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ABSTRACT

For therapeutic proteins, the currently established standard develop-
ment path generally does not foresee biotransformation studies by
default because it is well known that the clearance of therapeutic
proteins proceeds via degradation to small peptides and individual
amino acids. In contrast to small molecules, there is no general need
to identify enzymes involved in biotransformation because this in-
formation is not relevant for drug–drug interaction assessment and for
understanding the clearance of a therapeutic protein. Nevertheless,
there are good reasons to embark on biotransformation studies,
especially for complex therapeutic proteins. Typical triggers are un-
expected rapid clearance, species differences in clearancenot following
the typical allometric relationship, a mismatch in the pharmacokinetics/
pharmacodynamics (PK/PD) relationship, and the need to understand
observed differences between the results of multiple bioanalytical
methods (e.g., total vs. target-binding competent antibody concentra-
tions). Early on during compound optimization, knowledge on protein
biotransformationmay help to designmore stable drug candidates with
favorable in vivo PK properties. Understanding the biotransformation of

a therapeutic proteinmay also support designing and understanding the
bioanalytical assay and ultimately the PK/PD assessment. Especially in
cases where biotransformation products are pharmacologically active,
quantification and assessment of their contribution to the overall
pharmacological effect can be important for establishing a PK/PD
relationship and extrapolation to humans.With the increasing number
of complex therapeutic protein formats, the need for understanding
the biotransformation of therapeutic proteins becomes more urgent.
This article provides an overview on biotransformation processes,
proteases involved, strategic considerations, regulatory guidelines,
literature examples for in vitro and in vivo biotransformation, and
technical approaches to study protein biotransformation.

SIGNIFICANCE STATEMENT

Understanding the biotransformation of complex therapeutic proteins
can be crucial for establishing a pharmacokinetic/pharmacodynamic
relationship. This article will highlight scientific, strategic, regulatory,
and technological features of protein biotransformation.

Introduction

Over the past years, the number of approved therapeutic proteins has
been continuously growing, with currently more than 200 in the United
States and the European Union (Walsh, 2018). These approved
biotherapeutics span a wide range of recombinant proteins, including
the following: clotting factors, thrombolytics, anticoagulants, hormones,
growth factors, interferons, interleukins, vaccines, monoclonal anti-
bodies (mAbs) and their derivatives, enzymes, and fusion proteins
(Walsh, 2018). Therapeutic proteins are also becoming increasingly

important in terms of revenue: In 2017, seven out of ten best-selling
drugs in the United States were therapeutic proteins (https://www.
genengnews.com/a-lists/the-top-15-best-selling-drugs-of-2017/).
Among them, monoclonal antibodies and their derivatives are steadily
gaining importance, both with respect to new approvals and with respect
to revenue (Walsh, 2018). Most of these antibody drugs target
inflammatory autoimmune diseases and cancer (Walsh, 2018). Cur-
rently, IgGmolecules represent by far the majority of approved antibody
drugs (Walsh, 2018). In addition, there are a few antibody-drug
conjugates (ADCs), antibody fragments, and bispecific antibodies.
Interestingly, all recently approved monoclonal antibodies were engi-
neered in someway (Walsh, 2018). Engineering serves several purposes,https://doi.org/10.1124/dmd.119.088997.

ABBREVIATIONS: ADC, antibody–drug conjugate; CE, capillary electrophoresis; CMC, chemistry; manufacturing, and controls; CVA, charge
variant analysis; DPP4, dipeptidylpeptidase 4; FcRn, neonatal Fc receptor; FT-ICR, Fourier transform ion cyclotron resonance; HPLC, high
performance liquid chromatography; HRMS, high resolution mass spectrometry; ICH, International Council for Harmonization; IEX, ion exchange
chromatography; LC, liquid chromatography; m/z, mass to charge ratio; mAb, monoclonal antibody; MS, mass spectrometry; NIR, near-infrared;
PD, pharmacodynamics PEG polyethylene glycol; PK, pharmacokinetics; R, resolving power; RP, reverse phase; SEC, size exclusion
chromatography; ToF, time of flight.
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for example, to humanize the antibody, optimize its pharmacokinetics
(PK) profile, increase tumor-specific uptake, increase pharmacological
potency, and reduce safety risks. In addition, more and more antibody
candidates with next generation formats, as exemplified below, are
currently being developed by pharmaceutical companies (Carter and
Lazar, 2018). Among them, ADCs are one important therapeutic
modality to address oncological diseases aiming for selective delivery
of highly potent (and cytotoxic) agents to specific targets (Flygare et al.,
2013). ADCs consist of a monoclonal antibody conjugated with
a chemotherapeutic agent (payload) through a chemical linker (Beck
and Reichert, 2014). Examples for marketed ADCs are brentuximab
vedotin (Adcetris), adotrastuzumab emtansine (Kadcyla), and polatuzu-
mab vedotin (Polivy). Another important therapeutic modality are Fc-
fusion proteins and peptides, for example, etanercept (Enbrel), alefacept
(Amevive), Dulaglutide (Trulicity), or Abatacept (Orencia), which have
extended half-life in circulation (Beck and Reichert, 2011). Beyond Fc-
fusion proteins and peptides, various types of antibody formats (e.g., IgG,
minibodies, nanobodies, diabodies) can be fused to various cytokines (e.g.,
interleukins 2, 4, and 12; tumor necrosis factor) (Hutmacher and Neri,
2019). These antibody–cytokine fusion proteins, also known as immuno-
cytokines, circumvent the dose-limiting toxicities often associated with
systemic administration of cytokines. Another class of therapeutic proteins
that sparks interest within the pharmaceutical industry are bispecific
antibodies such as Blinatumomab (Blincyto) and Emicizumab (Hemlibra)
(Kontermann and Brinkmann, 2015; Brinkmann and Kontermann, 2017;
Labrijn et al., 2019). Bispecific antibodies recognize two different epitopes
either on the same or on different antigens. A multitude of different
bispecific formats exists, ranging from very small (50-kDa) protein
scaffolds (bispecific T-cell engager, dual-affinity retargeting) to relatively
big and complex (250-kDa) constructs (Kontermann and Brinkmann,
2015; Brinkmann and Kontermann, 2017; Carter and Lazar, 2018).
Protein biotherapeutics can undergo biotransformation, which we

define in this study as a process leading to measurable circulating
biotransformed protein that may be active, inactive, or, for example, in
the case of ADCs, even potentially toxic (Lee, 2013). Catabolism, in
contrast, is defined in this work as degradation of a protein to small
peptides and individual amino acids. Metabolism in this manuscript
refers to the biotransformation of small-molecule drugs. A typical
biotransformation reaction for therapeutic proteins and the main focus of
this article is the proteolytic cleavage leading to a truncated protein in
circulation. These truncated proteins may be formed by simple cleavage
in a defined position that is accessible to a specific protease, or, as is
quite often observed for fusion proteins, the biotransformation products
in circulation are formed by a multistep process. Initial endopeptidase
cleavage may render the protein vulnerable to further exopeptidase
processing. The antibody part of a fusion protein is typically stable
toward proteolytic biotransformation. Therefore, the observed degrada-
tion primarily occurs within the nonantibody part or the linker region. In
addition to proteolytic cleavages, glycation (Goetze et al., 2012),
deglycosylation (Chen et al., 2009; Alessandri et al., 2012; Qian et al.,
2018), deamidation (Liu et al., 2018), oxidation or other amino acid
modifications (Liu et al., 2011; Lee, 2013; Hmiel et al., 2015), or, in
case of ADCs, payload and linker metabolism may alter the function
of therapeutic proteins. An overview of recent biotransformation studies
of therapeutic proteins is presented in Table 1, with different types of
biotransformation reactions. Because ADC biotransformation is mostly
focused on linker cleavage and payload metabolism, which is more
similar to small-molecule metabolism than to protein biotransformation,
we will not focus on ADC biotransformation in this manuscript. ADC
examples are mentioned, however, where they complement the overall
context. For ADC biotransformation, the interested reader is referred to
some excellent reviews (Saad et al., 2015; Tumey et al., 2015). Whereas

proteolytic cleavages are enzyme-catalyzed processes, for example,
glycation, deamidation, and oxidation reactions are spontaneous
protein degradation processes (Geiger and Clarke, 1987; Wright,
1991; Goetze et al., 2012; Kellie and Karlinsey, 2018). The
respective information on biotransformation products, whether
pharmacologically inactive or active, is key to support bioanalytical
assay development and PK/pharmacodynamics (PD) extrapolations.

Clearance Versus Biotransformation of Therapeutic Proteins

The clearance of therapeutic proteins ultimately leads to degradation
to small peptides and individual amino acids (catabolism). Conventional
therapeutic antibodies are predominantly cleared through cellular uptake
and proteolytic digestion mechanisms (Fig. 1). These processes happen
mainly in endothelial cells and macrophages (Akilesh et al., 2007;
Montoyo et al., 2009; Richter et al., 2018; Challa et al., 2019). The first
step of this degradation pathway is binding of antibody to the plasma
membrane, followed by internalization via fluid-phase endocytosis.
Antibody binding can be a specific target-mediated binding, an off-target
interaction with internalizing receptors, or a nonspecific interaction with
the glycocalyx and/or lipids at the cell surface (Wall and Maack, 1985;
Boswell et al., 2010; Leipold and Prabhu, 2019). Following binding,
antibodies are internalized through different endocytic pathways that
converge in early endosomes, which act as an intracellular sorting
compartment. Early endosomes mature to late endosomes, which fuse
with lysosomes for proteolytic degradation of the antibodies within their
lumen (Huotari and Helenius, 2011; Tarcic and Yarden, 2013). Ulti-
mately, lysosomal catabolism of antibodies typically results in degradation
of the proteins to small peptides and amino acids (Hall, 2014). Antibodies
can alternatively escape lysosomal degradation by following the neonatal
Fc receptor (FcRn) salvage pathway. High-affinity Fc-dependent antibody
binding to FcRn occurs only at the slightly acidic pH (,6.5) in early
endosomes. From early endosomes, antibody–receptor complexes are
recycled back to the cell surface, where the physiologic pH (.7.0) of
blood triggers antibody release (Roopenian and Akilesh, 2007).
In addition to complete degradation and clearance, protein biother-

apeutics may also undergo biotransformation by catalytic cleavage of
peptide bonds by proteases, leading to circulating truncated proteins.
These truncated proteins might be pharmacologically active or inactive,
and their characterization with adequate bioanalytical methods is key for
a correct PK/PD assessment. This is predominantly expected for the
more complex protein biotherapeutics (e.g., fusion proteins), whereas
for most conventional IgG molecules clearance without formation of
detectable biotransformation products is anticipated.
Because very limited knowledge currently exists on the details of

proteolytic biotransformation, the next paragraphs are dedicated to
a reflection on proteases, tissues, and compartments conceivably
involved in these processes.
Proteases represent more than 2% of the human genome, correspond-

ing to 588 human proteases known to date (Perez-Silva et al., 2016;
Kappelhoff et al., 2017). In addition to their involvement in protein
degradation, proteases have key physiologic roles in post-translational
protein processing. Specifically, they are responsible for the regulation
of blood coagulation, fibrinolysis, immune response, complement
activation, peptide hormone processing, DNA replication and repair,
cell signaling and proliferation, and programmed cell death (Verhamme
et al., 2019). Physiologic protease activity is highly regulated to protect
endogenous proteins from uncontrolled degradation.
Proteases catalyze the hydrolysis of peptide bonds, either internally

(endopeptidases), or terminally (exopeptidases). Exopeptidases that cleave
from the N terminus are aminopeptidases, and those cleaving from the
C terminus are carboxypeptidases. Different catalytic mechanisms have
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TABLE 1

Overview of recent biotransformation studies of therapeutic proteins

Therapeutic Protein Name Modality Biotransformation Type Biologic System Study Summary and Highlights Reference

mAb Recombinant human
IgG2 mAb

Deglycosylation In vivo (human)
In vitro
(human serum)

The role of Fc glycans on mAb clearance was
studied in vivo. Similar changes to the glycan
profile were found in vitro after incubation of
the antibody in serum, suggesting that the
changes observed in vivo are due to glycan
cleavage and not differential antibody
clearance.

Chen et al.,
2009

AMG531, AMG195,
AMG195

Thrombopoietin-
mimetic
peptibodies

Proteolytic cleavage In vivo (rat) Biotransformation and stability were studied by
ligand-binding MA (LB-MS) during early
preclinical phase development to guide
immunoassay development, as well as clinical
candidate selection and design.

Hall et al.,
2010

mAb1, mAb2, and
mAb3

Recombinant human
IgG2 mAb

N-terminal glutamate to
pyroglutamate conversion

In vivo (human) Conversion of N-terminal glutamate to
pyroglutamate in recombinant mAbs.

Liu et al.,
2011

Model mAb Recombinant human
IgG2 mAb

C-terminal lysine processing In vivo (human)
In vitro
(human serum)

The C-terminal lysine processing of
a recombinant human IgG2 antibody was
studied in vivo and in vitro, to gain insights on
the impact of antibody heterogeneity on drug
safety and efficacy. The analytical
methodology consisted of HRMS preceded by
protein A affinity chromatography and Lys-C
endoproteinase digestion.

Cai et al.,
2011

mAbA, mAbB, mAbC Recombinant human
IgG mAbs

Glycation In vivo (human)
In vitro
(human serum)

In vitro and in vivo glycation was studied by LC-
MS

Goetze et al.,
2012

mAb1 Recombinant human
IgG1 mAb

Deglycosylation In vitro (human
serum)

The role of Fc glycans on clearance of mAb1was
studied in vivo. In addition, in vitro
experiments to study high mannose species
(M6 and M7) were conducted. These were
cleaved in serum, and cleavage could be
blocked with a mannosidase I inhibitor.

Alessandri
et al., 2012

mAb1, mAb2 Recombinant human
IgG1 mAbs

Glycation In vivo (mouse)
In vitro
(mouse serum)

Homogeneous antibodies bearing the Man5
glycoform were produced and in vivo PK in
mouse was studied. A mouse serum
mannosidase was identified that converted
most Man8/9 to Man6.

Yu et al.,
2012

Fc-FGF21 WT
[1–424], Fc-FGF21
RG [1–424]

Fc-fibroblast growth
factor 21 (FGF21)
fusion proteins

Proteolytic cleavage In vivo
(Cynomolgus
monkey)

Differential ELISA was combined with LB-MS
to study the proteolytic cleavage sites of Fc-
FGF21 fusion proteins; the approach was
applied for compound optimization.

Hager et al.,
2013

mIgG1k mIgG1l Recombinant human
IgG1 mAbs

Thioether bond formation In vivo (human) The disulfide bond between the heavy chain and
light chain was converted to a thioether bond.

Zhang et al.,
2013

mAb-1mAb-2mAb-3 Recombinant
humanized IgG1
mAbs

C-terminal lysine processing,
deamidation, N-terminal
glutamate to pyroglutamate
conversion, thioether bond
formation

In vivo (rat) In
vitro (rat
plasma, PBS)

The rate of C-terminal lysine removal, and the
levels of deamidation, pyroglutamic acid
(pyroE), and thioether bond formation was
compared in vitro (rat plasma and PBS) and
in vivo.

Yin et al.,
2013

MAB2 Human IgG1 mAb Deamidation, N-terminal
glutamate to pyroglutamate
conversion, oxidation

In vivo (human) Multiple quality attributes of a therapeutic
antibody were recovered from in-life samples.

Li et al., 2016

Trastuzumab
(Herceptin)

ADC Deamidation In vivo (human;
patients)

Trastuzumab biotransformation by deamidation
of asparagine and isomerization of aspartic
acid in different complementarity-determining
region peptides has a significant impact on LB-
MS assay results. Strikingly, the degree of
biotransformation appeared to vary across
patients.

Bults et al.,
2016; Liu
et al., 2018

Tetranectin/
apolipoprotein A1

Fusion protein Proteolytic cleavage In vivo (rabbit) In
vitro (RPTEC/
TERT1)

Biotransformation of tetranectin/apolipoprotein
A1 was studied by LB-MS. A major and
pharmacologically active biotransformation
product was identified, formed by N-terminal
truncation of alanine and proline. This
biotransformation is catalyzed by DPP4, as
shown by in vitro investigations in RPTEC/
TERT1 and incubations with DPP4.

Zell et al.,
2016;
Schadt
et al., 2019

NTs-huFc Neurotensin-huFC
(NTs-huFc) fusion
protein

Proteolytic cleavage In vitro (mouse
serum)

Biotransformation of NTs-huFc protein was
studied using a novel bottom-up targeted
protein workflow based on on-bead
succinimidyloxycarbonylmethyl tri-(2,4,6-
trimethoxyphenyl) N terminus tagging.

Kullolli et al.,
2017

(continued )
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evolved for peptide hydrolysis by exploiting specific residue-mediated
chemical reactions in their active sites. Accordingly, proteases can be
classified as serine, threonine-, cysteine- aspartyl-, glutamyl-, and
metallopeptidases (Brix, 2013). These include intracellular and extra-
cellular proteases, cytosolic, endosomal/lysosomal, and membrane-
associated proteases.
An overview on various peptidases and proteases occurring in human

blood, liver, and kidney, including their cleavage specificity, was
compiled by Werle and Bernkop-Schnürch (2006). One example of
a protease that has been described to be involved in biotransformation of
therapeutic proteins is dipeptidylpeptidase 4 (DPP4; exopeptidase
3.4.14.5) (Zell et al., 2016). DPP4 is expressed in endothelial cells of
different organs, including kidney, liver, and the capillary endothelium,
and is also present as a soluble form in circulation (Deacon, 2004). DPP4
cleaves dipeptides with the N-terminal structure Xaa-Pro-Xaa or Xaa-
Ala-Xaa (Mentlein, 1999). Prominent endogenous peptide substrates for
DPP4 are the incretin hormones glucose-dependent insulinotropic poly-
peptide and glucagon-like peptide-1 (GLP1). DPP4 plays an important role
in the regulation of both peptides and inactivates them by N-terminal
cleavage. Both glucose-dependent insulinotropic polypeptide and
glucagon-like peptide-1 have a very short apparent plasma half-life of
7 minutes and 1 to 2 minutes, respectively (Deacon, 2004). More recently,
DPP4 has also been shown to catalyze biotransformation of the fusion
protein tetranectin–apolipoproteinA1 (Zell et al., 2016; Schadt et al., 2019).
The localization of the proteases responsible for the formation of

circulating biotransformation products of therapeutic proteins has not
been investigated in a systematic way, and hardly any literature examples
exist. Therefore, we believe that some theoretical considerationsmight be

helpful and also spark discussion among scientists who are active in this
field. Following administration, a therapeutic protein may be biotrans-
formed by proteases at the injection site (for subcutaneous administra-
tion), during absorption, in the lymphatic system, and in the circulatory
system (Wang et al., 2012). From the circulation, therapeutic proteins
then cross the vascular wall to reach the site of action in the target tissue,
either by diffusion across discontinuous capillaries or via transcellular
transport. Biotransformation might also occur by endothelial cells of
different organs, and, because endothelial cells are directly in contact with
blood and lymph, this might result in a circulating biotransformation
product. Although the protein drug may be subject to biotransformation
by the target tissue as well, a transfer back to blood circulation via the
lymph is required to yield a circulating biotransformation product.
Moving from tissue level to cellular level, the most likely location for

proteases contributing to the formation of circulating biotransformation
products is the extracellular space, and the proteases are either soluble
(e.g., in blood and lymph) or membrane-associated (Werle andBernkop-
Schnurch, 2006). In the case of intracellular proteases, additional
transport processes are required for the formation of circulating
biotransformation products: the protein therapeutic needs to be taken
up by the cell, and the product needs to be transferred back out of the cell.
The most likely intracellular location for generation of circulating
biotransformation products are early endosomes, where limited pro-
teolytic cleavage might occur. For enzymes such as cathepsins, activity
is observed already at the slightly acidic pH found in early endosomes
(Brix et al., 2008; Sanman et al., 2016). From early endosomes,
biotransformed Fc-containing protein therapeutics may be released into
blood by FcRn recycling. Late endo-lysosomes are less likely to

TABLE 1—Continued

Therapeutic Protein Name Modality Biotransformation Type Biologic System Study Summary and Highlights Reference

Dulaglutide Glucagon-like
peptide 1 (GLP1)-
Fc fusion protein

Proteolytic cleavage In vivo (mouse) A novel HRMS approach for analyzing large
molecule proteins at the intact level in biologic
samples without digestion. This consisted of an
immunoaffinity capture combined with a LC-
HRMS method to quantify the intact parent
molecule while simultaneously identifying
biotransformation products for recombinant
fusion proteins. Two proteolytic sites within
the GLP1 peptide sequence of dulaglutide
were identified using this approach. The
findings facilitated further critical designing
and screening of novel protein therapeutic
candidates and understanding of their
pharmacokinetics and pharmacodynamics.

Kang et al.,
2017

Anti-CD22 MC-vc-
PAB tubulysin M
TDC variants
(tubulysin TDC1
and TDC2)

ADC Payload biotransformation,
glycation, cysteine adducts,
glutathione adducts,

In vivo (mouse,
rat)

Biotransformations of multiple site-specific
THIOMAB antibody–drug conjugates (TDCs)
were studied by HRMS.

He et al., 2017

Fc-FGF21 WT Fc-
FGF21 RG

Fc- FGF21 fusion
proteins

Proteolytic cleavage In vivo (mouse) Biotransformations of a wild-type Fc-FGF21
construct and a sequence re-engineered Fc-
FGF21 construct were studied by
immunoaffinity capture coupled with CE-MS.

Han et al.,
2017

Model therapeutic
mAb

Human mAb Oxidation In vitro An untargeted LC-HRMS–-based method
supported by bioinformatics tools for
differential analysis allowing for rapid
identification of modified peptides derived
from the biotransformation of therapeutic
proteins. A human antibody was forced
oxidized and compared with an untreated
control using a bottom-up proteomics
workflow.

Yao et al.,
2018

Fc-FGF21 (PF-
06645849)

Fc-FGF21 fusion
protein

Proteolytic cleavage In vivo (rat) In
vitro (rat
serum)

Intact protein LC-MS and digestion LC-MS/MS
methods were combined to characterize the
biotransformation of Fc-FGF21 and to quantify
the intact molecule and its major
biotransformation products.

Li et al., 2019
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contribute to biotransformation because proteolysis is more pronounced
and leads to degradation to small peptides and amino acids. Cytosolic
proteases and the proteasome also seem less likely to be key contributors
to the generation of circulating metabolites because this requires
a transfer from the endosome into the cytosol and back. For the same
reason, mitochondria, endoplasmic reticulum, Golgi apparatus, and the
nucleus seem to be very unlikely locations for proteases contributing
significantly to the formation of circulating biotransformation products.
However, under disease conditions, for example, in tumor tissue or in
a state of inflammation, proteases might be mislocalized outside of their
original compartments, abnormally expressed in cells or the extracellular
space, or not sufficiently regulated anymore. Thus, theymight contribute
to formation of circulating biotransformation products.

Strategic Considerations

In this section, we will compare strategic approaches for biotransfor-
mation studies for small-molecule drug candidates and for therapeutic
proteins. Although for therapeutic protein drugs biotransformation
mainly means cleavage of the peptide bond by proteases, small-
molecule drug biotransformation is mainly mediated by cytochrome
P450 and various phase II enzymes such as glucuronosyl or sulfo
transferases. For small-molecule drugs, strategies and approaches to
assess biotransformation are well established (Schadt et al., 2018), and
regulatory guidance for the assessment of metabolites is provided by the
FDA (2016) and ICH (2010). Well-defined packages of studies are
conducted throughout the discovery and development phases (Fig. 2).
Typically, during lead identification and lead optimization, metabolite
identification is conducted to identify metabolic soft spots. The main
in vitro metabolites are identified by high resolution mass spectrometry
(HRMS), often as Markush structures, to guide chemists toward more
stable compounds. Later, once a candidate drug has been identified,
further more detailed in vitro studies are conducted to enable entry into
humans. A typical approach would be incubation of the drug candidate
with liver microsomes and cryopreserved hepatocytes from human and
animal species selected for safety assessment. Metabolites are identified

by HRMS and compared across species. In some cases, defini-
tive metabolite structures are elucidated by NMR spectroscopy. The
in vitrometabolite profiles are then further comparedwith in vivo animal
plasma metabolite profiles to establish a qualitative in vitro–in vivo
correlation (even though there are several limitations). At the same time,
the major enzymes responsible for the biotransformation are identified,
both for the assessment of the clearance of the compound and for
drug–drug interaction assessment. During phase 1, human plasma from
single and/or multiple ascending dose studies is screened for metabo-
lites. Human relevant metabolites exceeding 10% of drug-related
material in circulation are identified, and metabolite exposure at steady
state at the anticipated therapeutic dose level is assessed in comparison
with metabolite exposure in animals (maximum tolerated dose group) to
assure human safety (Schadt et al., 2018). The human drug metabolism
package is complemented with the human radiolabel absorption/
distribution/metabolism/excretion study, which is typically conducted
during phase 2. The human radiolabel absorption/distribution/metabo-
lism/excretion study provides all details on the fate of a new drug
candidate: Which metabolites and what amounts are circulating, how is
the compound excreted, via feces or via urine, as parent compound or as
metabolites?
In contrast, for therapeutic proteins biotransformation studies are not

conducted by default because the clearance of therapeutic proteins is
generally understood. As described above, clearance is typically via
degradation to small peptides and individual amino acids. Also, there is
no general need to identify the enzymes involved in biotransformation as
there is for small molecules, as this information is not relevant for
drug–drug interaction assessment and for understanding the clearance of
a therapeutic protein.
Nevertheless, understanding the biotransformation of a therapeutic

protein can be important for various reasons and at various stages during
discovery and development (Fig. 2). During compound optimization,
early knowledge about biotransformation may help to design more
stable drug candidates with favorable in vivo PK properties (Hager et al.,
2013). Vulnerable positions in the molecule can be identified, and the
protein can subsequently be re-engineered to replace labile motives with

Fig. 1. Overview on cellular clearance and biotransformation processes in endothelial cells and hematopoietic cells (primarily macrophages).
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more stable ones. A typical trigger to embark on biotransformation
studies would be an unexpected PK behavior in preclinical species
(Fig. 3A). This could either be due to fast clearance from circulation or
due to biotransformation, and might impact the active drug exposure. In
such cases, the features of the bioanalytical method (total drug assay,
active drug assay, intact drug assay for multidomain biologics) already
provide first information. Depending on the bioanalytical method,
potential biotransformation issues of the molecule might or might not
become apparent (Heinrich et al., 2015). A fast clearance of a therapeutic
protein, measured by a total drug assay, indicates that the compound is
truly cleared from the circulation. A fast clearance of a therapeutic
protein, measured by an active drug assay, does not necessarily mean
rapid clearance of the compound from circulation, but might also
indicate a biotransformation step leading to the formation of inactive
truncated proteins. The combination of different bioanalytical meth-
ods might help to better understand whether loss of active exposure is
due to clearance or biotransformation impacting the activity (total
drug assay and active drug assay). In case of multidomain compounds,
the use of different assays targeting different domains of the
compound might also provide first information to confine the
biotransformation site.
Athough the bioanalytical strategy can be key to identify potential

biotransformation issues early on, likewise biotransformation informa-
tion can be highly important to design and select appropriate bio-
analytical methods. This very close mutual dependency between both
disciplines becomes particularly obvious in two scenarios that may lead
to a mismatch between the exposure data and the observed PD: 1) When
only total drug bioanalytical methods are available, active molecules
and truncated, inactive biotransformation products cannot be
distinguished, and the PD is lower than might be expected from
the PK curve (Fig. 3B). 2) When biotransformation occurs at the
binding site of an assay reagent and thus the truncated but active
molecules escape from being detected, the PD is higher than might
be expected from the PK curve (Fig. 3C). Available information on
protein biotransformation can guide the reagent selection as well as
assay format selection. Depending on the desired information,
reagents that detect an epitope prone to biotransformation might

be avoided or explicitly selected. A combination of different
bioanalytical methods might be necessary to fully characterize the
PK/PD of a therapeutic protein in such cases, especially if the
biotransformation products are pharmacologically active. Depend-
ing on the contribution to the overall pharmacological effect, active
biotransformation product(s) must also be included in the protection
of the intellectual property of the drug product. In summary,
typical triggers for biotransformation studies are unexpected rapid
clearance, species differences in clearance not following the typical
allometric relationship, a mismatch in the PK/PD relationship, and
the need to understand observed differences between the results of
multiple bioanalytical methods.
The early use of predictive in vitro systems would be the ideal

approach to identify and prioritize the most promising candidates.
Replacing animal experiments by in vitro experiments for compound
optimization is highly desirable from a 3R (replace, reduce, refine)
perspective. In addition, having a human in vitro system that mimics
potential human in vivo biotransformation early on clearly is an
advantage. Simple systems such as human plasma or serum are suitable
to study processes like deamidation, glycation, C-terminal lysine
processing, N-terminal glutamate to pyroglutamate conversion, and, in
case the relevant proteases are present, also proteolytic cleavage. Case
examples can be found in Table 1. Notably, almost all in vitro studies
that have been published to date were conducted in serum or plasma (see
Table 1). In many cases, however, plasma or serum does not contain the
relevant proteases responsible for the biotransformation of therapeutic
proteins. The same is true for subcellular fractions of liver tissue or other
organs. Therefore, in vitro models like cellular or microphysiolog-
ical systems would be key to allow the assessment of human
biotransformation of therapeutic proteins early on in drug research
and development. In our experience, in vitro biotransformation
studies with therapeutic proteins using cellular systems are exper-
imentally challenging, and this is most likely the reason why only
few studies have been reported to date (Schadt et al., 2019). The low
in vitro biotransformation rate by cells, combined with the much
lower ratio of cell number per reaction volume in vitro compared
with the in vivo situation, significantly limits the application of

Fig. 2. (A) Small-molecule metabolite identi-
fication (MetID) packages across drug discovery
and development. (B) Biotransformation charac-
terization support for therapeutic proteins.
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cellular in vitro biotransformation studies of therapeutic proteins. To
illustrate this, the human body contains 6.2 � 1011 endothelial cells
(Sender et al., 2016), with a reaction volume of 5 l blood. In
comparison, in a cell culture in a 24-well plate, 2.4� 105 endothelial
cells (https://www.thermofisher.com/ch/en/home/references/gibco-
cell-culture-basics/cell-culture-protocols/cell-culture-useful-numbers.
html) are incubated in 0.3 ml medium. This corresponds to
a difference of two orders of magnitude.

Regulatory Considerations

Several regulatory guidance documents exist that make recommen-
dations on biotransformation studies for biotherapeutics. The main
guidance on preclinical studies is International Council for Harmoniza-
tion (ICH) S6 (R1) “Preclinical Safety Evaluation of Biotechnology-
Derived Pharmaceuticals” (ICH, 2012), which was adopted in 2012 and
states, “The expected consequence of metabolism of biotechnology-
derived pharmaceuticals is the degradation to small peptides and
individual amino acids. Therefore, the metabolic pathways are generally
understood. Classical biotransformation studies as performed for
pharmaceuticals are not needed. Understanding the behaviour of the
biopharmaceutical in the biologic matrix (e.g., plasma, serum, cerebral
spinal fluid) and the possible influence of binding proteins is important
for understanding the pharmacodynamic effect.”
Similarly, theWorld Health Organization “Guidelines on the Quality,

Safety, and Efficacy of Biotherapeutic Protein Products Prepared by
Recombinant DNA Technology” adopted in 2013 states the following:
“The expected consequence of metabolism of recombinant DNA-
derived biotherapeutics is degradation to small peptides and individual
amino acids. Therefore, the metabolic pathways are generally un-
derstood. Classic biotransformation studies, as performed for pharma-
ceuticals, are not needed” (WHO, 2013). This reflects the common view
that biotherapeutics may have a very limited potential to form bio-
transformation/degradation products with unexpected off-target activity
and contrasts the situation with small-molecule drugs. The latter have
several guidance documents on how to identify potential safety risks
associated with metabolites and degradation products, for example, the
Food and Drug Administration Guidance for Industry, Safety Testing of
Drug Metabolites (FDA, 2016).
Still, biotransformation studies may be warranted to understand the

disposition and PD of biotherapeutics in specific cases as mentioned in
ICH S6 (R1). This is also reflected in the European Medicines Agency
“Guideline on the Clinical Investigation of the Pharmacokinetics of
Therapeutic Proteins,” which is effective since 2007. It recommends to
evaluate and discuss the need for in vitro metabolism studies: “The need
for, and the feasibility of, specific studies of the route of elimination and

metabolism (e.g., microsomal, whole cell or tissue homogenate studies)
and identification of metabolites in vitro should be considered and
discussed on a case-by-case basis.” This guideline further recommends
quantifying metabolites with PD activity if this is feasible (EMA, 2007).
ADCs are a therapeutic modality combining a biotherapeutic with

a small molecule. Currently, five ADCs are clinically approved and used
in oncology indications [trastuzumab emtansine (Kadcyla), brentuximab
vedotin (Adcetris), inotuzumab ozagamicin (Besponsa), gemtuzumab
ozagamicin (Mylotarg), and polatuzumab vedotin (Polivy)]. All five
approved ADCs contain small-molecule cytotoxic agents linked to
monoclonal antibodies specifically targeting surface proteins on cancer
cells. Many more ADCs are in clinical development. The metabolic
evaluation of ADCs is covered in ICH S9, “Nonclinical Evaluation of
Anticancer Pharmaceuticals,” adopted in 2009 stating, “Conjugated
products are pharmaceuticals covalently bound to carrier molecules,
such as proteins, lipids, or sugars. The safety of the conjugated material
is the primary concern. The safety of the unconjugated material,
including the linker used, can have a more limited evaluation. Stability
of the conjugate in the test species and human plasma should be
provided. A toxicokinetic evaluation should assess both the conjugated
and the unconjugated compound after administration of the conjugated
material” (ICH, 2009). Regulatory filing applications of approved ADC
drugs do show that the kinetics of the conjugated and unconjugated
drugs are followed in preclinical species and clinical studies, and the
release of the cytotoxic moiety from the conjugated drug is investigated
in vitro in cell culture systems and in plasma. The metabolic fate of the
unconjugated cytotoxic drug alone was studied in in vitro systems; see,
for example, the European Medicines Agency assessment report for
Adcetris (Adcetris EPAR).
In summary, several health authority guidelines exist on the expected

biotransformation studies for biotherapeutics. The main focus may lay
on themechanistic understanding of PD as biotherapeutics bear a limited
risk of off-target safety issues based on metabolites formed in patients.
ADCs may be studied in more detail to enable a mechanistic un-
derstanding of release of the pharmacologically active cytotoxic drug.

Technical Approaches To Study Therapeutic Protein
Biotransformation

A typical experimental approach to study the biotransformation of
therapeutic proteins in our laboratories is based on the following
experimental sequence: In an ideal case, the therapeutic protein of
interest is radiolabeled (described in more details below). Using
radiolabeled proteins is not absolutely essential, but it provides
a significant advantage because this offers the opportunity to ensure
complete recovery during multiple sample preparation steps. Then the

Fig. 3. Exemplified triggers to embark on biotransformation studies: unexpected rapid clearance (A) or a mismatch in different bioanalytical assays (e.g., total vs. target-
binding competent therapeutic protein concentrations), with biotransformation products that may contribute to the pharmacological effect (B) or not (C).
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animal experiment is conducted with the labeled protein. Serum and
tissue samples are subjected to immunoaffinity purification (potentially
with domain-specific ELISA assays), which will be detailed below.
Recoveries of all sample preparation steps are monitored via the
radioactive label. The immunoaffinity-purified protein can then be
subjected to different analytical methods. All require some kind of
separation first; therefore, we dedicate one section to the topic of
separation. A typical first experiment is radio high performance liquid
chromatography (HPLC), as described below, to get a quick overview
on any biotransformation steps that lead to a significant shift in retention
time. More detailed analysis and identification of biotransformation
products can be achieved by mass spectrometry (MS), which is
described in the corresponding section. The final section of this chapter
is dedicated to chemical derivatization methods in the context of
biotransformation.

Radiolabeling and Orthogonal Labeling Approaches

The ability to differentiate material related to therapeutic protein from
proteins in the biologic matrix is a key requirement to characterize
a biotransformation profile. A prominent method that became standard
in small-molecule drug metabolism studies is labeling with radioactive
isotopes. However, due to practical considerations, the radiolabeling of
large molecules differs from established labeling strategies developed
for small molecules. Biotherapeutics are usually expressed in cell culture
systems. To provide radioactive-labeled amino acids to be incorporated
into the therapeutic protein would require the growth medium to contain
high levels of radiation and result in a large amount of liquid radioactive
waste. The far more practical approach is the postsynthesis labeling of
amino acid side chains. There are several methods broadly used to label
therapeutic proteins with radionuclides. One of the main methods of
radiolabeling proteins is the direct introduction of radioactive atoms to
functional groups without the use of chemical spacers. An alternative
procedure to the direct method is the conjugation of bifunctional
chelating agents, which are able to complex metallic radionuclides, or
preradiolabeled small molecules containing a reactive group for
coupling to proteins. Key points to consider for the labeling strategy
and the choice of label type are the retention of the affinity to cell-
specific receptors, the binding to biologic targets, and the PK properties.

14C is preferred for a biotransformation study of small molecules, but
the specific activity is too low to be used for a corresponding protein
study (Table 2). Based on the relatively short half-lives of metallic
radionuclides, the use of these isotopes is limited for protein bio-
transformation studies. Therefore, an alternative nuclide must be chosen
for a large-molecule biotransformation study. Traditionally, 125I has
been used for protein labeling. Direct protein labeling with 125I on
tyrosyl or histidyl residues is performed by sodium or potassium iodide
and an oxidizer like chloramine-T (Greenwood et al., 1963) or Iodo-Gen
(Fraker and Speck, 1978) through electrophilic substitution for hydrogen

in the target protein (Hermanson, 2013). A mild oxidation can be
induced by lactoperoxidase in the presence of hydrogen peroxide
(Morrison, 1980). However, oxidation can damage proteins, and IgG
is especially vulnerable: two surface-exposed methionines are located in
the FcRn binding site of IgGs that are sensitive to oxidation (Stracke
et al., 2014). Consequently, the affinity to the cellular FcRn is lower,
which leads to an impact on PK properties of the antibody (Cymer et al.,
2017; Edelmann et al., 2019).
An alternative to direct iodination was described by Bolton and

Hunter (1973) as indirect iodination. To avoid oxidation in presence of
proteins, a small molecule may be first radioiodinated and, in a second
step, conjugated with amine- or thiol-containing proteins, for example,
lysine or cysteine residues, to perform a covalent bond modification. A
detailed review of both direct as well as indirect radioiodination with
different types of activated small molecules has been reported byWilbur
(1992). However, the use of g-emitting radioiodine requires special
equipment and laboratory facilities in terms of radiosafety. Nevertheless,
a major issue and biohazard of radioiodinated proteins is in vivo
dehalogenation induced by the enzyme deiodase (Amartey et al., 2005).
This loss of the label leads to increased uptake of radioiodine in the
thyroid gland (Vaidyanathan and Zalutsky, 1990).
More recently, tritium-labeled proteins have been used in biotrans-

formation studies to circumvent the disadvantages of radioiodination
biotransformation studies. Tritium belongs to the class of long-lived
isotopes with a half-life of 12.3 years and is the b-emitting radioactive
isotope of hydrogen. Several methods for incorporating tritium into
proteins are known. Solid-state palladium-catalyzed hydrogen/tritium
exchange at 80�C (Zolotarev et al., 1995) bears the risk of denaturation
of the protein. Tack et al. (1980) reported protein tritium labeling by
sodium [3H]borohydride-induced reductive methylation at lysine resi-
dues. Conjugation of a tritium-prelabeled small molecule analogous to
the Bolton–Hunter method, as previously discussed, is certainly an
option for a fast, efficient, and safe access to tritium-labeled proteins.
Small molecules, like maleimides, able to conjugate with cysteine
residues of proteins (Hempel, 1963), are one option for labeling.
Because disulfides do not react with maleimides, disulfides need to be
reduced prior to the conjugation. This reductionmay damage the protein.
Muller (1980) reported a protein labeling with N-succinimidyl [2,3-3H]
propionate in 1980 at lysine residues. Two years later, Kummer
(1986) transferred this technique to label monoclonal antibodies.
N-succinimidyl [2,3-3H]propionate reacts with «-amino groups in lysine
residues and N-terminal a-amines in proteins in pH range 7.0–8.5 at
room temperature in 15 minutes to 1 hour. A covalent amide bond
formation ensures a label-stable protein for subsequent in vivo studies
(Jaramillo et al., 2017).
As an alternative to radiolabeling, therapeutic proteins can also be

labeled with near-infrared (NIR) or fluorescence dyes. A variety of
different dyes is commercially available, for example, Biotum’s CF
series or LI-COR IRDye CW series for NIR applications. Numerous
dyes from the Alexa Fluor family (Thermo Fisher Scientific) cover the
near-UV up to the NIR emission spectrum. NIR labeling is cost effective
and requires no specialized equipment or radiation safety protection.
However, antibody modifications with dyes may result in a change
of the protein’s physicochemical properties. Depending on the
degree of labeling, the fluorophore conjugation may impact
antibody plasma clearance and tissue distribution (Conner et al.,
2014; Cilliers et al., 2017).

Affinity Purification

MS is an ideal tool to characterize the heterogeneity of therapeutic
proteins and has long been established as a routine technology in the

TABLE 2

List of common nuclides for biologic assays

Nuclide Decay Mode Half-Life Specific Activity

3H b2 12.3 yr 1.1 TBq/mmol
14C b2 5730 yr 2.3 GBq/mmol
125I ECa 60 d 80.5 GBq/mmol
131I b2,g 8 d 242.4 TBq/mmol
99mTc ITb 6 h 19.3 TBq/mmol
111In ECa 2.8 d 13.5 GBq/mmol
89Zr b1 78 d 16.9 TBq/mmol

aElectron capture.
bIsomeric transition.
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chemistry, manufacturing, and controls (CMC) field for drug substance/
drug product release testing. These studies may also provide important
hints to potential biotransformation hot spots. Furthermore, the similar
analytical strategies and learnings are transferable to the development
of methods for biotransformation studies. The difference between
CMC characterization and biotransformation studies, however, is the
required sensitivity and specificity. CMC analysis is performed on
highly concentrated samples in buffer solution compared with the
biotransformation studies that have to deal with low concentrations of
drug in a complex biologic background. Consequently, the greatest
challenge to enable the application of these MS-based methods to
biologic samples and to allow a comparable level of structural
characterization as well as identification of potential biotransformation
is an appropriate enrichment of the analyte. In the field of quantitative
bioanalysis, the use of so-called hybrid methods has significantly
improved the sensitivity (Duggan, 2018). In this study, an immunoaf-
finity extraction of the analyte is employed to selectively enrich and
clean up the analyte from the biologic sample matrix, prior to liquid
chromatography (LC)-MS analysis.
Although bioanalysis and biotransformation studies have many

similarities with regard to appropriate sample enrichment, there are
several special demands for biotransformation analysis that need to be
taken into consideration. In both cases, therapeutic proteins need to be
analyzed from biologic or clinical samples that harbor an inherent
molecular complexity. Blood plasma, for example, represents a very
protein-rich environment with concentrations ranging from a few pico-
grams to milligrams per milliliter (Hortin and Sviridov, 2010). Depending
on the therapeutic protein dose, the final plasma concentration is in the
nanograms per milliliter to micrograms per milliliter range. If subtle
changes to the molecule through biotransformation occur, the limit of
detection is often reached. For bioanalytical purposes, ligand-binding
assays are still the gold standard, particularly due to their unprecedented
sensitivity. MS analysis for bioanalytical purposes is typically performed
after enzymatic digestionwithmonitoring/quantitation of defined signature
peptides by selected reaction monitoring (Wei et al., 2018), even though
the use of intact protein analysis via HRMS is now gaining popularity (van
den Broek and van Dongen, 2015; Jin et al., 2018; Qiu et al., 2018; Tassi
et al., 2018; Zhang et al., 2018; Bults et al., 2019). For biotransformation
studies, however, intact mass analysis is the most favorable MS approach.
It is the ideal tool to capture differences in the two-dimensional protein
structure of parent biologic and biotransformation products. Therefore, it is
of paramount importance to have access to reliable methods to enrich and
purify biologics from complex biologic matrices.
For certain molecule classes, generic capture reagents are available.

Polyethylene glycol (PEG) modified therapeutic proteins or peptides
might be specifically extracted by their PEG domain, using commer-
cially available anti-PEG antibodies. Particularly for therapeutic
monoclonal antibodies and Fc fusion proteins, a variety of generic
commercially available options is available that capture the Igs via
common regions in the Fc or Fab domain, for example, protein A, G,
G/A, L or anti-Fc, anti-l or anti-k capture antibodies. Proteins A, G, and
L often are directly conjugated to a purificationmatrix (e.g., sepharose or
magnetic beads), whereas capture antibodies are conjugated to biotin for
streptavidin-mediated purification (Fig. 4). However, these approaches
are limited by the fact that endogenous Igs are coenriched. For more
specific enrichment of the (human/ized) monoclonal antibody from
preclinical samples, use of anti-human IgG (the common isotype of
therapeutic monoclonal antibodies) antibodies has been applied suc-
cessfully for biotransformation studies (Hall et al., 2010; Zell et al.,
2016; Kang et al., 2017), and some of them even enable selective
enrichment of human IgGs from nonhuman primate samples (Stuben-
rauch et al., 2009, 2010, 2013).

The extraction from human samples is significantly more challenging
and requires drug-specific reagents. For therapeuticmAbs, anti-idiotypic
antibodies or the recombinantly expressed ligands are options. Such
reagents are typically generated for ligand-binding assay–based bio-
analysis and thus are often available. However, to fully leverage
synergies between bioanalysis and biotransformation activities, it is
highly recommended to already align at an early project stage. One
critical point is the availability of sufficient reagent amounts because the
extraction procedures for biotransformation studies require significantly
more reagent than for ligand-binding assay. Another critical point is to
evaluate whether the bioanalytical reagents really fulfill the requirements
for biotransformation analysis. These drug-specific reagents are com-
monly used for target capture assays to determine the free/active or
target-binding competent drug concentrations (Lee et al., 2011; Heinrich
et al., 2015). Thus, all drug molecules that are not target-binding
competent, for example, due to being complexed by a soluble target, by
anti-drug antibodies, or by biotransformation, are not extracted and thus
evade analysis. Biotransformation studies require a true total drug
extraction (Heinrich et al., 2015), thus a method that really extracts all
drug species, particularly the modified ones. For drugs complexed by
soluble ligand or anti-drug antibodies, a dissociation step to liberate the
drug might be required (Kelley et al., 2013). A very high recovery of the
method and evidence that the extraction step does not impact
the biotransformation pattern of the compound is at least a good first
indicator for the suitability of the method.
A particular challenge for enrichment methods for biotransformation

studies is the potential risk that the biotransformation/s itself leads to
a loss of extractability. This could happen if the epitope that is
recognized by the extraction reagent is modified or the modifica-
tion of the molecule results in a loss of interaction between the drug
and the capture reagent. As an example, deamidation within the
complementarity-determining region might result in a loss of binding
activity (Yan et al., 2009; Bults et al., 2016; Liu et al., 2018). In such

Fig. 4. Schematic representation of therapeutic protein immune capture from
a biologic matrix. (A) Fc-specific protein A or G is used to purify the therapeutic
protein and to remove unwanted matrix proteins that would interfere with
downstream detection methods. (B) Analogous approach using biotinylated capture
antibodies specific against the therapeutic protein and purification by biotin–
streptavidin interaction.
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a case, the use of a target capture approach, which might be perfect for
bioanalytical purposes to monitor active drug, might not be suitable for
biotransformation procedures because the modified drug would not bind
and thus would not be extractable and finally detectable by the mass
spectrometric analysis.
Tominimize the potential risk, that a biotransformation event happens

exactly at the site of reagent binding, it is advisable to apply a kind of
multiepitope approach. From theoretical considerations, the use of
polyclonal antibody preparations should be advantageous over the use
of a single monoclonal antibody because multiple epitopes of the drug
would be detected. This significantly reduces the risk that a biotransfor-
mation product is not extracted because onlymolecules that aremodified
at all different epitopes are not extractable. Other approaches could be
the use of mixtures of monoclonal antibodies that bind the analyte at
different domains. Furthermore, the combination of specific reagents
with generic reagents could be considered. The availability of reagents to
capture drug at different domains is particularly important for fusion
proteins and the rising number of multidomain biologics. For those types
of compounds, the question of structural integrity and stability of used
linkers between the different domains is critical. A differentiated
analysis and comparison after independent extractions of the drug and
potential biotransformation products via the different domains allow the
detection of potential cleavages and loss of domains as well as the
identification of the cleavage sites.
Whereas the analytical toolbox is quite large to support preclinical

studies, the availability of multiple drug-specific reagents to extract
therapeutic proteins from human samples is rather limited. In many
cases, the bioanalytical reagents are available. To expand the analytical
possibilities in the field of biotransformation studies, it is advisable to
already plan reagent generation at an early stage, taking the bioanalytical
and biotransformation aspects in mind.
In the case of lack of any suitable extraction procedure, the

introduction of specific tags that enable tag-specific extraction is
conceivable, however, with the limitation that this modification might
influence the biotransformation pathways of the actual drug.

Separation

The physical separation of parent and biotransformation products is
the prerequisite for radiometric detection and quantification and
significantly facilitates mass spectrometric identification of biotransfor-
mation products. Several chromatographic methods are available to
separate proteins (Fig. 5). Ideally, the method should be selective for
biotransformation products, and the buffer system should be compatible
with LC-MS (Bults et al., 2019).
The most commonly used chromatographic method in intact protein

analysis is reverse-phase (RP) chromatography (Damen et al., 2009).
Often based on C4, C8, or polyphenylic stationary phases, RP columns
separate by hydrophobic properties of the molecules. By increasing the
organic solvent concentration in the mobile phase over time, molecules
with increasing hydrophobicity elute from the column at later retention
time. Depending on the nature of the biotransformation, RPLC is suited
for small to large molecular changes. However, if the biotransformation
product has similar hydrophobic properties as the parent, there will be
little separation. Peptides are usually separated by RP as well, relying on
C18 or monolithic stationary phases. Often, nano-flow HPLC is the
method of choice, due to the increased MS sensitivity.
Highly orthogonal to RPLC is hydrophilic interaction chromatogra-

phy, in which analytes are retained on a hydrophilic stationary phase and
gradually eluted with decreasing organic solvent concentration. This
method has provided application to the intact mass characterization of
highly polar glycoproteins (Dominguez-Vega et al., 2018).

Another widely distributed method is size exclusion chromatography
(SEC), in which proteins are separated by their migration time on
a porousmaterial (Muneeruddin et al., 2014). In general, large molecules
migrate faster through a SEC column than small molecules. Most com-
mon buffer systems rely on phosphate salts. However, for MS analysis,
the buffers that cover acidic to neutral pH mainly consist of ammo-
nium salts (ammonium carbonate, ammonium hydroxide, ammonium
formate, or ammonium acetate), which are volatile and therefore MS
compatible. The key parameters are selection of the appropriate buffer
system and separation range of the column. The samples can be
measured under either denatured or native conditions to address
degradation, large fragments, aggregates, or protein complex formation.
The relatively low separation power for size difference below 10 kDa
limits the use of SEC, if the investigated biotransformation events are
truncations of a few amino acids or small changes in the post-
translational modification pattern. SEC is not sensitive enough to clearly
separate such events.
A powerful separation method is ion exchange chromatography

(IEX), in which molecules are separated by their net charge. IEX enables
charge variant analysis (CVA) and relies on gradients of either
increasing salt concentration or pH. As nonvolatile salt should be
avoided with MS analysis, many pH buffers consisting of metallic salts
cannot be used. CVA has been reported to separate small molecular
differences in proteins, such as deamidation, glycation, glycosylation
patterns, amino acid substations, or truncations (Vlasak and Ionescu,
2008). To date, nonvolatile salts in the buffers limited the use of IEX
with MS. Recently, successful approaches to make CVA compatible
with MS have been reported, in which volatile ammonium salts have
been used (Füssl et al., 2018, 2019). The challenge that the authors faced
was the poor buffering capacity of ammonium salts at pH around the
isoelectric point of the analytes. This led to poor separation in the elution
window of many mAbs. To overcome this issue, careful online
monitoring of the pH value during gradient optimization is needed.
Another major limitation to date is the extreme sample amount of 50 to
100mg protein. Unless further method development is able to reduce this
to the ng scale, for example by using capillary flow columns, CVA-LC-
MS is of limited usefulness for biotransformation studies.
CVA can also be addressed by a nonchromatographic separation

method for charge variants: capillary electrophoresis (CE). In CE,
molecules are separated in an electrical field within a capillary contain-
ing background electrolytes. CE coupled to MS (CE-MS) had been
established a long time ago as well; however, lacking commercial
solutions especially in the field of intact protein MS has prevented it
from being widely used today. Nevertheless, there has been a successful
application of CE-MS to the study of biotransformation of a therapeutic
antibody (Han et al., 2017), demonstrating the feasibility of the
approach. The major advantages of CE-MS are the extremely low flow
rates in the range of nanoliters per minute, the low amounts of sample
needed, and the ability to separate by charge variants, which are not
trivial to address with HPLC (see above). Similar to CVA-LC-MS, the
buffers and capillaries can only contain volatile components to prevent
interference with the ionization and transition to gas phase. Recently,
fully instrument-independent and integrated, sheathless CE-electrospray
ionization-MS systems have become commercially available, which
could establish this complimentary separation method in biotransfor-
mation groups as a powerful analytics tool (Gahoual et al., 2013; Zhang
et al., 2017).

HPLC Radiometric Detection

The advantage of radioactive labeling in therapeutic protein bio-
transformation studies is the ability to clearly differentiate drug-related
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from biologic material derived from the endogenous matrix. A widely
used option is the pairing of radiometric detection with HPLC. The
therapeutic protein and potential biotransformation products are sepa-
rated by an inherent physico-chemical property, such as hydrophobicity,
isoelectric point, or hydrodynamic radius. The separation power of
the chosen HPLC method determines the resolution and specificity of
the biotransformation product profile. A major challenge remains that
biotransformation products of biologics frequently show similar chro-
matographic behavior and are difficult to separate. For example,
a proteolytic cleavage of two terminal amino acids will not change
the pI, size, or hydrophobicity of a molecule sufficiently to observe
a different retention time.
Detection is usually carried out by scintillation counting, either by an

online radio detector attached to the HPLC or by fraction collection into
special scintillator-coated well plates. The former is based on the
principle of liquid scintillation counting, in which the scintillator is
provided as a cocktail of different solvents and phosphorescent
compounds that emit light when excited by ionizing radiation. In the
well plate format, the solid scintillator coating is applied to the bottom of
the well. This approach is referred to as solid scintillation counting. The
main advantages of solid scintillation counting over liquid scintillation
counting are higher sensitivity and avoidance of liquid radioactive
waste. Recently, technological advances in accelerator MS and cavity
ring down spectroscopy measurement of 14C-labeled proteins unlocked
an unprecedented level of sensitivity that might help to characterize the
biotransformation products of biologics (van Duijn et al., 2014; McCartt
et al., 2016; Kratochwil et al., 2018). Their application to biotransfor-
mation studies has yet to be established, however.

Mass Spectrometry

This section discusses the use of LC-MS for the detection of
biotransformation in therapeutic proteins. To maximize the coverage
of molecular changes imposed by biotransformation, it is often required
to combine complementary LC-MS techniques. The most straightfor-
ward approach is intact mass analysis of proteins. HRMS is the method
of choice for intact protein analysis because it allows the measurement at
high mass to charge ratio (m/z) while maintaining a mass accuracy
below 5 ppm. This key feature is essential to resolve the individual

charge states of the protein and allow deconvolution to the exact mass.
The characterization of small mass differences within a protein sample is
possible and allows the identification of proteoforms or biotransforma-
tion products.
The twomost prominent mass analyzer types with these specifications

are time of flight (ToF) and Fourier transform ion traps, such as the
Fourier transform ion cyclotron resonance (FT-ICR) and the Orbitrap.
ToF analyzers infer m/z by the time ions travel through a defined
distance in space, and detection is performed by a microchannel plate
detector and an electron multiplier. In contrast, FT-ICR and Orbitraps
detect the oscillation of ions in a magnetic (ICR) or electric field
(Orbitrap) and derive the m/z of all trapped ions simultaneously. The
ions are detected by Fourier transformation of the induced ion resonance
frequency.
The key features for successful measurement of small m/z changes in

proteins are resolving power (R), scan speed, and mass range. The
prioritization of these parameters will decide whichmass analyzer is best
suited to fit the biotransformation study goals. R is defined at a specific
m/z value and derived by a given method, most commonly by full width
at half maximum. FT-ICR offers the highest R among the discussed
mass analyzers (R . 1,000,000), followed by the Orbitrap (up to R 5
500,000) and ToF (up to 800,000). R increases specificity and becomes
important when the analyte is measured in a complex matrix with
coeluting background molecules. Unfortunately, the FT-ICR mass
analyzers lack sensitivity in higher mass ranges where intact proteins
are measured. Instruments with application to intact proteins require
very high magnetic field strength, which is available only in the most
advanced and therefore expensive commercial FT-ICR mass analyzers
currently available (Jin et al., 2019). However, a potentially promising
application to biotransformation studies is N- and C-terminal sequence
mapping of therapeutic proteins. The technical feasibility of matrix-
assisted laser desorption/ionization–FT-ICR sequencing with in-source
decay fragmentation has been demonstrated (Asakawa et al., 2013). In
combination with on-tissue digestion, matrix-assisted laser desorption/
ionization–FT-ICR also provides an interesting platform for MS
imaging of proteins (Cillero-Pastor and Heeren, 2014), although its
application to biotransformation studies has yet to be established.
In affinity-purified samples, the provided resolution of ToF and Orbitrap

instruments is sufficient to address intact protein biotransformation.

Fig. 5. Overview of separation and detection
methods for protein biotransformation analysis.
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Sensitivity, scan speed, and mass range become more important parame-
ters. Until recently, m/z ranges beyond 8000where the exclusive domain of
ToF instruments. With the launch of the Q Exactive ultra-high mass range,
Orbitrap mass analyzers are capable of measuring up to 80,000 m/z. High
mass ranges are useful if proteins aremeasured in their native conformation,
at inherently lower charge states, which for a mAbmeans m/z values about
6000. Extreme mass range might become interesting in future modalities
involving mega-dalton protein complexes or virus particles.
ToF instruments, in general, have faster scan speeds than Orbitrap

instruments. This can be of advantage in combination with HPLC or CE
separationmethods, in which the analysis time is limited by the retention
or migration time. Faster scan speed allows more data points across the
analytic peak. However, lower resolution (R . 20,000) modes of the
Orbitrap allow similar speeds with comparable R. Altogether, ToF and
Orbitrap instruments are ideally suited for intact protein analysis and are
generally well supported by vendor software to support biopharma
applications.

Sample Preparation to Facilitate MS Analysis

An effective way to reduce the size of the analyte is through
proteolytic cleavage. Depending on the specificity of the protease,
fragments of different size can be achieved. Enzymes like IdeS (An et al.,
2014), IdeZ (Lannergard and Guss, 2006), or IgdE (Spoerry et al., 2016)
cleave IgG molecules at specific sites around the hinge region, splitting
them into Fab and Fc fragments. They are useful tools to dissect
antibodies into smaller and less complex molecules to analyze by MS
and have been successfully applied to characterize IgGs (Chevreux et al.,
2011; Lynaugh et al., 2013; An et al., 2014).
A complimentary approach to intact mass analysis is the complete

digestion of proteins into peptides by using site-specific proteases. By
far the most popular enzyme for this task is trypsin, as tryptic peptides
are ideal for mass spectrometric analysis. The specific cleavage after the
primary amine-carrying residues lysine and arginine results in mostly
doubly to triply positive charged ions at acidic pH. These much easier to
analyze peptide ions still retain substantial information about molecular
composition of the intact molecule and can cover subtle changes in
a more sensitive and specific manner. For example, deamidation of
asparagine and glutamine results in a mass difference of 1, which is
impossible to see on an intact protein level by MS. There are several
good examples of using either method or combining intact and
proteolytic analysis to address biotransformation in large molecules
(Hager et al., 2013; Zell et al., 2016; Kang et al., 2017; Yao et al., 2018).
Glycosylated proteins represent a particularly difficult class of

molecules to analyze by MS both in intact and digested methods. This
is especially true for heterogeneous glycosylated proteins with typically
very similar chromatographic properties, which result in difficult to
interpret spectra. Similar to proteases, glycosidases can be used to reduce
the heterogeneity of such a molecule by cutting away the glycosylation
on the protein. For N-glycosylation the most prominent enzyme is
PNGase F. Unfortunately, O-glycosylation lacks an efficient universal
enzyme, and a customized deglycosylation mixture of various glyco-
sidases has to be used instead. By separating the glycans from the
protein, intact mass analysis becomes much easier. However, if the
investigated biotransformation happens to be in the glycosylated
region or on the glycans themselves, this approach would be too
harsh. Instead, IgG-specific proteases, as discussed above, could also
in this study help to partially reduce the heterogeneity without losing
too much information.
For more details, the interested reader is referred to several excellent

reviews on mass spectrometric analysis of proteins (Katsila et al., 2012;
Qu et al., 2017; Bults et al., 2019b).

To detect biotransformation products, innovative strategies have
emerged through derivatization of proteolytic cleavage sites. If proteases
in the biologic matrix hydrolyze proteins, they create novel, nongenome-
encoded N and C termini. By chemically attaching a label to these neo-
termini, the exact cleavage sites on protease substrates can be localized
by MS. Conceptually this idea was taken from discovery proteomics
research, which successfully employed similar strategies to study
protease activities in complex biologic samples (Xu et al., 2009; Chen
et al., 2017). By prior protection of free amines in the side chains and the
actual protein N terminus (or by choosing very site-selective reagents
that are not reactive with lysine side chains), newly created N termini can
be labeled or even tagged with a biotin group for further enrichment. For
C termini, a similar approach has been reported using enzymatic
derivatization with a biotin label (Xu et al., 2011). These are interesting
concepts to follow the fate of biologics in vitro and in vivo and already
have been used to study therapeutic protein biotransformation (Kullolli
et al., 2017).

Conclusions and Future Perspective

Are biotransformation studies of therapeutic proteins needed? The
answer is both yes and no. In the context of safety and efficacy,
biotransformation studies are not required for therapeutic proteins by
default, and, as long as no unusual PK behavior is observed and the PK/
PD relationship is understood, there is no reason to embark on
biotransformation studies. Although all therapeutic proteins are ulti-
mately cleared by degradation to small peptides and individual amino
acids, only a subset of therapeutic proteins is subject to biotransforma-
tion, leading to circulating biotransformation products. Therefore, these
studies are also not required as part of submission packages by
regulatory agencies on a routine base (ICH, 2012).
Nevertheless, in case a therapeutic protein is biotransformed,

elucidation of biotransformation products can be crucially important.
Biotransformation products may or may not be active, and this needs to
be taken into account when establishing a PK/PD relationship. The
presence of biotransformation products also impacts the bioanalytical
strategy, which might be adapted as a consequence to quantify the intact
therapeutic protein as well as pharmacologically active biotransforma-
tion products.
For the future of biotransformation studies for therapeutic proteins, we

see a high need to address these questions early during lead optimization
of noncanonical protein formats, ideally using in vitro systems that allow
for interspecies comparison as well as for human in vivo prediction early
on. Identifying such systems, however, currently remains a major
challenge. One key requirement would be that such in vitro systems
allow screening of therapeutic proteins with a reasonable sensitivity,
throughput, and speed to enable the assessment and ranking of drug
candidates. For this, a better understanding of the enzymes involved in
the biotransformation reactions of therapeutic proteins would be highly
desirable, to enable selection of appropriate cell types and/or plasma/
serum, subfractions, or even (a set of) individual enzymes, which are
significantly more active than cellular systems (Schadt et al., 2019).
Another limiting factor to a higher throughput of biotransformation
studies for therapeutic proteins are the complex analytical strategies,
which are much more labor-intense, time-consuming, and complex
compared with small molecules. One current gap in this study are
software tools dedicated to therapeutic protein biotransformation studies
because currently available software options for proteins are optimized
rather on CMC or on proteomics applications.
With more and more antibody candidates with next-generation

formats like bispecific antibodies and immunocytokines in the pipelines
of pharmaceutical companies, we expect the topic of therapeutic protein
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biotransformation to be rapidly growing, with hopefully manymore case
studies being shared via publications in the near future.
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