Chapter 6

Bioanalytical Assay for Characterization
of Antibody-Drug Conjugates (ADCs)

Chen Xie and Zhijun Wang

6.1 Introduction

Antibody-drug conjugates (ADCs) are typically heterogeneous molecules com-
posed of a cytotoxic drug linked to an antibody (a whole monoclonal antibody or
its fragment) via a stable chemical linker (Polakis 2005; Teicher and Chari 2011).
ADCs are becoming increasingly important for the treatment of cancer. The drug
is considered to be stably associated with the antibody in the systemic circulation.
When the antibody binds to the antigen-expressing tumor cells, the ADC is able to
be internalized and trafficked to the lysosomes. The linker can be hydrolyzed by
the low intralysosomal pH (pH 4.5-5.0) or digested by proteases, resulting in the
release of the free drugs. ADCs have complex molecular structures that can incor-
porate the features of both large and small molecules. The small-molecule drugs
are conjugated to an antibody via a variety of amino acid residue conjugation sites
(Carter and Senter 2008; Junutula et al. 2008) which will result in heterogeneity
of ADCs. These include conjugation of the linker drug at lysine residues and cys-
teine residues through reduction of the interchain disulfide bonds or at engineered
cysteine residues (Fig. 6.1). The conjugation reaction can result in heterogeneous
mixtures of ADC molecules with various drug-to-antibody ratios (DARs). If the
conjugation is at the lysine residue, the distribution of DARs can range from 0 to
9 drugs, based on previous reports (Stephan et al. 2011). A range of drug numbers
such as 0, 2, 4, 6, 8 will be conjugated at different disulfide bond where the cysteine
residues are located. ADCs with mainly DAR 2 have been reported for conjugation
at engineered cysteines (Stephan et al. 2011; Kaur et al. 2013).
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Fig. 6.1 Antibody—drug conjugate (ADCs) conjugation sites and drug load characteristics. a
Conjugation through lysines, b Conjugation through reduced interchain disulfide bonds, ¢ Conju-
gation through engineered cysteines. 4b Antibody, ADC Antibody—drug conjugate, DAR Drug-to-
antibody ratio, 7DC ThiomAb-drug conjugate. (Adapted by permission from Future Science Ltd:
Stephan et al. 2011)

The complexity of ADCs may increase in vivo due to the biotransformation
resulting from catabolism and metabolism. In addition to drug deconjugation by
chemical or enzymatic cleavage, other biotransformation, such as adduct formation,
generation of peptide fragments or linker drug fragments can also lead to increased
complexity (Kaur et al. 2013; Shen et al. 2012). Due to the presence of mixtures
with different DARs and the potential for biotransformation, it is important to de-
velop an appropriate bioanalytical assay to accurately measure ADCs and all the
analytes in the plasma or serum (Gorovits et al. 2013).

The species measured for ADCs generally include a combination of the total
antibody, the conjugated antibody, the antibody-conjugated drug, and free (uncon-
jugated) drug. The amount of total antibody can be used as an assessment of the
protein component of the ADC. The content of conjugated antibody and antibody-
conjugated drug can provide an assessment of the conjugate efficiency. Free drug
could be used for evaluation of the safety (Gorovits et al. 2013). DAR is one of the
most important markers for quality evaluation of an ADC in terms of potency and
toxicity. Thus, reliable in vitro and in vivo methods to measure DAR distribution
are highly required. In addition, a variety of methods have been utilized to analyze
the distribution of drug-linked forms (e.g., fraction of antibodies containing differ-
ent number of drugs) which is an important characteristic of ADC, because different
forms may lead to different pharmacokinetic and toxicological properties (Hamblett
et al. 2004; Wakankar et al. 2011). The information and typical bioanalytical meth-
ods for quantification and qualification of ADC are listed in Table 6.1. A single
assay may serve multiple purposes and provide different information. However, a
set of assay methods is required to comprehensively describe the concentration and
composition of heterogeneous ADCs. The commonly used approaches and methods
for bioanalytical characterization of ADCs are summarized in this chapter.
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Table 6.1 Analytes and related parameters commonly assessed for antibody—drug conjugate

(ADCs) bioanalysis

Analyte types and parameters

Details

Typical bioanalytical method

Total antibody

Conjugated and unconju-
gated antibodies (DAR > 0)

LBA

Conjugated antibody Antibody with drugs (mini- | LBA
mum of DAR > 1)
Antibody-conjugated drug Total drug conjugated to MS/LBA
antibody
Free drug Drug fallen off the antibody | MS/LBA
DAR Average number of conju- | HPLC/UV/Vis/HIC/MS

gated drug

Drug distribution

Location of drug on the

MS (LC-ESI-MS/MALDI-TOF-

MS)/ HIC/ HPLC/IEC/SEC

LBA ligand-binding assay, DAR drug to antibody ratio, MS mass spectrometry, H/C hydrophobic
interaction chromatography, HPLC high-performance liquid chromatography

antibody

6.2 Typical Bioanalytical Methods for ADCs

There are a variety of assay methods that have been used to analyze ADCs.
These include ligand-binding assay (LBA), ultraviolet—visible spectrophotometry
(UV/Vis), mass spectrometry (MS), and chromatography-based assays.

6.2.1 LBAs

LBA refers to an assay method based on the binding of a ligand to its specific recep-
tor (Luckey et al. 1993). Large molecules have well-defined tertiary structures that
are suitable for LBAs. LBA has been commonly used to determine the concentra-
tions of ADC, total antibody (unconjugated and conjugated), and the free or released
small-molecule drug. LBAs are generally performed using enzyme-linked immuno-
sorbent assays (ELISAs), cell-based binding assays, or other types of binding assay.

6.2.1.1 ELISA-Based Binding Assays

ELISA is a test using the basic immunology concept of an antigen binding to its spe-
cific antibody, which allows detection of various substances including both small
molecules (such as chemical drugs) and large molecules (such as peptides, proteins,
or antibodies). It is commonly used to determine the ADC concentration based on
the specific antigen which can capture the antibody. ELISA can be used to mea-
sure the total antibody including fully conjugated antibody, partially deconjugated
antibody, and fully deconjugated antibody, using specific reagents which can bind
to either the antibody or the small chemical drugs conjugated to the antibody. In
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Fig. 6.2 ELISA-based binding assays. a Typical ELISA, b ELISA for ADC total-antibody mea-
surement, ¢ ELISA for ADC conjugated-antibody measurement. ADC antibody—drug conjugate,
Anti-CDR anti-complementarity determining region, HRP horseradish peroxidase, mAb monoclo-
nal antibody, SA—HRP streptavidin—horseradish peroxidase. (Adapted by permission from Future
Science Ltd: Kaur et al. 2013)

addition, ELISA can been used to measure the concentration of the free drugs re-
leased from the ADC.

ELISA is the most common assay for measurement of total antibody. Figure 6.2a
shows a typical ELISA binding assay that is used for large-molecule analysis. The
capture reagent (antigen, anti-complementarity determining region monoclonal an-
tibody (mAB), or antidrug mAB) is attached in a solid matrix. The target analytes
can be recognized and bond to the capture reagent, while other molecules will be
washed out. Then the amount of analytes can be quantified by a detection reagent.
Figure 6.2b shows an example of a measurement of total antibody using reagents
that bind to the antibody (Kaur et al. 2013). This format uses the specific antigen
to capture either monoclonal or humanized antibody followed by detection of cap-
tured antibody with enzyme-conjugated anti-murine or human IgG (Stephan et al.
2011). This method has been applied to quantification of several ADCs, including
huC242-DM1 (Tolcher et al. 2003), trastruzumab-DM1 (Lewis Phillips et al. 2008),
anti-CD33-Calicheamicin (gemtuzumab ozogamicin) (Dowell et al. 2001), anti-
MUCI16-ve-MMAE (Junutula et al. 2008), and CRO11-ve-MMAE (Pollack et al.
2007). When using this type of direct antigen coat approach, the purified protein as
capture reagent must be available.

The antidrug antibody can be used as the capture reagent (Fig. 6.2¢; Lewis Phil-
lips et al. 2008; Advani et al. 20105 Xie et al. 2004). In addition, the antidrug anti-
body can also be utilized as a detection reagent (Junutula et al. 2008; Tolcher et al.
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2003; Stephan et al. 2008; DiJoseph et al. 2004; Sanderson et al. 2005). The major
difference is the assay sensitivity to drug load. The antidrug antibody is supposed
to capture every ADC binding at least one drug when it is used as capture reagent
and thus the assay should be insensitive to the drug load, while the signal intensity
will be proportional to the amount of drug conjugated to the antibody if antidrug
antibody is used as the detection reagent. (Stephan et al. 2011). As exemplified by
the study performed by Kovtun et al. (2006), the concentration of cantazumab mer-
tansine maytansinoid conjugate (huC242-DM1) is measured by using a murine anti-
maytansinoid monoclonal antibody as the capture reagent. Then the conjugate from
either the standard or the test samples are detected using the horseradish-peroxi-
dase-labeled donkey antihuman IgG. The challenges to the assay using antidrug an-
tibody as the capture antibody is that they may not be able to measure all the ADCs
with different drug loads. As discussed by Xie et al. (2004), such assay may under-
estimate the loss of drug of molecules from the conjugate when the clearance rate
for the huC242-DMI is identified in a PK study. The antidrug antibodies have also
been used as detection reagents for ADC quantification. For example, Stephan et al.
(2008) have used a biotinylated anti-DM1 antibody or a biotinylated anti-MMAF
antibody to detect anti-CD22-MCC-DM1, or MC-MMAF ADCs, respectively. The
conjugated assays described above can provide signals dependent on the drug load
with a signal proportional to the number of DM 1or MMAF. Sanderson et al. (2005)
have used an anti-idiotype cAC10 mAD as capture and an biotinylated anti-MMAE
mAb antibody to detect the anti-CD30 ADC (cAC10-Val-Cit-MMAE) with 2, 4,
and 8 val-cit-MMAE drug linkers per antibody (DAR 2, 4, 8). It has been found
that the cAC10-Val-Cit-MMAE, with a DAR of 2, can generate lower conjugated
antibody assay signal intensity than with a DAR of 4. This suggests that the ADC
conjugate circulating concentration might be higher than what has been measured
considering the potential drug loss in the circulation versus the original ADC used
as the standard material. It is noteworthy that ADC ELISA is not capable of provid-
ing measurement of the DAR or the overall drug loading (Stephan et al. 2011).

ELISA can also be used to measure the concentration of the free drugs released
from ADCs, although mass spectrometry is considered to be the most common
method (Tolcher et al. 2003; Sanderson et al. 2005). After determining the amount of
total mAb in plasma by the cAC10 mAb ELISA, Sanderson et al. have subsequently
used an MMAE competition ELISA to detect the amount of MMAE released from
ADC (cAC10-Val-Cit-MMAE) following in vitro incubation with cathepsin (Sand-
erson et al. 2005). For free MMAE competition ELISA, an anti-MMAE mAb (clone
SG3.218) has been found to be the most sensitive reagent for the detection of free
MMAE. To determine the sensitivity of the assay using mAb SG3.218 for capturing
the free and horseradish peroxidase (HRP)-conjugated MMAE, a series of dilutions
of free MMAE standards is mixed with HRP-MMAE conjugate using known con-
centrations to compete for binding to anti-MMAE mAb SG3.218-coated microtiter
plates. The binding of the HRP-MMAE reporter is effectively competed by free
drug in a dose-dependent manner.

ELISAs are high throughput and relatively inexpensive. However, this kind of
measurement has some limitations (Polakis 2005). The reagents are susceptible to
various interferences (Teicher and Chari 2011). It is not able to distinguish ADCs



102 C. Xie and Z. Wang

with different DARs. Such information is very important because efficacy and safety
of ADCs can potentially be compromised due to the release of conjugated drugs from
the ADC in systemic circulation over time, which may result in a change in the DAR.

6.2.1.2 Cell-Based Binding Assays

Although ADC ELISA is very commonly used, it is not applicable when the anti-
gen is not available. In this case, another common approach to characterize ADC-
binding activity is the use of cells expressing either the endogenous or transfected
antigen which could be recognized by the ADCs. In vitro cell binding experiments
have been performed to determine the targeting effectiveness of ADC to antigen-
positive cells. The cells need to express sufficient amount of target protein while
the nonspecific binding to the cells has to be as low as possible to provide sufficient
assay sensitivity. In general, the cells are placed in a 96-well plate and subsequently
incubated for 30 min to several hours with serial dilutions of ADC. After incuba-
tion, the plate is washed and detected with a specific antispecies secondary antibody
radiolabeled or conjugated to a fluorescent dye. In order to reduce possible antigen
internalization upon ADC binding, the cell-based binding assays are performed at
the temperature between 0 and 4 °C. When no purified antigen is available, the cell-
based binding assay will have its own advantage although this approach seems to be
a little cumbersome. At present, there are various types of cell-binding assays that
can evaluate ADCs such as direct cell-binding assay (Sapra et al. 2005) and com-
petitive cell-bind assay (McDonagh et al. 2006). Flow cytometry-based analysis can
also be used in cell- binding assays (Junutula et al. 2008; Chen et al. 2007). Cell
surface binding is usually analyzed by incubation of whole cells with either radio-
labeled or fluorescent-labeled ligands followed by detection of cell-binding label.
To decrease nonspecific binding to the cell, extensive washing is imperative with
this strategy. Since the cell surface binding assay cannot exhibit sufficient repro-
ducibility and accuracy due to variable cell loss from the plate during the multiple
washing steps, an alternative procedure for measuring antibody binding to cell sur-
face antigens using an immobilized plasma membrane fraction has been developed
(Vater et al. 1995). In this method, isolated plasma membrane fraction exhibiting
cell surface antigen is bound to a 96-well plate and incubated with antibodies that
can recognize a certain cell surface protein. These approaches can provide the alter-
natives to mitigate the limitation of conventional cell-based assay.

6.2.1.3 Other Types of Binding Assays

Surface plasmon resonance (SPR) binding analysis methodology is another type of
binding assay for detecting the interaction of two different molecules (Ramakrish-
nan et al. 2006; Schuck 1997), in which the antigen is immobilized onto the chip
and has been used for various ADCs, including inotuzumab ozogamon (CMC-544)
(Boghaert et al. 2008) and gemtuzumab ozogamicin (CMA-676) (DiJoseph et al.
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2004). In principle, the detection system relies on the measurement of the changes
in refractive index caused by the interaction of macromolecules on the biosensor
chips. As SPR directly detects mass (concentration) with no need for special radio
or fluorescent labeling of interacting components before measurement, it presents a
great advantage in eliminating possible changes of their molecular properties. This
method is very sensitive; however, these instruments need to be dedicated to han-
dle toxic materials which can limit their use for ADC analysis. In order to prevent
contamination of the instrument itself, a convenient alternative is the implemen-
tation of biolayer interferometry-based platforms. This optical technique analyzes
the interference pattern of white light reflected from two surfaces: one is a layer
of immobilized protein on the biosensor tip and the other is an internal reference
layer (Stephan et al. 2011). The antigen immobilized on the biosensor tip surface
can specifically capture ADC in the solution. This type of binding will result in a
wavelength shift. Regardless of the format of the assay, the ADC binding should be
performed along with the unmodified antibody control.

6.2.2 UV/Vis Spectroscopy

One of the most important attributes of an ADC is the average number of drugs
that are conjugated to a single antibody (DAR). Various methods have been used
to measure DAR, depending on the properties of the drug and how it is linked to
the protein (i.e., lysine-linked or cysteine-linked). Ultraviolet—visible spectropho-
tometry (UV/Vis) is the simplest analytical method to determine DAR and ADC
concentrations. Examples include the characterization of calicheamicin analogues
(Hinman et al. 1993), cA10-Val-Cit-MMAE (Hamblett et al. 2004), and maytan-
sinoid DM1 (Chari et al. 1992). The measure absorbance of the ADC and extinction
coefficients of the antibody are used to determine the average DAR; however, the
calculation based on UV absorption can be complicated by similarities in extinction
coefficients of the antibody and drugs (Chen 2013).

6.2.3 MS Based Assays

Mass spectrometry (MS) is an analytical technique which can be used to deter-
mine the masses of molecules such as peptides and other chemical compounds by
their mass-to-charge (m/z) ratios. MS-based assay has been utilized to characterize
DAR fractions, determine the relative ratios of ADCs with different DARs, analyze
free drug and metabolites, and monitor various ADC molecular entities (Kozak and
Raab 2013). The process involves ionizing molecules to generate charged species
or molecular fragment followed by measuring their m/z ratios. DARs are typically
assessed by electrospray ionization mass spectrometry (ESI-MS). Matrix-assisted
laser desorption/ionization (MALDI) is a soft ionization technique to profile and
monitor biomolecules. Matrix-assisted laser desorption-ionization time-of-flight
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mass spectrometry (MALDI TOF-MS) is another reported new approach for de-
termining drug loading (Quiles et al. 2009; Safavy et al. 2003). The observed mass
shifts of the peak centroids are used to calculate the average drug loading and the
peak profiles are used to mathematically model the drug distribution. IR MALDI
has been used to evaluate the analysis of calicheamicin conjugates (Siegel et al.
1997). MALDI in combination with UV (UV MALDI-TOF MS) has been used
to analyze the average DAR of lysine-linked conjugates prepared using activated
paclitaxel (Safavy et al. 2003).

Although the MS-based assay can be used alone to characterize the ADCs with-
out any additional step, such as separation and purification, it is usually coupled
with chromatography technology, e.g., it is used in combination with reverse-phase
high-performance liquid chromatography (RP-HPLC), liquid chromatography—
mass spectrometry (LC-MS), and liquid chromatography—mass spectrometry/mass
spectrometry (LC-MS/MS) for determination of the DAR which it is suitable for
lysine-linked ADC. First, the ADC samples are desalted using RP-HPLC with a re-
versed-phase LC column and then the MS spectrum is processed, deconvoluted, and
converted to a series of zero charge state masses that corresponds to the increasing
number of drugs in the ADC (Beck 2014). The quantification of small molecules
such as free drug or its metabolites is commonly analyzed by LC-MS or LC-MS/
MS following extraction from tissues or plasma/serum, while both LBA (Buckwal-
ter et al. 2004) and MS (Kaur et al. 2013; Alley et al. 2008) analytical platform can
be applied for the unconjugated drug assay. The cAC10-ve-MMAE incubated in
human, mouse, or dog plasma can be analyzed by LC-—-MS/MS for determination
of the release of free MMAE (Francisco et al. 2003). High-resolution accurate mass
system such as affinity capture capillary LC-—MS can characterize drug release by
quantifying DAR distributions of the ADC in plasma/serum in a semi-quantitative
manner (Clark et al. 2013; Xu et al. 2011).

Recently, LC-MS with electrospray ionization coupled to time-of flight (TOF)
or triple—quadrupole mass detectors (Wakankar et al. 2011) has been used to ana-
lyze ADC entities such as huN901-DM1(Wang et al. 2005), T-DM I (trastruzumab-
MCC-DM1) (Junutula et al. 2010), and C242-DM4 (Lazar et al. 2005). Wang L
et al. studied the drug distribution profile of huN901-DM1 using size-exclusion
chromatography (SEC) coupled with ESI-TOF-MS (Wang et al. 2005). Figure 6.3
shows an example of the deconvoluted spectrum of deglycosylated huN901-DM1
using this method. The seven major peaks can be assigned to naked dghuN901
(OD) and dghuN901 with 1-6 convalently linked DM1 drugs (1D—6D) with the
expected mass difference (852 Da) between drug-containing forms. For the reduced
conjugate, the light and heavy chains can be separated by RP-HPLC. The number
of linker attached to the light and heavy chains can be obtained directly from the
deconvoluted MS spectrum. The three prominent peaks in the light-chain spectrum
are for species with zero, one, and two linkers, while the four prominent peaks in the
heavy chain spectrum correspond to chains with zero, one, two, and three attached
linkers (Fig. 6.4). Therefore, both chains of the antibody are modified with attached
linker and conjugated with DM1 drugs.
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Fig. 6.3 ESI-TOF MS analysis of deglycosylated huN901-DM1. a Raw ESI-MS spectrum
spanned an m/z range of 20004000, b Deconvoluted MS spectrum of seven prominent peaks
which were assigned to naked dghuN901(0D) and dghuN901 with 1-6 covalently linked DM1
drugs (1D-6D). “D” in B designates DM 1 drug. (Adapted by permission from John Wiley & Sons:
Wang et al. 2005)

One of the challenges of LC-MS is that extra consideration is needed when
preparing ADC samples. For example, protease inhibitor should be added to the
homogenization buffer for preventing any degradation of antibody and link-drug
when tissues are homogenized. Any pH alteration of the matrix, such as that used
for protein precipitation by organic solvent or solid-phase extraction (SPE) along
with LC conditions, may lead to a change in DAR or loss of the drug (Clark et al.
2013). Another issue is that conventional LC-MS for small-molecule drug measure-
ment is to quantify a priori postulated forms of the drug released by the ADC from
catabolism. However, it is theoretically possible that the released drugs may bind to
the plasma peptides/protein or contain part of ADCs linker. Therefore, the putative
released drug analyte may not be the major form of the released drug. The acidic
conditions during electrospray ionization of the ADC which may cause the dis-
sociation of drug-derivatized chains have limited the application of this technique
to ADCs produced by conjugation with only cysteine residues (Clark et al. 2013;
Wang et al. 2005; Lazar et al. 2005).
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Fig. 6.4 RP-HPLC coupled with ESI-TOF MS analysis of deglycosylated and reduced huN901-
DM1. a RP-HPLC separation of Light (L) chain and heavy (H) chain, b deconvoluted MS spectra
of conjugated light chains with zero, one and two linkers (OL-2L), ¢ deconvoluted MS spectra
of conjugate heavy chains with zero, one, two, and three attached linkers (OL-3L). (Adapted by
permission from John Wiley & Sons: Wang et al. 2005)

6.2.4 Chromatography-Based Assay

Although various types of binding assays have been implemented to characterize
the ADC binding and biological activity, they do not allow a detailed evaluation of
the ADCs as multicomponent mixtures. Therefore, additional analytical methods
should be applied to profile and monitor various ADC molecular entities. Chroma-
tography is a useful approach to separate ADCs followed by providing important
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information such as the number and location of conjugation sites, amount of drug,
and average DAR. Chromatographic methods generally capitalize on the increase
of hydrophobicity imparted to the antibody by conjugation with the drug-linker and
it is the most common methods to characterize drug-load distribution. The most fre-
quently published methods are RP-HPLC, hydrophobic interaction chromatography
(HIC), ion-exchange chromatography (IEC), and size-exclusion chromatography
(SEC).

6.2.4.1 RP-HPLC

Reverse-phase chromatography can be used to separate, identify, quantify, and pu-
rify the individual components of a mixture. RP-HPLC is the most widely used
analytical technique to separate the free drug released from ADC. The components
are then monitored with a UV/Vis detector with the wavelength at the absorption
maxima of the drug. The amount of free drug can be calculated based on the HPLC
peak area with a standard curve constructed by plotting the peaks areas versus the
corresponding nominal concentrations. RP-HPLC in combination with mass spec-
trometry (MS) has also been reported to monitor the free drug species (Francisco
et al. 2003).

In addition, reverse-phase chromatography has been used to assess the drug-
linker distribution on antibody heavy and light chains for cys-linked ADCs (Mc-
Donagh et al. 2006; Sun et al. 2005), which allows calculation of the average drug-
load distribution of ADCs. The method involves a reduction reaction to completely
dissociate the heavy and light chains of the ADC. Then the light and heavy chains
and their corresponding drug-loaded forms can be separated by an RP column. The
weighted average DAR is calculated by the percentage peak area from integration
of the light and heavy chain peaks and the drug number (Beck 2014; Ouyang 2013).
For example, the location of drug monomethyl auristatin E (MMAE) attachment to
the anti-CD30 monoclonal antibody heavy and light chains can be determined by
the RP-HPLC methods (Hamblett et al. 2004; McDonagh et al. 2006). It is impor-
tant to mention that direct injection of protein-containing ADC samples onto RP-
HPLC column may result in column deterioration due to the irreversible binding of
proteins to the stationary phase. Therefore, using guard columns and various sample
cleanup procedures to separate the free drug from the protein—drug conjugate in the
sample prior to the RP-HPLC analysis is required. (Wakankar et al. 2011).

6.2.4.2 HIC

HIC is another powerful technique that has been used to separate ADC fractions
containing various drug loads and to determine DAR and drug load distribution for
Cys-linked ADCs. Separation is performed using a gradient elution with decreasing
ionic strength and detection is achieved by monitoring the UV absorbance of the
eluting species (Alley and Anderson 2013). The drug-loaded species can be resolved
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Fig. 6.5 HIC analysis of a cAC10-Val-Cit-MMAE yields five predominant peaks that correspond
to mADb (cAC10) conjugated to zero, two, four, six, and eight drugs per antibody. Insert: an overlay
of the UV spectra of the starting mAb and the HIC peaks showing the increase in absorbance at
248 nm relative to 280 nm as the level of conjugated drug-linker per mAb increases. (See also
Hamblett et al. 2004; Sanderson et al. 2005)

based on their hydrophobicity. The hydrophobicity increases with the increasing
number of conjugated drugs. For example, an ADC can bind up to eight drug mol-
ecules. The unconjugated form is the least hydrophobic, while the eight-drug form
is the most hydrophobic. Thus, the unconjugated form will be eluted firstly and the
eight-drug conjugation eluted last. The eluted components can be detected using
a UV detector and the peak areas represent the relative percentage distribution of
drug-loaded ADCs. Then the weighted average DAR can be calculated using the
information of percentage peak area and the drug number (Beck 2014; Ouyang
2013). As shown in Fig. 6.5, Hamblett et al. used an HIC-HPLC method to purify
cAC10-val-cit-MMAE into two, four, and eight drugs per antibody along with the
corresponding UV spectra of the individual peaks (Hamblett et al. 2004). As attach-
ment of drug MMAE results in greater absorbance at ~248 nm (Amax for MMAE)
relative to 280 nm (Amax for cAC10), the five major peaks can be specifically iden-
tified. The separation by HIC allows isolation and purification of chromatographi-
cally pure species which can be further analyzed by ELISA and cell-based assay. In
addition to profile the drug-load distribution, the average drug load for the ADC can
be determined by the mean weighted peak area. HIC possesses a great advantage in
preserving the integrity of the ADC. However, high salt is usually presented in the
mobile phase initially which is necessary for protein binding and the compounds
can be eluted with decreasing salt gradients. Thus, this technique cannot be directly
coupled to mass spectrometer (Wakankar et al. 2011).
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6.2.4.3 Other Types of Chromatography

Charge-based chromatography such as IEC has been used to determine the distribu-
tion of ADCs, while size-based chromatography such as SEC can also been used to
analyze the drug distribution as well as characterize ADCs for protein fractionation,
aggregation, and degradation during storage in liquid formulation (Kozak and Raab
2013; Cordoba et al. 2005; King et al. 2002).

6.3 General Assay Validation Considerations

The ADC is a complex molecule composed of a large molecule (antibody) and
multiple molecule drugs. Therefore, an appropriate assay should be validated with
the capability to detect both molecules precisely and accurately. Large molecules
have well defined tertiary structure and are often more hydrophilic. In contrast,
small molecules lack a tertiary structure and are often more hydrophobic (Dere et al.
2013). Due to the significant differences in physicochemical properties between
small and large molecule, the combination of different approaches, such as LBAs
for large molecule and LC-MS for small molecules, is usually employed for quan-
tification of ADCs. Currently, there are no regulatory guidelines and best standard
industry practices for bioanalytical methods of ADCs. However, the current widely
accepted guidelines for large and small molecules can be a good reference. For ex-
ample, the FDA guidance on bioanalytical method validation (US FDA 2013) have
described the basic elements of assay validation (see Table 6.2). Based on these
guidelines, additional requirements unique to ADCs can be added.

Current guidelines used for validation of chromatographic assays can be applied
when LC-MS methodology is used to measure unconjugated cytotoxic drug concen-
trations. As mentioned previously, ELISA is designed to measure the total antibody
analyte, including conjugated, partially unconjugated, and fully unconjugated anti-
bodies. Therefore, additional experiments should be performed during validation to
demonstrate the ability of the assay to quantify both conjugated and completely un-
conjugated antibody with acceptable accuracy and precision. Another aspect unique
to ADCs includes an assessment of the stability of free drug in the presence of ADC,
because free drug concentration may increase due to the release of additional drug
from the ADC under the storage conditions. Assessment of chemical stability is
required for small molecules, the stability assessment for large molecule is more
complicated and needs to be evaluated not only the physicochemical property but
also biological integrity.

When the assay is applied to analyze the real sample (such as samples from a
pharmacokinetic study), it should be noted that the calibration curve for LBA assays
such as ELISA is usually prepared using the product reference standard that has a
fixed DAR distribution. Such standards are only similar to the samples of initial
time points. Moreover, most LBA calibration curves are inherently nonlinear over
the nominal concentration range and a nonlinear regression is needed to achieve a
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Table 6.2 Assay validation parameters for ligand binding and chromatographic assay

Validation Ligand-binding assays (LBA) Chromatographic assays
process
Selectivity Matrix effect

Cross-reactivity and interference (When
possible, LBA should be compared with a
validated reference method (i.e., LC-MS)

Accuracy A minimum of five determinations per concentration; a minimum of three
concentrations in the range of study
Within 20 % of actual value (except Within 15% of actual value
LLOQ) (except LLOQ)
LLOQ should not deviate > 25% LLOQ should not deviate
> 20%
Precision A minimum of five replicates per concentration; a minimum of three
concentrations
<20% CV (LLOQ <25% CV) ‘ <15% CV (LLOQ<20% CV)
Recovery Evaluation of samples at three concentrations
Acceptance At least 75 % of nonzero standards (at least six nonzero calibrator concen-

criteria for cali- | trations) should be within the below limits for the analytical run to qualify,
bration curve including the LLOQ

Inherently nonlinear, have response—error | LLOQ < 20%
relationship, more concentration points All other standards < 15%
than for chromatographic assay
LLOQ < 25%, ULOQ < 20%

Number of QC | The minimum number of QCs should be at least 5% of the number of
samples in a unknown samples or six total QCs

batch QC samples at the following three concentrations (within the calibration
range) in duplicate should be added

Low QC: 3xLLOQ

Medium QC: midrange of calibration curve

High QC: near high end range

Acceptance At least 67 % (four out of six) of the QC | At least 67 % (four out of six)
criteria for QC | concentration results should be within of the QCs concentration results
samples 20% of nominal (theoretical) values. should be within 15 % of nomi-
At least 50% of QCs at each level nal (theoretical) values. At least
should be within 20 % of their nominal 50% of QCs at each level should
concentrations be within 15 % of their nominal
Total error (accuracy and precision) concentrations
<30%

Reproducibility | Assessed by replicate measurements including QC and possibly incurred
samples. Reinjection reproducibility should be evaluated

Stability a. Freeze and thaw stability; b. Bench-top Stability; c. Long-term Stability;
d. Stock solution stability; e. Processed sample stability
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Table 6.2 (continued)

Validation Ligand-binding assays (LBA) Chromatographic assays

process

Additional A. Endogenous compounds: The biological matrix used to prepare calibra-
issues tion standards should be the same as the study samples and free of the endog-

enous analyte. The matrix should be demonstrated to have (1) no measurable
endogenous analyte, (2) no matrix effect or interference when compared to
the biological matrix. The endogenous concentrations of the analyte in the
biological matrix should be evaluated prior to QC preparation

B. Biomarkers: For validation of assays to measure in vivo biomarker con-
centrations in biological matrices such as blood or urine. To address the same
questions as method validation for PK assays. The accuracy, precision, selec-
tivity, range, reproducibility, and stability of a biomarker assay are important
characteristics that define the method

Diagnostic kits: The LBA kits suitability
for using in PK or PD studies should be
demonstrated

QC quality control, LLOQ lower limit of quantification, ULOQ upper limit of quantification, PK
pharmacokinetics, PD pharmacodynamics

good fitting. Thus, it is important to verify that the calibration curve is appropriate
for quantifying the dynamically changing mixture of ADC for PK evaluation (Dere
etal. 2013).

The revised draft FDA guidance for bioanalytical method validation contains an
additional section on endogenous compounds. Small-molecule assays often include
a pre-assay extraction to alleviate problems from individual matrix variability. In
contrast, assays to quantify large molecules are often developed to measure ana-
lyte in complex matrices without pre-extraction where endogenous protein may be
present. Therefore, special considerations must be taken regarding matrix effect
(DeSilva et al. 2003).

6.4 Challenges and Future Perspective

ADC bioanalysis is complicated compared with conventional large- or small- mol-
ecule bioanalysis. The multicomponent nature of ADCs which arises from the het-
erogeneity of the conjugation and the biotransformation in vivo represents a signifi-
cant challenge for the development of reliable and accurate bioanalytical analysis.
The DAR composition undergoes continuous change in the circulation due to drug
deconjugation and degradation of the antibody, so the ADC reference standard used
for assay quantification may not be identical to the ADCs mixture from in vivo
samples (Gorovits et al. 2013). Therefore, additional attention for assay reagents
is required to ensure that it can detect all DAR species formed in vivo without sac-
rificing selectivity. As described above, all the bioanalytical assays currently used
to characterize ADCs have their own limitations, so developing a comprehensive
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bioanalytical strategy is highly recommended for the ADCs. Meanwhile, as the spe-
cial regulatory guidelines for validation of bioanalytical methods for characterizing
ADC:s are still being drafted, validation studies should be performed to improve the
interpretation of the data so generated.

6.5 Conclusion

We have summarized the common assays that are commonly used to characterize
the ADCs and highlighted some examples. Multiple methods are required to fully
characterize physiochemical and pharmacokinetic properties of ADCs. The com-
plexity of ADCs presents challenges in the development of bioanalytical methods,
so new bioanalytical techniques will need to be developed to ensure assays’ ac-
curacy.

References

Advani A, Coiffier B, Czuczman MS, Dreyling M, Foran J, Gine E et al (2010) Safety, pharma-
cokinetics, and preliminary clinical activity of inotuzumab ozogamicin, a novel immunocon-
jugate for the treatment of B-cell non-Hodgkin’s lymphoma: results of a phase I study. J Clin
Oncol 28(12):2085-2093. doi:10.1200/JC0O.2009.25.1900

Alley SC, Anderson KE (2013) Analytical and bioanalytical technologies for characterizing anti-
body—drug conjugates. Curr Opin Chem Biol 17(3):406—411. doi:http://dx.doi.org/10.1016/].
cbpa.2013.03.022

Alley SC, Benjamin DR, Jeffrey SC, Okeley NM, Meyer DL, Sanderson RJ et al (2008) Contri-
bution of linker stability to the activities of anticancer immunoconjugates. Bioconjug Chem
19(3):759-765. d0i:10.1021/bc7004329

Beck A (2014) Review of antibody-drug conjugates. Methods in molecular biology series: a book
edited by Laurent Ducry. mAbs 6(1):30-33

Boghaert ER, Khandke KM, Sridharan L, Dougher M, DiJoseph JF, Kunz A et al (2008) Deter-
mination of pharmacokinetic values of calicheamicin-antibody conjugates in mice by plas-
mon resonance analysis of small (5 microl) blood samples. Cancer Chemother Pharmacol
61(6):1027-1035. doi:10.1007/s00280-007-0560-2

Buckwalter M, Dowell JA, Korth-Bradley J, Gorovits B, Mayer PR (2004) Pharmacokinetics of gem-
tuzumab ozogamicin as a single-agent treatment of pediatric patients with refractory or relapsed
acute myeloid leukemia. J Clin Pharmacol 44(8):873-880. doi:10.1177/0091270004267595

Carter PJ, Senter PD (2008) Antibody-drug conjugates for cancer therapy. Cancer J 14(3):154—
169. doi:10.1097/PPO.0b013e318172d704

Chari RV, Martell BA, Gross JL, Cook SB, Shah SA, Blattler WA et al (1992) Immunoconjugates
containing novel maytansinoids: promising anticancer drugs. Cancer Res 52(1):127-131

Chen Y (2013) Drug-to-Antibody Ratio (DAR) by UV/Vis spectroscopy. In: Ducry L (ed) Anti-
body-drug conjugates. Humana Press, New York City, NY, USA, pp 267-273

Chen Y, Clark S, Wong T, Dennis MS, Luis E, Zhong F et al (2007) Armed antibodies targeting the
mucin repeats of the ovarian cancer antigen, MUC16, are highly efficacious in animal tumor
models. Cancer Res 67(10):4924-4932. doi:10.1158/0008-5472.CAN-06-4512

Clark T, Han X, King L, Barletta F (2013) Insights into antibody—drug conjugates: bioanalysis and
biomeasures in discovery. Bioanalysis 5(9):985-987. doi:10.4155/bio.13.65


http://dx.doi.org/10.1016/j.cbpa.2013.03.022
http://dx.doi.org/10.1016/j.cbpa.2013.03.022

6 Bioanalytical Assay for Characterization of Antibody-Drug Conjugates (ADCs) 113

Cordoba AJ, Shyong BJ, Breen D, Harris RJ (2005) Non-enzymatic hinge region fragmentation
of antibodies in solution. J chromatogr B, Analyt Technol Biomed Life Sci 818(2):115-121.
doi:10.1016/j.jchromb.2004.12.033

Dere R, Yi JH, Lei C, Saad OM, Huang C, Li Y et al (2013) PK assays for antibody-drug conju-
gates: case study with ado-trastuzumab emtansine. Bioanalysis 5(9):1025-1040. doi:10.4155/
bio.13.72

DeSilva B, Smith W, Weiner R, Kelley M, Smolec J, Lee B et al (2003) Recommendations for the
bioanalytical method validation of ligand-binding assays to support pharmacokinetic assess-
ments of macromolecules. Pharm Res 20(11):1885-1900

DiJoseph JF, Armellino DC, Boghaert ER, Khandke K, Dougher MM, Sridharan L et al (2004)
Antibody-targeted chemotherapy with CMC-544: a CD22-targeted immunoconjugate of
calicheamicin for the treatment of B-lymphoid malignancies. Blood 103(5):1807-1814.
doi:10.1182/blood -2003-07-2466

Dowell JA, Korth-Bradley J, Liu H, King SP, Berger MS (2001) Pharmacokinetics of gemtuzumab
ozogamicin, an antibody-targeted chemotherapy agent for the treatment of patients with acute
myeloid leukemia in first relapse. J Clin Pharmacol 41(11):1206-1214

Francisco JA, Cerveny CG, Meyer DL, Mixan BJ, Klussman K, Chace DF et al (2003) cAC10-
veMMAE, an anti-CD30-monomethyl auristatin E conjugate with potent and selective antitu-
mor activity. Blood 102(4):1458-1465. doi:10.1182/blood-2003-01-0039

Gorovits B, Alley SC, Bilic S, Booth B, Kaur S, Oldfield P et al (2013) Bioanalysis of antibody-
drug conjugates: American association of pharmaceutical scientists antibody-drug conjugate
working group position paper. Bioanalysis 5(9):997-1006. doi:10.4155/bio.13.38

Hamblett KJ, Senter PD, Chace DF, Sun MM, Lenox J, Cerveny CG et al (2004) Effects of drug
loading on the antitumor activity of a monoclonal antibody drug conjugate. Clin Cancer Res
10(20):7063-7070. doi:10.1158/1078-0432.CCR-04-0789

Hinman LM, Hamann PR, Wallace R, Menendez AT, Durr FE, Upeslacis J (1993) Preparation and
characterization of monoclonal antibody conjugates of the calicheamicins: a novel and potent
family of antitumor antibiotics. Cancer Res 53(14):3336-3342

Junutula JR, Raab H, Clark S, Bhakta S, Leipold DD, Weir S et al (2008) Site-specific conjuga-
tion of a cytotoxic drug to an antibody improves the therapeutic index. Nature Biotechnol
26(8):925-932. doi:10.1038/nbt.1480

Junutula JR, Flagella KM, Graham RA, Parsons KL, Ha E, Raab H et al (2010) Engineered
thio-trastuzumab-dm1 conjugate with an improved therapeutic index to target human epi-
dermal growth factor receptor 2—positive breast cancer. Clin Cancer Res 16(19):4769-4778.
doi:10.1158/1078-0432.ccr-10-0987

Kaur S, Xu K, Saad OM, Dere RC, Carrasco-Triguero M (2013) Bioanalytical assay strategies
for the development of antibody-drug conjugate biotherapeutics. Bioanalysis 5(2):201-226.
doi:10.4155/bi0.12.299

King HD, Dubowchik GM, Mastalerz H, Willner D, Hofstead SJ, Firestone RA et al (2002) Mono-
clonal antibody conjugates of doxorubicin prepared with branched peptide linkers: inhibition
of aggregation by methoxytriethyleneglycol chains. J Med Chem 45(19):4336-4343

Kovtun YV, Audette CA, Ye Y, Xie H, Ruberti MF, Phinney SJ et al (2006) Antibody-drug con-
jugates designed to eradicate tumors with homogeneous and heterogeneous expression of the
target antigen. Cancer Res 66(6):3214-3221. doi:10.1158/0008-5472.CAN-05-3973

Kozak K, Raab H (2013) Assay methodologies and challenges. In: Phillips GL (ed) Antibody-drug
conjugates and immunotoxins: Springer, New York, pp 41-56

Lazar AC, Wang L, Blattler WA, Amphlett G, Lambert JM, Zhang W (2005) Analysis of the com-
position of immunoconjugates using size-exclusion chromatography coupled to mass spec-
trometry. Rapid Commun Mass Spectrom 19(13):1806—1814. doi:10.1002/rcm.1987

Lewis Phillips GD, Li G, Dugger DL, Crocker LM, Parsons KL, Mai E et al (2008) Targeting
HER2-positive breast cancer with trastuzumab-DM1, an antibody-cytotoxic drug conjugate.
Cancer Res 68(22):9280-9290. doi:10.1158/0008-5472.CAN-08-1776

Luckey JA, Drossman H, Kostichka T, Smith LM (1993) High-speed DNA sequencing by capil-
lary gel electrophoresis. In: Ray W (ed) Methods in enzymology. Academic Press, San Diego,
CA, USA, pp 154-172



114 C. Xie and Z. Wang

McDonagh CF, Turcott E, Westendorf L, Webster JB, Alley SC, Kim K et al (2006) Engineered
antibody—drug conjugates with defined sites and stoichiometries of drug attachment. Protein
Eng Des Sel 19(7):299-307. doi:10.1093/protein/gz1013

Ouyang J (2013) Drug-to-Antibody Ratio (DAR) and drug load distribution by hydrophobic in-
teraction chromatography and reversed phase high-performance liquid chromatography. In:
Ducry L (ed) Antibody-drug conjugates. Humana Press, New York City, NY, USA, pp 275-283

Polakis P (2005) Arming antibodies for cancer therapy. Curr Opin Pharmacol 5(4):382-387.
doi:10.1016/j.coph.2005.04.008

Pollack VA, Alvarez E, Tse KF, Torgov MY, Xie S, Shenoy SG et al (2007) Treatment parameters
modulating regression of human melanoma xenografts by an antibody-drug conjugate (CRO11-
veMMAE) targeting GPNMB. Cancer Chemother Pharmacol 60(3):423-435. doi:10.1007/
500280-007-0490-z

Quiles S, Raisch KP, Sanford LL, Bonner JA, Safavy A (2009) Synthesis and preliminary bio-
logical evaluation of high-drug-load paclitaxel-antibody conjugates for tumor-targeted chemo-
therapy. J Med Chem 53(2):586-594. doi:10.1021/jm900899 g

Ramakrishnan NA, Drescher MJ, Sheikhali SA, Khan KM, Hatfield JS, Dickson MJ et al (2006)
Molecular identification of an N-type Ca2+ channel in saccular hair cells. Neuroscience
139(4):1417-1434. doi:http://dx.doi.org/10.1016/j.neuroscience.2006.01.064

Safavy A, Bonner JA, Waksal HW, Buchsbaum DJ, Gillespie GY, Khazaeli MB et al (2003) Syn-
thesis and biological evaluation of paclitaxel-C225 conjugate as a model for targeted drug
delivery. Bioconjug Chem 14(2):302-310. doi:10.1021/bc020033z

Sanderson RJ, Hering MA, James SF, Sun MM, Doronina SO, Siadak AW et al (2005) In vivo
drug-linker stability of an anti-CD30 dipeptide-linked auristatin immunoconjugate. Clin Can-
cer Res 11(2 Pt 1):843-852

Sapra P, Stein R, Pickett J, Qu Z, Govindan SV, Cardillo TM et al (2005) Anti-CD74 antibody-
doxorubicin conjugate, IMMU-110, in a human multiple myeloma xenograft and in monkeys.
Clin Cancer Res 11(14):5257-5264. doi:10.1158/1078-0432.CCR-05-0204

Schuck P (1997) Use of surface plasmon resonance to probe the equilibrium and dynamic as-
pects of interactions between biological macromolecules1. Annu Rev Biophys Biomol Struct
26(1):541-566. doi:10.1146/annurev.biophys.26.1.541

Shen BQ, Xu K, Liu L, Raab H, Bhakta S, Kenrick M et al (2012) Conjugation site modulates
the in vivo stability and therapeutic activity of antibody-drug conjugates. Nature Biotechnol
30(2):184-189. doi:10.1038/nbt.2108

Siegel MM, Tabei K, Kunz A, Hollander 1J, Hamann RR, Bell DH et al (1997) Calicheamicin
derivatives conjugated to monoclonal antibodies: determination of loading values and distribu-
tions by infrared and UV matrix-assisted laser desorption/ionization mass spectrometry and
electrospray ionization mass spectrometry. Anal Chem 69(14):2716-2726

Stephan JP, Chan P, Lee C, Nelson C, Elliott JM, Bechtel C et al (2008) Anti-CD22-MCC-DM1
and MC-MMAF conjugates: impact of assay format on pharmacokinetic parameters determi-
nation. Bioconjug Chem 19(8):1673—-1683. doi:10.1021/bc800059t

Stephan JP, Kozak KR, Wong WL (2011) Challenges in developing bioanalytical assays for char-
acterization of antibody-drug conjugates. Bioanalysis 3(6):677-700. doi:10.4155/bio.11.30

Sun MMC, Beam KS, Cerveny CG, Hamblett KJ, Blackmore RS, Torgov MY et al (2005) Re-
duction—alkylation strategies for the modification of specific monoclonal antibody disulfides.
Bioconjug Chem 16(5):1282-1290. doi:10.1021/bc050201y

Teicher BA, Chari RV (2011) Antibody conjugate therapeutics: challenges and potential. Clin Can-
cer Res 17(20):6389-6397. doi:10.1158/1078-0432.CCR-11-1417

Tolcher AW, Ochoa L, Hammond LA, Patnaik A, Edwards T, Takimoto C et al (2003) Cantuzumab
mertansine, a maytansinoid immunoconjugate directed to the CanAg antigen: a phase I, phar-
macokinetic, and biologic correlative study. J Clin Oncol 21(2):211-222

US FDA (2013) Guidance for industry: bioanalytical method validation. U.S. Food and Drug
Administration, Washington, DC

Vater CA, Reid K, Bartle LM, Goldmacher VS (1995) Characterization of antibody binding to cell
surface antigens using a plasma membrane-bound plate assay. Anal Biochem 224(1):39-50.
doi:http://dx.doi.org/10.1006/abio.1995.1006


http://dx.doi.org/10.1016/j.neuroscience.2006.01.064
http://dx.doi.org/10.1006/abio.1995.1006

6 Bioanalytical Assay for Characterization of Antibody-Drug Conjugates (ADCs) 115

Wakankar A, Chen Y, Gokarn Y, Jacobson FS (2011) Analytical methods for physicochemical
characterization of antibody drug conjugates. mAbs 3(2):161-172

Wang L, Amphlett G, Blattler WA, Lambert JM, Zhang W (2005) Structural characterization of the
maytansinoid—-monoclonal antibody immunoconjugate, huN901-DM1, by mass spectrometry.
Protein Sci 14(9):2436-2446. doi:10.1110/ps.051478705

Xie H, Audette C, Hoffee M, Lambert JM, Blattler WA (2004) Pharmacokinetics and biodistribu-
tion of the antitumor immunoconjugate, cantuzumab mertansine (huC242-DM1), and its two
components in mice. J Pharmacol Exp Therap 308(3):1073—1082. doi:10.1124/jpet.103.060533

Xu K, Liu L, Saad OM, Baudys J, Williams L, Leipold D et al (2011) Characterization of intact
antibody—drug conjugates from plasma/serum in vivo by affinity capture capillary liquid chro-
matography—mass spectrometry. Anal Biochem 412(1):56-66. doi:http://dx.doi.org/10.1016/j.
ab.2011.01.004


http://dx.doi.org/10.1016/j.ab.2011.01.004
http://dx.doi.org/10.1016/j.ab.2011.01.004

	Part III
	Development Issues
	Chapter-6
	Bioanalytical Assay for Characterization of Antibody-Drug Conjugates (ADCs)
	6.1 Introduction
	6.2 Typical Bioanalytical Methods for ADCs
	6.2.1 LBAs
	6.2.1.1 ELISA-Based Binding Assays
	6.2.1.2 Cell-Based Binding Assays
	6.2.1.3 Other Types of Binding Assays

	6.2.2 UV/Vis Spectroscopy
	6.2.3 MS Based Assays
	6.2.4 Chromatography-Based Assay
	6.2.4.1 RP-HPLC
	6.2.4.2 HIC
	6.2.4.3 Other Types of Chromatography


	6.3 General Assay Validation Considerations
	6.4 Challenges and Future Perspective
	6.5 Conclusion
	References







