) with end-to-end rotation was found to provide better trapping

performance due to the more thorough contact between the protein G beads and
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bevacizumab.

3.1.3.1.4 Optimization of the trypsin digestion procedure

To acquire the optimal trypsin digestion results, we investigated the digestion time
and the trypsin: protein ratio. For the evaluation of the digestion time, we tested five
digestion times from 1 hour to 16 hours. We observed that from 1 hour to 12 hours, the
abundances of surrogate peptide clearly increased; however, as the incubation time
increased, there was no enhancement of the abundance of surrogate peptide (Figure
3.1.4 A). Therefore, 12 hours was selected as the digestion time.

The trypsin: protein ratio is also a critical parameter that should be considered in
order to provide better digestion efficiency. A trypsin: protein ratio from 1:20 to 1: 100
(w/w) is frequently recommended for these digestions. The protein amount is calculated
using an average value of IgG among general adult populations.''* This study evaluated
trypsin: protein ratios from 1:10 to 1:100, and the results are shown in Figure 3.1.4 B.
The results indicate that the surrogate peptide abundances for trypsin: protein ratios of
1:10 and 1: 20 were significantly lower than for a trypsin: protein ratio of 1:50. However,
when the ratio was increased to 1:100, the trypsin amount was insufficient to digest the
target analyte in plasma samples. To provide a sensitive and robust quantification
method, a 1:50 ratio of trypsin: protein was selected.
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3.1.3.1.5 Selection of internal standards for improving quantification
accuracy

LC-MS/MS protein quantification studies commonly use extended SIL-peptides
as internal standards (IS).!'* !> However, extended SIL-peptides could not be trapped
by protein G beads and a potential trapping loss therefore could not be calibrated.
Hongyan et al suggested the use of the entire molecule as the internal standard to
calibrate fluctuations in the sample processing steps.!!! Consequently, we compared
two types of internal standards for their correction efficiency: extended-SIL peptide-IS
and an IgG-based drug-IS. Three concentrations of quality control (QC) samples were
used to evaluate the calibration performance. For IgG-based drug-IS, we adapted
another IgG based drug, tocilizumab, as the internal standard to correct for a possible
preparation error from the bead trapping step to trypsin digestion. The sequence and the
corresponding mass parameters of two types of internal standards are listed in Table
3.1.1. Both MRM chromatograms for these internal standards in plasma blank samples
and plasma spiked samples are shown in Figures 3.1.1 C and 3.1.1 D. There was no
interference with these transitions for the two internal standard peptides. A comparison
of the correction efficiency is shown in Figure 3.1.5. Both quantification accuracies and
precision were used to evaluate the correction efficiency of different internal standards.
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As shown in Figure 3.1.5 A, without applying any internal standard correction, the

biases were higher than 40% at low and high concentrations. When using the extended

SIL-peptide as the internal standard, the accuracy was not noticeably improved. On the

other hand, when using the tocilizumab as the internal standard, the bias of all

concentration levels were decreased to less than 15%. We additionally compared the

precision of peak areas obtained from three replicate samples. As shown in Figure 3.1.5

B, the results indicated that without applying any internal standard correction, the RSD

is approximately 15-30% for different concentrations. When using the extended SIL-

peptide as the internal standard, the RSD was not noticeably decreased; in the low and

high concentration groups, the RSDs were even greater. On the other hand, when using

tocilizumab as the internal standard, the RSD significantly decreased to less than 12%.

The good correction efficiency of tocilizumab could be attributed to both tocilizumab

and bevacizumab belong to the IgG class and also present in intact form, and as a result,

the preparation including protein G trapping and digestion efficiency may be mimicked.

According to accuracy and precision comparison results, we could conclude that

tocilizumab represents as an effective internal standard for bevacizumab quantification.
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3.1.3.2 Method validation
3.1.3.2.1 Selectivity

Selectivity was evaluated using six plasma samples obtained from healthy controls
and patients. Chromatograms obtained from bevacizumab spiked plasma and plasma

blank were compared. There was no any interference in six tested plasma blank.

3.1.3.2.2 Linearity, limits of detection (LOD), limits of quantification
(LOQ)

Bevacizumab-spiked plasma samples were used to validate the established
protocol. The linear range for quantification of bevacizumab in human plasma was
designed according to the therapeutic range. Method linearity was evaluated from 30
ug mL! to 1000 pug mL-!. The calibration curve was obtained with a weighting factor
of 1/X and by linear regression analysis. The coefficient of determination was greater
than 0.99, and the equation of this calibration curve is y=0.003460X-0.039664.The

LOD and LOQ were 4 ug mL! and 10 pg mL! in plasma samples, respectively.

3.1.3.2.3 Accuracy and precision
The quantification accuracy, repeatability and intermediate precision were all
evaluated at three concentrations. Accuracy evaluation used plasma samples obtained
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from both healthy volunteers and patients with infection diseases. Previous study has
indicated immunoglobulin levels will be increased in infection conditions.!''®
Considering the possible physiological variation of endogenous IgG which may affect
accuracy of bevacizumab quantification, we used plasma samples from both healthy
volunteers and patients with infection disease for evaluation of method accuracy. The
accuracy was tested by spiking plasma samples with bevacizumab standard at three
concentration levels and was expressed as percentage recovery. The overall percentage
recoveries of three concentration levels were within 92.8 + 3.2% to 112.7 + 4.5%.
Repeatability and intermediate precision in terms of peak area ratios (surrogate
peptide/IS) at three concentration levels were lower than 5.2 and 12.9% RSD,

respectively. Accuracy and precision test results are shown in Table 3.1.2.

3.1.3.2.4 Stability, matrix effect and extraction recovery

The previous study indicated that bevacizumab was stable in plasma samples at -
20 °C for 15 days.!”® Process stability was evaluated in this study. Processed
bevacizumab spiked plasma samples were placed in autosampler for 24 hours at 4 °C.
The results indicated that all surrogate peptide signals were stable (RSD < 3%) after 24
hours storage at 4 °C for three tested concentrations. The matrix effects were tested at
three concentration levels, and the results were between 94% and 125%. The extraction
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recoveries of protein G trapping procedure were tested at three concentration levels,

and the recoveries were within 83.6 t0 98.8%.

3.1.3.3 Clinical sample analysis

To evaluate the applicability of the established protocol, we applied it to quantify
five plasma samples that were obtained from patients who were under bevacizumab
treatment due to brain metastases of breast cancer. These patients all received
bevacizumab at a dose of 15 mg kg!. Figure 3.1.6 shows one representative
chromatogram from the analysis of one patients’ plasma sample. The concentrations of
bevacizumab and the clinical characteristics of the 5 patients are listed in Table 3.1.3
These results indicate that the method is effective for the quantification of bevacizumab

in patient plasma samples.

3.1.3.4 Discussion

This study used protein G trapping and in-solution digestion coupled with LC-
MS/MS to quantify bevacizumab in human plasma samples. ELISA is a commonly
used analytical method for mAb quantification. Although it shows advantage in high
throughput analysis, cross reactivity caused quantification problem was frequently
being discussed.!?2-103: 17-118 The amino acid sequence of humanized antibodies is 93-

53

doi:10.6342/NTU201804105



95% human. Since they show highly structure similar to endogenous IgGs, the

118-119

endogenous IgGs may be possible interfere the results of ELISA method.

Compared to the ELISA based method, one of the most critical advantages of LC-

MS/MS platform is that LC-MS/MS can provide better selectivity. To render the

established LC-MS/MS method more applicable and economic in the clinical

laboratory for therapeutic drug monitoring, protein G beads were used for sample

purification. Compared to other antibody-based purification methods, the protein G

method does not require specific antibodies to purify target proteins. Additionally, the

cost for protein G purification is much lower compared to using customized antibodies.

Although the protein G method is less selective, our study results revealed that IgG

variations in each individual had a minimal effect on quantification accuracy.

To provide accurate quantification results, a suitable internal standard is necessary

to calibrate possible variations that occur during sample preparation. Previous studies

adopted extended SIL-peptides as the internal standards. However, one limitation of

this method is that the digestion efficiency between the extended SIL-peptide and a

monoclonal antibody may be different; as a result, extended SIL-peptides may not

accurately mimic variations in the digestion procedure. The other limitation is that this

extended SIL-peptide cannot correct for the fluctuation in the protein purification step,

such as with protein G trapping used in this study. This finding is because the extended
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SIL-peptide cannot be trapped by the protein G beads. Compared to the extended SIL-
peptide, a mAb-based internal standard with greater structural similarity to
bevacizumab would provide better calibration performance. '2° Considering that it is
too expensive to synthesize an SIL-mAb, we use tocilizumab as an internal standard.
As the results show in Figure 3.1.5, tocilizumab successfully corrected the variations
from the initial stage of protein trapping to the trypsin digestion, and thereby
significantly improve the precision of the method. A similar concept has been proposed
by Hongyan et al. In their study, they applied a mAb as a common IS in preclinical
studies as this mAb does not exist in preclinical species but has peptide sequences that
are common with target analytes. This common IS method should select general IgG
sequences as their quantification surrogate peptides. However, as the majority of
developed therapeutic mAbs are humanized IgGs, these general sequences also appear
in endogenous IgGs. Therefore, their method is limited to pre-clinical studies and not
for human samples. In contrast to their common IS, using tocilizumab as the IS is
applicable to human sample analysis and provides good calibration performance at low
cost.

Finally, the application to actual samples revealed that bevacizumab
concentrations fluctuated significantly between individuals. The concentration
difference may reach two-fold, even though they received the same dose. One phase I
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trial has reported bevacizumab concentration in plasma samples after drug
administration at 15 mg kg!. The bevacizumab concentrations were ranged from 100
ug mL ! to 400 ug mL™! from day 0 to day 14.'?! In our study, the plasma sample was
taken at day 1 after drug administration, and our detected concentration levels were
similar with their reported results. However, that phase I study did not discuss the
concentration fluctuation between each test individuals. Several recent studies indicated
that the efficacies vary in samples from patients undergoing bevacizumab treatment. !’
122-123 The other concern with the use of bevacizumab is side effects. Higher
concentrations of bevacizumab may lead to side effects such as hemorrhage and
phlebitis.'?* Therefore, a wider application of TDM for bevacizumab treatment could
improve the therapeutic efficacy and reduce the side effects. The protocol proposed in
this study, including protein G trapping and in-solution digestion with tocilizumab
calibration, provided an effective, economic and readily assessable strategy for clinical

laboratories to conduct TDM of bevacizumab to achieve personalized therapy.

3.1.4 Conclusions

In this study, we developed an LC-MS/MS method to quantify bevacizumab in

human plasma using protein G trapping and in-solution digestion for sample
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pretreatment. We selected readily available and economical materials for sample
preparation to facilitate its wider use in clinical fields. Protein G was used to trap the
target analyte (bevacizumab) and minimize sample complexity. The IgG-based drug-IS
tocilizumab exhibited good calibration performance. The validation results
demonstrated that the method is accurate and could be used for pharmacokinetic studies
and therapeutic drug monitoring for bevacizumab. Currently, the majority of available
mAb drugs in the clinical field belong to the IgG class, and some 1gG4 antibody drugs
are currently undergoing clinical trials.'?® As the IgG class of drugs is now gaining more
attention in the clinic, the general and simple protocol presented here may be applicable

to other IgG class mAb drugs to improve the safety and effective use of mAb drugs.
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Table 3.1.1 MRM ion transitions and mass parameters for the surrogate peptides, SIL-

IS and tocilizumab.

MRM Collision Cell Accelerator
Amino acid sequence Fragmentor
Transition energy voltage
VLIYFTSSLHSGVPSR? 588.3 — 602.3 35 150 o
FTFSLDTSK® 523.3 — 797.4 20 150 7
V*LIYFTSSLHSGVPSR 590.3 — 602.3 30 150 7
LLIYYTSR (Tocilizumab) 514.8 — 526.3 25 150 7
& Used for quantification.
b Used for confirmation.
*Val(*3C5,15N).
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Table 3.1.2. Accuracy and precision of bevacizumab quantification in plasma samples

at three concentrations.

Concentration ~ Accuracy Precision
(ug mL) (%Recovery)  Repeatability (%CV) Intermediate precision (%CV)
30 112.7+ 45 5.2 12.9
300 928+3.2 1.2 3.2
1000 106.8 + 4.2 2.7 9.5
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Table 3.1.3 The concentrations of bevacizumab and clinical characteristics of 5 breast

cancer patients with brain metastases.

Height  Weight ) Bevacizumab
Number Age Sex Dosage  Disease status
(cm) (kg) (ngmL™Y)
1 53 F 157 38 15 mg kg'* v 3452 £ 20.5
2 65 F 145 525 15mgkg? v 468.6 + 3.0
3 3% F 159 58 15 mg kg'* v 651.7 £ 3.0
4 64 F 153 486 15mgkg™ v 302.4+ 9.6
5 63 F 152 51 15 mg kg'* v 352.2+15.7
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Figure 3.1.1 Overlay of MRM chromatograms of surrogate peptides from spiked and
blank plasma samples. (a) and (b) are two surrogate peptides of bevacizumab:
VLIYFTSSLHSGVPSR, 588.3—602.3 and FTFSLDTSK, 523.3—797.4. (c) is a
surrogate peptide of SIL-IS, V¥LIYFTSSLHSGVPSR, 590.3—602.3. (d) is a surrogate
peptide of tocilizumab, LLIYYTSR, 514.8—526.3. The red color indicates a spiked

plasma sample, and the black color indicates a plasma blank.
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Figure 3.1.2 Schematic illustrations for protein G trapping of bevacizumab from
human plasma.
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Figure 3.1.3 Optimization of the protein G purification procedure. (a) Effect of bead
volume on signal intensity of a surrogate peptide of bevacizumab. Five microliters of
plasma was mixed with different volumes of beads in five different groups. (b) Effect
of bead incubation time on signal intensity of a surrogate peptide of bevacizumab. Five
microliters of plasma, 40 pL of bead solution and 420 pL of PBS were mixed to evaluate

incubation time.
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Figure 3.1.4 Optimization of the trypsin digestion procedure. Effect of (a) trypsin

digestion time and (b) trypsin amount on the signal intensity of a surrogate peptide of

bevacizumab.
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Figure 3.1.5 (A) Accuracy and (B) precision for three concentrations of QC samples
with or without internal standard correction. The accuracy and precision with internal
standard corrections was calculated based on two types of internal standards, including

SIL-peptide and tocilizumab.
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Figure 3.1.6 A representative chromatogram of a plasma sample obtained from a breast
cancer patient with brain metastases. The bevacizumab dose was 15 mg kg™!.
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Ch3.2 A general method for quantifying 1gG-based
therapeutic monoclonal antibodies in human plasma using
protein G purification coupled with a two internal standard

calibration strategy using LC-MS/MS
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3.2.1 Introduction

Recently, the development of therapeutic monoclonal antibodies (mAbs) has
grown rapidly, with approval rates for new products in the US and Europe of 3~5 per
year.%” MAbs are used for several indications, including numerous types of cancers, and
for inflammatory and immune diseases.'?%"!3! However, for many mAb drugs, the
relationship between the optimal dose, efficacy and side effects are still unknown, and
clinical outcomes vary among patients. In addition, due to the promising therapeutic
efficacy of several mAb drugs, numerous drug combination strategies are in clinical

trials, but the optimal dose for these combination therapies remains unclear.!3?

Many
pharmacokinetic/pharmacodynamic (PK/PD) studies are ongoing to establish
exposure-response relationships for these combination therapies.

Precision medicine has generated much attention in recent years. To improve the
efficacy and reduce the side effects, therapeutic drug monitoring (TDM) for dose
adjustment has been recommended for several mAb drugs.’* 13% 133-134 To perform TDM
and to facilitate PK/PD studies with mAb drugs, an accurate, reliable and simple
quantification method is an essential requirement. Conventional methods for measuring
mAbs in biological fluids are based mainly on enzyme-linked immunosorbent assays

(ELISAs).”*7 However, ELISAs, having numerous limitations, such as an insufficient

dynamic range, cross-reactivity, and the high cost and amount of time required for the
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production of specific antibodies, are not always the best choice for the measurement
of mAbs.””1% Liquid chromatography—mass spectrometry (LC-MS)-based methods for
the quantification of mAbs in biological fluids have recently become widely accepted
because of their high sensitivity and selectivity.!! 135-137

A major concern with using LC-MS to measure mAb concentrations in biological
fluids is that the complexity of the sample matrix may produce serious matrix effects
(ME) during LC-MS analysis. To avoid matrix effects that lead to inaccurate
quantification results, it is important to perform sample pretreatment and to correct MEs
that occur with LC-MS analysis. Several sample preparation strategies have been
proposed for mAb analysis by LC-MS.!%% 113 38139 However, these methods require
specialized kits or specific antigens for analysis of mAbs. The most common approach
used to correct MEs in LC-MS analysis is the inclusion of a stable isotope-labeled
internal standard (SIL-IS). However, a specific SIL-IS is required for each mAb to be
tested, and if commercially available, are usually extremely expensive.

Considering that an increasing number of mAb drugs are being used in clinical
practice, a general analytical method for use in the clinical laboratory would facilitate
clinical research and TDM for dose optimization. Currently, the majority of mAb drugs
in clinical use are humanized IgGs. Because protein G is commonly used for IgG

purification, we applied a general protein G purification strategy to trap target mAb

69

doi:10.6342/NTU201804105



drugs in human plasma samples.

Although protein G purification strategies are convenient and bind universally to
IgG drugs, other endogenous IgG components in plasma may also be trapped by protein
G that can produce matrix effects and quantification errors during LC-MS analysis. In
a previous study, we proposed a post-column infused internal standard (PCI-IS) method
to correct the matrix effects in LC-ESI-MS.%* The main advantage of the PCI-IS method
is that a single PCI-IS can be applied for correcting MEs of multiple analytes. Therefore,
in this study, we used the PCI-IS method as a universal strategy to correct MEs that
occur during the analysis of mAbs in LC-MS.

Three IgG-based drugs, including bevacizumab, nivolumab and pembrolizumab,
were selected as demonstration drugs for optimization and evaluation of the general
LC-MS method. Bevacizumab is a humanized anti-VEGF monoclonal IgG1 antibody,
and was the first anti-angiogenesis agent to be approved by the Food and Drug
Administration (FDA) for the treatment of metastatic colorectal cancer since 2004.%2
Nivolumab is a human IgG4 programmed cell death-1 (PD-1) immune checkpoint
inhibitor antibody and is used for treatment of non-small cell lung cancer (NSCLC).'%
Pembrolizumab is a humanized monoclonal IgG4 antibody that targets PD-1 receptors
and has been used for the treatment of metastatic melanoma and NSCLC.'*!!*? Due to
their promising therapeutic efficacy, various new indications and combination therapies
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are in clinical trials. Effective concentration measurement methods could facilitate

these clinical studies and the treatment of patients. Finally, the proposed strategy was

applied to analyze clinical samples obtained from cancer patients to demonstrate the

applicability and potential of this general method in clinical analysis.

3.2.2 Materials and methods

3.2.2.1 Chemicals

Bevacizumab was purchased from Roche Applied Science (Indianapolis, IN,

USA). Tocilizumab was purchased from Genentech (South San Francisco, CA, USA).

Nivolumab was purchased from Ono Pharmaceutical Co., Ltd. (Japan). Pembrolizumab

was purchased from Merck (Darmstadt, Hesse, Germany). Trypsin was purchased from

Promega (Madison, WI, USA). Protein G Mag Sepharose Xtra beads were purchased

from GE (Piscataway, NJ, USA). MS-grade methanol was purchased from Scharlau

Chemie (Sentmenat, Barcelona, Spain). Acetonitrile (ACN), sodium chloride and

sodium phosphate dibasic anhydrous were obtained from J.T. Baker (Phillipsburg, NJ,

USA). Ammonium bicarbonate, formic acid (FA) solution (99%), dithiothreitol (DTT),

iodoacetamide (IAA) and potassium phosphate monobasic were obtained from Sigma

(St. Louis, MO, USA). Potassium chloride was purchased from Fluka (Buchs, St.
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Gallen, Switzerland). The extended SIL-IS was synthesized by GenScript (Piscataway,

NJ, USA).

3.2.2.2 LC-MS/MS

An Agilent 1290 UHPLC equipped with an Agilent 6460 triple quadrupole
system (Agilent Technologies, Waldbronn, Germany) was used for the analyses. An
Aeris™ PEPTIDE XB-C18 100 x 2.1 mm (1.7 pm) column (Phenomenex, Torrance,
USA) was selected for the separation. The mobile phase consisted of 0.1% aqueous
formic acid (solvent A) and 0.1% formic acid in ACN (solvent B) at a flow rate of 0.3
mL min™!. The gradient profile was as follows: 0-1 min, 10% B; 1-7.5 min, 10-32% B;
7.5-7.7 min, 32-100% B; 7.7-9.5 min, 100% B; and the column was re-equilibrated with
10% B for 1.5 min. The sample reservoir was maintained at 4 °C, and the column oven
was set at 40 °C. The injection volume was 18 pL. A positive electrospray ionization
mode was utilized with the following parameters: a dry gas temperature of 325 °C; a
dry gas flow rate of 7 L min!; a nebulizer pressure of 45 psi, a sheath gas temperature
of 325 °C; a sheath gas flow rate of 11 L min™'; a capillary voltage of 3500 V and a
nozzle voltage of 500 V. MS acquisition was conducted in multiple reaction monitoring
(MRM) mode. Post column infused internal standard (PCI-IS) was dissolved in 0.1%

FA in 50% methanol and 50% deionized water at 500 ng mL™! and introduced into the
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MS at a flow rate of 0.2 mL min’'.

The transitions for surrogate peptides of bevacizumab, pembrolizumab and
nivolumab were as follows: m/z 588.3—602.3, 553.4—667.4 and 550.6—661.5,
respectively. The transition for the internal standard tocilizumab was 514.8—526.25,

and the transition for the post column infused internal standard was 557.6—678.1.

3.2.2.3 Trapping and digestion of mAb drugs from human plasma

First, protein G beads were used to trap the target therapeutic mAb drugs from
human plasma. Eighty microliters of protein G magnetic bead solution was conditioned
twice with 200 uL of phosphate-buffered saline (PBS). Next, 10 uL of plasma and 20
uL of tocilizumab (50 ug mL!) were added to the bead solution. After incubating for 1
hour at 4 °C, 200 uL of PBS buffer and 200 uL of deionized water were used
sequentially as washing solutions to remove unbound proteins. The 3 mAb drugs were
eluted from the beads with two applications of 200 uL of 100 mM formic acid solution.
The eluent was collected and dried under N. The dried eluent was reconstituted with
200 pL of 50 mM ammonium bicarbonate buffer and the solution was heated at 90 °C
for 25 min. Ten microliters of 100 mM DTT was added to the solution and then heated
at 60 °C for 60 min. After cooling, 10 uL of 200 mM IAA was added for alkylation at

30 °C for 30 min in the dark. For digestion with trypsin, 36 pL of trypsin (0.1ug uL™)
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was added to the solution and heated at 37 °C for 14 hours. After 14 hours of digestion,
20 pL of 10% FA was added to the trypsin digestion solution to terminate the digestion.

The digested sample was then subjected to LC-MS/MS analysis.

3.2.2.4 Calibration using two internal standards

The surrogate peptide signal intensities for each mAb and IS (tocilizumab) at every
time point in the chromatogram were divided by the PCI-IS responses at the same
retention times to correct for ME. The acquired ratios were then applied to generate the
new adjusted chromatogram. Next, we integrated the peak areas of each surrogate
peptide and internal standard (tocilizumab) in the adjusted chromatogram. After
determining the peak areas of each surrogate peptide of the target analytes and the
internal standard (tocilizumab), the ratio of the peak area of each surrogate peptide to

internal standard (tocilizumab) was used for quantification

3.2.2.5 Data analysis

All of the MRM chromatograms that were obtained from Agilent Data Analysis
software, including surrogate peptides of the three target mAbs, IS (tocilizumab) and
PCI-IS, were collected and exported to.xls files. These data were further plotted using
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R programming software.!*® The final export peak area table was processed using

Microsoft Excel 2007 ( Microsoft Corp., Redmond, WA, USA).

3.2.2.6 Method validation

3.2.2.6.1 Selectivity

To evaluate method selectivity, six plasma blank samples (without addition of
bevacizumab, pembrolizumab, nivolumab and tocilizumab) and three mAb-spiked
samples were investigated and compared. The chromatograms of plasma blanks and
three mAb-spiked samples were compared to confirm whether there was any

interference at the same retention time.

3.2.2.6.2 Linearity, limits of detection (LOD) and limits of quantification

(LOQ)

Each calibration curve was designed based on their potential therapeutic ranges.
For bevacizumab, a series dilution of the stock solution (25 mg mL™') was performed,
and each solution was added to plasma blanks to obtain 15, 30, 100, 200, 400 and 800
ug mL! spiked samples that were used to generate the calibration curve. For nivolumab,
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a series dilution of the stock solution (10 mg mL™") was conducted, and each solution
was added to plasma blanks to obtain 10, 40, 100, 200, 400 and 800 ug mL™ spiked
samples that were used to generate the calibration curve. For pembrolizumab, a series
dilution of the stock solution (25 mg mL™'") was performed and each solution was added
to plasma blanks to obtain 5, 10, 40, 200, 400 and 800 pg mL! spiked samples that
were used to generate the calibration curve. Each concentration for the calibration curve
was analyzed in triplicate. The peak areas of the analytes were integrated using R
software. The calibration curves were obtained with a weighting factor of 1/X and by
linear regression analysis. The limit of detection (LOD) was defined as a signal to noise
(S/N) ratio of three. The limit of quantification (LOQ) was defined as a signal to noise

(S/N) ratio of ten.

3.2.2.6.3 Accuracy and precision

To evaluate accuracy, three different concentrations of each mAb drug (15, 200
and 800 ug mL™! in plasma for bevacizumab; 5, 200 and 800 ug mL™! in plasma for
pembrolizumab; and 10, 200 and 800 pug mL! in plasma for nivolumab) were spiked
into the different plasma samples from healthy controls and patients with infection, and
the back-calculated concentrations were compared to the spiked concentrations. The

accuracies were determined using five determinations per concentration. For
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repeatability evaluations, the samples were analyzed in triplicate per concentration
within the same day. For intermediate precision, three samples per concentration were

prepared individually and analyzed on three different days.

3.2.2.6.4 Stability and matrix effects

The stability of processed samples was evaluated by comparing the results for
samples analyzed immediately after preparation and those analyzed after storage in a 4
°C autosampler for 24 h. The stability was evaluated for each of the three mAb drugs
at low, medium and high concentrations, and the results are presented as the recovery
(%) relative to the samples analyzed immediately after preparation. To evaluate matrix
effects, three concentrations of digested mAb standards were spiked individually into
three plasma blank samples and one reagent blank sample. The reagent blank was
composed of the same components that were present in each mAb digestion buffer. The
matrix effects of the three mAb drugs at three concentrations were calculated using their
own surrogate peptide intensities in plasma blanks divided by the surrogate peptide

intensities in reagent blanks.
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3.2.2.7 Collection of clinical samples

Plasma samples were collected at the National Taiwan University Hospital. The
study was approved by the institutional review board of the National Taiwan University
Hospital (201709061RIND). Informed consent was obtained from all participants.
Avastin® (bevacizumab) was administered intravenously at a dose of 15 mg kg
Plasma samples were obtained from three patients who received bevacizumab after
three weeks. OPDIVO® (nivolumab) was administered intravenously at a dose of 3 mg
kg'!. Plasma samples were obtained from two patients who received nivolumab after
two weeks. Keytruda® (pembrolizumab) was administered intravenously at a dose of
1.8 mg kg! Plasma samples were obtained from one patient who received
pembrolizumab after 2 weeks. All the collected blood samples were centrifuged and the

resultant plasma samples were stored at —80 °C until use.

3.2.3 Results and discussion

3.2.3.1 Method development

3.2.3.1.1 Selection of surrogate peptides for bevacizumab, nivolumab and
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pembrolizumab

Surrogate peptides for each mAb were used to quantify each mAb drug in plasma
samples. Bevacizumab, pembrolizumab and nivolumab were spiked individually into
plasma blank samples, and each sample was profiled by time-of-flight mass
spectrometry to identify unique peptides that were contributed by the mAbs. The
observed unique m/z was compared to the amino acid sequence of surrogate peptides

using the website PeptideMass (http://web.expasy.org/peptide_mass/). Three surrogate

peptides, VLIYFTSSLHSGVPSR, DLPLTFGGGTK and ASGITFSNSGMHW VR for
bevacizumab, pembrolizumab, and nivolumab, respectively, were identified, and these
peptides were examined further for their MRM transitions for quantification. The amino
acid sequences, MRM transitions and detailed mass parameters for surrogate peptide
analysis are listed in Table 3.2.1. The selectivity was verified by comparing the
chromatograms obtained by mAb-spiked and plasma blanks. The results indicated that
the selected surrogate peptides were selective for bevacizumab, pembrolizumab and

nivolumab quantification in plasma samples (Figure 3.2.1).

3.2.3.1.2 Purification of mAb drugs using protein G beads

Protein G magnetic beads were used to universally trap IgG-based mAb drugs
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from plasma samples. Bevacizumab is an IgG1 antibody, and pembrolizumab and
nivolumab are IgG4 antibodies. Protein G beads effectively trap these mAbs regardless
of their IgG subtypes. The workflow for the sample preparation procedure is shown in
Figure 3.2.2. Protein G magnetic beads were mixed with the mAb-spiked plasma
samples. Endogenous IgG and target analytes were trapped by the magnetic beads
because of the affinity between protein G and IgG. High levels of other interfering
proteins such as albumin will be removed by a washing step. An acidic buffer was used
to disrupt the interaction between protein G and the analytes. Figure 3.2.1 shows that
the surrogate peptides for bevacizumab, pembrolizumab and nivolumab are all readily
detected in the LC-MS chromatograms, indicating that protein G effectively traps these
IgG drugs, thus reducing the sample matrix’s complexity and improving the sensitivity.
Moreover, this purification step can lead to lower consumption of trypsin, rendering
this general method more economical. Using protein G magnetic beads to trap IgG-
based mAb drugs represents an effective and convenient strategy for the universal

purification of IgG-based mAb drugs from human plasma.

3.2.3.1.3 Optimization of the sample preparation procedure

Protein G beads were incubated with plasma samples that were spiked with three

mAb drugs to determine the optimal incubation time. To effectively trap these mAb
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drugs, 30- to 150-minute incubation times were evaluated for their trapping efficiency.
The buffer volume and manner of incubation were described in our previous report.'**
As the results show in Figure 3.2.3 A, the abundance of surrogate peptides increased
from 30 to 60 minutes for all three mAb drugs; however, if the incubation time was
increased further, the amount of surrogate peptide did not increase. The three mAb
drugs exhibited similar profiles between the trapping time and the LC-MS signal
abundance, and 60 minutes was selected as the optimal incubation time for the protein
G purification step.

Trypsin digestion was performed after protein G purification to obtain surrogate
peptides for LC/MS quantification. To ensure that the digestion was complete for each
of the three demonstration mAbs, plasma samples that were spiked with the three mAbs
were evaluated to investigate the efficiency of trypsin digestion. To acquire the optimal
trypsin digestion performance, digestion times from 2 to 24 hours were evaluated.
Considering the possibility that individual differences in plasma components may affect
the digestion efficiency, three different plasma samples were used to explore the
optimal digestion time. The results shown in Figure 3.2.3 B indicate that for digestion
times from 2 to 14 hours, the abundance of surrogate peptides was clearly increased for
all three demonstration mAb drugs; however, as the digestion time increased, there was
no additional increase in the abundance of surrogate peptides. Therefore, 14 hours was
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selected as the optimal digestion time.

3.2.3.1.4 Use of two internal standards for improving quantification

accuracy

To obtain high quantification accuracy, internal standards should be added to
calibrate potential errors that are caused by sample preparation and LC-MS analysis. A
SIL-IS can be used to calibrate potential errors that arise from both the sample
preparation step and from LC-MS analysis, and it is the ideal internal standard for LC-
MS quantification. However, each analyte requires its’ own respective SIL-IS when
using the SIL-IS calibration method, and it cannot be regarded as a universal internal
standard. To establish a general LC-MS method for IgG-based therapeutic monoclonal
antibody quantification, we adopted the PCI-IS method as a general strategy to evaluate
and calibrate matrix effects that arise during LC-MS analysis. Previous study indicated
that hydrophobicity and protonation ability are two important factors to consider for the
selection of a PCI-IS.** The similar retention times for the three surrogate peptides
reveal their similar hydrophobicity. Due to all surrogate peptides are built up by the
amino acids, they should show similarity in protonation property. Therefore, peptide
sequences with similar molecular weights to the three surrogate peptides should provide
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good ME corrections for these three surrogate peptides. In this study, we used an
extended isotope-labeled surrogate peptide for bevacizumab as our PCI-IS. The
chromatogram of the PCI-IS is shown in Figure 3.2.4, and the analyte signals were
calibrated using signals obtained with the PCI-IS. Although the PCI-IS could address
matrix effects that caused quantification errors, it cannot address potential errors from
the sample preparation step. Therefore, a two internal standard approach was adapted
in this method.

In addition to PCI-IS, an IgG-based drug internal standard was used to address the
potential errors that arise in the sample preparation step, including any trapping loss
from protein G and the fluctuation of trypsin digestion efficiency. Previous study has
indicated that using the entire molecule as the internal standard can provide a better
correction result compared to the extended peptide. ''' We have previously
demonstrated that the use of IgG-based drugs can provide good correction in both
protein G purification and trypsin digestion compared to the extended peptide. '**
Therefore, we selected the IgG-based drug tocilizumab as our internal standard to
calibrate potential variations that arise during sample preparation steps. To perform a
calibration using the two internal standard method, the LC-MS chromatograms were
first corrected with the PCI-IS, and the signal intensities of each surrogate peptide were

corrected by the signal intensity of the PCI-IS. The PCI-IS-corrected surrogate peptide
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signals were then calibrated using the tocilizumab signal intensity.

The correction performance by the two internal standards approach was evaluated

at three concentrations using QC samples. The overall accuracies and precisions before

and after calibration are summarized in Figure 3.2.5. Figure 3.2.5.A-C demonstrate that

the accuracies were greater than 115% at low and high concentrations for certain mAb

drugs. Using the two internal standard approach could effectively improve the accuracy

of quantification, producing errors within 15% for all mAb drugs at three test

concentrations. The improvement in method precision for the two internal standards

method was evaluated by analyzing three samples that were obtained from different

healthy volunteers, and the results are shown in Figure 3.2.5.D-E. The RSDs of three

replicates were generally reduced after being calibrated by the two internal standard

method, and the RSDs were all within 15.0% except for nivolumab at low

concentrations. The results demonstrate that this two IS correction approach could

effectively improve method accuracy and precision for the quantification of IgG-based

drugs by LC-MS.
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3.2.3.2 Method validation

3.2.3.2.1 Selectivity

Selectivity was evaluated using six plasma samples that were obtained from
healthy controls and patients. No interference was produced by any of the six tested

plasma blanks.

3.2.3.2.2 Linearity, limits of detection (LOD) and limits of quantification

(LOQ)

Three mAb-spiked plasma samples were used for method validation. The
calibration curves were designed according to the therapeutic range of each mAb drug.
Method linearity was evaluated from 15 to 800 pg mL! for bevacizumab, 10 to 800 pg
mL"! for nivolumab and 5 to 800 pg mL™' for pembrolizumab. The coefficient of
determination was greater than 0.99 for all three tested mAb drugs, and the equations
of the calibration curves were y=0.006436X-0.00229, y=0.011963X-0.00256 and
y=0.014455X-0.0061 for bevacizumab, nivolumab and pembrolizumab, respectively.
The LOD was 4, 5, and 1 pg mL™! in plasma samples for bevacizumab, nivolumab and
pembrolizumab, respectively. The LOQ was 8, 8 and 3 ug mL™! in plasma samples for
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bevacizumab, nivolumab and pembrolizumab, respectively.

3.2.3.2.3 Accuracy and precision

We evaluated the quantification accuracy, repeatability and intermediate precision
at three concentrations for all three mAb drugs. Immunoglobulin levels are increased
in infection and in several disease conditions. To consider the potential fluctuation in
endogenous immunoglobulin levels and to evaluate the effect of the fluctuation on mAb
drug analysis in plasma samples, we included plasma samples that were obtained from
patients with infection diseases in accuracy and precision tests.!'® The accuracy was
verified by spiking plasma samples with the 3 mAb drug standards at three
concentration levels, and the recoveries were expressed as percentages. The overall
percent recoveries at three concentration levels for the 3 mAb drugs were all within
89.2 + 4.5% to 115.7 + 2.7%. Repeatability and intermediate precision at three
concentration levels for the 3 mAb drugs were less than 6.5 and 9.0% RSD, respectively.

The results of accuracy and precision test are summarized in Table 3.2.2.

3.2.3.2.4 Stability and matrix effects

The process stabilities of three mAb drugs were evaluated in this study. Three
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mADb-spiked plasma samples were placed in an autosampler for 24 hours at 4 °C. The
results obtained indicated that all surrogate peptides for each mAb drug were stable for
24 hours at 4 °C and that greater than 94.6 + 3.4% recovery could be obtained for the
three mAb-spiked samples at three tested concentrations. Three mAb-spiked samples
were used to evaluate matrix effects at three concentrations. For nivolumab-spiked
samples, the matrix effects at three concentrations were between 75% and 86%. For
pembrolizumab-spiked samples, the matrix effects at three concentrations were
between 77% and 82%. For bevacizumab spiked samples, the matrix effects at three

concentrations were between 108% and 121%.

3.2.3.3 Clinical applications

The applicability of this general method was evaluated by 6 different plasma
samples that were obtained from patients who were undergoing mAb drug treatment
with nivolumab, bevacizumab or pembrolizumab. For all clinical samples, patients
received different mAb treatments at day 1. For patients who received nivolumab and
pembrolizumab treatments, the samples were collected 14 days after drug
administration. For patients who received bevacizumab treatment, the samples were
collected 21 days after drug administration. The dosage of each mAb is listed in Table

3.2.3. Plasma samples were collected at trough levels to ensure the method sensitivity
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could cover the entire therapeutic cycle. The quantification results and the clinical
characteristics of the 6 patients are also displayed in Table 3.2.3. The results
demonstrate that the general method provided sufficient sensitivity for quantifying the

3 demonstration mAb drugs in human plasma.

3.2.3.4 Discussion

To facilitate personalized treatments with mAb drugs and to better understand their
PK/PD properties in various ongoing trails, the development of a general method to
quantify the therapeutic mAbs concentrations in human plasma is very important.
ELISAs are currently the most commonly used analytical tool for mAb quantification,
but they have several limitations and are specific for one particular drug per ELISA Kkit.
102-103, 117-118 - Compared to ELISA methods, LC-MS/MS has the advantage of
minimizing cross reactivity problems and provides an opportunity to establish a general
method to quantify different mAb drugs, which is especially important in clinical
laboratories.

To provide a general and reliable LC-MS/MS method for quantifying different
therapeutic mAb drugs, considerations of both purification strategies and correction of
matrix effects in LC-MS are critical issues. In this study, we developed a general

method that combined an immuno-affinity strategy and a two internal standard
88

doi:10.6342/NTU201804105



correction approach for quantifying IgG-based therapeutic monoclonal antibodies in

human plasma. Three drugs belonging to IgG 1 and 4 subclasses were selected as the

demonstration drugs.

For the sample preparation step, we used protein G beads to remove interfering

proteins followed by trypsin digestion for peptide analysis by LC-MS. We observed a

similar trend in the optimization of the protein G purification time and the trypsin

digestion time for the three demonstration mAb drugs, and it is anticipated that the

optimal sample preparation procedure could be applied to other IgG drugs.

Although the three demonstration drugs exhibited similar trends in the

optimization of trapping and digestion times, individual variations in trapping recovery

and digestion efficiency may still occur when applying the optimal sample preparation

procedure. We therefore used another IgG drug, tocilizumab, as the ISTD to address

any potential bias that might arise during the sample preparation step. However, the use

of tocilizumab as an ISTD was limited because its’ retention time differed from the test

drugs and could not provide excellent calibration of matrix effects in LC-MS analysis.

To correct matrix effects that occur in LC-MS, the PCI-IS was used to calibrate multiple

analytes using single ISTD. Our results demonstrate that this two internal standard

correction method could significantly improve quantification accuracy and method

precision. Because this approach does not require the use of a specific antibody or
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synthesis of its” own SIL —mAb for each therapeutic mAb drug for sample preparation
and ME correction, it possesses advantages of economy and convenience. IgG class
mADb drugs represent a high percentage of drugs that have been recently approved by
the FDA, and several IgG-based drugs, including romosozumab, avelumab and
durvalumab may obtain approvals in 2017.!% It is believed that this general method has
the potential to perform TDM or to investigate the PK/PD properties for these I1gG-

based therapeutic mAb drugs.

3.2.4 Conclusions

In this study, we developed a general LC-MS/MS method that combines a two
internal standard correction approach to quantify three therapeutic mAb drugs in human
plasma. Protein G bead purification was selected to minimize sample complexity. An
IgG-based drug-IS, tocilizumab, and a PCI-IS were utilized to improve quantification
accuracy. The validation results demonstrated that this general method is accurate and
precise, and its application in clinical analysis revealed that the method is adequately
sensitive for therapeutic monitoring. It is believed that this general method could be
applied to other I[gG-based mAb drugs, which would be a benefit to precision medicine

and could facilitate various clinical studies.
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Table 3.2.1 MRM ion transitions and mass parameters for the surrogate peptides of bevacizumab, pembrolizumab, nivolumab, and the two

internal standards.

Cell
Collision
] ] MRM Fragmentor Accelerator
analyte name Amino acid sequence energy
voltage
Transition eV) V) V)
Bevacizumab VLIYFTSSLHSGVPSR 588.3 — 602.3 35 150 7
Pembrolizumab DLPLTFGGGTK 553.4 — 667.4 25 135 7
Nivolumab ASGITFSNSGMHWVR 550.6 — 661.5 20 150 7
Internal standard (Tocilizumab) LLIYYTSR 514.8 — 526.3 25 150 7
Post-column infused
PGKAPKV*LIYFTSSLHSGVPSRFSGSG 557.6 — 678.1 10 100 7

internal standard

* 1 Val(13C5,15N)
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Table 3.2.2 Accuracy and precision of bevacizumab, pembrolizumab and nivolumab quantification in plasma samples at three concentrations.

Therapeutic Accuracy Precision
mADb (% Recovery) Repeatability (% CV) Intermediate precision (% CV)
Low QC Medium QC HighQC LowQC MediumQC HighQC LowQC Medium QC  High QC
Bevacizumab 97.1+4.1 976288 1124+7.6 3.5 3.3 4.3 4.2 9.0 6.8
Pembrolizumab 91.9+6.5 100.0+21 1157+27 6.5 3.4 4.3 7.1 2.1 2.4
Nivolumab  93.3+58 89.2+45 103.1+6.1 5.7 2.5 4.4 6.2 5.0 5.9
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Table 3.2.3 The concentrations of bevacizumab, nivolumab, pembrolizumab and clinical characteristics of 6 patients.

Administrated mAb Dose Measured concentration
Cancer type Gender Age
drug (mg kg™) (pg mL™)
Bevacizumab 15 breast cancer F 56 20.1
15 breast cancer F 56 87.2
15 breast cancer F 48 75.1
Nivolumab 3 hepatocellular carcinoma F 69 44.2
3 hepatocellular carcinoma M 49 51.3
Pembrolizumab 1.8 breast cancer F 33 10.3
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Figure 3.2.1 Overlay of MRM chromatograms of surrogate peptides from spiked and
blank plasma samples. (A) is the surrogate peptide for bevacizumab:
VLIYFTSSLHSGVPSR, 588.3—602.3, (B) is the surrogate peptide for nivolumab:
ASGITFSNSGMHWVR, 550.6 — 661.5, and (C) is the surrogate peptide for
pembrolizumab: DLPLTFGGGTK, 553.4—667.4. The light blue color indicates a

spiked plasma sample, and the other colors indicate six plasma blank samples.
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Figure 3.2.2 Schematic illustration of protein G purification of three mAb drugs

(bevacizumab, nivolumab, and pembrolizumab) and the internal standard (tocilizumab)
from human plasma.
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Figure 3.2.3 Optimization of the sample preparation procedure. Effect of (A) protein G
purification time and (B) trypsin digestion on the signal intensities of surrogate peptides

of bevacizumab, nivolumab and pembrolizumab.
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Figure 3.2.5 Comparison of accuracy and precision obtained with and without two
internal standards calibration. (A) to (C) are accuracy comparisons and (D) to (F) are
precision comparisons for three concentrations of QC samples. The blue color indicates
the results without the two internal standard correction method, and the red color
indicates the results with the two internal standard correction method.
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Chapter 4. Summary and Perspectives
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4.1 Summary and perspective

As the cancer incident rate is increasing, it is important to have effective methods
for cancer prevention, early diagnosis, and treatment. This thesis mainly focused on two
major issues: (1) using targeted metabolomics to quantify fatty acids and to investigate
the potential fatty acid markers for breast cancer (BC) detection (chapter 2.) and (2)
using protein G purification combine with LC-MS/MS to quantify mAb drugs in human
plasma samples. (chapter 3.)

To improve the outcomes of cancer therapy and reduce the cancer mortality, it is
important to have cancer treatment in the early disease status. As a result, early
diagnosis plays an important role in cancer treatment. In chapter 2., we applied a
validated GC-MS method to quantify fatty acids in plasma samples from both healthy
volunteers and BC patients. Several fatty acids displayed significant difference between
healthy control and BC group in both pre-menopausal and post-menopausal groups.
These fatty acids provide the potential to be used as the BC detection biomarkers. Due
to the small sample numbers, further verification with larger sample size is required to
make these potential markers for clinical use. In addition, other parameters including
BC molecular subtype and breastfeeding experience could be added in the prediction
model to improve the prediction accuracy.

Therapeutic monoclonal antibody (mAb) based therapies were becoming more
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and more frequently applied to cancer treatment due to its’ high efficacy and specificity,

and also the low toxicity. These bio-pharmaceutical products have different

pharmacokinetic (PK) and pharmacodynamic (PD) properties compared to

conventional small chemical molecules. Therefore, it is important to have effective

analytical methods to quantify these mAb drugs concentrations in bio-fluids which

were commonly used in cancer therapy. Conventional enzyme-linked immunosorbent

assay has been used in several studies for quantifying mAb drugs in human plasma

samples, but this method has several limitations such as the cross reactivity problem.

Mass spectrometer (MS) provide the high specificity and selectivity, and we developed

two LC-MS/MS based analytical methods to quantify several mAb drugs. (chapter 3.)

The sample matrix complexity may lead to the lower sensitivity, as a results, an

appropriate sample preparation method to remove the interferences is really an

important step in developing a quantitative analytical method. To reduce sample

complexity, we applied a protein G purification strategy to trap bevacizumab in the

sample matrix and followed by trypsin digestion to obtain the surrogate peptide of

bevacizumab. To improve the method precision and accuracy, in chapter 3.1, we applied

another immunoglobulin G (IgG) based therapeutic mAb drug as our internal standard

to cover the potential variation during the sample preparation procedure in LC-MS/MS

analysis. The developed approach was successfully applied to quantify bevacizumab
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concentrations in patients’ plasma samples. It is anticipated that the developed method

could provide useful drug concentration information to physicians for searching the

optimal dose during drug therapy.

One of the advantages for MS is its’ powerful potential to provide a general method

to quantify different target analytes, which has a great value in clinical filed to facilitate

various clinical studies. Considering the growing attentions to mAb drugs, and the

majority of these mAb drugs belong to IgG class, it is important to develop a general

analytical method for quantifing these IgG based mAbs for PK/PD studies and dose

adjustment. We developed a general method to quantify IgG based therapeutic mAb

drugs in plasma samples using bevacizumab, pembrolizumab and nivolumab as three

demonstration drugs. (chapter 3.2) Protein G purification was applied for universally

trapping IgG based mAbs. A major concern of using LC-MS to measure the mAb

concentration in biological fluids is that the complexity of sample matrix may induce

serious matrix effect (ME) during LC-MS analysis. To avoid the matrix effect that lead

to inaccurate quantification results, it is critical not only to perform sample clean up but

also apply a ME correction method in LC-MS analysis. Although stable isotopes

labeled internal standards have been widely used in MS based analytical methods, it is

not practical to purchase each SIL-IS for every target analyte, in addition, many of them

were often not commercially available. To solve this problem, we applied a post-column
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infused internal standard (PCI-IS) to monitor and correct the ME for each analyte at

different retention times. Combining the protein G purification method and the PCI-IS

correction method could improve the method accuracy and precision. This general

method was successfully applied to quantify several clinical samples under different

mADb drugs treatments. We anticipate that this general method could be applied to other

IgG based mAb drugs, providing a convenient, accurate, and reliable method to achieve

precision medicine in the future.

Conclusively, biomarker discovery can help to achieve early disease detection, and

the measurement of drug concentration in bio-fluid can provide additional information

to the physicians to optimize the drug dosage. The proposed fatty acid markers and

mAb quantification methods have potential to facilitate precision medicine. We

anticipate that these developed methods could be applied to clinical use in the future

and benefit more patients.
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