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1 Introduction

1.1 Monoclonal antibodies

Therapeutic antibodies are a major class of biologics, with indications covering a wide range of
diseases. Most of them are used to treat cancers and autoimmune diseases. Furthermore, they
are also applied in the therapy of other diseases including genetic, infectious, cardiovascular and
hematologic diseases, asthma as well as macular degeneration, transplant rejection, bone loss,
eczema and diabetes type 2, or as antidotes (1-3). The term therapeutic antibodies comprises
both monoclonal antibodies (mAb) and monoclonal antibody-related products, such as antigen-
binding fragments (Fab) and Fc-fusion proteins (produced by fusing a protein/peptide with the
antibody Fc fragment) (4). In recent years also innovative types of therapeutic antibodies with
enhanced effector functions are emerging, such as glyco-engineered antibodies (5), or constructs
which bind two targets simultaneously (bispecific antibodies) (6) and cytotoxic agents/small

molecules attached to mAb (antibody-drug conjugates) (7).

1.2 Monoclonal antibodies versus small-molecule drugs

The European Medicine Agency (EMA) defines mAbs as “immunoglobulins (Ig) with a defined
specificity derived from a monoclonal cell line”. mAbs exert their biological activity by “specific
binding to a ligand” (antigen), and their mechanism of action may be dependent on immune
effector functions such as antibody-dependent cellular cytotoxicity (ADCC) or complement-
dependent cytotoxicity (CDC) (4).

The success of mAbs can be attributed to several advantages they possess in comparison to
small-molecule drugs. Given that they are highly specific for target antigen, they show fewer off-
target adverse events and potentially higher efficacy. In addition, mAb therapy is characterized
by fewer drug-drug interactions as they do not undergo hepatic or renal metabolism. Compared

to small-molecule drugs and due to a recycling mechanisms they also exhibit longer half-life (1,8).

Structure and manufacturing of small molecules and mAbs also substantially differ. Small
molecules are produced by chemical synthesis which results in homogeneous products with low
and measurable impurity levels. On the other hand, mAbs are produced through biological
processes, involving biotechnology methods and living organisms. This leads to high complexity

and inherent heterogeneity of their composition. In addition, they are susceptible to physico-



chemical modification during their entire lifespan, which makes their manufacturing and evaluation
complicated and challenging. Understanding and control of the production process and product
attributes are therefore highly important in order to ensure homogenous product quality, product

efficacy and patient safety (1,8).

1.3 Antibody structure and function

Naturally occurring antibodies are produced by B-cells. They are found either free circulating
(soluble) or bound to the B-cell surface as part of the B-cell receptor. Main role of antibodies is to
neutralize pathogens (bacteria and viruses) and toxins, via specific targeting of their antigens and

activating effector immune cells (8,9).

Antibodies are Y-shaped molecules consisting of two identical heavy chains and two identical
light chains which are held together by disulfide bridges. Schematic antibody structure is shown
in Figure 1. Both heavy and light chains are each composed of several domains (regions). These
are variable (complementary determining) regions (CDR) and conserved (constant) regions.
Heavy chain has one variable domain, three constant domains (CH1, CH2 and CH3 domain) and
a hinge region between CH1 and CH2. Light chain is composed of one variable and one constant
domain. Antigen-binding fragment (Fab) is formed by variable and CH1 domain of the heavy chain
and light chain. The antigen-binding site is located within the variable domains (Fv) of the Fab
fragment, also known as hypervariable region. On the other hand, CH2 and CH3 regions of heavy
chains form the Fc domain, which determines Ab effector functions and its interaction with
immune system (complement components, recycling and immune effector cells) (10,11).

Depending on the heavy chain type, human Igs are divided into 5 isotypes (classes) (IgA, IgD,
IgE, IgG, IgM). Antibody isotypes can be further classified into subclasses which have very
homologous constant region, but distinct characteristics such as serum half-life, ligand-binding
capacity, ability to build immune complexes, avidity, activation of complement pathways and
effector cells. Most of the mAbs currently used in the therapy belong to the 1gG isotype, which
mediates secondary immune responses, and which is also the most prevalent antibody isotype in

the human organism (it accounts for about 80 % of all antibodies) (8,11,12).



Figure 1. Human antibody structure, PDB ID: 1HZH. Left (Human IgG1): heavy chains (blue),
light chains (cyan) and N-glycan (red). Upper right (variable domain (Fv)): complementary
determining regions (CDR) of the light chain (VL) in yellow, CDR of the heavy chain (V4) in red.

Bottom right (constant domain (Fc)): location of the N-glycosylation site. N-glycan is shown in red

(11).

1.4 Generation of monoclonal antibodies

The first mAb produced by hybridoma technology was approved by the US FDA in 1986 and by
European Medicines Agency (EMA) in 1987 as an immunosuppressant for the treatment of acute
renal transplant rejection (muromanab, murine mAb against T cell receptor CD3) (13). However,
antibody-based therapy was discovered already back in the late nineteenth century by Emil Adolf
von Behring. Behring and his team used the serum from animals immunized with diphtheria or
tetanus toxin containing polyclonal antibodies to treat these infectious diseases in other animals
(8). Since the approval of the first mAb, the field of antibody therapeutics is evolving rapidly. This

can be owed to several big advances in bioengineering technologies, including hybridoma
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technology, production of humanized antibodies by CDR grafting technique and especially
generation of full human antibodies via transgenic mice engineered with human immunoglobulin

genes and phage display technology (8,12,13).

1.5 Monoclonal antibody quality

1.5.1 QbD principle

Regulatory authorities encourage implementation of quality-by-design (QbD) principle in order to
ensure that the quality of biologics is met during both development and lot release (14,15). The
QbD approach means that quality is built into the product already from the start. In order to
achieve this, product attributes and its intended therapeutic application need to be well-
understood at the molecular level. Especially the ones which highly impact efficacy, safety and
quality (known as critical quality attributes — CQAs) need to be identified and monitored. CQA is
defined as “a physical, chemical, biological, or microbiological property or characteristic that
should be within an appropriate limit, range, or distribution to ensure the desired product quality”.
As recommended and described by ICH Q8 R2 guideline, the first step in the application of QbD
principle is development of quality target product profile (QTPP) and identification of CQAs. This
enables identification of the critical process parameters (CPP) whose variability can impact CQA
(16,17). CPP must be tightly controlled in order to keep CQA within the pre-defined limits.
Therefore, QbD approach encourages CQA-driven manufacturing process development instead

of final product testing (15).

1.5.2 mAb heterogeneity as quality attribute

mAbs are not composed of a single molecule type but consist in a complex mixture of slightly
different variants (18). This is a result of numerous post-translational modifications (PTM) which
are influenced by different enzymatic, physical and chemical factors, and can occur during protein
synthesis and maturation in the ER and Golgi, up- and downstream manufacturing processes,
storage as well as in vivo upon final product application (18—-20). The host cell line and its
recombinant DNA construct, components of the culture media, and process parameters are the

most important factors that impact on mAb heterogeneity and quality properties (20—-23).

It is well-known that even minor structural changes can highly impact on mAb properties including

biological activity, safety, immunogenicity, conformation, solubility and stability (24). Therefore,



under the QbD scope many of PTM are considered as CQA and the constant PTM profile during
the entire product life-cycle is demanded by regulatory authorities (10,18). To fulfil these
requirements proper analytical methods need to be applied, which can with high selectivity and

specificity detect and characterize changes in PTM (18).

1.5.3 Heterogeneity characterization and analysis

Traditionally, a wide range of chromatographic and electrophoretic methods are used to support
development, characterization and lot release of mAb including amongst others sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS), capillary electrophoresis using sodium dodecyl
sulfate (CE-SDS), size-exclusion chromatography (SEC), ion exchange chromatography (IEX),
isoelectric focusing (IEF), hydrophilic-interaction liquid chromatography (HILIC), reversed-phase
high performance liquid chromatography (RP-HPLC). These techniques are mostly coupled with
UV and fluorescence detection or in case of peptide mapping with a mass spectrometer (25).
Most of these conventional techniques usually only indirectly assess one attribute at the time.
Therefore, multiple instruments or orthogonal methods are required, which makes a full

characterization of mAb complex, costly and time-consuming (26,27).



2 Aim of the thesis

In the recent years, both pharmaceutical companies and regulatory bodies have gained interest
in a novel approach known as multi-attribute method (MAM) (26,28,29). MAM is based on mass
spectrometric peptide mapping and represents an alternative to traditional methods. MAM uses
combination of high accuracy/high resolution MS with sophisticated data analysis software. This
is why it is able to identify and quantify several CQA simultaneously. This significantly reduced
number of assays required for mAb analytics (27). However, before MAM can be widely adopted

in the GMP environment, there are several concerns that must be addressed (26).

The aim of this master thesis is to give an overview of the current knowledge about mAb
heterogeneity and how specific mAb PTM impact on pharmacology, safety and product quality.
Furthermore, we will give insight into recent advancements in analytical methods, with the main
focus on MAM, which would enable more simple characterization and monitoring of mAb PTM.
We will critically evaluate advantages and challenges of MAM as well as regulatory considerations

for its implementation in GMP settings and quality control.



3 Methods

The method used to answer the above-mentioned questions is exclusively based on literature
search. In order to determine relevant sources, the following key words were used: monoclonal
antibody, posttranslational modification, antibody heterogeneity, multi-attribute method. All the

literature was in English language.

The main source of information were publications in PubMed database. In addition, online
available interviews and official websites of respective pharmaceutical companies were used for
information concerning MAM. Relevant guidelines published on the websites of authorities such

as EMA and FDA were also reviewed.



4 Antibody pharmacology

4.1 Administration and absorption

mAbs are administered via parenteral routes, intravenously (i.v.), subcutaneously (s.c.) and
intramuscularly (i.m.) (30). s.c. administration is especially convenient for self-administration (31).
Due to their size, s.c. and i.m. administered mAbs are not able to enter the circulation through
blood capillaries, but rather through lymphatic system. This results in slow absorption lasting

several hours or even days, with maximum levels in plasma being reached within 3-7 days (30).

4.2 Distribution

Similar to the absorption, and due to antibody size and polarity their distribution is limited to the
vascular and interstitial space. The extent of mAb distribution from circulation into most tissues
ranges between 5 and 15%, except for brain where it is much lower (32). Distribution is influenced
by mAb biophysical characteristics (charge and hydrophobicity) (33) as well as by other factors
such as antigen binding, diffusion, pinocytosis, receptor-mediated endocytosis, and elimination
from the tissue (30,33).

4.3 Metabolism and elimination

Being large molecules, antibodies do not undergo glomerular filtration. Instead, they are
eliminated primarily via protein catabolism, which means that they are degraded into peptides and
amino acids and re-used for protein de novo synthesis or excreted into urine (34,35). There are

two possible pathways for mAb elimination, which occur simultaneously:

1) Antigen-specific target-mediated elimination — antibody-antigen complex is taken up
by endocytosis and intracellularly undergoes lysosomal degradation. This is a non-linear

saturable process (8).

2) Non-specific elimination — both antibody-antigen complexes and free antibodies are
cleared via phagocytic and endothelial cells of the reticuloendothelial system. It is a linear
non-saturable process (33). Non-specific elimination is mediated by interaction of solvent-
exposed residues of Ab with blood cells, vascular system and tissues, upon which the
antibody is taken up via pinocytosis or receptor-mediated endocytosis (33,36,37).

Accessible terminal galactose residues on antibody glycans can bind asialoglycoprotein
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receptor (ASGPR), whereas mannose and N-acetylglucosamine residues interact with
mannose receptor (MR). ASGPR and MR are carbohydrate-specific endocytic receptors
expressed on hepatocytes and Kupfer cells and sinusoidal endothelial cells respectively
(38—40).

Antibody clearance is highly influenced by the interaction with Fc-neonatal receptor (FCcRn) in the
acidic endosomes, mainly expressed in endothelial and phagocytic cells, but also in renal
epithelial cells. FcRn mediates antibody recycling to the cell surface and its release back into the
extracellular fluid. This process is known as FcRn-mediated recycling. As a consequence of FcRn
protection mechanism, antibodies escape lysosomal degradation (41-43) and have a prolonged

half-life in comparison to other proteins of similar size, which in humans lasts around 11-30 days

(9).

In addition, mAb elimination rates can also be altered by immunogenicity and formation of
endogenous anti-therapeutic antibodies (human antibodies against therapeutic mouse, chimeric

or human antibodies), which also depends on the level of humanization (33,44).

4.4 Pharmacodynamics

Antibodies can exert their effects via their variable region (direct effect) or through the Fc region

(indirect effect).

1) Direct effect is mediated through selective binding of the Fab variable region to an antigen,

which can be a cell surface receptor or a circulating protein (8).

2) Indirect effect involves interaction of Fc binding sites with different receptors, including Fc-
y-receptors (FcyRs) and complement component 1q (C1q). FcyRs comprise both
activating (FcyRI, FcyRIIA, FcyRIIC, FcyRIIIA, and FcyRIIIB) and inhibitory (FcyRIIB)
receptors, which mediate cytotoxicity/proinflammatory responses and inhibitory
responses, respectively. This results in the modulation of immune responses of NK cells,
monocytes/macrophages, dendritic cells, mast cells, neutrophils, eosinophils as well as
adaptive immune cells such as B-cells. The final outcome of Ab interaction with the FcyRs
is regulated by the affinity of the Fc part for the specific receptor and the expression pattern
of those receptors on effector cells (45). Thus, Ab modifications that selectively increase
the affinity of antibodies for activating FcyRs will enhance the immune effector function
such as antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-dependent cell-
mediated phagocytosis (ADCP) and complement-dependent cytotoxicity (CDC) (8,11,45).

9



5 PTM and their effect on mAb pharmacology and safety

Critical residues for the mentioned pharmacokinetics and antibody effector functions are located
in specific antibody regions. Therefore, depending on the type of the PTM and the affected
residue(s), the heterogeneity can have different effects on mAb function. mAb binding to its target
antigen is mediated via variable Fab region, whereas the hinge region enables mAb flexibility
during these interactions (8). Furthermore, besides having influence on the antigen binding,
changes in the variable region can impact antibody pharmacokinetics (12). CH2 region is
responsible for the interaction with FcyRs (46) and C1q (47), whereas residues located near the
CH2-CH3 junction interact with FcRn and determine Ab serum half-life (41).

5.1 Glycosylation

Glycosylation process is a part of antibody maturation within the host cell, when glycans are
formed through a series of enzymatic reactions by glycosidases and glycosyltransferases (22). In
addition, upon secretion, glycosidases which are released from the lysed cells can influence

glycan structure, for example by removing terminal residues (5).

Glycan can be attached to the N atome of asparagine (Asn) within the Asn-X-Serin or Asn-X-
Threonine motif (N-glycosylation), which is the predominant glycosylation type, or to the oxygen
atom of serine (Ser) or threonine (Thr) (O-glycosylation) (48). IgG antibodies contain conserved
glycosylation at the N297 site in the Fc region of both heavy chains (49). In addition to Fc
glycosylation, some of the IgG antibodies also have N-glycans located in the Fab region (22).
Furthermore, several O-glycosylation sites can be found in the hinge region of IgG3, but their role

is not clear (48).

The N-glycan core is composed of two N-acetylglucoseamine (GIcNAc) and three branched
mannose residues (pentasaccharide), to which there are further residues attached. Depending

on the residue composition, glycans can be classified into 3 types (Figure 2) (22):
1) High mannose type contains only mannose residues attached to the glycan core (22).

2) Complex type contains different monosaccharides attached to the core. Two GIcNAc
residues are attached to the core and form biantennary branches, to which different

monosaccharides can be attached such as galactose or sialic acid attached to these
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galactose groups. If antibody is fucosylated, fucose is connected to the first core GIcNAc
residue (22).

3) The hybrid type has properties of both high mannose and complex types (22).

C) Gal
" Man
1‘[ Fuc
. GlcNac
4

Neu5Ac

- = =Tyr-Asn,,;-Ser-Thr- - - = = «Tyr-Asn,,-Ser-Thr- - - = = <TYr y95-ASN 19 ,-Ser-Thr- - -

High Mannose Hybrid Complex

Figure 2. Heterogeneity of glycosylation at the site N297. Gal: galactose, Man: mannose, Fuc:

fucose, GlcNac: N-acetylglucosamine, Neu5Ac: N-acetylneuraminic acid (5).

Given the well-known important role of glycosylation pattern in antibody function, it is not
surprising that mAb glycosylation is considered as CQA (50). Variability in glycosylation of
naturally occurring antibodies have been associated with several diseases including cancer,
rheumatoid arthritis and inflammatory diseases (22). In line with this, glycosylation modification in

mAb can affect stability, pharmacokinetics, efficacy, ADCC, CDC, and immunogenicity (50).

Modifications in N-glycan composition result in changes in binding of the Fc domain to Cq1 and
FcyRs (both activating receptors FcyRI, FcyRIIA, FcyRIIC, FeyRIIA and FeyRIIIB and inhibitory
receptor FcyRIIB) as well as to FcRn. N-glycans can either have direct influence when they are
directly involved in binding (for example in case of FcyRIlla) or can act indirectly via allosteric
modifications of binding sites (in case of FcyRs, C1q, FcRn, type Il receptors) (5). Allosteric
modifications are highly dependent on the size of the glycan. This is because the glycans regulate
conformation and spacing between the two CH2 regions or CH2-CH3 regions and subsequently
allosteric Fc domain-receptor interactions. By filling in the space between the two CH2 domains
of the heavy chains, N297 glycans stabilize the Fc region and keep it in an open conformation
(5). Smaller N-glycans result in closed antibody conformation. Moreover, complete
deglycosylation results in collapsing of the CH2 region inwards which hinders the binding to most

of the receptors (51). Thus, deglycosylated antibodies completely lose their effector functions.
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Furthermore, N-glycans at N297 regulate opening/closing of the CH2-CH3 region which controls
the opening of the binding site for FcRn and type |l receptors. Glycan residues also prevent

antibody aggregation by masking hydrophobic residues (5).

Effects of N-glycan presence/structure on mAb properties can be advantageous. Through so
called glycoengineering process mAb lacking or enriched with certain glycans can be produced,
which results in enhanced or improved effector functions. Glycoengineering can be achieved via
several methods, including manipulation of the synthetic pathways of host cells or via in vitro
chemo-enzymatic glycan remodeling. On the other hand, glycosylation can also pose a risk, if it

is not well-monitored and controlled (5,49).

Glycosylation profile can be influenced by numerous factors such as host cell line (or example
murine cell lines produce 1,3-galactose and N-glycolylneuraminic acid) (49), process parameters
(pH, temperature, pCO2, production scale) (49), culture conditions (shear stress, culture reduction
potential) (52) and content or availability of nutrient media components (glucose, glutamine,
sodium butyrate, ammonia, threonine, dissolved oxygen) (5,21,23,49,52). For example,
decreased levels of dissolved oxygen result in reduced extent of galactosylation (52). Depletion
of intracellular glucose as a result of either low glucose content in the medium or high cell culture
density leads to synthesis of non-glycosylated mAb or to glycosylation heterogeneity such as
reduced levels of galactose and sialic acid residues (53). Changes in culture reduction potential
also affect glycosylation. A possible underlying mechanism is the impairment of disulfide bond
formation, and subsequent changes in accessibility of glycosylation sites (which are close to

disulfide bonds) to galactotransferases (52).

5.1.1 Galactose

How galactosylation affects antibody functions is still not well-understood. Increased
galactosylation results in bigger distance between the two CH2 domains and conformational
changes in this region, exposing more protein residues for receptor binding (22). Full
galactosylation has been shown to enhance the C1q interaction and CDC (54). It also increases
binding to most of the FcyRs (55). When it comes to ADCC, there are reports of either no effect
or increased ADCC, which also might be dependent on the bi-antennary glycan arm onto which
galactose is bound (56) and on the fucosylation levels (57). In addition, galactose-a-1,3-galactose
linkages or terminal-a-1,3-galactose are highly immunogenic (Galili-epitopes) and have been

thought to be responsible for anaphylaxis in some mAbs (58).
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5.1.2 Mannose

Number of mannose residues in glycans, which can vary between fine and nine, is considered to
have impact on both mAb pharmacokinetics and effector functions. mAbs with the high mannose
glycans type are usually reported to be faster cleared due to their interaction with MR (30). In
addition, mAb with this glycan type exhibit enhanced ADCC activity due to binding to FcyRIIIA
(59).

5.1.3 Sialic acid

Sialic acid mediates anti-inflammatory activity which among other factors also depends on the 2,3
linkage type, as it enables Fc domain conformational plasticity. Natural antibodies and antibodies
produced by human host cells contain 2,3 linkage, whereas murine cell lines express 2,6
sialylated glycans, which results in mAbs without anti-inflammatory properties (5). Sialylated
glycans exhibit anti-inflammatory activity through induced expression of inhibitory FcyRIIB
receptor on immune cells (60) and diminished CDC effect due to hinderance of antibody
interaction to C1q and reduced C3b disposition on the cell surface (61). In addition, it has also
been shown that terminal sialic acid might reduce ADCC (62). However, sialic acid effects on
ADCC also seem to differ depending on the core fucosylation status. Sialylation in the context of
core fucosylation significantly decreased ADCC in a cell-based assay and suppressed antibody-
mediated cell killing in vivo. In contrast, in the absence of fucosylation, sialylation did not adversely
impact ADCC (63). Sialylation effects on FcyRs affinity depended on the glycan structure, whether
it is partially or fully galactosylated (49). The mentioned effects of sialylation also depend on the
sialic acid type. For example, sialic acid N-glycolylneuraminic acid (Neu5Gc) is linked to

immunogenicity and its absence is desirable (64).

5.1.4 Core Fucose

mAbs with removed fucose linked to GIcNAc directly connected to Asn (afucosylation) exhibit
several orders of magnitude higher efficacy due to increased binding affinity for FcyRIIIA and
ADCC activity than fucosylated mAbs with the same structure both in vitro and in vivo (63,65,66).
This is because fucose presence results in steric hinderance which interrupts glycan-glycan
interactions of the Fc domain with the activating FcyRs which ultimately leads to inhibition of
ADCC and ADCP (51). On the other hand the reports shows no influence of afucosylation on the
C1q binding and CDC activity, as well as target antigen affinity (67).

13



5.1.5 N-acetylglucoseamine

GIcNAc residue interacts with MR and ASGPR, which results in increased mAb clearance. This
residue is therefore one of the main factors regulating mAb serum half-life (38,68). In addition,
presence of bisecting GIcNAc (GIcNAc attached to the core mannose residue) is known to

improve ADCC (54), most probably by hindering core fucosylation (69).

5.2 Glycation

Glycation is a non-enzymatic reaction of lysine side chain residues with reducing sugars (such as
glucose in the production culture medium, the final formulation, or in vivo in circulation) or
breakdown products of reducing sugars (for example glyoxylic acid), which results in formation of
advanced glycation end products (AGEs). For this reason, instead of glucose and maltose,
sucrose is often used as an excipient in mAb formulations. However, also sucrose can hydrolyze
into glucose and fructose, especially at low pH and elevated temperatures. Effects of glycation on
antibody antigen binding, effector functions and pharmacokinetics do not seem to be significant
(70). However, this depends on the location and extent of modification, and some reports showed
possible loss of antigen binding affinity (70-72). The effects of AGEs haven’t been investigated
so far. However, given that AGEs can act as photo-sensitizers in the presence of UV-A light, their
presence could lead to formation of reactive oxygen species and possible further antibody
modifications and degradation during storage, such as formation of aggregates, cross-linking and

fragmentation (73).

5.3 Oxidation

Oxidation affects several amino acids including methionine (Met), cysteine (Cys), histidine (His),
tyrosine (Tyr) and tryptophan (Trp). It occurs during both mAb manufacturing and storage.
Oxidation can be promoted by different factors such as buffer composition, excipients (such as
polysorbates), sugars, salts, peroxides, metals, dissolved oxygen, oxygen in vial headspace, pH,
light and additives. Effects of a specific factor seem also to be residue-specific (74). Depending
on the extent and location of oxidized residue, oxidation can affect mAb serum half-life, stability,

antigen binding and certain effector functions (74-77).

Met oxidation mostly happens in the Fc region, especially at residues Met252 and Met428 located
at CH2 and CH3 respectively. Given that these residues are located close to the FcRn receptor

binding sites, their oxidation affects clearance (decreases serum half-life) as well as Fc-mediated
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effector functions (74). However, it seems that these two residues have different individual
contribution to the changes in pharmacokinetics. Number of oxidized Met252 showed positive
correlation with the decrease in FcRn binding affinity, whereas Met428 oxidation did not show
significant effects, or even resulted in slightly increased binding (78). Furthermore, as these Met
residues are close to N-glycans, one study showed that their oxidation can result in accelerated
degradation of deglycosylated antibodies. Interestingly, it seems that deglycosylation does not
have any effect on oxidation of oxidated Met residues (79). When it comes to the effects on Fc-
mediated effector functions, it has been shown that Met oxidation can affect ADCC, however it
seems that this results from the oxidation in the Fab region, rather than impaired FcyR binding
(74).

Trp oxidation is more common in the CDR region and its oxidation leads to decreased potency
and specificity for antigen binding (80). In addition to pharmacological effects, Met oxidation leads
to significant reductions in antibody conformational stability, whereas Trp oxidation promotes

formation of aggregates (81).

5.4 Deamidation and aspartate isomerization

Hydrolysis of asparagine (Asn) and glutamine (GIn) at acidic pH and elevated temperatures
results in formation of aspartic (Asp) and glutamic (Glu) acid. On the other hand, at increased pH
levels, this is a slow reaction and it is possible for Asn to undergo modification to an imide
intermediate (succinimide) with Asp or isoaspartate (iso-Asp) being the end products.
Deamidation can occur at any stage of mAb manufacturing, but it is also very common
modification in vivo. Main factors influencing deamidation are temperature, pH, buffer composition

(especially content of glycerol, sodium chloride and iron) (10,82,83).

Both deamidation and aspartate isomerization lead to changes in mAb charge and formation of
acidic variants. This process also happens in vivo and if modifications are located in the CDR they
result in decreased antigen binding (84,85). Furthermore, iso-Asp has been considered to have

immunogenic potential (86).

The impact on pharmacokinetics is not clear. For long time it was considered that deamidation of
asparagine in the Fc region does not have any impact on pharmacokinetics. However, recent
findings suggest that changes in the charge distribution can impact local structural conformation,

structural flexibility/dynamics, and solvent accessibility and subsequently clearance (87).
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In addition to pharmacological effects, changes in mAb stability as well as effect on antibody

conformation and aggregation have been reported (88).

5.5 C-terminal lysine heterogeneity

mAbs are synthesized with two C-terminal lysine (Lys) residues, each of them on one of the heavy
chains. C-terminal lysine heterogeneity comes from partial removal of these residues by
carboxypeptidases, and this also occurs in vivo (89,90). In the cell culture, prolonged exposure to
pH 6.8 can lead to reduced host cell viability and higher release of carboxypeptidases into the
culture medium and thus increased cleavage of lysine residues (20). Given that C-terminal Lys is
neither involved in Fc nor in Fab interactions with their receptors/targets, it is considered that this
modification does not affect mAb function and pharmacokinetics. In line with this, in their most
recent publication, Faid et al. used highly pure charge variants and were able to confirm the
common belief that C-terminal Lys clipping has no impact on FcRn and FcylllA receptor binding
(91).

5.6 N-terminal pyroglutamate

Pyroglutamate (Pyro-Glu) is formed through conversion of N-terminal glutamic acid or N-terminal
glutamine. This modification happens both in vivo and in vitro in the cell culture, during purification,
formulation, storage, or even under analytical procedures (19,92). The final effect on the charge
variant nature depends on the origin of Pyro-Glu, whether it comes from Glu or GIn. Cyclization
of GIn clearly results in formation of acidic variants, due to the loss of the N-terminal amine. On
the other hand, although conversion of Glu is considered not to produce a change of the net
charge, recently it has been demonstrated that that cyclization of Glu produces a basic variant
(93). However, Pyro-Glu formation is considered not to have a significant effect on mAb structure,

binding and pharmacokinetics (94).

5.7 Disulfide bond heterogeneity

Normally all cysteine residues in mAbs are involved in disulfide bond formation. There are two
types of disulfide bonds — intra-chain bonds and inter-chain bonds between the two heavy chains
and between the light and the heavy chain. They can have different location depending on the
antibody isotype. As inter-chain bonds are more exposed to the solvent, they are also more

susceptible to modifications. There are several possible variants of disulfide bonds including free
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Cys, alternative disulfide bond linkage (scrambling), trisulfide bonds, cysteinylation and formation

of thioether, which can all be found in both natural as well as in recombinant Ab (95,96).

Free sulfhydryl groups can commonly occur in both endogenous as well as in recombinant
antibodies (95). They result from incomplete processing within the host cell or reduction during
the manufacturing process (97). Disulfide bonds are mostly reduced by released intracellular
components (mostly thioredoxin and glutathione systems) upon cell damage due to mechanical
stress during mAb harvest (98). Free sulfhydryl groups might lead to decreased stability, dimer
and aggregate formation as well as loss of potency, which depends on the antibody structure and

specific location of free SH groups (18,97).

Alternative disulfide bond linkage has been so far reported in IgG4 and IgG2 molecules, and
results in formation of variants which are in equilibrium. One example for 1IgG4 is variant with
intrachain disulfide bonds in the hinge region, which is in equilibrium with the variant with inter-
heavy chain disulfide bonds. Depending on each case, some variants may have impact on
potency or stability (18,99,100).

Trisulfide bonds can be present in all classes of mAbs, and its formation is highly dependent on
cell culture parameters, especially on the hydrogen sulfide in the culture medium. When present,
trisulfide bonds are mostly located between light and heavy chain. It is considered that these

bonds do not to have any effect on stability and potency (18,101).

Thioether formation is promoted by high pH levels and occurs through beta elimination reaction.
The effects of this bond on mAb function are not well examined. However, although this
modification is distant from the antigen binding site, due to shorter bond length it could result in

changes in Fab orientation and subsequently antigen binding (101).

Cysteinylation involves formation of a disulfide bond between an antibody cysteine residue and
free cysteine molecules in the culture medium (96). It can be located in the hinge region (96,102)
as well as in the CDR (103). Cysteinylation in the variable region resulted in tertiary and
quaternary structural perturbations, decreased stability and increased tendency to aggregation
as well as decreased activity (102,104). On the other hand, not much is known about the effects
of the cysteinylation in the hinge region. Recently published study identified this modification in
endogenous 1gG2 and concluded that hinge cysteinylation is not expected to impact antibody

safety and immunogenicity (96).
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5.8 Charge heterogeneity

Isoelectric point (pl) is the pH at which the protein carries no net electric charge. Charge variants
are not a single component, they contain several different PTM which together contribute to
introduction of certain charge (105). Negative charge variants have decreased isoelectric point
(pl) and are formed when the following PTM are introduced into the mAb structure: deamidation,
sialylation, trisulfide bonds, cysteinylation, and glycation (105,106). On the other hand, basic
variants are formed from molecules containing C-terminal lysine, non-cyclized N-terminal
glutamine, C-terminal amidation and succinimide formation from aspartic acid residues (105).

mAb charge heterogeneity mostly influences antibody pharmacokinetics (30). Increase in positive
charge increases clearance and distribution because basic variants have higher tendency to
adhere to the negatively charged cell surfaces and are being faster taken up by the tissues and

eliminated from the blood (33).

Effects on pharmacokinetics are mostly measurable when bigger changes in charge such as 1-2
pl units occur (30). For changes in charge less than 1 unit, results are contradictory, with earlier
reports showing no effect of smaller changes. However, more recent studies show that not only
overall charge, but also local charge changes within the Fab and CDR can impact clearance and

pharmacokinetics (30,87).

5.9 Aggregates

Aggregates can occur in all protein therapeutics during manufacture, storage and administration.
They are very diverse and vary in solubility, reversibility and structure (covalent/non-covalent,
native/denatured) (18,23). Aggregates lead to changes in bioavailability, loss of biological activity
and especially concerning immunogenicity and changes in safety (8,18,19,23,107). Thus, many

drug product formulations contain detergents to avoid aggregation (108).
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6  Multi-attribute methods (MAM)

6.1 Conventional methods for mAb characterization/routine analysis

Oligosaccharide profiling is used to determine the type and level of N-linked glycan residues.
The traditional strategy for analyzing glycans uses hydrophilic interaction liquid chromatography
(HILIC), where sample is denatured and oligosaccharides are enzymatically released. The
released oligosaccharides are derivatized with fluorophore, separated by liquid chromatography
(LC) (normal or reverse phase) and detected with a fluorescence detector. The percentage of
each species is determined relative to the total area of all detected species. Site-specific profiling

of oligosaccharides is challenging using HILIC (109).

Charge isoform distribution is routinely determined by capillary isoelectric focusing (clEF) and
ion exchange chromatography (IEC). IEC separates proteins based on their affinity to an ion
exchanger. IEF is based on separation by the pl. Species with different net charges are separated
by their isoelectric point (pl) on a pH gradient through an applied electric field. Results are reported
as % acidic, neutral and basic isoforms. In case that further analysis of the peaks is needed (for
example in case of increased % of certain charge isoform) this is done by peptide mapping with
MS and glycan analysis (18,110,111).

Product-related impurities (fragments) are assessed by gel electrophoresis (reducing and non-
reducing), capillary electrophoresis using sodium dodecyl sulfate (CE-SDS) and by the below-

mentioned methods for aggregation analysis such as SEC (18,112).

Process-related impurities (host cell DNA, host cell protein and protein A) are assessed by
gPCR and ELISA respectively (113).

C-terminal lysine and other terminal modifications are assessed by methods used to assess
charge heterogeneity such as ion exchange chromatography (IEC) and capillary isoelectric
focusing (clEF) (18,111).

Disulfide bond variants are assessed by the peptide mapping. The sample is denatured and
then enzymatically digested under non-reducing conditions. Following digestion, the peptides are

separated by LC, and are monitored using MS in positive ion mode. The method can assess
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integrity of the disulfide bonds and provides information on any mispaired disulfides or free

cysteine residues (18,114).

Aggregates are assessed by combination of several methods. Standard method is SEC analysis
with UV, refractive index (RI) or light scattering detection. Peaks eluting earlier are considered as
aggregates. In addition, analytical ultracentrifugation, nanoparticle tracking analysis, light

obscuration and micro-flow imaging are used (18,115,116).

6.2 MAM principle

MS-based methods are used through the whole mAb life cycle, from initial clinical trial to marketing
authorization applications. One study showed that MS analysis is a part of about 80% of FDA
biologics license applications. In line with this, number of quality attributes which are assessed by
MS has increased from 2 to 11 in recent years (117). MS enables investigation of the nature of
the modification and on which residue the modification is located (by analyzing peptide fragments
and their mass changes) and mechanisms associated with modifications (by comparing different

types of samples, storage conditions and formulations) (118).

MA-based MAM was introduced for the first time by Amgen in 2015. Rogers at al. had an aim to
develop an analytical workflow that is in accordance with QbD requirements and can provide a
better quantitative information about PQAs in comparison to currently used methods. They used
a combination of high mass accuracy/high resolution MS and automated identification and relative
quantification of PTM with dedicated software. The method is based on peptide mapping using
bottom-up approach. This means that mAbs are digested into smaller peptides which are then
analyzed (27). This is the main difference between the MAM and conventional techniques such
as CEX and CE-SDS, which assess the intact mAb or intact subunits (26). In comparison to
traditional LC-MS/MS peptide mapping, where algorithms are applied to search for peaks with
known identities, MAM is able to both quantitatively monitor defined CQA as well as to
differentially analyze test sample versus reference and identify any new, missing or changed peak
(119).

MAM has a potential to be used through different product phases — for clone screening,
characterization, process development, comparability studies, stability assessment as well as in

lot release (27). It is able to analyze a wide range of PQAs including:

1) Primary structure including sequence modifications and mutations (26,27).
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2) PTM: glycosylation, glycation, deamidation, isomerization, succinimide formation, oxidation,
signal peptide identification, C-terminal lysine truncation, tryptophan degradation, N-terminal
pyroglutamate, fragmentation, hydroxylysine, thioether, cysteine adducts, C-terminal amidation
(27,120,121).

3) Impurities such as product related impurities (sequence variants) and process-related

impurities (host cell proteins and residual protein A) (120,121).
An overview mAb quality attributes and methods used for their analysis is given in Table 1.

A typical MAM workflow consists of the sample preparation and the MS-analysis. Therapeutic
protein samples are denatured by heating or by using a surfactant (SDS or RapiGest) and reduced
by dithiothreitol or tris(2- carboxyethyl)phosphine to break disulfide bonds between the cysteine
residues. Subsequently sample is alkylated by iodoacetamide and digested by a protease, such
as trypsin, to generate smaller peptides carrying PQAs. The resulting peptides are separated and
analyzed by LC-MS (122).

In the MAM application in recombinant protein analytics there are two stages — characterization

and monitoring stage.
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Table 1. Overview of analytical tools used for mAb characterization and lot release

Quality Standard Lot Covered by Comment Ref
attribute method Release MAM
Color, clarity, | Visual inspection Yes No (123,124)
particles (appearance)
Identity Immunoassay, Yes Yes Choice of identity (123,124)
MS (Peptide tests is based on
mapping) clEF, specific product
CGE properties
Residual host | ELISA Yes Yes Can be omitted if (123,124)
cell proteins proper clearance
studies were
performed
Residual ELISA Yes Yes Can be omitted if (123,124)
protein A proper clearance
studies were
performed
Residual DNA | PCR Yes No Can be omitted if (123,124)s
proper clearance
studies were
performed
Glycosylation, | HILIC-Flour, MS Yes Yes Included in lot (18,123,124)

Oligosaccharid
e Profiling

release only if it is
defined as CQA
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Charge IEC, IEF Yes No MAM does not (117,123)
heterogeneity measure directly
pl, but specific
PTM
modifications, N-
and C- terminal,
variants,
sialylated species
Deamidation | Charge No, Yes Peptide mapping (117,123)
heterogeneity assessed is used for
methods (IEC, within characterization;
IEF), MS (Peptide  charge MAM can assess
mapping) heterog site-specific
eneity deamidation
(IEC, IEF)
Glycation Charge No, Yes Intact LC-MS (18,26)
heterogeneity assessed measures overall
methods (IEC, within glycation; Peptide
IEF), Intact and charge level LC-MS and
peptide level LC-  heterog MAM are site
MS, boronate eneity specific.
affinity (IEC, IEF)
chromatography
Oxidation Peptide mapping No Yes Peptide mapping (117,123)

is used for
characterization;
MAM can assess
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site-specific

deamidation
Fragments SEC, IEC, IEF, CGE Yes Yes For lot release (26,123)
SEC and CGE
recommended
Aggregation SDS, CGE, SEC, Yes No For lot release (26,123)
analytical usually SEC under
ultracentrifugatio native conditions;
n, MALDI-TOF analytical
MS, ESI-MS ultracentrifugatio
(intact molecule) n, ESI-MS and
MALDI-TOF used
for
characterization
C-terminal Peptide mapping No Yes Assessed in (26,123)
lysine characterization
and development
PyroGlu Peptide mapping No Yes Assessed in (26,123)
characterization
and development
Disulfide bond | LC-MS (reducing No No Assessed during (18,26,123)

variants

and non-
reducing)

development

24



Characterization stage (method development and identification of target peptides). The main
aim of this step is to develop a full list of PQAs by identifying all peptides and their PTM. This is
achieved by performing peptide mapping by tandem MS (LC-MS/MS). A software (for example
Pinpoint) is used to target MS1 precursor ions by retention time, accurate mass and isotopic
distribution. In depth characterization of the molecules using MS2 is essential to create a
workbook for each of the modifications. Upon risk-assessment studies, a subset of PQAs are
identified as CQAs and used for development of target peptide workbook (125). In this way a
panel with all the relevant peptides and all CQA that will be monitored in the future are established
(126).

Monitoring stage (quantitative monitoring of CQA at peptide level). At the monitoring stage
reduced amount of MS data is collected. The analysis is performed in MS1 mode or with an MS1
only MS (27) and experimental samples are compared to a characterized reference standard
(125). The specific mass-to-charge ratios (m/z) of modified and unmodified peptides that contain
the selected CQAs, are monitored (26,126,127). Here there are 2 aspects to be considered -

targeted attribute quantification and new peak detection (NPD).

For targeted attribute quantification the processing method developed in the characterization
stage is applied for relative quantification of modifications for PQAs which were determined during
the method development. Relative abundance values for each CQA are calculated based on the
ratio of modified to total peptide abundance. MAM employs site-specific quantitation, where for a
particular amino acid modification, the readout is percent modified relative to the unmodified

peptide (26). The equation for calculation of the modification level is shown below:

Area modified peak
Modification level (%) = X 100
Area unmodified peak + Area modified peak
(Total peak area)

NPD feature is on the other hand applied to identify impurities and potential changes in PTMs
(26,126,127). Here a differential algorithm is applied to identify any changes of LC-MS peak or
any new peak (“impurity”). In order to minimize false-positive peak detection, pre-set peak
selection criteria (pre-set detection limit) must be implemented. Therefore, NPD function detects
any new peaks (impurities) which are above the pre-set detection limit, missing peaks (peaks not

present in test sample compared to a reference standard) as well as changes in existing peaks.
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New peaks are defined as peaks with unique mass-to-charge ratio and retention times. On the
other hand, changed peaks can be identified in both test and reference samples, but differ in
abundance. In case new peak/changes in the peak are identified, the experimental sample will be

rerun in the MS/MS mode for detailed characterization (125).

Schematic overview of the MAM principle and stages is shown in Figure 3.
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Figure 3. MAM workflow. mAb sample is digested into peptides and during method development
analyzed in the LC-MS/MS mode, CQA are determined. In the monitoring stage only LC-MS mode
is applied for the NPD and target attribute quantification (26).

Since MAM protocol introduction by Amgen, which is based on orbitrap technology and bottom-
up approach, several different workflows were proposed by other groups (which use combination
of different methods/instruments or MS with middle-down and top-down approach). Some of them

are described below.

3D multi-attribute analyzer — This workflow combines protein A affinity chromatography, SEC,
and Q-TOF LC/MS. It allows the fully automated determination of mAb titer and structural aspects
such as aggregation, fragmentation, molecular weight, amino acid sequence, and PTM directly
from cell culture supernatants. The titer is measured by mAb separation via affinity

chromatography (protein A column) and subsequent UV or DAD detection. In the next step the
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sample is loaded onto the SEC column for mAb size variants separation and their detection by a
second DAD. The final step in the described MAM workflow is generation of mass spectra by high
resolution MS (Q-TOF LC/MS equipped with ESI source) (128).

Middle-down approach (subunit mass analysis) — Most of the MAM are performed on digested
proteins. However, there are also MAM workflows based on the protein analysis at subunit level.
It is known as middle-down LC/MS approach, where antibody subunits are generated by reduction
or enzymatic cleavage. It uses intact mass analysis by quadruple time of flight mass spectrometry
(Q-TOF). It was shown as suitable for use as a method for identity testing, glycosylation profiling,
cysteinylation, glycation, oxidation and protein ratio determination for co-formulated drugs such
as ADC (129,130).

6.3 Advantages and challenges of MAM application

6.3.1 Advantages

More targeted assessment of CQAs and product quality profile — Chromatography and
electrophoresis methods can monitor only one type of CQA and they often provide only a general
information about mAb variants. On the other hand, MAM identifies the exact site of modification.
For example, CEX gives information about mAb charge via assessment of the amounts of main,
acidic and basic peaks. However, it is common to have more mAb variants within one peak, and
CEX cannot distinguish between these variants (28). Another example is N-glycan profiling via
HILIC assay. This method gives a general snapshot of combined all N-glycans in the molecule.
Therefore, if there are more than one glycosylation site in a mAb molecule, this can pose a
problem, as it is not capable to give the information about on which residue is the modification
located (109). In contrast to standard methods, by analyzing site-specific modifications, MAM
enables more precise differentiation between different species/variants and provides detailed and
quantitative information at the molecular level. Importantly, MAM can provide a better
understanding and control of the product and the process, which is in accordance with QbD
requirements (26,106,127).

MAM enables assessment and monitoring of unknown impurities and modifications — This
is known as “new peak detection” (NPD) feature. Importantly, MAM’s NPD is more sensitive and
robust than the conventional purity assays and it is capable of identifying unexpected new

modifications (26).
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LC-MS data allows retrospective data processing — Traditionally, when a new CQA is
identified later at any stage of the product life-cycle, the analysis of the attribute from archived
samples might be needed. Therefore, there might be a need to develop a new analytical method
to quantify the attribute. Moreover, historical batches may or may not be available. If done in the
full-scan mode, MAM, on the other hand, collects the large amount of product quality information.
This is why no additional data need to be collected. Instead, MAM generates a holistic dataset
from each run, batch or stability sample. These data can be re-analyzed to obtain necessary
information about the specific quality attributes. This gives MAM the potential to essentially

change approaches for establishing product control strategies (26).

Improved cycle times — Due to high structural complexity, fast mAb characterization poses a
constant challenge. MAM is capable of collecting required attribute information five times faster
than array of traditional assays. Interestingly, when time estimation is performed, including sample
preparation, incubation time and instrument set up, data collection, analysis and interpretation,
one samples can be analyzed by MAM in only 2 days in comparison to traditional approach which
takes 10 days (29,120,131,132).

Reduced costs — Given that MAM monitors multiple quality attributes simultaneously, it can

replace several assays and instruments (28,127).

6.3.2 Challenges

MAM clearly has potential to improve understanding and control of mAb manufacturing process
and product attributes. However, there are still some challenges that need to be overcome before
the MS-based MAM can be fully accepted by regulatory authorities and implemented in the GMP

environment.

Artificial modifications — There are several steps during sample preparation and analysis which
can generate artificial modifications. Artifacts can be misinterpreted as modification or could lead
to overestimation or underestimation, or even complete loss of detection of actual PTM. Given
that MAM’s purpose is to evaluate mAb variants, formation of artifacts needs to be reduced to be
able to reliably quantify PTM. This can be achieved by optimization and improvement of sample
preparation and analysis protocols in order to generate low artifact peptides (126,133).

Artifact formation can be divided into two groups — sample preparation-induced artifacts and MS-
induced artifacts (133). Below we will give an overview of the artifacts and possible ways to control

them.
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1) Sample preparation-induced artifacts

Carbamylation — can occur as consequence of urea application as the denaturation reagent.
Urea’s degradation product, isocyanic acid, can react with protein N-terminus, lysine side chain
or free cysteines (133,134). Cysteine residues can also be modified by some surfactants used to

increase digestion efficiency such as ProteaseMAX (135).

Reduction of Met oxidation — can lead to underestimation of actual oxidation levels. This artifact

can occur during reduction of disulfide bonds, which is sample preparation step required to

increase digestion efficacy (133).

Increase of Met oxidation — can be catalyzed in the presence of trace metals in digestion buffers

or sample contact with metal surfaces of the analysis instruments. This can be avoided by
introduction of EDTA or Met in the digestion buffer (136).

Formation of peptide fragments - tris(2-carboxyethyl) phosphine (TCEP) used for reduction of

disulfide bonds can cleave cysteine peptide bonds (137). Furthermore, heating sample in the

presence of TCEP can also cause peptide bond cleavage (138).

Formation of alanine from cysteine — can occur as a result of heating sample in the presence of
TCEP (138).

Alkylation — Normally cysteine is alkylated after sample reduction in order to prevent reformation

of disulfide bonds. Undesired alkylation of Met and Lys can happen as artifact (139).

Elimination of reduction-labile modifications including cysteinylation, glutathionylation (140), and

trisulfide bonds can occur during reduction sample preparation step (141).

Asn deamidation during enzymatic digestion. This artifact is highly dependent on digestion

conditions such as pH, temperature and incubation time, and can be controlled by digestion at
lower temperature, lower pH and for a shorter incubation time (142). Another possibility is to
distinguish pre-existing and artificial deamidation by using '®O-water during sample preparation
(143).

Amino acid cyclization - Finally, digestion procedures can also cause the cyclization of amino

acids, such as formation of succinimide from Asp isomerization and formation of pyroglutamate

from N-terminal glutamine (133).

Mis-cleavage — is related to protease (trypsin) digestion and can be improved by using
trypsin/lysyl endopeptidase (Lys-C) mixture (126,133).
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2) Mass-spectrometry-induced artifacts

lon generation via ESI can generate a wide range of artifacts such as oxidation of methionine,
tryptophan, and histidine, formation of peptide-metal adducts (144), peptide cleavage (144), loss
of water from Ser, Asp, Glu, and N-terminal GIn (145). The same as with sample preparation,
oxidation occurs due to presence of trace metals or by contact with metal surfaces (136).
Oxidation can also occur as a result of water electrolysis during analysis by capillary zone
electrophoresis coupled to ESI as well as due to higher potential applied to the electrospray
needle causes higher levels of oxidation when above the onset of coronal discharge (146).
Oxidation of Met can also occur in the gas phase, caused by discharge of eroded emitter during

the process of electro-spray ionization (147).

MAM is not suitable for assessment of certain PQA — MAM cannot assess disulfide bonds,
disulfide isoforms and trisulfide levels. Furthermore, direct assessment of succinimide is not
possible when trypsin digestion is performed at pH above 7.5, as under these conditions
succinimide rapidly hydrolyses to iso Asp and Asp. MS-based MAM is also not able to measure
DNA levels, self-association and aggregation. MAM may not be able to provide information if
there was an overall shift in the pl of the product, which could affect pharmacokinetics, especially
of s.c. administered products (29). MAM can identify and quantify specific PTMs and sequence
variants, but not if they are evenly distributed across molecules or only on one part of the
molecule population. In addition, certain variants such as clipped species that include a cleavage
at lysine and arginine may not be captured by MAM due to masking by the digested peptides (26).
Complicated hardware and software and complex data analysis — MS is very sensitive
method and gives complex and detailed information which generates high amount of data. This

can pose an additional burden during analysis, especially as not all data are relevant (132).

MAM implementation in QC — Although MS is used during the development phase of almost all
mADb, options for fully GMP-compliant LC/MS are limited. LC/MS application in the quality control
(QC) environment is complex and so far limited to more simple products, mainly for the mass
assessment (26). This is due to several specific challenges for implementation of MS and MS-
based MAM in commercial QC laboratories. These challenges are mostly associated with

robustness, GPM-compliance of MS and required extensive analyst expertise (148).

Validation of MAM — MAM uses high-maintenance mass spectrometers and equipment which
are difficult to implement for product-release testing in the quality control. One of the reasons is

that substantial MS expertise is needed for method execution. In addition, due to complex
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instrumentation, there is a high instrument-to-instrument variability and it can be challenging to
align instrument performance across multiple laboratories. However, recently MAM platforms
which instead of high-end mass spectrometers use more simple MS instruments have become
available. These instruments could be easier implemented in quality control laboratories to
replace several conventional assays (106,127,132,148). One example is MAM based on a single
quadrupole MS instrument, which applies peptide mapping under non-reducing conditions,
electrospray ionization source and Quadrupole Dalton (QDa) mass detector. The authors showed
that the method was successfully validated for the assessment of several PTM such as Asn and
Asp isomerization, deamidation, Met oxidation and glycosylation as well as disulfide bond-related
modifications. It was cost effective, robust and simple for maintenance and handling. However,
this MAM approach does not detect PTM on all amino acid residues, but the pre-selected CQA
list defined during the development phase. Therefore, it is not suitable for the NPD and changes
in process would require additional methods in order to detect unexpected modifications and
impurities (106). In addition, structure-based MS techniques are advancing. Several groups were
recently successful in development and validation of QC-friendly MAM platforms based on subunit
assessment (129,130,148). Examples are a GMP-compliant LC/MS method for monitoring
antibody oxidation (148) and TOF spectrometer-based method for identity, glycan quantification

and protein ratio determination (129).

6.4 Regulatory aspects

Amgen has presented the MAM concept for the first time at the CASSS CMC Strategy and Mass
Spec Forums in 2014 (149) and its development was first published by Rogers at al. in 2015 (27).
Since then, MAM has been a hot topic in the pharmaceutical industry. It has been discussed at
several conferences including 8" Annual Biotherapeutic Analytical Summit in 2016 (150), 13"
Symposium on the Practical Applications of Mass Spectrometry in the Biotechnology Industry in
2016 (151) and USP Biologics Stakeholder Forum in 2020 (120). Importantly, also regulatory
agencies show high interest in novel analytical approaches for biologics such as MAM. In line with
this, MAM is being constantly discussed with FDA’s Emerging Technology Team (ETT), which
also works on adaptation and implementation of MS in biologics development and routine analysis
(26). Furthermore, USP is already working on MAM-based performance standards that may help
ensure the sensitivity of MAM-based methods and support transfer of methods across
laboratories (152). In order to bring leaders from biopharmaceutical companies, regulatory bodies,

MS and software vendors together, a MAM Consortium was formed. It currently has more than
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320 members. The Consortium is involved in different activities including organization of monthly

meetings, development of an open-source MAM software and evaluation of data similarity

between companies and vendors (153).

In order for MAM to be accepted by regulatory agencies there are several points which need to

be considered. They are classified into risk assessment, method validation, capabilities and

specificities of new peak detection feature and comparisons to conventional methods.

1)

2)

Risk assessment — If MAM is intended to replace conventional methods, risk/benefit ratio
when using MAM needs to be evaluated for a specific product and quality attribute. The
risk assessment is based on the following points: the severity potential of a CQA,
occurrence (the process capability of controling CQA) and the detection. MAM in
comparison to most of conventional methods shows benefits by acting on the detection
(28). CQA detection by MAM is amino acid-specific, whereas chromatographic methods
assess a whole molecule, which can possibly result in overlooking of specific PTM.
However, MAM also shows some limitations here. For example, it is not capable of
distinguishing PTM distribution, meaning if a modification is present on both chains or on
one chain on approximately half molecules. Therefore, in this case through risk
assessment it needs to be evaluated if distribution of a certain modification has effect on
product quality and safety. Furthermore, due to digestion, some information about the
intact protein might be lost, such as clipped species that include a cleavage at lysine and
arginine (which are trypsin cleavage sites) or information about pl. pl is especially
important for s.c. or i.m. administration, as charge variants in these products may affect
bioavailability. Therefore, if pl or clipped species are classified as CQA for a product, risk
assessment and demonstration that the attributes assessed by MAM can replace CEX

and reducing CE-SDS are needed before MAM can be implemented (26).

Method validation — As it is the case for other analytical methods, validation of MAM is
necessary for its licensing and application in QC (28) This might be challenging, as there
is not much experience with validating MS-based methods (126). The guidelines which
can be used for validation are ICH guidelines and FDA guidelines. These are ICHQ2 (R1)
— Validation of Analytical Procedures, ICHQ6B — Specifications: Test procedures and
Acceptance Criteria for Biotechnological/Biological Products, FDA Guidance on Validation
of Chromatographic Methods, FDA Guidance on Analytical Procedures and Methods

Validation of Drugs and Biologics. Based on the mentioned guidelines, for a quantitative
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method validation specificity, linearity, accuracy, precision, range, quantitation limit,
detection limit, robustness, and system suitability testing need to be assessed. Precision,
robustness, LOD/LOQ and system suitability are considered as the most challenging
aspects in validating MAM (28,127).

Linearity — To test if MAM shows a linear response to a PTM, approach already used for
LC-MS systems is applied. Calibration curve is generated by analyzing control samples
spiked with a range (for example 0%, 25%, 50%, 75% and 100%) of modified sample.
MAM linearity with R? above 0.99 has been shown by several studies (106,154).

Specificity — MAM specificity is highly influenced by the chromatographic and mass
spectral resolution (155). It is usually assessed by comparing different samples including

buffers, stressed samples and samples from different purification steps (106).

Accuracy — Accuracy is assessed by applying MAM protocol to samples spiked with
known quantities stressed material and subsequent recovery calculation. In addition, MAM
accuracy can be evaluated by comparison of results with the ones obtained by traditional
assays (106,154).

Precision — Given that MS is not routinely used in the QC of therapeutic proteins,
assessment of precision is essential for showing system suitability (26). Different precision
levels should be considered. Repeatability evaluation or intra-assay precision for the
monitored PTM is conducted by measuring sample replicates during a single analytical
run under identical conditions (27,109,154). Furthermore, intermediate precision (inter-
assay, day-to-day, operator-to-operator, column-to-column, instrument-to-instrument) as
well as reproducibility are also part of the method validation (106,154). In addition, for
MAM it is recommended to ensure its discrimination power, which means that it is able to
measure inherent product variability such as low-level differences between batches. This
is assessed by comparing the precision acquired from a single batch to the intrinsic batch
variability. Furthermore, precision should be compared to conventional methods which

are planned to be replaced by MAM (26).

Robustness — MS-based MAM is a highly sensitivity method which is able to detect a
thousand of species in a single run. However, it needs to be assured that small variations
in sample preparations and LC/MS conditions do not affect results. Robustness in
detecting changes in different runs and lots and on different days needs to be ensured
(28).
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Detection and quantitation limit — DL and QL should be determined for both targeted
attribute quantitation and NPD. This is done by using peptides which are representative
of the one being measure. Of high importance is to cover expected variations in peptide
size, retention time and abundance. Especially challenging is the determination of DL and
QL for NPD feature. This is done by spiking of the sample with potential impurities and

modifications that are not actively monitor (26).

System suitability testing is used to demonstrate acceptable assay performance and
that an analytical method is suitable for its intended purpose. Setting appropriate system
suitability criteria can ensure acceptable sample preparation and LC/MS analysis. The
proposed metrics for system suitability testing for mAb characterization by LC/MS are
variation of peak areas, accuracy and variation of relative quantitation results, mass

accuracy/resolution change, signal-to-noise ratio (26,156).

Software validation — Software used for MAM data acquisition and processing also need
to be validated and GMP compliant according to relevant guidelines for the use of
computerized systems in a GMP regulated activities including EU GMP Guidelines Annex
11 Computerized Systems and FDA Guidance for Industry Part 11 (157,158). The relevant
GMP compliance items for MAM software are audit trail, security and limited system
access to authorized individuals, electronic signatures, data backup and recovery as well
as full validation of the LC/MS system including hardware and software (installation
qualification (IQ), operational qualification (OQ) and performance qualification (PQ)) (148).
In line with this, several vendors offer semi-automated GMP compliant software, which
are delivered with detailed user documentation, certificates of software validation, and

support documentation for on-site system validation by end-users (159).

Comparison to conventional methods — From a regulatory perspective MAM needs to
be compared to the conventional methods in order to justify that MAM is capable to control
the CQAs. However, MAM and conventional methods are not always directly comparable
as they sometimes do not measure the same isoform species. Therefore, by introducing
MAM some information might be lost and some gained. The differences should be part of
the risk assessment and their impact on product quality and safety should be thoroughly
evaluated. Before the existing methods can be completely replaced by MAM, it is expected
that there will be a period where both methods will be side-by-side included in the
submissions (26). One of the possible regulatory strategies used by some pharmaceutical

companies is to first present MAM to authorities as a characterization method. The next
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step would be, based on successful acceptance, to replace standard methods by MAM as

a single method for the late-stage clinical products (28).

New peak detection capability and specificity — The most critical and challenging
parameter for NPD feature is peak intensity threshold. Setting a too low threshold may
lead to false positive detection. On the other hand, caution needs to be taken also not set
the threshold too high as some peaks could be missed (121). The threshold is set
experimentally and needs to be optimized for the specific product and instrument/software.
There are several approaches that can be applied for the threshold determination. For
example, samples with known expected modifications (spike samples) might be used to
prevent false negative detection. In this way the limit is set at the level which enables
identification of all known modifications in the spike samples. In addition, a sample with
no expected modifications is used to set the threshold to the level which prevents false
positive detection. Another approach is to run traditional assays and MAM side by side
and to use “failed samples” (samples which would not meet specification requirements
when assessed by traditional methods) to set the MAM threshold. The threshold is being
decreased to the level which enables detection of new peaks in the failed samples and
lowered even further until false positive peaks appear. Recently published MAM
Consortium interlaboratory study showed that when fold-change is used as criterion to

determine new peaks, most laboratories use 5-fold or 10-fold limit (119).
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7 Discussion and conclusion

Regulatory authorities recommend the QbD approach for the manufacturing of therapeutic
antibodies. This approach requires that CQAs are identified based on the severity of harm to a
patient or lack of efficacy resulting from failure to meet that quality attribute. To fulfill these

requirements in-depth understanding of CQA at molecular level is required.

Final structure of recombinant proteins together with PTM is influenced by many factors as well
as their mutual interactions. This makes it nearly impossible to achieve an identical mAb structure,
even across the batches of the same manufacturer produced in the same facility using the same
processes (22). Because they highly impact mAb pharmacology and safety, many of these PTM
are considered as CQA. Therefore, under the QbD scope the authorities demand PTM analysis
during product development, quality control as well as a part of biosimilarity assessment (160—
162). Therefore, choice and application of proper analytical methods to identify and quantify PTM
are essential for identification of CQA and implementation of control strategies. However, none of
the standard methods are able to characterize all aspects of heterogeneity. This is why PTM are
commonly assessed by orthogonal methods, multiple assays and instruments, which makes mAb

analytics complex and time- and resource-consuming (163).

In order to reduce number of methods required for drug characterization, innovative approaches
which could possible assess several CQA in one run are being proposed. One of them is bottom-
up MS-based MAM. Owing to rapid advances in the MS field, this approach has been adopted by
several pharmaceutical companies and its development is highly supported by regulatory
authorities. Compared to conventional methodologies, the LC-MS-based MAM provides direct
and amino acid-specific identification and quantification of the biologically relevant PQA. In
addition, it enables establishment of correlation between CQA and critical process parameters
(CPPs) which fulfils high regulatory expectations. The application of MAM assays provides
quantitative information to support mAb development from early phases such as clone selection
and process development to pre-clinical and clinical studies. Moreover, the LC-MS MAM
approach has been demonstrated by some groups to be useful to monitor potential changes to
the PTM profile of a given therapeutic mAb in vivo, which has also recently been recommended
by some regulatory bodies. The potential susceptibility of a therapeutic protein to modifications in

vivo may result in loss of efficacy or induction of immune responses. Obtaining this information
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early in design stage, candidate selection, and drug development may facilitate therapeutic

protein engineering to increase the stability of the product in the in vivo milieu (164).

In the short run, MAM has the biggest potential in the areas of biopharmaceutical development,
in the beginning mostly as a complementary assay. Looking toward the future, MAM has potential
to replace many of the standard assays. However, adoption of MAM in the QC environment
requires further optimization and numerous challenges to be addressed (120). Some of the
challenges connected to MAM application could be overcome by development of suitable sample
preparation protocols (reduction of artifacts), optimization of the LC-MS conditions (such as S-
Lens RF, Capillary temperature and auxiliary gas temperature) (126), implementation of system
suitability controls and GMP-compliant software, automatization of the sample preparation and
data analysis (92,132).

Compared to traditional methods, development of a LC-MS-based MAM approaches is more
challenging, due to complex sample preparation, LC separation, MS instrumentation, and data
acquisition and analysis. Each step requires careful adjustment and optimization of multiple
critical conditions or parameters. Depending on the antibody type, development of different
sample preparation protocols might be required. Denaturation and enzyme digestion conditions,
such as pH, digestion time, and denaturants, need to be optimized in order to ensure specific
cleavages and minimize possible artifacts. When it comes to separation and MS acquisition, the
strategy should be carefully chosen and adjusted. For each workflow, column parameters (type,
temperature), LC gradient, buffers need to be determined in order to achieve optimal separation.
Mass spectrometry parameters, such as tuning method and acquisition method, must also be
optimized. Setting of data analysis parameters including search parameters, ion peak extraction

parameters and peak intensity threshold levels is critical for obtaining reliable and solid data.

In accordance with the above-mentioned challenges, since the first MAM publication, several
research groups have been working on the method development, its improvement and new
applications. For example, application of mico-LC compared to UHPLC, assessment of

glycosylation sites, application for process monitoring and in vivo testing (26,165).

Most MAM developed so far are based on high-resolution/high-mass accuracy MS instruments,
due to their high mass resolving power to distinguish analyte signals from interferences (132).
However, several recently published works suggest application of lower-resolution instruments
characterized which are easy to handle, reliable, generate small footprint and are low cost. If

these spectrometers indeed demonstrate to be suitable for MAM purposes, this may further
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facilitate the adoption of the MAM technology for the routine application in analytical laboratories
(155).

In conclusion, with the advancement of mass spectrometry field and instrument and analysis
software automation, fully automated LC-MS MAM platform could be developed in the near future.
This approach would provide more in-depth qualitative and quantitative information of CQAs than
current standard analytical methods. It could support the QbD-compliant therapeutic protein

analysis during through the whole product life-cycle.
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8 Abstract

Therapeutic monoclonal antibodies (mAb) play an important role in the treatment of several
diseases such as cancer, autoimmune disorders, and infectious diseases. In comparison to small-
molecule drugs, they are much larger and by far more complex, which makes their development

and regulatory evaluation challenging.

One of the biggest challenges is a high variability of mAbs, known as (micro-)heterogeneity. It
originates from post-translational modifications (PTM) which are happening during mAb synthesis
in the cell culture or from chemical and physical modifications during purification, formulation and
storage. Hundreds of different modifications may co-exist such as glycosylation (which includes
galactosylation, fucosylation, high mannose derivatives and sialylation), oxidation,

phosphorylation, sulfation, disulfide bond formation and deamidation.

Heterogeneity pattern can significantly impact pharmacokinetics, pharmacodynamics and safety
of mAbs. Therefore, some of PTM belong to critical quality-defining attributes and their
characterization, quantification and monitoring during development and quality control release is

essential.

The conventional approach uses a panel of different analytical methods to evaluate the
heterogeneity and the other quality attributes of mAbs. These are high-performance liquid
chromatography (HPLC), sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), capillary gel electrophoresis and liquid chromatography/mass spectrometry (LC/MS).
Taken together, all these methods give a kind of method specific fingerprint of respective physic-
chemical properties of the mAb. However, they do not give insight into composition and structures
at molecular level. In the recent years, both industry and regulatory bodies have gained interest
in a novel approach known as multi-attribute method (MAM). MAM combines advanced state-of-
the-art mass spectrometry methods with liquid chromatography (LC-MS) in order to
simultaneously assess several critical quality attributes related to PTM in one assay. Main MAM
advantages are high specificity and resolution, lower costs and saving time as it has potential to

replace several conventional methods.

The aim of this master thesis is to give an overview of the current knowledge about mAb
heterogeneity and how specific mAb PTM impact mAb pharmacology and product quality.
Furthermore, we will give insight into recent advancements in analytical methods, with the main

focus on MAM, which would enable more simple characterization and monitoring of mAb PTM.
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Finally, advantages and challenges of MAM as well regulatory considerations for its

implementation in GMP settings and quality control will be thoroughly evaluated.
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9 Zusammenfassung

Therapeutische monoklonale Antikérper (mAbs) spielen eine wichtige Rolle bei der Behandlung
verschiedener Krankheiten wie Krebs, Autoimmunerkrankungen und Infektionskrankheiten. Im
Vergleich zu niedermolekularen Arzneimitteln sind sie viel gréfier und weitaus komplexer, was

ihre Entwicklung und behdrdliche Evaluierung erschwert.

Eine der groten Herausforderungen ist die hohe Variabilitdt von mAbs, bekannt als (Mikro-)
Heterogenitat. Sie entsteht durch posttranslationale chemische und physikalische Modifikationen
(PTM), die bei der Herstellung in der Zellkultur oder bei der Reinigung, Formulierung und
Lagerung auftreten. Hunderte von verschiedenen Modifikationen koénnen nebeneinander
existieren, wie Glykosylierung (Galaktosylierung, Fucosylierung, Sialylierung, mannosereiche
Strukturen), Oxidation, Phosphorylierung, Sulfatierung, Bildung von Disulfidbindungen und

Desamidierung.

Heterogenitatsmuster kénnen Pharmakokinetik, Pharmakodynamik und Sicherheit von mAbs
signifikant beeinflussen. Daher gehdren einige der PTM zu kritischen Qualitatsattributen und ihre
Charakterisierung, Quantifizierung und Uberwachung wahrend der Entwicklung und der Freigabe

nach der Qualitatskontrolle ist wesentlich.

Der konventionelle Ansatz verwendet ein Panel verschiedener analytischer Methoden, um die
Heterogenitdt und die anderen Qualitdtsmerkmale von mAbs zu bewerten. Dies sind
Hochleistungsflussigkeitschromatographie (HPLC), Natriumdodecylsulfat-
Polyacrylamidgelelektrophorese (SDS-PAGE), Kapillarelektrophorese und
Flussigchromatographie mit Massenspektrometrie-Kopplung (LC/MS). Zusammengenommen
ergeben alle diese Methoden eine Art methodenspezifischer Fingerabdruck der jeweiligen
physikalisch-chemischen Eigenschaften des mAb. Sie geben jedoch keinen Einblick in
Zusammensetzung und Strukturen auf molekularer Ebene. In den letzten Jahren haben sowohl
die Industrie als auch die Behdrden zunehmend Interesse an einem neuartigen Ansatz, der als
Multi-Attribute-Methode (MAM) bekannt ist. MAM kombiniert modernste Massenspektrometrie-
Methoden mit Flussigchromatographie (LC-MS), um gleichzeitig mehrere kritische
Qualitatsmerkmale im Zusammenhang mit PTM in einem Assay zu bewerten. Die Hauptvorteile
von MAM sind hohe Spezifitdt und Auflésung, geringere Kosten und Zeitersparnis, da es das

Potenzial hat, mehrere konventionelle Methoden zu ersetzen.
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Das Ziel dieser Masterarbeit ist es, einen Uberblick lber das aktuelle Wissen Uber die
Heterogenitdt von mAbs und den Einfluss spezifischer PTM auf die Pharmakologie und
Produktqualitdt von mAbs zu geben. DarlUber hinaus werden wir Einblicke in die neusten
Fortschritte bei analytischen Methoden mit dem Schwerpunkt auf MAM geben, die eine
einfachere Charakterisierung und Uberwachung von PTM ermdglichen wiirden. SchlieBlich
werden die Vorteile und Herausforderungen von MAM sowie regulatorische Uberlegungen zu

ihrer Implementierung in GMP-Umgebung und Qualitatskontrolle griandlich diskutiert.
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10 Abbreviations

ADCC

AGE
ASGPR
Asn
C1q
CDC
CDR
CE
CPP
CQA
Cys
EMA
FcRn
FcyRs
FDA
GIcNAc
HILIC
IEF

IEX

Ig

mADb
MAM
Met

MR
Neu5Gc
pl

PQA
PTM
PyroGlu
QbD
QTPP
RP-HPLC

SDS

SEC
Ser
Thr
Trp
Tyr

Antibody-dependent cell-mediated
cytotoxicity

advanced glycation end product
Asialoglycoprotein receptor
Asparagine

Complement component 1q
Complement-mediated cytotoxicity
Complementarity-determining region
Capillary electrophoresis

Critical process parameters
Critical quality attribute

Cysteine

European Medicines Agency
Fc-neonatal receptor
Fc-y-receptors

Food and Drug Administration
N-acetylglucosamine
Hydrophilic-interaction liquid chromatography
Isoelectric focusing

lon exchange chromatography
Immunoglobulin

Monoclonal antibody
Multi-attribute method

Methionine

Mannose receptor
N-glycolylneuraminic acid
Isoelectric point

Product quality attribute
Posttranslational modifications
Pyroglutamate

Quality by design

Quality target product profile
Reversed-phase high performance liquid
chromatography

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis

Size-exclusion chromatography
Serine

Threonine

Tryptophan

Tyrosine
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