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Preface

Monoclonal antibodies (MAbs) have rapidly developed into one of the major 
tools in our arsenal for fighting human diseases. Currently, about 25% of the 
biological therapeutics that are being developed are MAbs or some form thereof. 
This book was initially planned as a formulation/analytical volume on MAb 
development, but the editors realizing the huge proliferation of development of 
MAbs felt that therapeutics might be better served with a book that touches on 
a variety of topics essential to the development of this exciting class of drugs. 
Hopefully you, the reader, will concur with this assessment and appreciate the 
efforts of all our contributors to this volume. Thus, this book represents a com-
pilation of chapters that summarizes some of the recent progress in the pharma-
ceutical development of MAbs. It is divided into several different sections that 
span design of MAbs to the upstream and downstream processing steps required 
for production and manufacture of MAb therapeutics.

A summary of novel techniques used to humanize MAbs by Dennis 
along with a chapter on design of single-domain antigen-binding fragments 
by Ghassabeh et al. are presented in the section on “Design of Therapeutic 
Antibodies.” The former addresses some new ways that MAbs are being 
engineered to reduce the potential of the immune response to murine-derived 
MAbs. The latter deals with the novel design of single heavy chain MAb frag-
ments with comparable affinity to their related full-length MAbs, but that may 
be less costly to produce.

In the section on “Expression and Production of MAbs” some of the latest 
advances in the use of mammalian cell culture systems to produce therapeutic 
MAbs are discussed. The first chapter of this section by Bleck discusses a ver-
satile transfection technology utilizing replication deficient retroviral vectors 
that allows for rapid expression of MAbs in different mammalian cell types. 
The second chapter by Heath describes the experiences and advances made in 
mammalian cell culture technology at Amgen. Their goal is to develop a cell 
culture platform for process development of MAbs to increase speed to market 
while minimizing resource commitments during early phase development.

This section is followed by two chapters on recovery and purification tech-
nologies that emphasize the efforts to develop and scale-up chromatographic 
processes. The first chapter in this section by Myers et al. discusses a case 
study involving the challenges and issues of scale-up and transfer of the chi-
meric MAb Remicade to a second manufacturing site. A detailed account is 
provided on the process changes that occurred during transfer and the changes 
that were made to ensure comparability of the products produced at the two 
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facilities. The second chapter by Walter and Gottschalk addresses the recent 
uses of disposable devices for tangential flow filtration (TFF) and chroma-
tography for downstream MAb processing. Advantages and limitations of the 
technology over fixed stainless steel equipment are discussed with an emphasis 
on the cost of using disposables.

In the section on “Formulation and Delivery” two previously well-cited 
review publications are reproduced. The first chapter in this section by 
Daugherty and Mrsny reviews the general challenges of formulating complex 
biomolecules such as MAbs and then discusses potential administration by 
several delivery routes. The second chapter by Shire et al. reviews the chal-
lenges of developing and manufacturing high concentration MAb formulations 
for SC administration. The third chapter in the section by Bechtold-Peters 
summarizes innovative alternate approaches to lyophilization for the produc-
tion of formulated bulk and solid dosage forms of therapeutic MAbs.

Recent progress and experience in the analysis of these complex biomolecules 
is presented in the section entitled “Analytics and Specification Setting for 
MAbs.” The first chapter by Klakamp, reproduced from a previous publication, 
discusses the use of BiaCore and KinExA technologies to characterize bind-
ing affinities and kinetics of binding of MAbs to their therapeutic targets. This 
chapter summarizes the technologies as well as the challenges and limitations 
of the methods. The second chapter in this section by Harris et al. discusses 
the contributions to microheterogeneity of MAbs. In particular, glycosylation 
and covalent modifications as well as experimental modalities to character-
ize these modifications are reviewed. This chapter is followed by a review of 
the use of analytical ultracentrifugation (AUC) by Andya et al. to characterize 
fragmentation and aggregation of MAbs. This chapter also includes suggested 
methods to improve the precision of the AUC measurements. The final chapter 
in this section by Harn et al. explores the use of several biophysical methods to 
characterize and compare MAbs from different biotechnology companies. This 
chapter demonstrates that the use of different biophysical methods combined 
with changes in solution conditions such as temperature, pH, and ionic strength 
can provide a sensitive way to monitor conformational stability of MAbs.

The next section deals with MAb pharmacokinetic and immunogenicity 
issues. In particular, the first chapter by Raju discusses the complex role of 
glycosylation of MAbs and how the glycosylation can impact potential degra-
dation of the protein backbone by proteases. The second chapter by Stas et al. 
discusses the potential for immunogenic responses to the administered MAbs, 
and the risks for altered pharmacokinetics. General strategies and methods to 
assess immunogenicity during MAb development are also reviewed.

The final section of this book deals with new classes as well as produc-
tion methods of MAbs. The first chapter by Yansura and Reilly discuss novel 
technology to express recombinant derived full-length MAbs in E. coli, which 
may have advantages in cost and faster production rates. The second chapter 
in this section by Senter addresses the development of drug-conjugated MAbs 
for cancer therapy whereby the MAb is used to target a small molecule drug 
to a specific site on a cancer cell resulting in greater specific activity with 
lower systemic toxicity. This chapter discusses the challenges of choosing an 
appropriate linker chemistry that is sufficiently stable to minimize cytotoxic 
drug exposure during MAb circulation, but is still capable of releasing the 
drug once the MAb is internalized into the target cell.
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As mentioned earlier, we decided to expand the scope of this volume and 
hopefully we have been successful in touching on the many aspects of MAb 
development and manufacture. The successful completion of this book was 
made possible by the assistance of a large number of people to whom we are 
very grateful. In particular, we wish to thank and acknowledge the contribu-
tions from many in the industry and academia who took time from their very 
busy schedules to share their expertise with all of us. We also want to thank the 
publisher, in particular Kathleen Lyons and Renata Hutter for their wonderful 
support.

San Francisco, CA Steven J. Shire
Seattle, WA Wayne Gombotz
Biberach, Germany Karoline Bechtold-Peters
San Francisco, CA James Andya
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1. Overview of Monoclonal Antibodies

Monoclonal antibodies (MAbs) are one of the fastest growing classes of 
all pharmaceutical products. In 2007, a total of 26 therapeutic MAbs were 
approved in the U.S. market (Table 1-1), which was valued at more than 
$12,612 million (Frost & Sullivan 2008). Currently, more than 200 MAbs 
are in clinical study with more than 600 in preclinical development (Reuters 
2008). They play a major role in treating a wide variety of diseases including 
cancer, infectious disease, allergy, autoimmune disease and inflammation. 
MAbs now belong to a well-established drug class, that has a high success rate 
from first in human studies to regulatory approval: Typically 25% (Reichert 
et al. 2005), which compares favorably with the 11% success rate for small 
molecule drugs (Kola and Landis 2004).

Monoclonal antibodies are produced in the following main forms:

·	 Murine – 100% mouse protein
·	 Chimeric – approximately 65% human and 35% mouse protein
·	 Humanized – 95% human and 5% mouse protein
·	 Fully human – 100% human protein

All full length MAbs approved to date have been produced in mammalian 
cells. Common production cell types include Chinese hamster ovary (CHO) 
cells, NS0 mouse myeloma cells and hybridoma cells. The PERC6 cell line 
has been recently introduced as new mammalian expression system for MAbs 
although, a commercial product has yet to be approved.

In addition to full length MAbs, the development of antibody fragments 
is growing in clinical importance (Carter 2006). Antibody fragments pos-
sess several attributes that differ from full length MAbs, and these may 
offer potential advantages in some clinical settings. In imaging applications, 
antibody fragments can penetrate tumors more efficiently and are cleared 
more rapidly from the body than full length MAbs, ultimately giving rise to 
improved tumor-to-non-tumor binding ratios (Wu and Senter 2005). Antibody 
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fragments provide a simple way to avoid Fc-dependent cell-effector functions. 
After pegylation, these fragments can exhibit a wide range of pharmacokinetic 
properties. Since they are much smaller in size and less complex in structure 
than full length MAbs, antibody fragments can be expressed and produced in 
non-mammalian systems such as E. coli, resulting in a significant reduction 
in the cost of goods.

2. Advantages of MAbs as Drugs

There are a number of reasons why MAbs have become increasingly popular 
for commercial development. The action of MAbs is highly specific, binding 
to a single antigen, leading to fewer side effects than conventional drugs. 
MAbs can also be conjugated to another therapeutic entity such as a toxin or 
radioisotope. The delivery of this entity to a target site can reduce potential 
side effects. Radioisotope-labeled MAbs can be used as both therapeutic and 
imaging agents. Advances in molecular biology and protein engineering have 
enabled the rapid development of highly specific MAbs with high binding 
affinities for their targets. MAb fragments and MAbs with different isotypes 
can also be produced to provide control over the pharmacokinetics and effector 
function of the drug product.

3. Challenges with MAb Development

Prior to the approval of the first full-length MAb therapeutic, Orthoclone OKT3 
in 1986, this class of protein therapeutics did not have a high success rate for 
commercialization. In many of the early clinical trials, patients had immune 
reactions due to generation of their own antibodies to the administered MAbs 
(Ezzell et al. 2001). Much of this occurred because, the early MAbs were made 
with hybridoma technology and were of mouse origin. Furthermore, it was 
found that dosing was fairly high, on the order of mg/kg, presenting significant 
challenges for manufacturing and commercialization. The emergence of MAbs 
as a major class of protein biotechnology drugs, reflects the development of 
humanization technology, and highly efficient and cost effective mammalian 
cell culture production and recovery methods. Humanization technology 
involves incorporation of murine (mouse) residues responsible for binding to 
target into a human immunoglobulin framework, which after further protein 
engineering refinement, often results in immunoglobulin sequences as high as 
95% human origin. Such humanized therapeutic MAbs are preferred for chronic 
administration, since the risk of generation of human anti-mouse antibodies 
(HAMA response) is reduced. The development of high yield processes meets 
the needs of large markets coupled with chronic and high dosing regimens. 
Currently, a majority of approved MAbs is administered by the intravenous 
(IV) route, but indications that involve treatment on an outpatient basis or at 
home will require alternate routes such as subcutaneous (SC) and intramuscular 
(IM). The development of SC formulations for MAbs will pose additional 
challenges for the pharmaceutical scientist to develop high concentration 
(>100 mg/mL) formulations that can be manufactured with adequate stability, 
and that can be easily administered (Shire et al. 2004). Future development of 
MAbs will include using the antibodies to specifically deliver drugs or toxins 
and kill targeted cells. These so-called “conjugated antibodies” may lead to 
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additional formulation, and manufacturing challenges involving development 
of appropriate linkers, that remain stable until delivery to the target.
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Abbreviations

CDRs Complementarity determining regions
Fab  Antigen binding fragment consisting of the light chain and the  

variable and first constant domains of the heavy chain
HAMA Human anti-mouse antibodies
VH Variable heavy domain
VL Variable light domain

Hybridoma technology has enabled the rapid production of a large number of 
monoclonal antibodies with interesting biological properties. Their use in a 
therapeutic setting, however, can lead to the generation of a human anti-mouse 
antibody (HAMA) response in patients despite the high degree of sequence 
similarity shared between human and mouse antibodies. This has prompted 
efforts to make hybridoma antibodies appear more human through the 
construction of chimeras, (Morrison et al. 1984) and through a process known 
as antibody humanization (Riechmann et al. 1988; Verhoeyen et al. 1988).

The modular nature of antibodies makes the swapping of domains a 
relatively simple process. A chimera consisting of the mouse variable heavy 
(VH) and variable light (VL) domains recombinantly fused to human heavy 
and light constant domains is a simple way to reduce HAMA response. Yet, 
despite 60–75% homology to human, murine variable domains may still elicit 
a HAMA response.

Humanization is a process used to further reduce the content of murine 
residues in the variable domains. Each VL and VH domain adapts the 
immunoglobulin fold and presents three loops protruding from one end, 
called complimentarity determining regions or CDRs, for interaction with 
antigen. The rest of the variable domain functions as a framework to support 
and stabilize the conformation of these CDRs. The transfer of the six CDR 
loops from murine variable domains to human variable frameworks is 
considered a CDR graft (Jones et al. 1986). Compared to the chimera, this 

Chapter 2
CDR Repair: A Novel Approach  

to Antibody Humanization
Mark S. Dennis

From: Current Trends in Monoclonal Antibody Development and Manufacturing, 
Biotechnology: Pharmaceutical Aspects, DOI 10.1007/978-0-387-76643-0_2, 
Edited by: S.J. Shire et al. © 2010 American Association of Pharmaceutical Scientists
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step further reduces the amount of murine sequence present. Unfortunately, 
a loss in binding affinity is generally incurred during this process and so 
additional engineering steps may be required (Riechmann et al. 1988; Foote 
and Winter 1992).

Fig. 2-1a provides a simple conceptual image of the differences between 
murine, chimeric and humanized antibodies. Due to the high homology 

Fig. 2-1. A comparison of murine, chimeric and humanized antibodies. (a) A conceptual 
representation of murine, chimeric and humanized antibodies with amino acid residues 
derived from the murine antibody are depicted in red. The chimera consists of murine 
VL and VH domains (red) fused to human constant light (green) and constant heavy 
(blue) domains. The humanized antibody consists entirely of human light (green) and 
heavy (blue) chain sequence with exception of the six CDR sequences that have been 
transferred from the murine antibody (red). (b) Differences between murine 4D5 and 
humanized 4D5 (1FVC (Berman et al. 2000)) variable domains are depicted in a way 
that takes into account sequence identity between murine and human sequences. In this 
representation, the CDR sequences are oriented at the top of the image. The sequence 
of CDR-H3 is highly variable and is not included in this depiction

Murine

b

180°

180°

Humanized
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between murine and human variable domains, however, this representation is 
somewhat misleading. Residues that are identical between mouse and human 
should ideally be excluded from a calculation of an antibody’s “human-ness.” 
The variable domains of murine 4D5 and humanized 4D5 (trastuzumab) are 
depicted in Fig. 2-1b. Both the murine and humanized sequences are compared 
to their closest human germline, respectively, and residues that differ are colored 
in red. Here, the degree to which murine residues are reduced by humanization 
is actually greater than what is suggested in Fig. 2-1a, since many of the CDR 
residues from the respective germline are identical. In either representation, 
however, humanization clearly reduces the number of murine residues.

Multiple approaches, discussed below, have been described for improving 
the success of making a CDR graft, that retains the original antigen binding 
properties or for restoring binding affinity to the CDR graft. Each of these 
methods requires an appreciation for the structural components inherent in the 
antibody variable domains.

1. Important Considerations

Antibody variable domains share a high degree of sequence and structural 
homology across species and across germlines (Padlan 1994); however, while 
a few changes in variable domain sequence can have only a very subtle influ-
ence on the structure, they can have a profound impact on antigen binding 
(Eigenbrot et al. 1993). When humanizing an antibody, there are three impor-
tant factors to consider, each of which can influence antigen binding: delinea-
tion of the CDRs, the choice of a human acceptor framework and positions that 
differ between murine and human frameworks that can influence CDR struc-
ture and affect antigen binding. These components are also important when 
humanizing antibodies from other species (e.g. rat, rabbit or hamster). How 
each of these factors is utilized can depend upon the humanization method 
used, nevertheless each should be considered.

Historically and conceptually, there have been three approaches that define 
the CDRs. The first, a sequence based definition, arose as antibody sequences 
became available. Kabat and Wu compared multiple variable domain 
sequences and recognized that the hypervariable regions in antibodies were 
likely to determine antigen specificity (Wu and Kabat 1970; Kabat and Wu 
1971). As antibody X-ray structures were determined, it became apparent that 
these hypervariable regions mapped to loops with a limited number of con-
formations extending from the immunoglobulin variable domain b-sandwich. 
This led Chothia and Lesk to develop a structural definition for CDRs, and 
propose a set of canonical CDR conformations that were based upon loop 
length and a few key residues directing main-chain conformation (Chothia and 
Lesk 1987; Chothia et al. 1989). Later, as multiple antibody–antigen complex 
structures were determined, yet another definition of the CDRs emerged based 
upon residues found to be in contact with antigen (MacCallum et al. 1996). 
While all three of these CDR definitions generally map to similar locations 
within the VL and VH domains, there are slight differences as to where each 
CDR starts and stops (Fig. 2-2). The largest discrepancies are at the beginning 
of CDR-L1, where both the sequence and structural definitions include resi-
dues, that are not commonly observed to be in contact with antigen, and the 
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end of CDR-H2, which contains hypervariable sequence, but is neither part of 
the protruding loop nor commonly found in antigen contacts.

Another important consideration is the human acceptor framework to 
be used for a particular humanization for which there are several schools 
of thought. A common approach is to identify and graft the CDRs into the 
human germline, that is most homologous to the murine sequence. This has 
an advantage that the framework environment presenting the CDRs is mini-
mally changed. Related to this, the CDRs may also be grafted into a calculated 
human consensus framework sequence, based upon the most homologous 
human germline subgroup (Fig. 2-2). In either case, the choice of framework 
can be made based upon the overall homology of the variable domain (Queen 
et al. 1989) or just homology within the framework (Wu et al. 1999) or just 
within the CDRs (Tan et al. 2002; Hwang et al. 2005). Using homology to 
select a human framework has a disadvantage in that each humanization can 
result in a new VL and VH combination. Additional engineering steps may be 
required to optimize the large VL/VH interface for each combination.

An alternate strategy is to utilize a single stable framework that has been 
validated in the clinic for generating the CDR graft, regardless of the parent 
antibody sequence. For example, the VLkappa I and VHIII consensus frameworks 
are derived from the most abundant human VL and VH subclasses and has been 
used to humanize a number of murine antibodies (Carter et al. 1992; Presta 
et al. 1993, 1997, 2001; Werther et al. 1996; Adams et al. 2006). Utilizing a 
previously validated framework may reduce the likelihood of protein stability 
or manufacturing problems and, thereby facilitate clinical development.

CDRs do not function independently on the rest of the antibody. They 
consist of residues that interact with antigen, but also include residues that 
interact with the framework and neighboring CDRs. How CDRs are presented 
and structurally supported by the framework is critical to their ability to 
interact with antigen. The VL–VH interface is mostly composed of frame-
work residues, yet this interface is also influenced by certain CDR positions. 
Vernier positions provide a foundation for the CDRs; they can directly influ-
ence framework–CDR interactions and as a result can affect antigen binding 
(Foote and Winter 1992). In addition, other positions that influence VL/VH 
domain interactions or on occasion are involved in unusual antigen contacts 
can also play an important role. An analysis of antibody crystal structures has 
suggested that there are about 30 positions distributed throughout the variable 
domains that have the potential to influence CDR packing and function (Foote 
and Winter 1992; Padlan 1994). These are noted in Fig. 2-2 and are illustrated 
in Fig. 2-3. Depending upon the human acceptor framework selected, these 
positions will differ from the parent antibody. Further, the importance of 
any particular vernier position will vary depending on the antibody/antigen 
system. The interaction between vernier positions and CDR anchor residues 
(CDR residues that interact with the framework) is often the source of humani-
zation problems, and the identification of the optimal combination of vernier 
positions can be a major challenge.

2. Humanization Approaches

Typically, the first step during humanization is to generate a CDR graft in 
which, the CDRs (or some portion of the CDRs (Kashmiri et al. 2005)) are 
grafted onto a human acceptor framework. As mentioned previously, this 
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often results in partial or complete loss of antigen binding. The most common 
approach to restoring high affinity binding is to identify and replace key 
residues in the human acceptor framework with residues from the parent 
antibody. Molecular modeling has frequently been used to identify potentially 
inappropriate packing between CDR anchor residues and vernier positions. 
Alternatively, the appropriate combination of framework changes can be 
derived empirically through combinatorial techniques (Baca et al. 1997; Rader 
et al. 2000; Lee et al. 2004). These approaches attempt to reestablish the 
original CDR/framework environment by utilizing information gained from 
the parent murine framework to incorporate changes into the human acceptor  
framework. This approach to repair the acceptor framework (framework repair) 

Fig. 2-3. A structural representation of variable domain vernier positions. CDRs are 
colored (CDR-L1 is yellow, CR-L2 is orange, CDR-L3 is dark green, CDR-H1 is 
light blue, CDR-H2 is blue and CDR-H3 is dark blue) on the VL and VH framework 
(white). The side chains of vernier positions (green for VL and blue for VH) and 
domain interface positions (pink for VL and salmon for VH) from Fig. 2-2 are depicted 
using spheres. Humanized 4D5 (1FVC (Berman et al. 2000)) was used as the model 
(Eigenbrot et al. 1993)

VL VH

90°
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has been used quite successfully (Kettleborough et al. 1991; Carter et al. 1992; 
Presta et al. 1993, 1997, 2001; Werther et al. 1996; Tsurushita et al. 2005; 
Adams et al. 2006) and has been relied on careful modeling of the human and 
murine variable domains. Several iterations may be required to identify the 
minimal set of murine positions that need to be substituted into the human 
framework.

Framework repair can be facilitated by the selection of an appropriate 
framework from the most homologous human germline, or a consensus frame-
work (Fig. 2-2) that is derived from the most homologous human subgroup 
(Tsurushita et al. 2005). This method enables the retention of many potentially 
important vernier residues by default. An alternative approach is to utilize 
only CDR sequence homology for framework selection, thus identifying a 
framework that is capable of presenting the proper canonical CDR structure, 
regardless of sequence variations in the framework (Tan et al. 2002; Hwang 
et al. 2005).

In contrast to framework repair, recent work in our laboratory suggests that, 
affinity can also be reestablished in the CDR graft by making changes within 
the CDRs; thus, this approach is termed CDR repair. CDR repair seeks to 
identify changes within the CDRs that can alleviate inappropriate CDR anchor 
residue interaction with framework vernier positions, and thus restore favora-
ble interactions with antigen. Alternatively, rather than resolving inappropriate 
CDR interactions with the framework, CDR repair may also identify CDR 
changes that interact directly or modify interactions with antigen to improve 
binding. The challenge of this approach is that unlike framework repair, where 
solutions are derived from the parent framework, the solutions required for 
CDR repair are not immediately obvious and thus a combinatorial approach 
is required.

CDR repair was used to facilitate the humanization of antibodies in the 
examples that follow. For each humanization, a single consensus VL (VLkappa I)  
and VH (VHIII) framework has been used even though the parent antibodies 
have higher homology to other human germline subgroups. The consensus 
VLkappa I/VHIII framework is stable and suitable for manufacturing and has been 
clinically validated in a number of marketed therapeutics (Carter et al. 1992; 
Presta et al. 1993, 1997; Werther et al. 1996). A combination of the sequence 
(Kabat and Wu 1971; Kabat et al. 1991), structural (Chothia and Lesk 1987) 
and contact (MacCallum et al. 1996) CDR definitions were used for the CDR 
graft. Thus in VL, CDR-L1 is defined as positions 24–36, CDR-L2 includes 
positions 46–56, and CDR-L3 includes positions 89–97. In VH, CDR-H1 
consists of positions 26–35b, CDR-H2 includes 47–65 and CDR-H3 includes 
93–102 (Fig. 2-2)1 We have found that the inclusion of residues defined by 
the contact CDR definition is frequently important to restore antigen binding. 
Following the identification of a suitable humanized candidate, these positions 
can be changed back to the human sequence to assess their importance.

Following the construction and evaluation of the initial CDR graft, should 
additional affinity be needed, a number of strategies can be employed and 
are illustrated in the following examples.

1The Kabat numbering system for positions in the variable domain is used throughout 
(Kabat et al. 1991).
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3. Humanization Methods

Antigen binding affinity can be re-established and in many cases it can be 
improved over the parent antibody, following the generation of a CDR graft 
by introduction of mutations into the framework or CDRs. Identification of 
favorable mutations is most easily achieved by combinatorial methods such as 
phage or ribosome display; however, to maintain the properties inherent in the 
parent antibody, the introduction of mutations should be minimized. Further, 
to mitigate immunogenic risk, the choice of acceptable amino acid substitu-
tions should be guided by the diversity of amino acids observed naturally at 
particular amino acid positions (Kabat et al. 1991; Johnson and Wu 2001).

The vernier positions listed in Fig. 2-2, derived through modeling and exper-
imentation, provide a good starting place but are not meant as an all-inclusive 
list. The inclusion of murine residues at these positions can improve antibody 
function, however, due to potential immunogenic risk, the identification of a 
minimal set is desired. Variants can be generated incorporating one murine 
vernier position at a time to identify those that influence binding, followed 
by combinations of those identified as important. Unfortunately, combined 
vernier position changes are not necessarily additive, and the search for an 
optimum combination can be difficult. Alternatively, all murine vernier posi-
tions can be added and then removed one (or a few) at a time to identify those 
that are not important. Obviously, this approach can be tedious and modeling 
is often performed to guide residue selection. Careful framework selection to 
incorporate many vernier positions a priori, can facilitate this approach and 
may lead to CDR grafts with higher starting affinities.

Methods reported for introducing diversity into a CDR graft are numerous. 
For example, libraries can be generated by DNA shuffling using the murine 
and human DNA to generate hybrid proteins from which, variants with 
improved binding can be selected; alternatively, error prone PCR can infuse 
random mutations throughout the CDRs and framework (Maynard et al. 2002; 
Schlapschy et al. 2004; Wang et al. 2004; Oliphant et al. 2005). CDR diversity 
can also be introduced in a modular fashion by cassette mutagenesis (Knappik 
et al. 2000) or site-directed mutatgenesis (Sidhu et al. 2004); however, since 
the CDR regions comprise approximately 60 residues, the sequence space that 
can actually be sampled in a diverse library is limited. Further, antigen binding 
characteristics inherent in the transferred CDRs may be lost upon the introduc-
tion of unrestrained CDR diversity.

Soft-randomization is a technique that enables mutation of several 
positions (such as an entire CDR sequence) while maintaining a bias towards 
the parent sequence. Soft-randomization is easily accomplished by phage 
display using Kunkel mutagenesis, where mutation can be introduced using 
a poisoned oligonucleotide. The flanking regions of the oligonucleotides 
anneal to the single stranded DNA template, while the region to be soft 
randomized is synthesized using 70% of the proper base (that coding for the 
wild-type DNA sequence) and 10% each of the other three bases. Following 
mutagenesis, the resulting “poisoned” codon will then code for the wild-
type amino acid approximately 50% of the time while allowing all other 19 
amino acids to be introduced at a lower frequency (Gallop et al. 1994). This 
mutagenesis approach can be employed on one CDR at a time or on all six 
CDRs simultaneously.
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The following example describes the humanization of a rat anti-b7 antibody 
(Fib504 (Andrew et al. 1994)). This antibody blocks the adhesion of a4b7 
positive lymphocytes to MAdCAM-1, VCAM-1 and fibronectin and may have 
therapeutic utility in inflammatory bowel disease by blocking lymphocyte 
migration to the gut (Kelsen et al. 2004).

A CDR graft of Fib504 was generated using the VLkappa I/VHIII framework 
(Fig. 2-4a, b); however, this CDR graft had no detectible binding affinity for 
a4b7 despite the use of a broad definition for the CDRs. Using a Fab form 
of the CDR graft as a template, a framework toggle phage library was gener-
ated by Kunkel mutageneis (Baca et al. 1997). The library was designed to 
offer either rat or human amino acid residues at vernier positions that differed 
between the two frameworks. After panning against a detergent solubilized 
form of a4b7, a change to the rat framework amino acid at position 78 in VH 
(L78F) was highly selected while the frequency of rat or human amino acids at 
other positions was unbiased. This single framework change, incorporated into 
the graft (graft.v2), restored binding to within 23-fold of the chimera.

To further improve the affinity, graft.v2 was used as a template for a soft 
randomization library that incorporated all six CDRs simultaneously. Random 
sequences from the initial unselected library are shown in Fig. 2-4c. Note that 
the library members have mutations localized to the CDR regions, not all 
CDRs are mutated (many clones have less than six oligonucleotides incorpo-
rated) and that introduced mutations reflect an underlying bias towards the 
initial CDR graft sequence. Unique sequences recovered after four rounds of 
selection against antigen are shown in Fig. 2-4d. All of the heavily mutated 
sequences exemplified in Fig. 2-4c were lost, and only clones containing a 
very similar change in CDR-L1 were selected and remained in the final pool. 
Surprisingly, the single change Y32L in CDR-L1 nearly restored antigen 
binding, and an additional change T31D improved binding affinity by three-
fold compared to the parent antibody. Mutagenesis of the final humanized 
clone to assess the importance of residues residing within the contact CDR 
definition suggests that, the inclusion of K49 in VL was critical to the suc-
cess of this humanization since K49Y resulted in a greater than tenfold loss 
in binding. The VH mutation M94R resulted in a twofold increase in the 
dissociation rate for the Fab, however this difference was not detected when 
reformatted as an IgG.

CDR repair has been successful for many other antibodies. For example, a 
CDR graft of a mouse anti-IgE antibody (MaE11) also exhibited no affinity for 
its antigen, but was humanized using CDR repair. The CDR graft of MaE11 
was used as a template to generate a soft randomized library of all six CDRs 
simultaneously from which highly focused changes in CDR-H1 were identi-
fied. Many clones incorporating W35L in this CDR were found to completely 
restore IgE binding (Fig. 2-5). By comparison, the framework repair approach, 
that was used previously (Presta et al. 1993), required three vernier framework 
changes (identical regions were transferred in both CDR grafts) to achieve 
similar results in the marketed Xolair® anti-IgE antibody (omalizumab).

The small number of amino acid changes required to re-establish binding 
in these two examples was surprising, and suggests that even simpler muta-
genesis strategies can be effective. For example, a small combinatorial library 
that targets each CDR individually is likely to be successful, allowing librar-
ies with higher diversity to be generated. In addition, libraries that target one 
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position at a time have the potential to identify the single most useful change. 
These can be generated through multiple small-scale mutagenesis reactions, 
that target each of the approximately 60 CDR residues individually offering 
all 20 possible amino acids; 60 mutagenesis reactions can then be pooled to 
form a “single position library” and panned against antigen. A single position 
library ensures that any CDR repair solution selected from the phage library 

CDR L1
d

24 25 26 27 28 29 30 31 32 33 34 fold
R A S E S V D T Y L H 1 chimera

ND graft
23 graft.v2

I
D L V
D L 0.3
N L
P L
S L 0.8

S D S L V
D L
N L

L 2.1

Fig. 2-4. (continued) (d) Following four rounds of selection against antigen, ten 
unique clones were identified. All had changes limited to CDR-L1 and are shown 
compared with the original CDR-L1 sequence (top). Selected clones were expressed 
as Fab and binding to b7 was assessed using surface plasmon resonance. Affinity is 
expressed as variant (Kd)/chimera (Kd)

Fig. 2-5. Changes identified during CDR repair of an E25 CDR graft that restore binding 
to IgE. All six CDRs in the MaE11 CDR graft were soft randomized simultaneously. 
Following four rounds of selection against IgE, eight unique clones were identified each 
of which had sequence differences limited to CDR-H1. Phage clones were assessed for 
IgE binding using a competitive phage ELISA (Li et al. 2000). Affinity is expressed as 
variant (IC50)/chimera (IC50)

2726 28 29 30 31 32 33 34 35 35
a

fold
G Y S I T S G Y S W N 1 chimera

ND graft

S G H L 1.8
S G R L 1

I K L 1.8
N K L 1.5

H K L 1.5
K L 0.5
N L 1.5

L H 0.8

CDR H1
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will have only a single mutation. Like any humanization approach, introduced 
changes have the potential to modify antibody–antigen interaction, thus care-
ful subsequent analysis of antibody function is important.

Assigning the effect of CDR mutations to those that repair interactions 
with the framework, or to those that provide more favorable interactions with 
antigen can be difficult, and will require a significant structural investigation. 
Nevertheless, antibodies humanized by CDR repair in these two examples 
recapitulate the properties, both affinity and function, of the parent antibody 
and demonstrate that very small changes in the CDR have profound effects 
(Kettleborough et al. 1991; Eigenbrot et al. 1993). Comparison of the 
CDR sequences in these examples to homologous variable domains whose 
tertiary structures have been determined (2D7T was used for Fib504, 1CF8 
and 1KB9 were used for MaE11 (Berman et al. 2000)) suggests that these 
selected mutations affect a remodeling of CDR interactions both with the 
framework and potentially with antigen. In the Fib504 example, both newly 
selected positions are anticipated to be solvent exposed. While this suggests 
the modification of interactions with b7, an influence of these changes on the 
conformations of CDR-L2 (at position 50) and CDR-L3 (at positions 91 and 
92) cannot be ruled out. In contrast, W35L in CDR-H1 of the MaE11 CDR 
graft should be completely buried and interacting with vernier positions 24 
and 78 in VH as well as CDR-H2 (at position 51) and CDR-H3 (at position 
94). Thus, this selected mutation likely modifies framework-CDR interactions. 
Other antibodies humanized by this method in our laboratory have resulted 
in the selection of multiple solutions, often targeting different locations that 
restore, or in many cases improve binding affinity. These examples suggest 
that for the most part, grafted CDRs can be transferred from one framework 
to another without problem; however a slight mismatch, even as little as a 
hydroxyl group, can affect binding by ten or more fold. CDR repair enables 
the rapid identification of solutions to these disruptive interactions, allowing 
them to be fixed with surprisingly few sequence changes.

In situations where humanization by CDR repair alone is unable to restore 
binding affinity, or the loss of some other property of the parent antibody, a 
scan of the vernier residues that differ between the CDR graft and the parent 
antibody can identify one or two framework positions that cannot be com-
pensated by CDR changes. The framework toggle library approach discussed 
above is a rapid way to identify these positions. In addition, not all antigens 
lend themselves to phage selection. Multi-spanning transmembrane proteins, 
for example, may only be available in a native form on a cell surface. Here, an 
analysis of differing vernier framework positions in VL and VH (i.e. frame-
work repair) may be the only approach available to restore binding.

By combining both CDR repair and framework repair approaches, we have 
found that the overall number of changes incorporated into a humanized anti-
body can be reduced. To date, over a dozen antibodies have been humanized 
using this approach with a single VLkappa I/VHIII framework. For 13 antibodies 
humanized by framework repair alone using the same VLkappa I/VHIII frame-
work, an average of 7.5 ± 3.4 residues were incorporated into the CDR graft 
whereas, the combined approach required alteration of only 4.4 ± 2.5 residues. 
The broader definition of CDRs that incorporates sequence hypervariability, 
structural considerations and regions that are known to contact antigen resulted 
in roughly one third of the CDR grafts, having no loss in binding while, the 
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rest suffered a tenfold or greater loss in binding affinity. CDR repair alone 
restored antigen binding affinity in the majority of these with less than three 
amino acid changes in a particular CDR. In fact, binding affinity was improved 
an average of sixfold. The location of the amino acid changes was antibody 
dependent with a nearly equal distribution across all six CDRs. Importantly, a 
wide selection of murine antibodies of distant homology have all been human-
ized using the same VLkappa I/VHIII framework containing a nearly constant set 
of vernier residues.

4. Antibody Properties

Aside from binding affinity, there are many other properties of antibodies 
that must be monitored during humanization. The equilibrium constant (Kd) 
for example, is related to the kinetics of association (ka) and dissociation (kd). 
While the success of humanization is often reported as restoring the equilib-
rium constant, the underlying kinetics may differ, and may be very important 
in particular in vivo systems. Binding affinity is also influenced by avidity for 
some antigens; bivalent binding may boost the apparent affinity by over 1,000-
fold or cooperative binding may have little affect on apparent affinity. Avidity 
can be critical depending upon whether the target is a soluble antigen, or on 
the cell surface. Monitoring the ability of a Fab displayed on phage to bind 
antigen can be misleading, if the humanized clones behave differently when 
reformatted into IgG. Thus, performance of the IgG should also be monitored 
during the humanization process.

Generally, antibodies are selected for humanization due to some function 
they provide. They may act as agonists that dimerize a receptor or antagonists 
that block ligand–receptor interactions; they may be used to deliver a thera-
peutic agent through conjugation or induce ADCC or CDC through Fc effector 
functions. Occasionally, these properties can be lost during humanization, if 
the combining site of the parent antibody is not fully reproduced on the newly 
humanized antibody. These properties must also be carefully monitored during 
the humanization process.

5. Minimizing Immunogenic Potential

The purpose of antibody humanization is to make a murine antibody appear 
human, but what does the sequence of a human antibody look like? This is 
a particularly important consideration for CDR repair, where often multiple 
solutions, each having different amino acid changes that improve binding, 
may be obtained. Only changes that are compatible with canonical CDR 
structure should be considered (Chothia et al. 1989). In addition, comparisons 
to human germline sequences can be used as a guide for selecting a variant 
with the lowest immunogenic risk (Kabat et al. 1991). When considering the 
origin of a mature naturally occurring antibody, it becomes apparent that the 
CDR regions, while initially appearing hypervariable across a group of aligned 
variable domain sequences, are in fact well defined. Each CDR sequence is 
linked to its originating germline and as a result CDR sequences (e.g. CDR-
L1, CDR-L2 and part of CDR-L3) are generally linked until the joining region 
in VL or the diversity segment in VH. Thus when considering which amino 
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acids are commonly observed at a given position within a particular CDR, the 
context of the rest of the CDR should also be considered.

Positions that differ in sequence between a mouse and human variable 
domain are typically distributed evenly with about 30 differences per variable 
domain. Humanization can reduce these by half with the remaining differ-
ences concentrated in the CDR regions (Fig. 2-1b). In comparison, mature 
antibodies have only about six sporadically distributed somatic mutations per 
variable domain with half of these targeted towards CDR regions (Clark et al. 
2006). While the entire humanized variable domain may not match any spe-
cific germline, peptides that may be presented on MHC molecules should look 
relatively similar to those from naturally occurring antibodies.

Aside from the antibody itself, many additional factors may significantly 
influence immunogenic potential. These include route of administration, dose 
and dose frequency, formulation, degree of aggregation, antibody stability 
and pharmacokinetics, the targeted antigen, therapeutic indication, and the 
patient’s immune status. While these problems cannot be anticipated, it is 
incumbent upon the antibody engineer to eliminate as much potential risk 
from the antibody sequence as possible.

Biological research is greatly facilitated by the ability to rapidly generate 
and screen large numbers of high affinity antibodies from hybridomas. While 
the advent of synthetic antibody phage libraries and “fully human” antibod-
ies from genetically engineered mice have the potential to further reduce 
differences from germline, once having generated and validated a murine 
hybridoma antibody with desired properties, humanization is likely to remain 
the simplest path forward. Further, humanization and antibody engineering 
enable the ability to choose well-characterized frameworks that are stable for 
manufacturing and storage.

6. Conclusions

Monoclonal antibodies are an increasingly important class of therapeutics 
that can be recruited to target specific antigens and engineered to perform 
specific functions in vivo. Humanization technologies have made it possible 
to use murine antibodies, that can be easily generated as a starting point for 
developing these therapeutics. Despite the high homology between mouse 
and human antibodies, the transfer of variable domain CDRs to a new human 
framework often results in a loss of antigen binding affinity due to changes 
in the environment supporting the CDRs. Alterations, most easily identified 
through combinatorial means, are frequently required in order to repair the 
interactions between the human acceptor framework and CDRs. Framework 
repair and CDR repair can both be used to alter CDR-framework interactions 
from either side of this interface. CDR repair has an added potential to modify 
antigen interactions that can improve binding affinity.

In practice, each antibody humanization is unique and presents its own 
challenges. Both framework repair and CDR repair are effective approaches 
to restore antigen binding following the transfer of CDRs to a human frame-
work, and should lead to the successful generation of humanized antibodies, 
that retain antigen binding affinity and biological properties of parental mono-
clonal antibodies.
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Abbreviations

CH Constant domain of the heavy chain
Fab Fragment antigen binding
Fv Fragment variable
H Heavy chain
HCAb Heavy-chain antibody
L Light chain
scFv Single chain fragment variable
VH Variable domain of the heavy chain of the conventional antibodies
VHH Variable domain of the heavy chain of the heavy-chain antibodies
VL Variable domain of the light chain of the conventional antibodies

1. Introduction

Antibodies or immunoglobulins are glycoproteins produced by B-cells and 
play a central role in host immune defense. Antibodies can be elicited virtually 
against any substance. Moreover, the immune response to any given antigen can 
be diverse, comprising different antibodies exhibiting different affinities and/or 
epitope specificities. Due to their antigen specificity, high affinity and almost 
the limitless repertoire diversity, antibodies have placed themselves among the 
most attractive reagents for both fundamental and applied sciences.

Conventional antibodies are multimers of heavy (H) and light (L) chains, 
each chain consisting of variable (V) and constant (C) domains (Porter 1973; 
Padlan 1994). Naturally, in a conventional antibody, the variable region of the 
light chain (VL) and the variable region of the heavy chain (VH) combine to 
make the antigen binding site, although, in some cases, the heavy chain alone 
can also bind antigen (Utsumi and Karush 1964). The constant domains of 
antibodies are not involved in antigen recognition; the heavy chain constant 
regions CH2 and CH3 (Fc) are responsible for effector functions, which trig-
ger the elimination of antigens (Fig. 3-1a) (Dwek et al. 1984; Burton 1985).
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Fig. 3-1. Schematic presentation of the camelid conventional (a) and heavy-chain (b) 
IgGs and the antigen-binding fragments thereof. The entire light chain and the CH1 
domain are absent in HCAbs. When compared to conventional antibodies that require 
both VH and VL to bind antigen optimally, the HCAbs bind their target antigen by 
virtue of one single domain, termed VHH or Nanobody

Since the constant domains of antibodies are not directly involved in the 
recognition of antigen, a range of smaller antibody fragments such as Fab, 
F(ab¢)2, Fv and scFv, which retain the antigen-binding activity, have been 
designed (Fig. 3-1a). As compared with the whole antibody molecules, such 
smaller antibody formats, expressed in microorganisms, are more cost-
effective to produce, have a faster organ clearance (Milenic et al. 1991; Wu 
and Senter 2005), penetrate the solid tumors more efficiently (Yokota et al. 
1992), and are more suitable for structural analysis (McManus and Riechmann 
1991; Riechmann et al. 1991). However, the generation of antibody fragments 
from conventional antibodies has faced technical difficulties such as low 
expression yields in heterologous systems and aggregation.

In the early 1990s, we discovered, by serendipity, that the antibody rep-
ertoire of camelids contains antibodies consisting of only heavy chains 
(Fig. 3-1b) (Hamers-Casterman et al. 1993). These antibodies are referred 
to as heavy-chain antibodies (HCAbs). Despite the absence of light chain 
in camelid HCAbs, these antibodies not only display an extensive antigen-
binding repertoire, but also their binding affinities for their cognate antigens 
are in the range of affinities that are described for conventional antibodies. 
The antigen-binding domains of camelid HCAbs consist of only one domain, 
termed VHH (variable domain of the heavy chain of the heavy-chain antibodies) 
(Fig. 3-1b). As we will discuss later on, this feature offers a number of tech-
nological advantages in the generation of engineered antibodies, as compared with 
conventional antibodies which require both the variable domain of the heavy 
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chain (VH), and that of the light chain (VL) to bind antigen optimally. These 
technological advantages together with small size, recognition of unique 
epitopes, high affinity, high solubility, high stability and high expression yields 
in heterologous expression systems have combined to make Nanobodies an 
interestingly useful class of molecules for various applications including diag-
nosis and therapy.

In this chapter, we focus on the unique features of Nanobodies and dem-
onstrate their potential applications as a novel class of antibody derivatives in 
different fields.

2. Heavy-Chain Antibodies

By definition, heavy-chain antibodies (HCAbs) are antibodies consisting of 
heavy chains only. Functional HCAbs are present in nurse and wobbegong 
sharks, in ratfish and in camelids (camels, dromedaries and llamas) (Hamers-
Casterman et al. 1993; Greenberg et al. 1995; Rast et al. 1998; Nuttall et al. 
2001). It seems that HCAbs, at least in camelids, are not derived from rem-
nants of a putative primordial HCAb form, but are the result of more recent 
evolutionary changes occurring in conventional antibodies. The shared proper-
ties of HCAbs across different taxa can therefore be explained by convergent 
evolution due to similar constraints (Nguyen et al. 2002).

The HCAbs have also been described in human as a pathological disorder 
termed “heavy chain disease.” These human HCAbs are devoid of light chain, 
lacking the first constant domain (CH1) and parts of the variable region (VH), 
fail to bind antigen and are consequently non-functional (Fleischman et al. 
1962; Franklin et al. 1964; Seligmann et al. 1979; Cogne et al. 1989).

Considerable parts of IgGs in the sera of camelids are dimers of heavy 
chain. In contrast to HCAbs in the case of heavy chain disease, the camelid 
HCAbs are functional antigen-binding entities which associate with antigen by 
virtue of one single domain termed VHH (Hamers-Casterman et al. 1993). The 
VHHs are also called Nanobody, a term inspired by their small size (2.5 nm 
diameter and about 4 nm height). Here, we refer to VHHs as Nanobodies, 
wherever the antigen specificities of the VHHs are known.

Isolated heavy chains (H) of the conventional antibodies are not usually sol-
uble unless they pair with light chains via the CH1 and VH domains (Roholt 
et al. 1964; Seligmann et al. 1979; Chothia et al. 1985; Padlan 1994). The 
camelid HCAbs lack the entire CH1 domain. The sequences encoding the CH1 
domain are present in the dromedary and llama genomes, but are removed 
during mRNA splicing, possibly due to a point mutation in the consensus 
splicing signal at the 3¢ end of the CH1 exon (Nguyen et al. 1999; Woolven 
et al. 1999). The CH1 domain is the binding site for the heavy-chain chap-
eroning protein BiP which prevents the secretion of antibody heavy chains 
from endoplasmic reticulum (ER). Replacement of BiP by light chain triggers 
the antibody secretion (Hendershot et al. 1987; Hendershot 1990; Hamers-
Casterman et al. 1993). Therefore, the lack of CH1 domain may account for 
the immediate secretion of camelid HCAbs in the absence of light chain.

The Fc part of the camelid HCAbs contains sequences that, in conventional 
antibodies, mediate the effector functions, suggesting that HCAbs exert the 
conventional effector functions (Atarhouch et al. 1997; Nguyen et al. 1999).
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2.1 Antigen-Binding Repertoire of Camelid HCAbs

Random association of heavy (H) and light (L) chains contributes considerably 
to the expansion of the conventional antibody repertoire. The lack of light 
chain in HCAbs raises the question as to whether HCAbs repertoire bears 
an extensive antigen-binding complexity. This was addressed initially by 
the analysis of the immune response of dromedaries naturally infected with 
Trypanosoma evansi. This revealed a very diverse HCAbs response against 
different proteins of this parasite (Hamers-Casterman et al. 1993). Since then, 
our work and that of others clearly established the possibility to raise diverse 
HCAbs against various antigens and showed that the isolated Nanobodies 
derived from camelid HCAbs target a broad range of epitopes on the cognate 
antigens (Ghahroudi et al. 1997; Lauwereys et al. 1998, Van der Linden et al. 
2000a; Cortez-Retamozo et al. 2004; Saerens et al. 2004; Hulstein et al. 2005; 
De Genst et al. 2006; Klooster et al. 2007).

The VHHs are encoded by a large set of V gene segments (42 gene seg-
ments encoding 33 unique sequences) which are distinct from the V gene 
segments coding for VHs. The frequency of mutation hotspots and DNA 
recombination signal sequences is higher in VHH germline sequences than 
in VH germline genes (Nguyen et al. 1999, 2000). Moreover, as compared 
with VHs, VHHs have on average longer complementarity determining 
regions (CDRs) and their antigen-binding loops display a larger structural 
repertoire (Muyldermans et al. 1994; Decanniere et al. 1999, 2000; Nguyen 
et al. 2000). The average CDR3 length in mouse and human is, respectively, 
9 and 12 amino acids (Wu et al. 1993), whereas, the CDR3 of VHHs from 
dromedaries has usually a length of 16–18 amino acids (Muyldermans et al. 
1994; Nguyen et al. 2000). In dromedaries, the CDR1 of VHHs is extended 
to include additional amino acid residues which are part of framework 1 in 
VHs (Nguyen et al. 2000). It is tempting to suggest that the high frequency of 
mutation hotspots and recombination signal sequences, the long CDRs and the 
expanded structural repertoire of antigen-binding loops of Nanobodies con-
tribute to VHHs repertoire complexity and compensate, at least in part, for the 
lack of VH–VL combinatorial diversity. However, not all the above-mentioned 
features are necessarily required to achieve repertoire diversity. For example, a 
large fraction of VHHs in llamas have a short CDR3 of about six amino acids 
(Vu et al. 1997; Harmsen et al. 2000), and yet these animals exhibit a complex 
Nanobody repertoire.

2.2 Induction of HCAb Response

The procedures to elicit HCAbs in camelids are, in principle, similar to those 
in use to raise conventional antibodies in other animals: for example, an initial 
subcutaneous inoculation of antigen in complete Freunds adjuvant followed by 
5–6 weekly boosts in incomplete Freunds adjuvant, using 50–500 mg antigen 
per injection (Lauwereys et al. 1998). We have also raised HCAbs against 
various antigens using Gerbu adjuvant LQ # 3000 (Gerbu Biotechnik GmbH, 
Germany). Heavy-chain antibodies can also be obtained by subcutaneous 
injection of whole cells (108 cells in PBS per injection) (our unpublished data). 
Other procedures involving other types of adjuvant or with different boost 
intervals as well as DNA-prime protein-boost protocol have also been suc-
cessfully used to raise an HCAb response (Ladenson et al. 2006; Koch-Nolte 
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et al. 2007; Maass et al. 2007). To make the immunization cost effective, an 
animal can be injected simultaneously with several antigens (Lauwereys et al. 
1998; Van der Linden et al. 2000a).

It is worth noting that, although the present data support the idea that virtu-
ally HCAbs can be raised against any antigen, the HCAbs and conventional 
antibodies elicited against complex antigens such as natural infections can differ 
in terms of antigens which they recognize. For instance, Van der Linden et al.  
(2000a) reported that HCAbs and conventional antibodies from an llama immu-
nized with S. mutans lysate exhibited different antigen recognition patterns.

3. Isolation of Antigen-Specific Nanobodies

3.1. Isolation of Polyclonal Nanobodies

Polyclonal mono- and bi-valent Nanobodies (VHH and VHH2) can be obtained 
by the proteolysis of the HCAbs.

From an immunized dromedary, Lauwereys et al. (1998) prepared polyclo-
nal monovalent Nanobodies containing a-amylase-specific binders. In this 
study, the HCAb isotype IgG3 obtained by Protein G chromatography was 
digested with endo-Glu V8 protease and then the Nanobodies were separated 
from the Fc part by chromatography on Protein A which retains the Fc part. It 
should, however, be kept in mind that some of the dromedary and a large frac-
tion of the llama Nanobodies bind Protein A. This class of Nanobodies cannot 
therefore be separated from the Fc fraction by using Protein A.

Bivalent Nanobodies (VHH2) can be obtained by digestion of IgG3 with 
pepsin, trypsin or papain which cleaves the hinge region mainly after the first 
disulfide bond linking the g3 heavy chains (Hamers and Muyldermans 1998).

Although the above examples demonstrate the feasibility to obtain poly-
clonal Nanobodies from IgG3, methods for the generation of polyclonal 
Nanobodies from the HCAb IgG2 isotype remain to be developed.

3.2. Isolation of Monoclonal Nanobodies

The most commonly used approach to identify monoclonal antigen-specific 
antibody fragments is the panning of phage display libraries (Winter et al. 
1994; Hoogenboom et al. 1998; Hoogenboom and Chames 2000; Dufner et al. 
2006). We adapted the phage display technology for the cloning of the VHH 
repertoire, and for the isolation of monoclonal antigen-specific Nanobodies 
(Ghahroudi et al. 1997; Lauwereys et al. 1998). Others have used the ribosome 
display to construct a VHH library and to select hapten-specific Nanobodies 
(Yau et al. 2003).

Immune, non-immune, synthetic as well as semi-synthetic libraries can all 
serve as sources of monoclonal Nanobodies. However, while the affinities 
of Nanobodies isolated from immune libraries are usually in the nanomolar 
range (Lauwereys et al. 1998; Spinelli et al. 2000; Cortez-Retamozo et al. 
2004; Saerens et al. 2004; Hulstein et al. 2005; De Genst et al. 2006; Klooster 
et al. 2007), Nanobodies obtained from synthetic and non-immune libraries 
have often micromolar affinities (Davies and Riechmann 1996; Tanha et al. 
2001; Yau et al. 2003; Groot et al. 2006; Stewart et al. 2007). Therefore, 
Nanobodies isolated from libraries other than immune libraries might require 
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further optimization (e.g. in vitro affinity maturation) before use (Yau et al. 
2005; Goldman et al. 2006). Despite this shortcoming, the non-immune and 
synthetic libraries represent interesting alternatives to immune libraries in 
some cases, for example, when the amount of antigen is limited or the antigen 
is non-immunogenic or toxic to dromedaries and llamas.

As compared with the cloning of the antigen-binding repertoire of con-
ventional antibodies, cloning Nanobody repertoire offers some technological 
advantages as follows. The antigen binding by conventional antibodies usu-
ally relies on both VH and VL, and construction of libraries of conventional 
antibodies involves random association of VHs and VLs. Therefore, very 
large libraries are required to obtain all possible VH–VL combinations, of 
which some may represent the original VH–VL pairing generated in vivo. For 
example, starting with a B-cell population representing 106 different VHs and 
106 different VLs, a library of at least 1012 independent colonies is required to 
generate all possible VH–VL pairs. Obviously, random VH–VL pairing can 
generate novel VH–VL combinations which, as pairs, were not present in the 
original B-cell population used for library construction. Some of these novel 
pairs may bind antigen specifically, but usually have sub-optimal affinity and 
stability.

Taking into account that the HCAbs bind their target antigens by virtue of 
only one single domain, construction of large immune libraries to trap the 
antigen-specific Nanobodies has been proven unnecessary (Lauwereys et al. 
1998; Alvarez-Reuda et al. 2007).

Construction of libraries of antigen-binding repertoire of conventional 
antibodies is also complicated by the existence of multiple VH and VL gene 
families, each requiring a specific set of primers for PCR amplification. On the 
contrary, all VHHs belong to one single subfamily, namely subfamily III 
(Vu et al. 1997; Nguyen et al. 1998, 2000). Therefore, one pair of primers is 
sufficient to amplify the entire VHH repertoire.

Since the sticky behavior of isolated VHs can result in the enrichment 
of non-specific clones during panning (Davies and Riechmann 1995), it is 
important to exclude the VHs from the VHH repertoire prior to cloning. To 
achieve this, we first use a pair of primers, of which one binds to the leader 
signal sequences of both VHs and VHHs and the other anneals to the CH2 
exons of all g genes. This yields two types of PCR fragments that differ in 
size: the longer fragments contain the CH1 exon and are derived from the 
conventional antibodies, while the shorter fragments lack the CH1 exon and 
are derived from the HCAbs. The two types of PCR fragments are separated 
by agarose gel electrophoresis, and the shorter fragments are excised from 
the gel and used for further PCR to construct the VHH library (Nguyen et al. 
2001). Alternatively, the VHs can be excluded from the VHH pool by using 
a primer that exclusively anneals to the hinge region of the HCAb (Van der 
Linden et al. 2000a).

Identification of antigen-specific binders from VHH libraries can be 
achieved by direct screening of the individual colonies (without prior enrich-
ment via panning). It has been demonstrated that the percentage of antigen-
specific clones in VHH libraries from immunized animals can reach 1% 
(Ghahroudi et al. 1997) or even 20% (Frenken et al. 2000). However, the 
extremely low frequency of antigen-specific clones in non-immune libraries 
makes direct screening inappropriate. To enrich for specific binders, the VHH 
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phage display libraries are subjected to one to four rounds of panning prior to 
the analysis of individual colonies. The advantage of panning by phage display 
is that, by proper design of the selection procedure, it is possible to select for 
Nanobodies with specific properties such as those with highest affinity, greater 
stability and/or better expression yield.

4. Interesting Features of Nanobodies

Although there have been few reports describing the successful isolation of 
functional VH domains from conventional antibodies (Ward et al. 1989; Cai 
and Garen 1997; Reiter et al. 1999; Tanaka et al. 2003), the use of VHs is 
usually hampered by their low affinity, low expression yields, poor solubility 
and low stability (Davies and Riechmann 1995; Kortt et al. 1995; Reiter et al. 
1999), features which make VHs inferior to Nanobodies. Here, we elaborate 
on the features of Nanobodies which make them ideal small recognition units, 
as compared to VHs.

4.1. High Expression Yields and Ease of Purification

The possibility to express Nanobodies in different expression systems has 
already been established. We routinely obtain about 5–10 mg pure protein per 
liter of E. coli culture in shaker flasks (Ghahroudi et al. 1997). Others have 
reported even higher yields in E. coli shake flask cultures (Rahbarizadeh et al. 
2005). Production levels of Nanobodies in Saccharomyces cerevisiae have 
been as high as 9.3 mg/L/OD660 nm in shaker flasks. This suggests that, it is fea-
sible to achieve production levels higher than 1 g/L in a high density fermenta-
tion with ODs of over 100 (40–80 g dry weight per liter) (Frenken et al. 2000). 
Expression of a hapten-specific Nanobody fused to peroxidase in Aspergillus 
awamori in shake-flask cultures yielded up to 30 mg/L fusion proteins secreted 
to the medium, and this could be increased to about 200 mg/L in preliminary 
fermentation experiments without any optimization (Joosten et al. 2005). 
An initial attempt to express a lysozyme-specific Nanobody in plant plastids 
resulted in a semi-lethal phenotype (Magee et al. 2004). However, later on, a 
study suggested that this undesirable effect could have been due to the type of 
expression system used (Magee et al. 2007). Functional Nanobodies expressed 
in tobacco plants have been shown to constitute up to about 1.6% of the total 
leave soluble protein fraction (Rajabi-Memari et al. 2006; Ismaili et al. 2007), 
demonstrating the feasibility to use transgenic plants as an economic source 
of Nanobodies.

Nanobodies can be purified following various procedures. Van der Linden 
et al. (1999) reported that a simple ultrafiltration of yeast culture supernatants 
using membranes with cut-off limits of 50 and 5 kDa, respectively, resulted 
in a purity of 80–90%. Bacterial periplasmic extracts, obtained by a simple 
osmotic shock (Skerra and Plückthun 1988), provide Nanobodies that are pure 
enough for applications such as ELISA and Western blot.

Inclusion of a C-terminal His6-tag allows the easy purification of Nanobodies 
by Immobilized Metal Affinity Chromatography (IMAC) using Ni-NTA col-
umns. If necessary, the Nanobodies can be further purified from the fractions 
obtained via IMAC, for example, by ion exchange or gel filtration chromatography. 
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This usually results in purities that satisfy most applications (Lauwereys et al. 
1998; Alvarez-Reuda et al. 2007).

Nearly all VHs which belong to subfamily III bind protein A (Sasso et al. 
1991; Potter et al. 1996). This characteristic has been exploited for the puri-
fication of Nanobodies (Ghahroudi et al. 1997; van der Linden et al. 1999; 
Frenken et al. 2000). The advantage of this method is that it selects for the 
properly folded domains. However, not all properly folded Nanobodies bind 
protein A (Ghahroudi et al. 1997).

Recently, Olichon et al. (2007) demonstrated the feasibilty to purify 
Nanobodies by a simple one-step heat treatment. The heat treatment did not 
affect the Nanobodies functionality. The purities and the yields of Nanobodies 
obtained after heating were as high as those of the samples purified by IMAC 
(Olichon et al. 2007).

4.2. High Stability, High Solubility and High Affinity

Nanobodies retain more than 80% of their original binding activity after pro-
longed incubation at 37°C (Ghahroudi et al. 1997), and bind antigen specifically 
during and/or after incubation at temperatures as high as 90°C (van der Linden 
et al. 1999, 2000b; Goldman et al. 2006; Ladenson et al. 2006). Although the 
presence of a disulfide bond between the CDRs in some Nanobodies contrib-
utes to their stability (Davies and Riechmann 1996; Ghahroudi et al. 1997), 
the functionality of Nanobodies over long periods of time or at extreme tem-
peratures is attributed to their ability to properly refold after unfolding (Perez 
et al. 2001; Ewert et al. 2002). In contrast to Nanobodies, thermal denaturation 
of VHs is not readily reversible and results in aggregation (Ewert et al. 2002). 
The unfolding of Nanobodies by guanidinium chloride and urea is also fully 
reversible (Dumoulin et al. 2002).

The high stability and the reversible folding make Nanobodies attractive for 
applications such as biosensors and affinity purification, where harsh condi-
tions are encountered.

In contrast to VHs, Nanobodies are highly soluble. Nanobodies can be con-
centrated to 10–20 mg/mL without any aggregation (Ghahroudi et al. 1997; 
Conrath et al. 2005). The superior solubility of Nanobodies is, in part, due 
to amino acid adaptations in framework-2, which render Nanobodies more 
hydrophilic (Muyldermans et al. 1994; Desmyter et al. 1996; Spinelli et al. 
1996; Vu et al. 1997). The well-conserved VH residues V42, G49, L50 and 
W52 constitute a hydrophobic area which is the VL binding site (numbering 
is according to IMGT; http://imgt.cines.fr). In the absence of VL, the expo-
sure of this hydrophobic area to aqueous environment results in stickiness and 
aggregation of VHs. In VHHs, the above residues are usually replaced by F42 
or Y42, E49, R50 and G52, making this area more hydrophilic (Muyldermans 
et al. 1994; Vu et al. 1997; Maass et al. 2007). Camelization of human VHs as 
well as Nanobody humanization has clearly established that the above amino 
acid substitutions contribute to Nanobodies solubility (Davies and Riechmann 
1994, 1995; Tanha et al. 2001; Conrath et al. 2005). Substitutions of other 
framework amino acids such as L11, which in conventional antibodies contact 
the CH1 domain, might also enhance Nanobody solubility by increasing its 
hydrophilicity (Nieba et al. 1997; Muyldermans 2001).

The VHHs framework amino acid substitutions are encoded in the germline, 
and are not the result of somatic hypermutation (Nguyen et al. 1998).
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Mechanisms other than increased hydrophilicity of the frameworks may 
also account for the increased solubility of Nanobodies. For example, in some 
Nanobodies, the CDR3 loop folds over the region which in conventional 
antibodies constitutes the VL-interacting surface of a VH, thereby shielding 
any remaining hydrophobic patch from the aqueous solution (Desmyter et al. 
1996, 2001; De Genst et al. 2006).

The lack of VL contribution to antigen binding by Nanobodies may bring 
into question the binding affinities of Nanobodies. With the data now available 
for a large number of Nanobodies raised against many antigens of different 
nature, it is well established that the binding affinities of Nanobodies are in the 
range reported for scFvs. The affinities of Nanobodies isolated from immune 
libraries are often in the low nanomolar or sub-nanomolar range (Lauwereys 
et al. 1998; Spinelli et al. 2000; Cortez-Retamozo et al. 2004; Saerens et al. 
2004; Hulstein et al. 2005; De Genst et al. 2006; Klooster et al. 2007). The 
functional affinities (avidities) of Nanobodies can be increased by generating 
bivalent Nanobodies. Interestingly, although Nanobodies from non-immune 
libraries do not usually have high binding affinities, it is still possible to obtain 
Nanobodies with nanomolar affinities from such libraries (Goldman et al. 
2006; Verheesen et al. 2006a, b). It is worth mentioning that the success rate 
of isolation of high affinity antibodies from non-immune libraries is directly 
correlated with the library size.

4.3. Alternative Epitope Recognition

The paratopes of conventional antibodies raised against protein antigens and 
haptens are, respectively, planar and concave (Webster et al. 1994; Padlan 
1996). These topographies are not suited for binding into antigen grooves and 
cavities. As a consequence, conventional antibodies usually avoid targeting 
clefts.

Grooves and cavities play a critical role in many biological processes as 
they are often involved in interactions between molecules. In enzymes, for 
example, the catalytic site is often located in large and deep clefts (Lakowski 
et al. 1996). Therefore, the ability to obtain specific binders to epitopes within 
the clefts is of particular interest.

In contrast to conventional antibodies that are rarely competitive enzyme 
inhibitors, a considerable fraction of camelid HCAbs, raised against carbonic 
anhydrase, a-amylase and lysozyme, competitively inhibit the target enzymes 
(Lauwereys et al. 1998; De Genst et al. 2006). In line with these findings, a 
large number of enzyme-specific inhibitory monoclonal Nanobodies, many of 
which are competitive inhibitors, have been isolated from immune and syn-
thetic libraries (Martin et al. 1997; Lauwereys et al. 1998; Conrath et al. 2001; 
Jobling et al. 2003; De Genst et al. 2006; Koch-Nolte et al. 2007).

Competitive inhibition of enzymes by Nanobodies suggests that the catalytic 
site of the enzymes constitutes the epitope recognized by these Nanobodies. 
We demonstrated that, in the case of a lysozyme-specific Nanobody, the CDR3 
protrudes from the paratope, penetrates into the active site of the enzyme, and 
inhibits the enzyme activity by mimicking carbohydrate substrate (Desmyter 
et al. 1996; Transue et al. 1998). Desmyter et al. (2002) reported that the com-
petitive inhibition of a-amylase by a Nanobody involved mainly the interac-
tion between CDR2 and the enzyme active site, while the role of CDR3 in this 
process was minimal.



38 G.H. Ghassabeh et al.

Collectively, the above data suggest that Nanobodies recognize epitopes 
that are not immunogenic for conventional antibodies. This has been further 
supported by comparing the crystal structures of Nanobodies–lysozyme com-
plexes with those of conventional antibodies–lysozyme complexes (De Genst 
et al. 2006).

Significantly, Nanobodies also recognize epitopes (e.g. planar epitopes) rec-
ognized by conventional antibodies (Decanniere et al. 1999; Desmyter et al. 
2001; Dumoulin et al. 2003; Loris et al. 2003; De Genst et al. 2006).

5. Applications of Nanobodies

At present, the possibility to use Nanobodies as enzyme inhibitors (Martin 
et al. 1997; Lauwereys et al. 1998; Conrath et al. 2001; De Genst et al. 2006; 
Koch-Nolte et al. 2007), as affinity ligands (Klooster et al. 2007), as intrabodies 
(Jobling et al. 2003; Gueorguieva et al. 2006; Rothbauer et al. 2006; Verheesen 
et al. 2006a), as probes in biosensors (Pleschberger et al. 2004; Huang 
et al. 2005a; Saerens et al. 2005), and as tools to trace antigens in live cells 
(Rothbauer et al. 2006) and to study protein–protein interactions (Huang et al. 
2005b) has been demonstrated. Owing to their small size and reduced com-
plexity of paratopes, Nanobodies are ideal candidates to design small peptide 
mimetics (Marquardt et al. 2006). Nanobodies can also be used in consumer 
products. For example, Nanobodies prevent infection of lactic acid bacteria 
by phage, thereby accelerating fermentation in cheese production (Ledeboer 
et al. 2002; de Haard et al. 2005) or they can prevent dandruff when supplied 
in shampoo (Dolk et al. 2005). Obviously, the discussion of all Nanobodies 
applications is irrelevant to this chapter, and therefore, we herein focus only on 
their potential applications to improve human and animal health.

5.1. Nanobodies in Cancer Diagnosis and Therapy

More than 85% of human cancers are solid tumors (Beckman et al. 2007). In 
most solid tumors, to obtain a maximal therapeutic effect, the necessary first 
step is the access of sufficient amounts of the therapeutic antibody to various 
regions of the tumor (Tunggal et al. 1999). The transfer of macromolecules 
in tumors is mainly by diffusion and the speed of diffusion through tumors is 
inversely proportional to molecular size (Nugent and Jain 1984; Clauss and 
Jain 1990; Pluen et al. 2001). In agreement with this, small antibody fragments 
penetrate the solid tumors more efficiently than the whole antibody molecule 
(Yokota et al. 1992; Graff and Wittrup 2003).

On the other hand, in order to increase target-to-background signal ratios for 
high detection sensitivities in imaging, and also to reduce non-specific toxic 
effects of antibody conjugates, the unbound antibodies should, be cleared 
rapidly from the non-target organs. When compared to the whole antibody 
molecule, the small antibody fragments have a faster clearance rate (Milenic 
et al. 1991; Wu and Senter 2005).

Based on the above-described criteria, the very small size of Nanobodies 
makes them suitable for in vivo imaging and tumors.

In a mouse model, we demonstrated that Nanobodies selectively and 
effectively accumulated in bulky tumors as well as in metastatic lesions, 
rapidly yielding high tumor-to-non-target organ ratios. The excess of these 
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Nanobodies were quickly cleared from the circulation (Cortez-Retamozo et al. 
2002). In a Nanobody directed enzyme prodrug therapy setting using prodrug 
cephalosporin mustard, intravenous administration of an anti-carcinoembryonic 
antigen Nanobody fused to b-lactamase resulted in complete eradication 
of established LS 174T human adenocarcinoma xenografts (Fig. 3-2d) 
(Cortez-Retamozo et al. 2004). This Nanobody–enzyme conjugate localized 
preferentially in tumors and cleared from the systemic circulation so rapidly 
that there was no need for clearance agents prior to prodrug administration 
(Cortez-Retamozo et al. 2004). Recently, Roovers et al. (2007) identified 
Nanobodies that competed with epidermal growth factor (EGF) for binding 
to EGF receptor (EGFR), and reported that these Nanobodies inhibited the 
growth of A431-derived solid tumors, demonstrating the feasibility to use 
untagged Nanobodies to cure cancer.

Although fast clearance is a desirable feature for in vivo imaging of tumors, 
it might be of interest to increase the serum half-life of antibody fragments 
for therapy in order to improve efficacy, to reduce the dose or frequency of 

Fig. 3-2. Some of the Nanobodies applications. The structure within the triangle is 
the schematic presentation of a Nanobody structure with CDR1, CDR2, CDR3 and the 
conserved disulfide bridge in blue, green, red and orange, respectively. (a) Detection of 
live trypanosomes with three different His6-tagged Nanobodies specific for the trypano-
somes variable surface glycoprotein (top panels and the bottom right panel). The bottom 
left panel is negative control (an irrelevant Nanobody). A mouse anti-His antibody and 
an FITC-labeled anti-mouse monoclonal antibody were used as primary and secondary 
antibodies, respectively. (b) Prevention of protein aggregation. Top: A human lysozyme 
variant prone to aggregation forms fibrils. Bottom: The same protein in complex with a 
Nanobody fails to form fibrils. (c) Detection of antigen. Top: Sensogram of the real-time 
biosensor using hPSA as antigen and an hPSA-specific Nanobody as probe. Bottom: 
Microarrays for the detection of lysozyme using an irrelevant Nanobody (middle panel), 
a lysozyme-specific Nanobody (left panel), and its different mutants with reduced 
affinities, as compared with the Nanobody used in the left panel. (d) Nanobody directed 
enzyme prodrug therapy of cancer. Left panel: The bulky subcutaneous tumor in the 
flank of a mouse not subjected to treatment. Right panel: A mouse bearing a similar 
tumor but subjected to treatment (Cortez-Retamozo et al. 2004)
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administration (Carter 2006). Different strategies such as PEGylation or fusion 
to peptides and proteins with affinity for the long-lived serum albumin have 
proven effective in increasing the half-lives of antibody fragments (Chapman 
et al. 1999; Chapman 2002; Dennis et al. 2002). Several studies have demon-
strated the feasibility to use these approaches in order to tune the half-lives of 
Nanobodies to fit the application (Harmsen et al. 2005, 2007; Coppieters et al. 
2006; Roovers et al. 2007). It is worth noting that PEGylation is very expensive 
and the usefulness of these approaches in clinics remains to be demonstrated.

Nanobodies can also be used as probes to develop biosensors for various 
applications including cancer diagnosis (Fig. 3-2c). We generated several 
Nanobodies specific for human prostate-specific antigen (hPSA) (Saerens 
et al. 2004). When immobilized onto various surfaces, these Nanobodies 
detect clinically relevant concentrations of hPSA, and determine the ratios of 
different hPSA isoforms (Pleschberger et al. 2004; Huang et al. 2005a; Saerens 
et al. 2005). Taking into account the harsh probe regeneration conditions, as 
compared with other antibody fragments, Nanobodies are the preferred 
antibody format for biosensor applications due to their higher stability and 
folding reversibility.

Bacteria such as Bifodobacterium, Clostridium and Salmonella replicate 
within solid tumors, and have been used for tumor-specific delivery of 
therapeutic genes (Pawelek et al. 2003; Mengesha et al. 2007). The efficiency 
of tumor colonization by bacteria can be increased by the display of tumor-
specific antibody fragments on their surface (Bereta et al. 2007). In a similar 
way, tropism-modified measles virus has been generated, that exclusively 
targets ovarian tumors (Hasegawa et al. 2006). Since Nanobodies expressed 
on the surface of bacteria retain their antigen-binding activity (Veiga et al. 
2004; Pant et al. 2006), Nanobodies may represent a new class of molecules 
for improving the tumor-specificity of bacteria and viruses.

5.2. Nanobodies Applications in Other Diseases

Besides their use in cancer diagnosis and therapy, Nanobodies offer alterna-
tives to diagnostic and therapeutic tools presently used in other areas of human 
and animal health.

We demonstrated that a Nanobody specific for trypanosome variant surface 
glycoprotein (VSG) penetrates the dense VSG coat in live parasites to access 
its cryptic epitope. This Nanobody detected the parasite in blood smears with 
high selectivity and sensitivity (Fig. 3-2a) (Stijlemans et al. 2004), founding the 
ground for diagnosis. Administration of a conjugate consisting of this Nanobody 
and truncated apolipoprotein L-I resulted in complete cure of disease in a mouse 
model of human African trypanosomiasis (Baral et al. 2006). In a similar study, 
a Nanobody was used to direct an antimicrobial enzyme to Streptococcus 
mutans, resulting in the killing of the bacteria (Szynol et al. 2004). Daily oral 
administration of an untagged Nanobody specific for S. mutans significantly 
reduced the development of dental caries in a rat model, which mimic the 
clinical situation in patients with xerostomia, suggesting that Nanobodies can be 
used to prevent the development of dental caries (Krüger et al. 2006).

In a murine arthritis model, antagonistic anti-TNF-a Nanobodies exhibited 
an excellent therapeutic efficiency. In this report, Nanobodies were more 
potent than the conventional antibodies that are already in use for the treatment 
of rheumatoid arthritis (Coppieters et al. 2006).
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Intracellularly expressed Bax-specific Nanobodies, conferring resistance 
against oxidative-stress-induced apoptosis, formed a basis to develop 
Nanobody-based therapeutics for degenerative diseases such as stroke 
which involve oxidative stress (Gueorguieva et al. 2006). A study reporting 
detoxification of LPS in whole blood by an anti-LPS Nanobody introduced 
Nanobodies as potential candidates for the prevention of LPS-mediated sepsis 
(El Khattabi et al. 2006).

In a mouse model of rotavirus-induced diarrhea, oral administration of 
rotavirus-specific Nanobodies or Lactobacillus paracasei expressing one of 
these Nanobodies on their surface largely reduced the duration and severity of 
diarrhea and viral load, demonstrating the feasibility to use Nanobodies for the 
treatment of diarrhea (Pant et al. 2006; van der Vaart et al. 2006).

The negative impact of protein aggregation disorders such as Alzheimer’s 
and Parkinson’s diseases is constantly increasing, as the population espe-
cially that of the developed world is aging. Preliminary studies reveal that 
Nanobodies are attractive therapeutic options for such disorders, since 
Nanobodies can prevent protein aggregation and, even more interesting, they 
can clear the already existing aggregates (Fig. 3-2b) (Dumoulin et al. 2003; 
Verheesen et al. 2006a).

Of note, the potential problem of Nanobody antigenicity has to be dealt 
with, whenever Nanobodies are to be used in humans. For example, it might 
be necessary to humanize Nanobodies prior to use in humans.

6. Conclusion

Since their discovery, the interest in the use of Nanobodies has been growing 
increasingly. The examples described here clearly demonstrate the useful-
ness of Nanobodies in many areas, in particular, in human and animal health. 
Of particular interest is the use of Nanobodies for applications where large 
amounts of antibody, high stability, high solubility and recognition of epitopes 
usually not antigenic for conventional antibodies are added values. With the 
first Nanobody already in phase I clinical trials, and several others close to this 
stage (http://www.ablynx.com), Nanobodies are advancing towards putting 
into test their promise as a novel class of therapeutics.

References

Alvarez-Reuda N, Behar G, Ferré V, Pugnière M, Roquet F, Gastinel L, Jacquot C, 
Aubry J, Baty D, Barbet J, Birklè S (2007) Generation of llama single-domain anti-
bodies against methotrexate, a prototypical hapten. Mol Immunol 44:1680–1690

Atarhouch T, Bendahman N, Hamers-Casterman C, Hamers R, Muyldermans S (1997) 
cDNA sequence coding for the constant region of the dromedary g3 heavy chain 
antibody. J Camel Pract Res 4:177–182

Baral TN, Magez S, Stijlemans B, Conrath K, Vanhollebeke B, Pays E, Muyldermans 
S, De Baetselier P (2006) Experimental therapy of African trypanomisis with a 
nanobody-conjugated human trypanolytic factor. Nat Med 12:580–584

Beckman RA, Weiner LM, Davis HM (2007) Antibody constructs in cancer therapy. 
Cancer 109:170–179

Bereta M, Hayhurst A, Gajda M, Chorobik P, Targosz M, Marcinkiewicz J, Kaufman HL 
(2007) Improving tumor targeting and therapeutic potential of Salmonella VNP20009 
by displaying cell surface CEA-specific antibodies. Vaccine 25:4183–4192

Burton DR (1985) Immunoglobulin G: functional sites. Mol Immunol 22:161–206



42 G.H. Ghassabeh et al.

Cai X, Garen A (1997) Comparison of fusion phage libraries displaying VH or single-
chain Fv antibody fragments derived from the antibody repertoire of a vaccinated 
melanoma patient as a source of melanoma-specific targeting molecules. Proc Natl 
Acad Sci U S A 94:9261–9266

Carter PJ (2006) Potent antibody therapeutics by design. Nat Rev Immunol 6:343–357
Chapman AP (2002) PEGylated antibodies and antibody fragments for improved 

therapy: a review. Adv Drug Deliv Rev 54:531–545
Chapman AP, Antoniw P, Spitali M, West S, Stephens S, King DJ (1999) Therapeutic 

antibody fragments with prolonged in vivo half-lives. Nat Biotechnol 17:780–783
Chothia C, Novotny J, Bruccoleri R, Karplus M (1985) Domain association in immu-

noglobulin molecules. The packing of variable domains. J Mol Biol 186:651–663
Clauss MA, Jain RK (1990) Interstitial transport of rabbit and sheep antibodies in 

normal and neoplastic tissues. Cancer Res 50:3487–3492
Cogne M, Preud’homme JL, Guglielmi P (1989) Immunoglobulins gene alterations in 

human heavy chain disease. Res Immunol 140:487–502
Conrath KE, Lauwereys M, Galleni M, Matagne A, Frere JM, Kinne J, Wyns L, 

Muyldermans S (2001) Beta-lactamase inhibitors derived from single-domain 
antibody fragments elicited in Camelidae. Antimicrob Agents Chemother 45: 
2807–2812

Conrath K, Vincke C, Stijlemans B, Schymkowitz J, Decanniere K, Wyns L, 
Muyldermans S, Loris R (2005) Antigen binding and solubility effects upon the 
veneering of a camel VHH in framework-2 to mimic VH. J Mol Biol 350:112–125

Coppieters K, Dreier T, Silence K, de Haard H, Lauwereys M, Casteels P, Beirnaert E, 
Jonckheere H, Van de Wiele C, Staelens L et al (2006) Formatted anti-tumor necro-
sis factor alpha VHH proteins derived from camelids show superior potency and 
targeting to inflamed joints in a murine model of collagen-induced arthritis. Arthritis 
Rheum 54:1856–1866

Cortez-Retamozo V, Lauwereys M, Hassanzadeh GG, Gobert M, Conrath K, 
Muyldermans S, de Baetselier P, Revets H (2002) Efficient tumor targeting by 
single-domain antibody fragments of camels. Int J Cancer 98:456–462

Cortez-Retamozo V, Backmann N, Senter PD, Wernery U, De baetselier P, Muyldermans 
S, Revets H (2004) Efficient cancer therapy with a nanobody-based conjugate. 
Cancer Res 64:2853–2857

Davies J, Riechmann L (1994) ‘Camelising’ human antibody fragments: NMR studies 
on VH domains. FEBS Lett 339:285–290

Davies J, Riechmann L (1995) Antibody VH domains as small recognition units. 
Biotechnology 13:475–479

Davies J, Riechmann L (1996) Single antibody domains as small recognition units: 
design and in vitro antigen selection of camelized, human VH domains with 
improved protein stability. Protein Eng 9:531–537

De Genst E, Silence K, Decanniere K, Conrath K, Loris R, Kinne J, Muyldermans S, 
Wyns L (2006) Molecular basis for the preferential cleft recognition by dromedary 
heavy-chain antibodies. Proc Natl Acad Sci U S A 103:4586–4591

de Haard HJW, Bezemer S, Ledeboer AM, Müller WH, Boender PJ, Moineau S, 
Coppelmans M-C, Verkleij AJ, Frenken LGJ, Verrips CT (2005) Llama antibodies 
against a lactococcal protein located at the tip of the phage tailprevent phage infec-
tion. J Bacteriol 187:4531–4541

Decanniere K, Desmyter A, Lauwereys M, Ghahroudi MA, Muyldermans S, Wyns L 
(1999) A single-domain antibody fragment in complex with RNase A: non-canonical 
loop structures and nanomolar affinity using two CDR loops. Structure 7:361–370

Decanniere K, Muyldermans S, Wyns L (2000) Canonical antigen binding loop struc-
tures: more structures, more canonical classes? J Mol Biol 300:83–91

Dennis M, Zhang M, Meng YG, Kadkhodayan M, Kirchhofer D, Combs D, Damico LA 
(2002) Albumin binding as a general strategy for improving the pharmacokinetics of 
proteins. J Biol Chem 277:35035–35043



Chapter 3 Nanobodies, Single-Domain Antigen-Binding Fragments of Camelid 43

Desmyter A, Transue TR, Ghahroudi MA, Dao Thi MH, Poortmans F, Hamers R, 
Muyldermans S, Wyns L (1996) Crystal structure of a camel single-domain VH 
antibody fragment in complex with lysozyme. Nat Struct Biol 3:803–811

Desmyter A, Decanniere K, Muyldermans S, Wyns L (2001) Antigen specificity and 
high affinity binding provided by one single loop of a camel single-domain antibody. 
J Biol Chem 276:26285–26290

Desmyter A, Spinelli S, Payan F, Lauwereys M, Wyns L, Muyldermans S, Cambillau 
C (2002) Three cameli VHH domains in complex with porcine a-amylase. J Biol 
Chem 277:23645–23650

Dolk E, van der Vaart M, Hulsik DL, Vriend G, de Haard H, Spinelli S, Cambillau C, 
Frenken L, Verrips T (2005) Isolation of llama antibody fragments for prevention of 
dandruff by phage display in shampoo. Appl Environ Microbiol 71:442–450

Dufner P, Jermutus L, Minter RR (2006) Harnessing phage and ribosome display for 
antibody optimization. Trends Biotechnol 24:523–529

Dumoulin M, Conrath K, van Meirhaeghe A, Meersman F, Heremans K, Frenken LGJ, 
Muyldermans S, Wyns L, Matagne A (2002) Single-domain antibody fragments with 
high conformational stability. Protein Sci 11:500–515

Dumoulin M, Last AM, Desmyter A, Decanniere K, Canet D, Larsson G, Spencer A, 
Archer DB, Sasse J, Muyldermans S et al (2003) A camelid antibody fragment inhib-
its the formation of amyloid fibrils human lysozyme. Nature 424:783–788

Dwek RA, Sutton BJ, Perkins SJ, Rademacher TW (1984) Structure–function relation-
ships in immunoglobulins. Biochem Soc Symp 49:123–136

El Khattabi M, Adams H, Heezius E, Hermans P, Detmers F, Maassen B, van der Ley 
P, Tommassen J, Verrips T, Stam J (2006) Llama single-chain antibody that blocks 
lipopolysaccharide binding and signaling: prospects for therapeutic applications. 
Clin Vaccine Immunol 13:1079–1086

Ewert S, Cambillau C, Conrath K, Pluckthun A (2002) Biophysical properties of 
camelid V(HH) domains compared to those of human V(H)3 domains. Biochemistry 
41:3628–3636

Fleischman JB, Pain RH, Porter RR (1962) Reduction of g-globulins. Arch Biochem 
Biophys 1:174–180

Franklin EC, Lowenstein J, Bigelow B, Meltzer M (1964) Heavy chain disease. A new 
disorder of serum g-globulins: report of the first case. Am J Med 37:332–350

Frenken LG, van der Linden RH, Hermans PW, Bos JW, Ruuls RC, de Geus B, Verrips 
CT (2000) Isolation of antigen specific llama VHH antibody fragments and their 
high level secretion by Saccharomyces cerevisiae. J Biotechnol 78:11–21

Ghahroudi MA, Desmyter A, Wyns L, Hamers R, Muyldermans S (1997) Selection and 
identification of single domain antibody fragments from camel heavy-chain antibod-
ies. FEBS Lett 414:521–526

Goldman ER, Anderson GP, Liu JL, Delehanty JB, Sherwood LJ, Osborn LE, Cummins 
LB, Hayhurst A (2006) Facile generation of heat-stable antiviral and antitoxin single 
domain antibodies from a semisynthetic llama library. Anal Chem 78:8245–8255

Graff CP, Wittrup KD (2003) Theoretical analysis of antibody targeting of tumor sphe-
roids: importance of dosage for penetration, and affinity for retention. Cancer Res 
63:1288–1296

Greenberg AS, Avila D, Hughes M, Hughes A, Mckinney EC, Flajnik MF (1995) 
A new antigen receptor gene family that undergoes rearrangement and extensive 
somatic diversification in sharks. Nature 374:168–173

Groot AJ, Verheesen P, Westerlaken EJ, Gort EH, van der Groep P, Bovenschen N, van 
der Wall E, van Diest PJ, Shvarts A (2006) Identification by phage display of single-
domain antibody fragments specific for the ODD domain in hypoxia-inducible factor 
1alpha. Lab Invest 86:345–356

Gueorguieva D, Li S, Walsh N, Mukerji A, Tanha J, Pandey S (2006) Identification of 
single-domain, Bax-specific intrabodies that confer resistance to mammalian cells 
against oxidative-stress-induced apoptosis. FASEB J 20:2636–2638



44 G.H. Ghassabeh et al.

Hamers R, Muyldermans S (1998) Immunology of the camels and llamas. In: Pastoret 
PP, Griebel P, Bazin H, Govaerts A (eds) Handbook of vertebrate immunology. 
Academic, San Diego, CA, pp 421–438

Hamers-Casterman C, Atarhouch T, Muyldermans S, Robinson G, Hamers C, Bajyana 
Songa E, Bendahman N, Hamers R (1993) Naturally occurring antibodies devoid of 
light chains. Nature 363:446448

Harmsen MM, Ruuls RC, Nijman IJ, Niewold TA, Frenken LGJ, de Geus B (2000) 
Llama heavy-chain V regions consist of at least four distinct subfamilies revealing 
novel sequence features. Mol Immunol 37:579–590

Harmsen MM, Van Slot CB, Fijten HP, Van Setten MC (2005) Prolonged in vivo resi-
dence times of llama single-domain antibody fragments in pigs by binding to porcine 
immunoglobulins. Vaccine 23:4926–4934

Harmsen MM, van Slot CB, Fijten HP, van Keulen L, Rosalia RA, Weerdmeester K, 
Cornelissen AH, De Bruin MG, Eblé PL, Dekker A (2007) Passive immunization 
of guinea pigs with llama single-domain antibody fragments against foot-and-mouth 
disease. Vet Microbiol 120:193–206

Hasegawa K, Nakamura T, Harvey M, Ikeda Y, Oberg A, Figini M, Canevari S, 
Hartmann LC, Peng KW (2006) The use of a tropism-modified measles virus in folate 
receptor-targeted virotherapy of ovarian cancer. Clin Cancer Res 12:6170–6178

Hendershot LM (1990) Immunoglobulin heavy chain and binding protein complexes 
are dissociated in vivo by light chain addition. J Cell Biol 111:829–837

Hendershot LM, Bole D, Köhler G, Kearney JF (1987) Assembly and secretion of 
heavy chains that do not associate posttranslationally with immunoglobulin heavy 
chain-binding protein. J Cell Biol 104:761–767

Hoogenboom HR, Chames P (2000) Natural and designer binding sites made by phage 
display technology. Immunol Today 21:371–378

Hoogenboom HR, de Bruine AP, Hufton SE, Hoet RMA, Arends JW, Roovers RC (1998) 
Antibody phage display technology and its applications. Immunotechnology 4:309–318

Huang L, Reekmans G, Saerens D, Friedt JM, Frederix F, Francis L, Muyldermans S, 
Campitelli A, Van Hoof C (2005a) Prostate-specific antigen immunosensing based 
on mixed self-assembled monolayers, camel antibodies and colloidal gold enhanced 
sandwich assays. Biosens Bioelectron 21:483–490

Huang Y, Verheesen P, Roussis A, Frankhuizen W, Ginjaar J, Haldane F, Laval S, 
Anderson LVB, Verrips T, Frants RR et al (2005b) Protein studies in dysferlinopathy 
patients using llama-derived antibody fragments selected by phage display. Eur J 
Hum Genet 13:721–730

Hulstein JJJ, de Groot PG, Silence K, Veyradier A, Fijnheer R, Lenting PJ (2005) A novel 
nanobody that detects the gain-of-function phenotype of von Willebrand factor in 
ADAMTS13 deficiency and von Willebrand disease type 2B. Blood 106:3035–3042

Ismaili A, Jalali-Javaran M, Rasaee MJ, Rahbarizadeh F, Forouzandeh-Moghadam M, 
Memari HR (2007) Production and characterization of anti-(mucin MUC1) single-
domain antibody in tobacco (Nicotiana tabacum cultivar Xanthi). Biotechnol Appl 
Biochem 47:11–19

Jobling SA, Jarman C, Teh MM, Holmberg N, Blake C, Verhoeyen ME (2003) 
Immunomodulation of enzyme function in plants by single-domain antibody frag-
ments. Nat Biotechnol 21:77–80

Joosten V, Roelofs MS, van den Dries N, Goosen T, Verrips CT, van den Hondel CA, 
Lokman BC (2005) Production of bifunctional proteins by Aspergillus awamori: 
llama variable heavy chain antibody fragment (VHH) R9 coupled to Arthromyces 
ramosus peroxidase (ARP). J Biotechnol 120:347–359

Klooster R, Maassen BTH, Stam JC, Hermans PW, ten Haaft MR, Detmers FJM, de 
Haard HJ, Post JA, Verrips CT (2007) Improved anti-IgG and HSA affinity ligands: 
clinical application of VHH antibody technology. J Immunol Methods 324:1–12

Koch-Nolte F, Reyelt J, Schössow B, Schwarz N, Scheuplein F, Rothenburg S, Haag 
F, Alzogaray V, Cauerhff A, Goldbaum FA (2007) Single domain antibodies from 



Chapter 3 Nanobodies, Single-Domain Antigen-Binding Fragments of Camelid 45

llama effectively and specifically block T cell ecto-ADP-ribosyltransferase ART2.2 
in vivo. FASEB J 21:3490–3498

Kortt AA, Guthrie RE, Hinds MG, Power BE, Ivancic N, Caldwell JB, Gruen LC, 
Norton RS, Hudson PJ (1995) Solution properties of Escherichia coli-expressed VH 
domain of anti-neuraminidase antibody NC41. J Protein Chem 14:167–178

Krüger C, Hultberg A, Marcotte H, Hermans P, Bezemer S, Frenken LG, Hammarström 
L (2006) Therapeutic effect of llama derived VHH fragments against Streptococcus 
mutans on the development of dental caries. Appl Microbiol Biothecnol 72:732–737

Ladenson RC, Crimmins DL, Landt Y, Ladenson JH (2006) Isolation and characteriza-
tion of a thermally stable recombinant anti-caffeine heavy-chain antibody fragment. 
Anal Chem 78:4501–4508

Lakowski RA, Luscombe NM, Swindells MB, Thornton JM (1996) Protein clefts in 
molecular recognition and function. Protein Sci 5:2438–2452

Lauwereys M, Ghahroudi MA, Desmyter A, Kinne J, Hölzer W, De Genst E, Wyns 
L, Muyldermans S (1998) Potent enzyme inhibitors derived from dromedary heavy-
chain antibodies. EMBO J 17:3512–3520

Ledeboer AM, Bezemer S, de Haard JJW, Schaffers IM, Verrips CT, van Vliet C, 
Düsterhöft E-M, Zoon P, Moineau S, Frenken LGJ (2002) Preventing phage lysis of 
Lactococcus lactis in cheese production using a neutralizing heavy-chain antibody 
fragment from llama. J Dairy Sci 85:1376–1382

Loris R, Marianovsky I, Lah J, Laeremans T, Engelberg-Kulka H, Glaser G, 
Muyldermans S, Wyns L (2003) Crystal structure of the intrinsically flexible addic-
tion antidote MazE. J Biol Chem 278:28252–28257

Maass DR, Sepulveda J, Pernthaner A, Shoemaker CB (2007) Alpaca (Lama pacos) 
as a convenient source of recombinant camelid heavy chain antibodies (VHHs). J 
Immunol Methods 324:13–25

Magee AM, Coyne S, Murphy D, Horvath EM, Medgyesy P, Kavanagh TA (2004) T7 
RNA polymerase-directed expression of an antibody fragment transgene in plastids 
causes a semi-lethal pale-green seedling phenotype. Transgenic Res 13:325–337

Magee AM, MacLean D, Gray JC, Kavanagh TA (2007) Disruption of essential plastid 
gene expression caused by T7 RNA polymerase-mediated transcription of plastid 
transgenes during early seedling development. Transgenic Res 16:415–428

Marquardt A, Muyldermans S, Przybylski M (2006) A synthetic camel anti-lysozyme 
peptide antibody (peptibody) with flexible loop structure identified by high-resolu-
tion affinity mass spectrometry. Chem Eur J 12:1915–1923

Martin F, Volpari C, Steinkuhler C, Dimasi N, Brunetti M, Biasiol G, Altamura S, 
Cortese R, De Francesco R, Sollazzo M (1997) Affinity selection of a camelized 
VH domain antibody inhibitor of hepatitis C virus NS3 protease. Protein Eng 10: 
607–614

McManus S, Riechmann L (1991) Use of 2D NMR, protein engineering, and molecular 
modeling to study the hapten-binding site of an antibody Fv fragment against 
2-phenyloxazolone. Biochemistry 30:5851–5857

Mengesha A, Dubois L, Chiu RK, Paesmans K, Wouters BG, Lambin P, Theys J (2007) 
Potential and limitations of bacterial-mediated cancer therapy. Front Biosci 12:3880–3891

Milenic DE, Yokota T, Filpula DR, Finkelman MA, Dodd SW, Wood JF, Whitlow M, 
Snoy P, Schlom J (1991) Construction, binding properties, metabolism, and tumor 
targeting of a single-chain Fv derived from the pancarcinoma monoclonal antibody 
CC49. Cancer Res 51:6363–6371

Muyldermans S (2001) Single domain camel antibodies: current status. Rev Mol 
Biotechnol 74:277–302

Muyldermans S, Atarhouch T, Saldanha J, Barbosa JA, Hamers R (1994) Sequence and 
structure of VH domain from naturally occurring camel heavy chain immunoglobu-
lins lacking light chains. Protein Eng 7:1129–1135

Nguyen VK, Muyldermans S, Hamers R (1998) The specific variable domain of camel 
heavy-chain antibodies is encoded in the germline. J Mol Biol 257:413–418



46 G.H. Ghassabeh et al.

Nguyen VK, Hamers R, Wyns L, Muyldermans S (1999) Loss of splice consensus 
signal is responsible for the removal of the entire CH1 domain of the functional 
camel IgG2A heavy-chain antibodies. Mol Immunol 36:515–524

Nguyen VK, Hamers R, Wyns L, Muyldermans S (2000) Camel heavy-chain antibod-
ies: diverse germline VHH and specific mechanisms enlarge the antigen-binding 
repertoire. EMBO J 19:921–931

Nguyen VK, Desmyter A, Muyldermans S (2001) Functional heavy-chain antibodies 
in camelidae. Adv Immunol 79:261–296

Nguyen VK, Su C, Muyldermans S, van der Loo W (2002) Heavy-chain antibodies in 
camelidae; a case of evolutionary innovation. Immunogenetics 54:39–47

Nieba L, Honegger A, Krebber C, Plückthun A (1997) Disrupting the hydrophobic patches 
at the antibody variable/constant domain interface: improved in vivo folding and physi-
cal characterization of an engineered scFv fragment. Protein Eng 10:435–444

Nugent LJ, Jain RK (1984) Extravascular diffusion in normal and neoplastic tissues. 
Cancer Res 44:238–244

Nuttall SD, Krishnan UV, Hattarki M, De Gori R, Irving RA, Hudson PJ (2001) 
Isolation of the new antigen receptor from wobbegong sharks, and use as a scaffold 
for the display of protein loop libraries. Mol Immunol 38:313–326

Olichon A, Schweizer D, Muyldermans S, de Marco A (2007) Heating as a rapid 
purification method for recovering correctly-folded thermotolerant VH and VHH 
domains. BMC Biotechnol 7:7

Padlan EA (1994) Anatomy of the antibody molecule. Mol Immunol 31:169–217
Padlan EA (1996) X-ray crystallography of antibodies. Adv Protein Chem 49:57–133
Pant N, Hultberg A, Zhao Y, Svensson L, Pan-Hammarström Q, Johansen K, Pouwels 

PH, Ruggeri FM, Hermans P, Frenken L et al (2006) Lactobacilli expressing variable 
domain of llama heavy-chain antibody fragments (lactobodies) confer protection 
against rotavirus-induced diarrhea. J Infect Dis 194:1580–1588

Pawelek JM, Low KB, Bermudes D (2003) Bacteria as tumor-targeting vectors. Lancet 
Oncol 4:548–556

Perez JM, Renisio JG, Prompers JJ, van Platerink CJ, Cambillau C, Darbon H, Frenken 
LGJ (2001) Thermal unfolding of a llama antibody fragment: a two-state reversible 
process. Biochemistry 40:74–83

Pleschberger M, Saerens D, Weigert S, Sleytr UB, Muyldermans S, Sára M, Egelseer 
EM (2004) An S-layer heavy chain camel antibody fusion protein for generation 
of a nanopatterned sensing layer to detect the prostate-specific antigen by surface 
plasmon resonance technology. Bioconjug Chem 15:664–671

Pluen A, Boucher Y, Ramanujan S, McKee TD, Gohongi T, di Tomaso E, Brown EB, 
Izumi Y, Campbell RB, Berk DA et al (2001) Role of tumor-host interactions in 
interstitial diffusion of macromolecules: cranial versus subcutaneous tumors. Proc 
Natl Acad Sci U S A 98:4628–4633

Porter RR (1973) Structural studies of immunoglobulins. Science 180:713–716
Potter KN, Li Y, Capra JD (1996) Staphylococcal protein A simultaneously interacts 

with framework region 1, complementarity determining region 2 and framework 
region 3 on human VH3-encoded Igs. J Immunol 157:2982–2988

Rahbarizadeh F, Rasaee MJ, Forouzandeh-Moghadam M, Allameh AA (2005) High 
expression and purification of the recombinant camelid anti-MUC1 single domain 
antibodies in Escherichia coli. Protein Expr Purif 44:32–38

Rajabi-Memari H, Jalali-Javaran M, Rasaee MJ, Rahbarizadeh F, Forouzandeh-
Moghadam M, Esmaili A (2006) Expression and characterization of a recombinant 
single-domain monoclonal antibody against MUC1 mucin in tobacco plants. 
Hybridoma (Larchmt) 25:209–215

Rast JP, Amemiya CT, Litman RT, Strong SJ, Litman GW (1998) Distinct patterns 
of IgH structure and organization in a divergent lineage of chrondrichthyan fishes. 
Immunogenetics 47:234–245



Chapter 3 Nanobodies, Single-Domain Antigen-Binding Fragments of Camelid 47

Reiter Y, Schuck P, Boyd LF, Plaksin D (1999) An antibody single-domain phage 
display library of a native heavy chain variable region: isolation of functional single-
domain VH molecules with a unique interface. J Mol Biol 290:685–698

Riechmann L, Cavanagh J, McManus S (1991) Uniform labeling of a recombinant 
antibody Fv-fragment with 15N and 13C for heteronuclear NMR spectroscopy. FEBS 
Lett 287:185–188

Roholt O, Onoue K, Pressman D (1964) Specific combination of H and L chains of 
rabbit g-globulins. Proc Natl Acad Sci U S A 51:173–178

Roovers RC, Laeremans T, Huang L, de Taeye S, Verkleij AJ, Revets H, de Haard 
HJ, van Bergen en Henegouwen PMP (2007) Efficient inhibition of EGFR signal-
ing and of tumor growth by antagonistic anti-EGFR Nanobodies. Cancer Immunol 
Immunother 56:303–317

Rothbauer U, Zolghadr K, Tillib S, Nowak D, Schermelleh L, Gahl A, Backman N, 
Conrath K, Muyldermans S, Cardoso MC, Leonhardt H (2006) Targeting and tracing 
antigens in live cells with fluorescent nanobodies. Nat Methods 3:887–889

Saerens D, Kinne J, Bosmans E, Wernery U, Muyldermans S, Conrath K (2004) Single 
domain antibodies derived from dromedary lymph node and peripheral blood lym-
phocytes sensing conformational variants of prostate-specific antigen. J Biol Chem 
279:51965–51972

Saerens D, Frederix F, Reekmans G, Conrath K, Jans K, Brys L, Huang L, Bosmans E, 
Maes G, Borghs G, Muyldermans S (2005) Engineering camel single-domain antibodies 
and immobilization chemistry for human prostate-specific antigen sensing. Anal Chem 
77:7547–7555

Sasso EH, Silverman GJ, Mannik M (1991) Human IgA and IgG F(ab¢)2 that bind to 
staphylococcal protein A belong to the VHIII subgroup. J Immunol 147:1877–1883

Seligmann M, Mihaesco E, Preud’homme JL, Danon F, Brouet JC (1979) Heavy chain 
diseases: current findings and concepts. Immunol Rev 48:145–167

Skerra A, Plückthun A (1988) Assembly of functional immunoglobulin Fv fragment in 
Escherichia coli. Science 240:1038–1041

Spinelli S, Frenken L, Bourgeois D, de Ron L, Bos W, Verrips T, Anguille C, Cambillau 
C, Tegoni M (1996) The crystal structure of a llama heavy chain variable domain. 
Nat Struct Biol 3:752–757

Spinelli S, Frenken LG, Hermans P, Verrips T, Brown K, Tegoni M, Cambillau C 
(2000) Camelid heavy-chain variable domains provide efficient combining sites to 
haptens. Biochemistry 39:1217–1222

Stewart CS, MacKenzie CR, Hall JC (2007) Isolation, characterization and pentameri-
zation of a-cobrotoxin specific single-domain antibodies from a naïve phage display 
library: preliminary findings for antivenom development. Toxicon 49:699–709

Stijlemans B, Conrath K, Cortez-Retamozo V, Van Xong H, Wyns L, Senter P, Revets 
H, De Baetselier P, Muyldermans S, Magez S (2004) Efficient targeting of conserved 
cryptic epitopes of infectious agents by single domain antibodies. J Biol Chem 
279:1256–1261

Szynol A, de Soet JJ, Sieben-van Tuyl E, Bos JW, Frenken LG (2004) Bactericidal 
effects of a fusion protein of llama heavy-chain antibodies coupled to glucose oxi-
dase on oral bacteria. Antimicrob Agents Chemother 48:3390–3395

Tanaka T, Lobato MN, Rabbitts TH (2003) Single domain intracellular antibodies: a 
minimal fragment for direct in vivo selection of antigen-specific intrabodies. J Mol 
Biol 331:1109–1120

Tanha J, Xu P, Chen Z, Ni F, Kaplan H, Narang SA, MacKenzie CR (2001) Optimal 
design features of camelized human single-domain antibody libraries. J Biol Chem 
276:24774–24780

Transue TR, De Genst E, Ghahroudi MA, Wyns L, Muyldermans S (1998) Camel 
single-domain antibody inhibits enzyme by mimicking carbohydrate substrate. 
Proteins Struct Funct Genet 32:515–522



48 G.H. Ghassabeh et al.

Tunggal JK, Cowan DS, Shaikh H, Tannock IF (1999) Penetration of anticancer drugs 
through solid tissue: a factor that limits the effectiveness of chemotherapy for solid 
tumors. Clin Cancer Res 5:1583–1586

Utsumi S, Karush F (1964) The subunits of purified rabbit antibody. Biochemistry 
3:1329–1338

Van der Linden RHJ, Frenken L, de Gues B, Harmsen MM, Ruuls RC, Stok W, de Ron 
L, Wilson S, Davis P, Verrips T (1999) Comparison of physical chemical proper-
ties of llama VHH antibody fragments and mouse monoclonal antibodies. Biochim 
Biophys Acta 1431:37–46

Van der Linden R, de Geus B, Stok W, Bos W, van Wassenaar D, Verrips T, Frenken 
L (2000a) Induction of immune responses and molecular cloning of the heavy chain 
antibody repertoire of Lama glama. J Immunol Methods 240:185–195

Van der Linden R, de Geus B, Frenken L, Peters H, Verrips T (2000b) Improved pro-
duction and function of llama heavy chain antibody fragments by molecular evolu-
tion. J Biotechnol 80:261–270

Van der Vaart JM, Pant N, Wolvers D, Bezemer S, Hermans PW, Bellamy K, Sarker 
SA, van der Logt CPE, Svensson L, Verrips CT et al (2006) Reduction in morbidity 
of rotavirus induced diarrhea in mice by yeast produced monovalent llama-derived 
antibody fragments. Vaccine 24:4130–4137

Veiga E, de Lorenzo V, Fernández LA (2004) Structural tolerance of bacterial autotrans-
porters for folded passenger protein domains. Mol Microbiol 52:1069–1080

Verheesen P, de Kluijver A, van Koningsbruggen S, de Brij M, de Haard H, van 
Ommen CJB, van der Maarel SM, Verrips T (2006a) Prevention of oculopharyngeal 
muscular dystrophy-associated aggregation of nuclear poly(A)-binding protein with 
a single-domain intracellular antibody. Hum Mol Genet 15:105–111

Verheesen P, Roussis A, de Haard HJ, Groot AJ, Stam JC, den Dunnen JT, Frants RR, 
Verkleij AJ, Verrips CT, van der Maarel SM (2006b) Reliable and controllable anti-
body fragment selections from camelid non-immune libraries for target validation. 
Biochim Biophys Acta 1764:1307–1319

Vu KB, Ghahroudi MA, Wyns L, Muyldermans S (1997) Comparison of llama VH 
sequences from conventional and heavy chain antibodies. Mol Immunol 34:1121–1131

Ward ES, Güssow D, Griffiths AD, Jones PT, Winter G (1989) Binding activities of 
a repertoire of single immunoglobulin variable domains secreted from Escherichia 
coli. Nature 341:544–546

Webster DM, Henry AH, Rees AR (1994) Antibody–antigen interactions. Curr Opin 
Struct Biol 4:123–129

Winter G, Griffiths AD, Hawkins RE, Hoogenboom HR (1994) Making antibodies by 
phage display technology. Annu Rev Immunol 12:433–455

Woolven BP, Frenken L, van der Logt P, Nicholls PJ (1999) The structure of the llama 
heavy chain constant genes reveals a mechanism for heavy-chain antibody forma-
tion. Immunogenetics 50:98–101

Wu AM, Senter PD (2005) Arming antibodies: prospects and challenges for immuno-
conjugates. Nat Biothecnol 23:1137–1146

Wu TT, Johnson G, Kabat EA (1993) Length distribution of CDR H3 in antibodies. 
Proteins Struct Funct Genet 16:1–7

Yau KY, Groves MA, Li S, Sheedy C, Lee H, Tanha J, MacKenzie CR, Jermutus L, 
Hall JC (2003) Selection of hapten-specific single-domain antibodies from a non-
immunized llama ribosome display library. J Immunol Methods 281:161–175

Yau KY, Dubuc G, Li S, Hirama T, MacKenzie CR, Jermutus L, Hall JC, Tanha J 
(2005) Affinity maturation of a V(H)H by mutational hotspot randomization. J 
Immunol Methods 297:213–224

Yokota T, Milenic DE, Whitlow M, Schlom J (1992) Rapid tumor penetration of a single-
chain Fv and comparison with other immunoglobulin forms. Cancer Res 52:3402–3408



Part II

Expression and Production of MABS



1. Introduction

A versatile system has been developed, which is capable of transferring genes 
of interest into a wide variety of mammalian host cells and offers a number of 
advantages over the other methods for production of antibodies. These advan-
tages include; (1) Shorter timelines, (2) Improved consistency, (3) Higher 
specific productivities, (4) Better genetic stabilities, (5) Increased flexibility 
and (6) Ability to work on any cell line.

The GPEx® method utilizes replication defective retroviral vectors, derived 
from Moloney Murine Leukemia virus (MLV) and pseudotyped with Vesicular 
Stomatitis Virus Glycoprotein (VSV-G), to stably insert single copies of genes 
at multiple genomic locations into dividing cells. Retrovectors deliver genes 
coded as RNA that, after entering the cell, are reverse transcribed to DNA 
and integrated stably into the genome of the host cell. Two enzymes, reverse 
transcriptase and integrase, provided transiently in the vector particle, perform 
this function. These integrated genes are maintained through subsequent cell 
divisions as if they were endogenous cellular genes. By controlling the number 
of retrovector particles accessing the cell, multiple gene insertion (desirable 
for high yielding cell cultures) can be achieved without any of the traditional 
amplification steps. This chapter describes the use of the GPEx® technology 
for transferring genes into Chinese Hamster Ovary (CHO) cells, for the purpose 
of consistently producing cell lines with high antibody production levels in a 
short amount of time (Fig. 4-1).

2. Benefits of the GPEx® Cell Line Development Technology 
for Production of Antibodies

1. Can be used insert genes into a wide variety of cell lines

The method utilizes VSV-G as an envelope on the retrovector particles. This 
envelope protein allows the retrovectors to insert genes into all mammalian 
cells, in addition to numerous other cell types, due to its ability to bind to 
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various membrane phospholipids and glycolipids (Schlegel et al. 1983; Burns 
et al. 1993; Yee et al. 1994). On some occasions, an antibody you make may 
bind to specific antigens present on the cell surface or in the cell cytoplasm of 
your production cell type, causing a problem with cell growth or viability. In 
these instances, a cell type lacking that particular antigen can then be used as 
a production cell line.

2. Each copy of the transgene is inserted at a different genomic location

Retrovector gene insertions occur at unique locations in the cell genome, 
with a single copy of the gene being inserted at each independent site. Unlike 
most other methods of transgene insertion that are undefined “passive” proc-
esses, each insertion by a retrovector is an “active” process that is modulated 
by the integrase enzyme (Andrake and Skalka 1996). This unique insertion 
process eliminates the occurrence of “head-to-tail” multiple-single-loci trans-
gene inserts in these cell lines. This type of genetic insertion is extremely 
stable and cell lines generated by this method do not require detailed testing 
of stability before the production of the master cell bank.

3. Transgene inserts target “open” or “active” regions of the cell genome

The MLV retrovectors have been shown to preferentially insert into or 
around the transcription start point of genes (Wu et al. 2003; Mitchell et al. 
2004). This preference for transcriptionally “active” regions of the genome 
allows for higher, more consistent levels of expression per copy of the gene 
inserted as compared to other methods of gene insertion. Antibody produc-
ing cell clones generated by this method are extremely consistent, and only a 
few hundred clones are screened to identify high expressing master cell bank 
candidate clones.

4. No need for antibiotic selection or use of toxic compounds for gene 
amplification

Due to the extremely high gene insertion efficiency of the GPEx® process, 
no selectable markers (e.g. neomycin, blasticidin, hygromycin, or puromycin 
resistance genes) are needed for cell line generation. This has a number of 
advantages over other cell line development methods, including reduced costs  

Fig. 4-1. GPEx® cell line engineering
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for culturing cells, no additional taxing of the cells due to production of the 
selectable marker, and reduced time to clonal cell line selection. The high 
transduction efficiency and the ability to do repeat cell transductions generate 
high copy number cell lines using this process, eliminating the need to amplify gene 
copy number by adding toxic compounds such as methotrexate. Re-transduction 
of cells yields clonal lines with copy numbers ranging from 25 to 250.

5. Straightforward addition of extra genes to cell pools or previously developed 
cell lines

The high transduction efficiency, coupled with no antibiotic selection 
requirement, allows easy addition of one or more genes to newly developed or 
already established cell lines. For antibodies, heavy and light chains are easily 
titrated to the correct gene ratio to yield maximum antibody production and 
efficient antibody formation. Gene ratio titering can be accomplished through 
specific screening during clonal selection or an individual transduction of a 
specific chain, if required.

6. High-expressing cell population prior to clonal selection

After the completion of initial transductions, cell pools are available for 
small to large scale production. These cell pools have been expanded up to 
100-L scale for production. Typical antibody producing cell pools will secrete 
antibody at levels of 500–1000 mg/L at this early stage in the development 
process (prior to selection of a high-expressing clone). Milligrams to multi-
gram quantities of antibody are produced from these cell pools.

3. Generation of Antibody Producing Cell Lines

The data presented in this chapter are from a number of GPEx® generated 
CHO cell lines producing various antibodies. GPEx® cell line development 
was conducted using the methods and materials outlined below.

3.1. Gene Constructs

The backbone vector used for all cell line development is shown in Fig. 4-2. 
Since the system is based on an RNA virus, and gene introns would be 
removed during retrovector production, only cDNA’s are used in the system. 

Fig. 4-2. Transgene expression construct. Genetic elements are not drawn to scale
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The internal promoter controls expression of the transgene, the RESE 
element assists with RNA export from the nucleus to the cytoplasm, and the 
poly-adenylation signal is contained within LTR2. The transgene of interest 
for each project is cloned into the backbone vector and subsequently used for 
retrovector production. For antibody cell line development, the heavy chain 
and light chain genes are each cloned as individual gene constructs. Each of 
the genomic inserts generated with the GPEx® process contain all genetic ele-
ments shown in Fig. 4-2.

3.2. Retrovector Production

Retrovectors are produced in a human embryonic kidney cell line, (HEK 293) 
that has been transformed to constitutively express the MLV gag, pro and pol 
genes (Burns et al. 1993). This cell line has been master cell banked and fully 
characterized in detail. Most importantly, the 293 packaging cell line does not 
contain the MLV envelope (env) gene or the MLV packaging region such that 
in the absence of the transgene construct, which provides the viral RNA pack-
aging region, and an envelope gene, the 293 packaging line produces particles 
consisting of the required structural elements and enzymes, but these particles 
are not active since they lack an envelope and an RNA genome.

To create active retrovector particles containing the transgene of interest, a 
plasmid containing the expression construct (Fig. 4-2) and a plasmid encod-
ing the VSV-G gene are introduced into the 293 cells via calcium-phosphate 
transfection (Ausubel et al. 1996). The expression construct becomes the RNA 
genome of the retrovector. The VSV-G envelope causes pseudotyping of the 
retrovector, allowing the retrovectors to become capable of cell transduction. 
Expression of the VSV-G gene by the cells is a terminal event resulting in syn-
cytium formation, and ultimately, cell death. However, for a period of about 3 
days, the 293 packaging cell line-transgene construct-VSV-G system produces 
high titers of active retrovector particles (Fig. 4-3). The high titer vector is then 
concentrated by ultracentrifugation, and used for cell transductions.

3.3. Cell Culture

A master cell bank of the CHO-S cell line (Invitrogen, Carlsbad, CA) was the 
source for all cell line development outlined in this report. Cells were cultured 
in serum-free PFCHO LS medium (HyClone, Logan, UT) for all described 
work; however, 2% fetal bovine serum (HyClone, Logan, UT) is added to 
the culture medium for approximately 10–14 days during the limited dilution 
cloning step. Cells are typically cultured at 37°C and 5% CO2. Cell counts 
and viabilities are estimated using the Cedex system (Innovatis, Bielefeld, 
Germany). Fed-batch culture is performed using commercially available sup-
plements (HyClone, Logan, UT, Invitrogen, Carlsbad, CA).

3.4. Cell Line Development

Cell lines expressing antibodies are produced as shown in Fig. 4-4. 
Transductions are performed at a multiplicity of infection of at least 1,000 ret-
rovector particles per cell. For generation of antibody producing cell lines, an 
initial transduction of CHO cells are performed using a retrovector containing 
the light chain (LC) gene. The LC expressing pool of cells are then transduced 
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with a retrovector containing the heavy chain (HC) gene. Upon completion of 
a single transduction, both LC and HC transductions in the case of antibodies, 
the resulting pool of cells produces functional antibody for analysis. Single 
cell clones are isolated from the cell pool using limited dilution cloning. 
Approximately 300–500 clonal lines are screened for production levels and 
various protein specific characteristics.

3.5. Transgene and mRNA Analysis

DNA or RNA are isolated from cells in log growth phase. A quantitative real-
time PCR based assay is used to estimate the number of gene copies inserted 
in the cell lines. The MLV packaging region of each gene insert is used 
as the target sequence to estimate the total number of transgene insertions.  

Fig. 4-3. Retrovector production process

Fig. 4-4. Antibody cell line development method
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The b-1,4-galactosyltransferase-1 gene is used as an endogenous marker gene 
to control for the amount of genomic DNA in each reaction. The gene index is 
calculated by subtracting the transgene assay threshold cycle from the control 
assay threshold cycle.

A similar quantitative real-time PCR assay along with a reverse transcrip-
tion step is used to determine the level of HC and LC mRNA being expressed. 
A portion of the constant region of the HC and LC are used to determine HC 
and LC mRNA levels respectively. The glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) gene is used as a control mRNA for the CHO cell lines. 
Isolated RNA is reverse transcribed and three quantitative real-time PCR (HC, 
LC, control) reactions are run in triplicate. Similar to the assays performed 
with genomic DNA, a transgene mRNA index value is calculated by subtract-
ing the sample threshold cycle number for the either the HC or LC assays from 
the control GAPDH assay threshold cycle value.

3.6. Protein Analysis

Protein levels were determined using ELISA or Protein A-HPLC based assays 
specific for each individual antibody.

4. Antibody Screening from Pooled Cell Lines

For antibody screening, a major impact on the project timeline is the ability to 
quickly identify a product candidate and subsequently produce a high express-
ing cell line for that product. The advent of various computer based protein 
design methodologies and antibody discovery technologies for development of 
antibody therapeutics has resulted in large numbers of antibody variants that 
must be screened in order to identify the best clinical candidate.

For these antibody variant candidates, proper screening requires milligram 
to gram levels of protein production in a mammalian cell for testing of the 
candidate material. Preferentially, this material is produced in the same cell 
type that will be used to produce the master cell bank for the selected antibody 
variant. This testing is initially performed in vitro, but in many instances, 
animal studies are required for identification of the best potential clinical can-
didate. Animal studies can require multi-gram levels of the antibody variants. 
Production and screening of these variants and selection of a final clinical can-
didate is a time consuming process in most research groups, and is generally in 
conflict with what are now common aggressive timelines for moving products 
forward into the clinic. Typically, the initial variants are produced from a tran-
sient expression system, and then after clinical candidate selection, the cell 
line development process is restarted, a stable cell line is produced, and the 
final clinical candidate is master cell banked for manufacturing. The GPEx® 
technology allows antibody variants to be screened as part of the manufactur-
ing cell line generation process. Milligram to multi-gram levels of protein are 
produced from an initial stable pool of cells for variant characterization and 
selection. Final clonal cell line selection from this pooled line either proceeds 
in parallel with variant in vitro/in vivo screening, or after clinical candidate 
selection has been completed. This method of variant selection eliminates the 
need for a total re-start in cell line development after the clinical candidate 
has been identified, since the pooled cell line is the starting material for clonal 
selection. The pooled cell lines are grown in fed-batch culture conditions at the 
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100-mL–100-L scale resulting in milligrams to grams of antibody depending 
on the scale of production. Final antibody titers from the cell pool culture that 
ranges from 500 to 1000 mg/L for typical antibodies.

5. Clonal Cell Line Development

A second major impact to antibody clinical development timelines, is the 
speed to get to a master cell bank (MCB) for the candidate antibody. The 
GPEx® process takes 5 months to obtain a high expressing MCB candidate 
line using a cDNA encoding the heavy and light chain genes as the starting 
material (Fig. 4-5). A pooled antibody producing cell line is used for limited 
dilution cloning to isolate 300–500 clones, the top twenty clones are selected 
based on protein production in 96-well plates. Fourteen-day protein produc-
tion and specific productivity results from triplicate T150-flasks are then used 
to narrow the number of clones to the top 3–5 candidates. These clones are 
subsequently moved into process development for production analysis under 
generic fed-batch culture that conditions to select the master cell bank candi-
date clone. These candidate clones in generic fed-batch conditions typically 
produce titers of 1–2 g/L and have specific productivities of 25–70 pg/cell/day. 
Specific productivities for the last nine different antibody producing cell lines 
that have been generated using GPEx® are shown in Fig. 4-6.

Fig. 4-5. Process timeline from cDNA to the start of master cell banking

Fig. 4-6. Specific productivities in picograms/cell/day for the last nine GPEx® produced 
antibody expressing cell lines
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6. Pooled Cell Line Re-transduction

For some antibodies, a single transduction cycle (one heavy chain and one 
light chain transduction) appears to achieve a cell line with maximum genetic 
potential and adding additional gene copies does not improve cell line produc-
tion. However, with other antibodies, adding more gene copies via repeated 
transductions or modifying the ratio of heavy and light chain expression does 
improve the cell line productivity, allowing a cell line with maximum genetic 
potential to be produced. An example of this is Antibody K. Four successive 
cycles of a light chain transduction followed by a heavy chain transduction 
were completed on a pool of cells. After each cycle, a portion of the cell pool 
was used for limited dilution cloning and clonal selection. A sample of the 
cells was also taken for analysis of transgene number. Average gene copy 
indexes for the cell pool after each cycle are shown in Table 4-1. The high-
est producing clone isolated from each of the four transduction cycles was 
analyzed for antibody production in generic fed-batch conditions. Cells were 
cultured under static conditions in triplicate T150 flasks for 14 days. Final 
titers of the cultures were compared (Table 4-2). In the case of Antibody K, 
repeated transductions not only increased the number of transgene inserts, it 
improved the production levels of the cell clones.

7. Clonal Cell Line Stability

Genetic and expression stability are important metrics used to evaluate any 
cell line development method. For cell lines produced with amplification type 
methods, specific reduction in the amount of LC mRNA over extended culture 
has been observed (Strutzenberger et al. 1999) as well as dramatic decreases 
in the number of transgene copies present and subsequent mRNA levels when 
no selection pressure was applied. In addition, major stability differences 

Table 4-1. Gene index of the pooled Antibody K cell line 
after each transduction cycle.

Pooled cell line Gene index

LC/HC Transduction 1 4.93

LC/HC Transduction 2 7.20

LC/HC Transduction 3 7.93

LC/HC Transduction 4 8.53

Table 4-2. Fourteen-day fed-batch T-flask production of 
the top Antibody K clone isolated from each transduction 
cycle pool.

Clonal cell line Protein (mg/L)

LC/HC Transduction 1 914

LC/HC Transduction 2 1,028

LC/HC Transduction 3 1,376

LC/HC Transduction 4 1,640
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between clones have been observed (Kim et al. 1998; Barnes et al. 2004). 
Many of the stability issues with these types of methods are hypothesized to 
be caused by having multiple copies of a gene construct inserted at a single 
genetic locus. During cell mitosis, homologous recombination can occur at the 
locus, causing a reduction in the number of gene copies at this site and a subse-
quent decrease mRNA and protein production. The GPEx® technology allows 
such consistent stability for typical projects, where cell lines are not analyzed 
for stability until after the master cell bank is generated. This greatly reduces 
production timelines and gets antibodies into clinical trial much faster. The 
expanding use of real-time PCR for evaluation of cell lines has made stability 
analysis much more quantitative and easier to perform.

Final production cell lines expressing seven different antibodies were 
analyzed for their stability. A cell bank for each cell line was designated as 
generation 0 for the purpose of the study. Cells were continuously cultured by 
serial passage from generation 0 to approximately generation 60. At the end 
of the experiment, samples of cells from generation 0 and generation 60 were 
used for DNA and RNA isolation. Real-time PCR analysis of the DNA showed 
no significant difference between the number of transgenes at generation 0 and 
generation 60 for any of the lines (Fig. 4-7). Both HC and LC mRNA levels 
were also estimated at the two time points for each of the cell lines. Again, 
there was no significant difference in either HC or LC chain mRNA levels over 
the extended culture (Figures 4-8 and 4-9).

Fig. 4-7. Total transgene estimates before and after 60 generations in culture for seven 
different antibody producing cell lines

Fig. 4-8. Antibody light chain transgene mRNA expression before and after 60 
generations in culture for seven different cell lines
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8. Upstream Process Development of Antibody Cell Lines

Continuing advances in media, supplements, culture vessels, temperature 
shifts, pH modifications and numerous other methods allow upstream process 
development to potentially be a never ending source of yield improvement. 
The fact that optimal culture conditions are unique to each individual cell 
line, and that detailed upstream process development takes much time and 
resources make it imperative that the MCB candidate cell line has maximum 
genetic potential for producing the antibody of interest before starting 
upstream development. This allows the MCB candidate not only to be used for 
clinical development, but also have yields needed for commercial production 
and a process in place for that production. An example of upstream process 
development on a GPEx® cell line (Antibody U) is shown in Fig. 4-10.  

Fig. 4-9. Antibody heavy chain transgene mRNA expression before and after 60 
generations in culture for seven different cell lines

Fig. 4-10. Three different fed-batch production runs of an antibody U producing cell 
line. The graph shows a plot of antibody titer versus integral of viable cell concentration. 
The slope of each line corresponds to the specific productivity (pg/cell/day) for each of 
the three production runs
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Two rounds of process development were performed on the Antibody U 
cell line. Each round took 4 weeks and improvements were observed after 
each round. Figures 4-11 and 4-12 show the specific productivity and final 
production titer of three GPEx® master cell bank lines after two rounds of 
upstream process development.

9. Conclusions

The GPEx® method of cell line engineering is an extremely flexible, fast and 
consistent process, that has distinct advantages over other cell line develop-
ment methods, and can significantly shorten the time from research/develop-
ment to clinic for antibodies. Large quantities of recombinant antibody can be 
produced from pooled cell lines along the path to candidate cell line selection, 
which in turn shortens timelines and eliminates the need for separate, large-
scale transient transfection experiments. The lack of an antibiotic selection 
step and high transduction efficiency allows a master cell bank candidate 
cell line to be produced 5 months after the start of a project. The consistent 
genetic stability of these cell lines is unique when compared to other cell line 
development methods that result in multiple copy gene inserts and eliminates 

Fig. 4-11. Fed-batch specific productivities of three cell lines after 8 weeks of upstream 
process development

Fig. 4-12. Final fed-batch antibody titers of three cell lines after 8 weeks of upstream 
process development
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the need for early testing of stability. GPEx® cell lines producing antibodies 
consistently express at levels of 2–4 g/L in fed-batch bioreactor manufactur-
ing with minimal upstream process development. Finally, the ease with which 
genes can be added and titrated into cells permits the genetic potential of each 
individual cell line to be fully maximized.

References

Andrake MD, Skalka AM (1996) Retroviral integrase, putting the pieces together.  
J Biol Chem 271(33):19633–19636

Barnes LM, Bentley CM, Dickson AJ (2004) Molecular definition of predictive indi-
cators of stable protein expression in recombinant NS0 myeloma cells. Biotechnol 
Bioeng 85(2):115–121

Burns JC, Friedmann T, Driever W, Burrascano M, Yee JK (1993) Vesicular stomatitis 
virus G glycoprotein-pseudotyped retroviral vectors: concentration to a very high 
titer and efficient gene transfer into mammalian and nonmammalian cells. Proc Natl 
Acad Sci U S A 90:8033–8037

Kim NS, Kim SJ, Lee GM (1998) Clonal variability within dihydrofolate reductase-
mediated gene amplified Chinese hamster ovary cells: stability in the absence of 
selection pressure. Biotechnol Bioeng 60(6):679–688

Mitchell RS, Beitzel BF, Schroder ARW, Shinn P, Chen H, Berry CC, Ecker JR, 
Bushman FD (2004) Retroviral DNA, integration: ASLV, HIV and MLV show dis-
tinct target site preferences. PLoS Biol 2(8):1127–1137

Pear W (1996) Transient transfection methods for preparation of high-titer retroviral 
supernatants. In: Current protocols in molecular biology, vol 2, edited by Ausubel 
FM, Brent R, Kingston RE, Moore DD, Seidman JG, Smith JA, Struhl K. Wiley, 
New York, 9.11.1–9.11.18

Schlegel R, Tralka TS, Willingham MC, Pastan I (1983) Inhibition of VSV binding 
and infectivity by phosphatidylserine: is phosphatidylserine a VSV-binding site? 
Cell 32:639–646

Strutzenberger K, Borth N, Kunert R, Steinfellner W, Katinger H (1999) Changes dur-
ing subclone development and ageing of human antibody-producing recombinant 
CHO cells. J Biotechnol 69:215–226

Wu X, Li Y, Crise B, Burgess SM (2003) Transcription start regions in the human 
genome are favored targets for MLV integration. Science 300:1749–1751

Yee JK, Friedmann T, Burns JC (1994) Generation of high-titer pseudotyped retroviral 
vectors with very broad host range. Methods Cell Biol 43:99–112



Abbreviations

CE-SDS Capillary electrophoresis sodium dodecyl sulfate
CHO Chinese hamster ovary
cIEF Capillary isoelectric focusing
DHFR Dihydrofolate reductase
DOE Design of experiments
GMP Good manufacturing practice
HMW High molecular weight
HTS High throughput screening
IND Investigational new drug
LMW Low molecular weight
MAb Monoclonal antibody
P&AS Process and Analytical Sciences
QbD Quality by design
SEC Size exclusion chromatography
SE-HPLC Size exclusion high performance liquid chromatography

1. Introduction

The success of a few monoclonal antibody (MAb) products has made recom-
binant MAbs the fastest growing therapeutic for a broad range of indications. 
To quickly move these molecules into the clinic, several of the larger bio-
technology companies, including Amgen, have designed and implemented a 
platform approach to process development for some or all of their products. 
Amgen initiated development of a platform approach for MAbs soon after 
the acquisition of Immunex, allowing the company to take advantage of the 
historical experience from two process development organizations.

In essence, the platform is an approach that leverages similarities across 
MAbs and integrates the core competencies of multiple functional areas 
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(Fig. 5-1). Several project teams can simultaneously move programs through 
the development life-cycle, from team formation to Investigational New Drug 
(IND) filing. Creating and applying a platform approach has allowed Process 
and Analytical Sciences (P&AS) at Amgen to reduce project cycle times for 
Phase I molecules, improve resource efficiency, reduce expenses and expand 
our portfolio of candidates in development. Other departments at Amgen, 
such as Manufacturing, Quality and Regulatory, have also realized time and 
resource savings because platform processes are very similar from one mole-
cule to another, which allows these groups to use documented templates across 
the MAb portfolio. Adopting a consistent approach for MAbs also improves 
the ease of development and manufacturing at multiple sites, an important 
consideration for a multi-site organization such as Amgen.

2. Implementing a Platform

Prior to Amgen’s development of a platform, process development was 
lengthy and unpredictable. With each new molecule, the lead scientist often 
re-invented the wheel by exploring/optimizing many parameters in a long 
series of experiments. The pre-platform approach made it difficult to predict 
both development time and performance, which created planning problems for 
groups outside of P&AS because they did not know what to expect and when. 
With a platform, on the other hand, management can easily assign and rotate 
project teams, schedule pilot-scale and Good Manufacturing Practice (GMP) 
runs, ensure adequate supplies of qualified raw materials, and even plan for 
clinical studies because the outcomes and timing are predictable and have a 
high likelihood of success.

Although generic, the platform provides some flexibility while building in 
quality and manufacturability from the start. Most of the operating parameters 
are predefined with a limited subset that requires some selection or optimiza-
tion. In Amgen’s experience, a fully defined process is not feasible because of 
differences in performance observed for different MAbs that are the natural 
consequences of the biophysical and biochemical attributes resulting from 
unique protein sequences.

Fig. 5-1. Amgen’s platform is an integrated approach that applies core competencies 
from many functional areas, allowing simultaneous progression of multiple project 
teams through the development life cycle
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3. Components of the Platform

For the Cell Science and Technology group at Amgen, the primary goals of 
the platform are to create a stable cell line, define a cell culture process from 
thaw to harvest, and supply material to other departments (e.g., Purification 
Process Development and Pharmaceutics) for their development activities. 
Desired characteristics of the cell line are rapid growth and high expression of 
antibody. The cell culture process must be reproducible, meet titer and final 
viability targets, and meet in-process targets for product quality. The platform 
has been designed with ease of manufacturing, consistency and scalability in 
mind. These factors are critical for transfer of the cell line and process to our 
pilot-scale plants for generating the toxicology and Phase I study materials.

The upstream platform is divided into three main sections: creation of 
the cell line, cell culture process definition, and harvest. Details of each are 
described in the following sections.

3.1. Creation of the Cell Line

The process development platform begins with a robust expression system. 
For Amgen, the host of choice is a serum-free clonal cell line derived from 
Chinese Hamster Ovary (CHO) DXB11 with a proprietary vector system. The 
cells are transfected, selected, and allowed to recover before amplification 
of pools over a range of methotrexate levels. Some pools are re-amplified to 
encourage greater expression. The amplified pools are analyzed for growth, 
viability and productivity; based on these results, the best pools are then 
cloned. Clone screening begins with a high-throughput analysis of growth 
and titer, followed by production culture in shake flasks. The final screen of 
the most promising clones occurs in bioreactors, using design of experiments 
(DOE) methods that expose the clones to a range of culture conditions to test 
for robustness. The final and backup clones are chosen based on the growth, 
viability, expression and product quality data.

3.2. Cell Culture Process Definition

Much of the cell culture process from thaw to production is defined by the 
platform. For example, unless there is an issue with growth or viability that 
calls for optimization, the seed train conditions (e.g., format, seeding density, 
medium, culture duration, etc.) are prescribed by the platform eliminating 
the need for any experimentation on these steps. The cell culture team will 
still optimize a few parameters in the fed-batch production step because of 
molecule and cell line differences. Although the seeding density, format, and 
culture duration are set, scientists explore the responses to limited ranges of 
pH and temperature, and select from a restricted number of media and feed 
recipes. As we improve the formulations, however, the media choices will 
become limited as well. All other raw materials are fixed to avoid last minute 
changes for Amgen’s Manufacturing, Quality and Supply Chain departments.

3.3. Harvest

The harvest platform is jointly owned by the cell culture and purification 
functional areas because the unit operation involves cells, and it significantly 
impacts subsequent downstream processing. The cell culture fluid containing 
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the product is harvested from the cells and other debris by centrifugation and 
depth filtration. Essentially all of the centrifugation and depth filtration operat-
ing conditions are fixed with the platform approach. The depth filter through-
put, however, does have an acceptable range to account for variability in the 
quality of the cell culture centrate that can result from differences in cell mass 
and viability in the production bioreactor. The depth filter area is limited by 
available equipment in the non-GMP and GMP production facilities.

4. Platform Metrics

Since implementation, over a dozen Mabs have gone through platform devel-
opment at Amgen. Overall performance metrics show that Amgen’s platform 
has been a success. A plot of titers shows acceptable results across the portfo-
lio of MAbs, especially compared to pre-platform processes (Fig. 5-2). After 
implementation of the platform, all MAbs except two met or exceeded the 
initial titer target for Phase I processes; even the two that missed were only 
slightly below the target. The data also demonstrated that the incorporating 
technology improvements into the platform can raise the bar even for early 
phase processes. We recently raised the titer target by 50%, and we expect to 
increase it again soon with our most recent platform improvements.

Another important metric is scalability of the process. Scale-up performance 
for four typical molecules demonstrates comparable titer performance from 
bench-scale bioreactors to pilot-scale non-GMP and GMP production tanks 
(Fig. 5-3). In addition to scalability of titer, other parameters such as growth, 
viability and metabolic indicators also result in comparable performance 
across scales.

The Cell Culture, Purification and Analytical Sciences groups all track per-
formance metrics and how well each molecule fits their respective platforms. For 
many molecules, the fit to the upstream platform is excellent (i.e., no adjustments 
needed), while more molecules are classified as “good” fits (i.e., require some 

Fig. 5-2. Performance metrics show that the platform results in acceptable titers across 
the antibody portfolio. Improved media and feed formulations result in higher titers for 
more recent molecules. Each letter refers to a different molecule
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minor modifications) for the Purification and Analytical groups (Table 5-1). A 
likely reason behind this difference in the degree of goodness of fit is that typi-
cally the structure of the molecule will have a greater impact on purification 
performance and analytical development than on cell line growth and expres-
sion. In most cases (shown in Table 5-1), the molecules that require significant 
adjustments (“moderate” fit) are not just problematic for one functional area, 
but have fit issues with one or both of the other areas as well.

5. Platform Challenges

Despite our efforts to make the platform conditions generic, they were not 
a perfect fit for all antibody molecules, requiring the scientists, on some 
occasions, to make minor or even major modifications to achieve adequate 

Fig. 5-3. Performance metrics show that the platform results in a scalable process with 
consistent titer performance from bench to pilot scales

Table 5-1. Qualitative assessment of goodness of platform fit by upstream, downstream and analytical 
sciences functional areas shows that platform fit is fairly consistent across molecules. (Note that each 
letter represents a different molecule and that the letters represent the same antibodies as in Figures 5.2 
and 5.3.)

Upstream Downstream Analytical

Excellent (no tweaks) D G H E F

H I I K L

L N L

P

Good (minor tweaks) E F D E D G

K O F G H I

K P P

Moderate (significant tweaks) J J N J N

O O
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performance. This often results in a longer timeline. Depending on what 
adjustments are made, the resulting process may also present some new condi-
tions to the pilot plants, affecting their workloads and timelines as well. On the 
positive side, the learnings from the non-fitting molecules contributed to our 
understanding of antibodies and cell lines as well as the platform itself.

Our challenges to date have included low titer, low final viability, and prod-
uct quality attributes that are outside the in-process targets. Product quality 
outside the targets is usually the result of high levels of aggregates, host cell 
proteins, product isoforms and/or partially processed carbohydrate moieties. 
Methods to address some of these challenges are described below.

5.1. Example 1: Titer Target Not Met

The cell line for one of our early molecules produced a titer significantly 
below the initial target. Because of the low titer, additional runs would have 
been needed to supply material for other development groups (purification, 
pharmaceutics, etc.), toxicology studies and Phase I clinical studies. The latter 
two would have been particularly expensive in terms of time and money.

Generally speaking, there are several options for improving titer. One option 
is to expand the test ranges of parameters beyond what is allowed by the plat-
form, e.g., seeding density, pH, temperature, and culture duration. Some of 
these, however, such as increasing the seeding density or the culture duration 
may not be feasible or even possible because of limitations in the seed train 
or plant scheduling, respectively. Since developing a new medium is time 
consuming, a second option is to use different base and/or feed media, such 
as alternative in-house proprietary media or commercially-available media. 
Another possibility could be the addition of inducers, growth factors, or other 
additives, but this option assumes extensive prior knowledge or experience; 
otherwise, time-consuming screening and experimentation are required with 
no guarantee of a positive outcome.

In this case, all of the above options were investigated in a relatively short 
period of time in screening studies. Although parameter exploration was lim-
ited, the combination of increased culture duration and altered feed strategy 
resulted in a titer that was close to the desired target and an acceptable product 
quality profile. Exploring additional options might have resulted in higher 
titer, but the impact to the timeline would have been significant. That type of 
in-depth exploratory work can be done during the development of commer-
cial process. Because this was an early molecule and the platform has been 
updated three times since then, we have yet to see if it works any better if/
when this molecule goes through commercial phase development or if this was 
just a problematic molecule/cell line.

5.2. Example 2: High Turbidity in Feed Stream to Purification

The molecule implicated in Example 1 also caused difficulties downstream. 
The first step in purification is a Protein A column, which follows the centrifu-
gal harvest and depth filtration steps. We traced the high turbidity observed 
in the Protein A eluate for this molecule to high levels of host cell protein 
impurities that precipitate at low pH. Our first approach to address this prob-
lem was to change the cell culture conditions. Separate attempts to shorten 
the culture duration and to induce precipitation in the bioreactor prior to 
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centrifugation and depth filtration did not reduce the turbidity of the Protein A 
eluate. Instead, increasing the depth filter surface area to exploit its adsorptive 
properties in front of the Protein A column significantly reduced the turbidity 
of the eluate resulting in acceptable process performance and product quality 
for the Phase I clinical runs.

5.3. Example 3: Analytical Size Exclusion Chromatography Pre-peak

In another case, changing to a different analytical size exclusion chromatogra-
phy (SEC) column method resulted in an unexpected product quality profile. 
With the original column method, the high molecular weight (HMW) peak 
was quickly followed by the much larger main peak. With a different column 
method, on the other hand, a front shoulder or “pre-peak” appeared between 
the HMW and main peaks. Our concern about a possible new and unidentified 
species was compounded by the observation that the level of the pre-peak was 
not stable but changed over time.

Subsequent studies identified the pre-peak as a monomeric product variant 
or isoform with a similar activity as the main peak. Bioreactor studies have 
shown that the pre-peak occurs at a consistent percentage during cell culture, 
and that the pre-peak is not an artifact of downstream processing. Experiments 
have shown that exposure of the unprocessed bulk to light results in a rapid 
increase in the level of pre-peak, identifying for us a means of controlling the 
level of pre-peak in the product.

5.4. Example 4: Variable N-Glycans

Amgen scientists have observed that the mannose type and level sometimes 
varies between MAbs and/or for a given MAb under different operating condi-
tions. For one molecule, the level of high mannose varied significantly from 
one clone to another. With the final clone of the same cell line, the amount of 
high mannose also varied significantly during the process development activi-
ties. Further study showed that the culture osmolality had a significant impact 
on high mannose level. To maintain a consistent level of high mannose from 
run to run, we limited the process osmolality to a target range. Both these 
observations demonstrated that there can be a clone-to-clone dependency, as 
well as process impact, on the levels of different glycosylation species. Testing 
for product quality at the clone selection stage and imposing limits to culture 
parameters, such as osmolality, can control the level and variability of glycan 
species for MAbs.

These case studies demonstrate that the platform cannot be generic in every 
respect because of differences between molecules. When possible, we have 
taken that information and used it to improve the platform. This process is 
described in the next section.

6. Evolving the Platform

The platform is not a static set of procedures. Lessons learned from our devel-
opment and manufacturing history across an array of molecules, including 
information from the above case studies, are fed back into the platform during 
a yearly review process. Technology advances are also incorporated during the 
annual review process. Each functional area is responsible for assembling the 
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data supporting a proposed change to the platform as well as for undertaking a 
critical review of the pros, cons and any possible risks of proposed changes.

Once the P&AS functional areas have done their own critical review of pro-
posed changes to the platform, other Amgen departments (e.g., Manufacturing 
Science, Quality, Legal, and Regulatory) review and comment on the accept-
ability of the proposed changes based on potential impacts to their organiza-
tions. Adding a new raw material to the cell culture platform that increases cell 
growth and may affect levels of host cell protein, for example, requires review 
by several departments, including, but not limited to, Purification, Sourcing, 
Legal and Quality.

A couple of the upstream changes that have been made since we put the 
platform in place are aimed at improving our practice of Quality by Design 
(QbD). One change is a method for improving our clone selection process, and 
the other is to increase our understanding of the design space of our produc-
tion process. During clone selection, we have increased the level of testing to 
ensure that we select the best clone not only for growth and productivity, but 
also for product quality. An example of the range in product quality test results 
across eleven clones is shown in Table 5-2. Early analytical screening can help 
select out potentially problematic clones such as those producing high levels 
of aggregate or high mannose. More recently, we have begun testing clones for 
their sensitivity to process variability in parameters such as pH, temperature 
and osmolality.

While we do little process optimization during early phase development, 
we do conduct experiments to explore the design space during or after clone 
selection. Using DOE, we set up reactor studies to map the operational 
space for some of the parameters that are likely to vary during processing, 
potentially affecting product quality. At this stage, we only explore those 
parameters needed to ensure robust operation for the early phase clinical runs. 

Table 5-2. Product analytics vary across clones of the same molecule.

Clone

SE-HPLC cIEF CE-SDS

% HMW % Main % LMW % Acidic % Main % Basic % Glyco-form

1 14.0 86.0 0.0 37.9 55.9 6.2 19.9

2 7.6 92.4 0.0 30.9 65.9 3.3 13.4

3 9.7 90.3 0.0 27.8 66.6 5.5 8.5

4 7.0 93.0 0.0 29.5 65.7 4.8 11.6

5 3.4 96.6 0.0 30.3 63.0 6.6 8.0

6 4.4 95.6 0.0 31.7 61.9 6.4 16.0

7 5.9 94.1 0.0 31.9 62.2 5.9 17.6

8 8.2 91.8 0.0 29.5 67.5 3.0 10.3

9 11.1 88.7 0.2 25.5 68.7 5.8 7.0

10 6.9 93.0 0.1 30.2 65.5 4.3 10.5

11 10.1 89.7 0.2 30.2 66.1 3.7 11.9

Average 8.0 91.9 0.0 30.5 64.5 5.1 12.2

SE-HPLC size exclusion high performance chromatography; cIEF capillary isoelectric focusing; HMW high molecular weight; 
LMW low molecular weight; CE-SDS capillary electrophoresis sodium dodecyl sulfate
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Further in-depth study of a broader spectrum of parameters occurs during 
later phase development (Fig. 5-4) when process optimization and robustness 
are critical. Generic process knowledge gained and lessons learned during 
the later phase development can, however, be cycled back to the early phase 
development platform for application to future molecules.

Other changes in the platform include improvements to the media 
toolbox by replacing older media formulations with higher performing, more 
manufacturing-friendly media and feeds. These advances have come out 
of a technology focus area at Amgen, which we have applied to the early 
development platform and our commercial development efforts, resulting in 
significant titer increases.

7. Vision for the Future

As Amgen moves more molecules through our pipeline, we have developed 
a more thorough understanding of the relationships between the antibody 
biochemistry and processing characteristics. In the short term, this has led to 
a series of improvements in the platform that have allowed us to increase our 
success rate, increase yields, and shorten our timelines. We expect that Amgen’s 
platform of the not-too-distant future will include more antibody engineering, 
allowing us to tailor our antibody products so that they are active, high-yielding, 
safe, and manufacturing-friendly from the start. An antibody database project, 
now in its infancy, will help to move Amgen in that direction.

Along these lines, we are currently exploring ways of improving our can-
didate selection techniques. In cases where we have multiple candidates with 
similar bioactivity, we perform a molecule assessment to assist with candidate 

Fig. 5-4. DOE has improved our understanding of the process design space and has 
helped guide us to selection of more robust parameter set points. The left hand side 
of the figure shows the operating space (box) in proximity to an undesired titer region 
(bottom crosshatch). Mapping the responses to a variety of process inputs allows us to 
choose an operating space that is further from undesired outputs, as demonstrated in 
the diagram on the right hand side
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selection. We expect this step to be valuable, not only for early clinical work, 
but also for later commercial phase development efforts. Because the develop-
ment life cycle of an antibody product is lengthy, applying knowledge gained 
from commercial molecules back into our molecule assessment and platform 
will be slow, but important.

Another step in improving Amgen’s platform is high throughput screening 
(HTS), where we can test many more conditions at the same time than previ-
ously feasible. We currently use HTS to screen several hundreds of clones for 
growth and titer, but we should soon have the capability to expand the screen-
ing to include a variety of culture conditions, with the goal of improving our 
ability to select robust cell lines. HTS is a powerful tool because it affords us 
the opportunity to screen large numbers of clones under relevant and hopefully 
predictive conditions, such as high osmolality, during production. During later 
phase development, HTS will prove valuable for medium optimization, proc-
ess optimization and robustness, and commercial process troubleshooting.

Finally, we are also rapidly progressing towards single-cycle development 
for some or all of our MAb products. As the platform evolves, we find that 
fewer and fewer upstream parameters require optimization during early phase 
development. As we move closer to eliminating the need for process optimi-
zation after clone selection for early phase processes, we will only expend 
significant time and resources on process development for molecules that are 
destined for Phase III studies. This development work can occur immediately 
or with some delay after clone selection, giving us greater flexibility and effi-
ciency in allocating resources to process development.

8. Conclusions

Amgen has established a flexible, generic platform and applied it to multiple 
product candidates. We have instituted a review and revision process to 
capitalize on new technologies and lessons learned from our antibody history. 
Successful implementation of the platform has enabled a substantial increase in 
the number of candidates in process development, greater resource efficiencies 
in P&AS and other departments, and improved speed to clinic. Ultimately, we 
will evolve the platform to a single cycle of development.
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1. Introduction

REMICADE® is a chimeric monoclonal antibody directed against TNF-a. It 
was the first drug product in the class of TNF-a inhibitors approved for use in 
humans. It is a lyophilized formulation of the drug substance, infliximab, and 
is approved for the treatments of autoimmune disorders including rheumatoid 
arthritis, Crohn’s disease, ankylosing spondylitis, and psoriatic arthritis.

Production of REMICADE was first approved in 1998 at Centocor’s 
Leiden, The Netherlands, facility. Soon after approval of the Leiden manu-
facturing facility, plans to scale-up and add a second manufacturing site in 
Malvern, Pennsylvania, were initiated. Comparability of the products prepared 
at the two facilities was demonstrated. The FDA approved the Malvern facility 
in April 2002. It was approved by the EMEA in 2003.

After production of the comparability batches in Malvern, additional work 
was required to optimize the Malvern process. Product breakthrough was 
observed during the cation exchange chromatography step of the downstream 
process. After a thorough investigation, the appropriate process modification 
was implemented and validated for use in the downstream production process.

This chapter provides a history of the technology transfer and scale-up, 
the investigation required to understand product breakthrough experienced 
during the downstream cation exchange chromatography process, and the cor-
rective actions taken. Process improvements were implemented to eliminate 
breakthrough in the Malvern process. The case provides an example of how 
upstream process changes, defined during technology transfer, resulted in the 
need for downstream process improvements at the receiving site.

2. Defined Process Changes

An overview of the REMICADE production process is shown in Fig. 6-1. 
The infliximab drug substance is manufactured by continuous perfusion cell 
culture. The expansion of the antibody secreting cells and production of the 
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chimeric monoclonal antibody occur in the first two manufacturing stages: 
preculture and expansion (Stage 1) and large scale cell culture production by 
continuous perfusion (Stage 2). REMICADE is purified and formulated to 
PreFormulated Bulk (PFB) from cell supernatant (harvest) in Stages 3–9 of 
the manufacturing process as shown in Fig. 6-1.

Stage 3 
Direct Product Capture by Protein A 
Chromatography and Ultrafiltration 

Stage 1 
Preculture & Expansion 

Stage 2 
Production by Continuous Perfusion 

Stage 4 
Thawing and Pooling of Protein A Eluates

Stage 5a 
Solvent / Detergent Treatment 

Stage 5b 
Cation Exchange Chromatography

Stage 6 
Virus Filtration and Ultrafiltration 

Stage 7 
Primary Anion Exchange Chromatography

Stage 8 
Secondary Anion Exchange Chromatography

Stage 9 
Preparation of Preformulated Bulk  

(Concentration & Diafiltration)

Fig. 6-1. Schematic overview of the REMICADE production process. Each stage 
of the production process is shown. Stages 1–3 are considered part of the upstream 
production process. Stages 4–9 are considered part of the downstream production 
process
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Purification of infliximab begins with the filtration of clarified harvest 
material and the purification of the IgG by Protein A affinity chromatography. 
It is during this purification step that the vast majority of impurities including 
viruses, media components, and host cell species are removed. The purified 
material in the eluted product stream is frozen and stored prior to pooling for 
the subsequent downstream purification steps.

In the first stage of the downstream purification process (Stage 4), Protein 
A purified monoclonal antibody is thawed, pooled, pH adjusted, and filtered 
in preparation for solvent/detergent (S/D) viral inactivation, the first dedicated 
viral clearance step in Stage 5a. Cation exchange chromatography at Stage 5b 
is designed to remove the S/D reagents. In Stage 6, the eluted product from 
Stage 5b is diluted and undergoes a second, dedicated viral clearance step by 
tangential flow filtration (TFF). The resulting product stream is concentrated 
by ultrafiltration. In Stages 7 and 8, two anion exchange chromatography steps 
are used to polish the product. In the final stage, Stage 9, product is concen-
trated and diafiltered into a buffer containing stabilizers to prepare the prefor-
mulated bulk drug substance, which is frozen for storage and shipping to the 
drug product manufacturing site. The overall purification process (Stages 4–9) 
has been shown to be effective for the removal/inactivation of lipid-enveloped 
and nonenveloped viruses and in the removal of protein impurities, residual 
DNA and reagents introduced by the manufacturing process.

Process changes were implemented during technology transfer from the 
Leiden production facility to Malvern manufacturing. Select process changes 
implemented in the Malvern manufacturing facility are summarized in 
Table 6-1. The majority of the changes were made to accommodate a scale-up 
of the process in the Malvern facility. The production bioreactors and the 

Table 6-1. Select process changes implemented in the new REMICADE production facility.

Process step Process change

Stage 1: Preculture and expansion The number of working cell bank vials used for production of a 
batch is increased in Malvern

The volume of the perfusion seed bioreactor is increased in Malvern

Stage 2: Production by continuous 
perfusion

The volume of the production bioreactor is increased in Malvern

An internal spin filter is used for cell retention in Leiden

An external spin filter is used in Malvern

Supernatant is stored at 8–14°C after clarification in Leiden

Supernatant is stored unclarified at 2–8°C in Malvern

Stage 3: Direct product capture by 
Protein A chromatography and 
concentration by ultrafiltration

Protein A columns of one bed height are used in Leiden

Protein A columns with different bed heights are used in Malvern

In Leiden, the flow rate used for the wash step after loading is 
equivalent to that used for loading

In Malvern, the flow rate used for the wash step after loading is not 
equivalent to the load flow rate

In Leiden, the permeate collected during concentration of product is 
used to flush the UF skid

In Malvern, buffer is used to flush the UF skid after concentration 
of product

(continued)
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downstream purification process were scaled-up twofold. Other changes were 
implemented to take advantage of the capabilities of new equipment, new 
technologies, and the new facility.

The continuous perfusion cell culture process (Stage 2) was improved in the 
Malvern facility through the use of external spin filters to separate cell culture 
harvest from biomass in the reactors. External spin filters were implemented 
in Malvern to permit change out of the filters during production, if clogging 
were to occur. External spin filters also have an advantage over internal spin 
filters because the speeds of the agitator in the bioreactor and the spin filter 
are independent. Internal spin filters, used in the Leiden facility, are mounted 
concentric with the agitator shaft in the bioreactor, and they rotate at the same 
speed as the agitator. Clogging of internal spin filters typically results in ter-
mination of the bioreactor.

3. Comparability of the Malvern Process

All Malvern manufacturing process changes, defined during technology trans-
fer, were in place during production of four comparability lots beginning in 
October 2000. In-process controls and specifications employed in the Malvern 
manufacturing facility are identical to those used in the Leiden manufacturing 
facility. In addition to meeting the routine in-process and release testing speci-
fications, process validation studies were conducted to demonstrate compara-
bility of the processes and products manufactured in Malvern and Leiden.

Comparability of the processes was demonstrated at laboratory and produc-
tion scales. Critical cell culture outputs, product stability during harvest hold, 
and impurity clearance throughout the process used in Malvern were shown to 
be comparable to the Leiden process. Viral clearance and host cell protein and 
DNA clearance were also shown to be comparable in the Malvern and Leiden 
production facilities.

Comparability of the four PreFormulated Bulk (PFB) lots manufactured 
in Malvern was demonstrated through routine release testing, including 
purity and potency testing, stability studies, and side-by-side biochemical 
characterization with six lots of PFB manufactured in Leiden. Three of the 
Leiden lots analyzed as part of the comparability studies were prepared in the 

Process step Process change

Stage 4: Thawing and pooling of DPC 
eluates

The amount of product thawed for production of a down stream batch 
is increased in Malvern

Stage 5: Solvent/detergent treatment 
and cation exchange chromatography

The column volume is increased in Malvern

Stage 6: Viresolve filtration and 
ultrafiltration

Membrane filter area is increased in Malvern

Stage 7: Primary anion exchange 
chromatography

The column volume is increased in Malvern

Stage 8: Secondary anion exchange 
chromatography

The column volume is increased in Malvern

Stage 9: Preparation of PFB Membrane filter area is increased in Malvern

Table 6-1. (continued)
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same time frame as those prepared in Malvern (2001). The other three Leiden 
PFB lots were manufactured during the original Leiden process validation in 
1997 and 1998. The characterization tests included peptide mapping, circular 
dichroism, oligosaccharide mapping, mass spectrometry, and sedimentation 
velocity analytical ultracentrifugation. All results demonstrated that the product 
prepared in Malvern manufacturing was comparable to the PFB prepared in the 
Leiden facility.

4. The Need for an Additional Process Improvement

Cation exchange chromatography is performed during Stage 5 of the 
REMICADE production process after solvent/detergent viral inactivation of 
the product. The solvent/detergent is removed from the product by flowing 
through the column while product binds to the cation resin. During production 
in Malvern manufacturing, however, product was occasionally observed in the 
effluent from the column during the loading phase of the chromatography.

A Malvern cation exchange chromatogram showing no breakthrough is 
provided in Fig. 6-2. A slight, expected increase in absorbance is observed as 
product is loaded on the column, while solvent and detergent flow through and 
are directed to waste (Load, Fig. 6-2). After loading, a decrease in absorbance 
is observed (Wash, Fig. 6-2) as the column is washed with at least three col-
umn volumes of equilibration buffer. The absorbance then increases as protein 
is eluted (Elution, Fig. 6-2) from the column with higher ionic strength buffer. 
After the product has eluted, the column is flushed with strip buffer, generating 
another peak in absorbance (Strip, Fig. 6-2), prior to regeneration and storage 
(not shown in chromatogram).

An example of a chromatogram generated when breakthrough was observed 
during the chromatography in Malvern manufacturing is shown in Fig. 6-3. 
An increase in absorbance is observed during the column-loading phase. 
The absorbance was attributed to the presence of product, which did not bind 
to the column and was directed to waste.

Product breakthrough during the cation exchange chromatography had no 
impact on product quality. Process improvements were, however, required to 

Fig. 6-2. Chromatogram generated during cation exchange chromatography. Absorbance 
at 280 nm, as percent full scale, is shown as a function of time. The approximate starting 
and stopping points of the load, wash, elution and strip phases of the chromatography 
are noted
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optimize the production process. A thorough investigation was conducted to 
understand the cause of breakthrough during the cation exchange chroma-
tography and determine the appropriate process modification to optimize the 
capacity and yield of the step.

4.1. Investigation of Product Breakthrough

Resin capacity for IgG and column packing were first evaluated to verify 
acceptable capacity of the resin throughout its defined lifetime and the integ-
rity of the packed column used in production. The efficiency of the column 
pack, calculated as the height equivalent to a theoretical plate (HETP) and 
asymmetry factor (Af) after injection of acetone on the column, was found to 
be acceptable and consistent throughout the use of the columns. Resin capacity 
for IgG, evaluated using a representative scaled-down model, was also found 
to be acceptable at the end of the resin lifetime. The integrity of the column 
packing and the resin were, therefore, not considered the primary root causes 
for product breakthrough.

After elimination of column packing and resin capacity as the root cause of 
the problem, flow distribution within the chromatography column was evalu-
ated. The ability of the product to contact all of the resin within the column 
is critical to product binding. Flow distribution was evaluated within the 
manufacturing column by adding a water rinse step after elution of product. 
During the load, wash, and elution phases of the cation exchange chromatog-
raphy, flow is directed over the column from the bottom to the top. The flow 
is then reversed for application of strip buffer. In the study, water was applied 
to the column before the direction of flow was reversed for the strip phase of 
the chromatography. In this way, the distribution of flow was evaluated at a 
point in the process that is most like the flow distribution experienced during 
column loading. The conductivity profile generated was compared to profiles 
generated when the column had been shown to be clean, after regeneration of 
the column, and after storage.

The conductivity profiles observed after regeneration and storage of the col-
umn were as expected. Sigmoid-shaped conductivity profiles were observed. 

Fig. 6-3. Chromatogram generated during cation exchange chromatography in which 
product breakthrough has occurred. Absorbance at 280 nm, as percent full scale, is 
shown as a function of time. The approximate starting and stopping points of the 
load, wash, elution and strip phases of the chromatography are noted. The increase in 
absorbance observed at the end of the loading phase of the chromatography is indicative 
of product breakthrough, as noted
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The profiles were characteristic of those expected for a well-packed column 
in which proper flow distribution was achieved. A representative conductiv-
ity profile generated from the water flush applied after elution is shown in 
Fig. 6-4. The data show a decrease in conductivity between approximately 
21:08:20 h and 21:29:50 h as the column, equilibrated in elution buffer 
containing 200 mM sodium chloride, was flushed with water. The irregular, 
nonsigmoid shape of the conductivity profile generated by the water flush 
indicates that the flow distribution within the column was not uniform during 
the product loading and elution phases of the chromatography.

The most plausible cause of the poor flow distribution observed in the 
cation exchange column was deposition of precipitate observed in the prod-
uct feed stream prior to cation exchange chromatography. The precipitate, 
composed of aggregated IgG, blocked the frit and disrupted the flow in the 
column. Breakthrough of product was expected to have resulted from the poor 
flow distribution and the inability of all the product to contact and bind to the 
resin in the column.

4.2. Investigation of Precipitate in the Feed Stream

The precipitate was found to be composed primarily of insoluble aggregated 
IgG. It is first observed in the product feed stream after purification by Protein 
A chromatography and pH adjustment from neutral to acidic pH. Intermediate 
product generated in Leiden manufacturing contains less precipitate than that 
generated in Malvern manufacturing. Differences between the Malvern and 
Leiden upstream manufacturing processes were evaluated to determine the 
cause of greater product aggregation in Malvern manufacturing. Studies were 
performed to identify the upstream process change, or changes, that resulted in 
the increase in precipitate observed in the downstream intermediate.

In the first study, cell culture harvest samples from Malvern manufacturing 
were taken (a) directly from the bioreactor, (b) after the external spin filter, and 

Fig. 6-4. Conductivity profile observed during water flush after elution of product. The 
conductivity (in mS) is shown as a function of time during the water flush that was 
performed after product elution, prior to regeneration of the column. The approximate 
starting and stopping points of the WFI flush are shown. The decrease and increase 
in conductivity observed before and directly after 21:01:10 h was caused by flushing 
the system with the column in bypass. The decrease in conductivity observed after 
approximately 21:08:20 h was caused by introduction of water to the column previ-
ously equilibrated in buffer containing sodium chloride
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(c) after harvest hold. A sample was also taken after harvest hold in Leiden 
manufacturing. All samples were Protein A purified using a laboratory scale 
model of the Leiden production process. The product from the laboratory 
scale preparations was then analyzed to determine the amount of turbidity. 
The results are shown in Fig. 6-5. All samples derived from Malvern manu-
facturing harvest (taken directly from the bioreactor, after the external spin 
filter and after harvest hold) resulted in intermediate with equivalent precipi-
tate formation (as indicated by approximately equivalent turbidity behavior). 
Significantly less turbidity was observed in the sample derived from Leiden 
manufacturing. The study results indicate that conditions used during pro-
duction cell culture (Stage 2) or farther upstream (Stage 1: pre-culture and 
expansion) in the Malvern process cause the formation of precipitate observed 
downstream in the process.

A subsequent study indicated that there were no significant trends in the 
turbidity of intermediate derived from the early, middle, or late stages of 
either Leiden or Malvern production bioreactors. The turbidity observed in an 
intermediate sample derived from a Malvern seed reactor was less than that 
observed for samples derived from Malvern production bioreactors and similar 
to that observed for sample derived from Leiden production bioreactors. 
Malvern seed reactors and Leiden production bioreactors are of the same 
volume, and both use internal spin filters for the separation of harvest from 
biomass. Malvern production bioreactors use external spin filters and are of a 
larger volume than those used in the Leiden process. The observation suggests 
that differences in the upstream scale-up or the cell separation device may 
play a role in the higher turbidity observed downstream in product generated 
in Malvern.
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Fig. 6-5. Turbidity of cation exchange chromatography feed stream. The maximum 
turbidity of product (in Nephelometric turbidity units, NTU), purified at laboratory 
scale, is shown for material derived from the Malvern manufacturing process directly 
from the bioreactor (1), after the external spin filter (2), and two samples collected 
after harvest hold (3). Turbidity is also shown for material derived from the Leiden 
manufacturing process after harvest hold
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5. Impact of Product Breakthrough and Precipitate  
in the Feed Stream

Clearance of process impurities, routine in-process and release testing, analy-
sis of the product during comparability studies, and product stability were 
evaluated to assess the impact of product breakthrough and precipitate in 
the feed stream. The ability to clean the cation exchange column was also 
considered, given that product breakthrough was caused by the deposition of 
precipitate on the frit of the column.

Clearance of impurities was not adversely affected by product breakthrough 
observed in Malvern manufacturing. Cation exchange chromatography is 
primarily responsible for removal of solvent and detergent reagents. Cation 
chromatography has also been validated for removal of 1 log of residual host 
cell proteins. Impurity clearance during cation exchange chromatography 
occurs in two ways. Some impurities, such as solvent and detergent reagents, 
flow through the column, while product binds to the resin. Other impurities 
are resolved from the product by remaining bound to the resin after elution of 
the product from the column. Both modes of purification were unaffected by 
product breakthrough.

Data supporting impurity clearance were obtained by testing the process 
intermediate after the cation exchange step of the process. No significant 
differences were observed for clearance of impurities regardless of whether 
breakthrough had occurred during processing. Specifically, the clearance of 
solvent and detergent reagents by the Malvern manufacturing process was 
shown to be comparable to that observed in the Leiden process. In addition, all 
Malvern batches processed have met the in-process specifications for aggre-
gate content after cation exchange chromatography. The data confirmed that 
there is no impact to product purity or the impurity clearance capability of the 
cation exchange chromatography process as a result of breakthrough.

No differences in release testing results were observed for PFB batches 
prepared in Malvern manufacturing regardless of whether product breakthrough 
was observed during production. In addition, all four comparability batches 
produced in 2000 and 2001 were subjected to biochemical characterization 
tests. Product breakthrough was observed during production of one of the 
four batches. No differences were observed in the results of the biochemical 
analyses, demonstrating that product breakthrough had no impact on the 
quality of the PFB.

To further examine the impact of product breakthrough, the stability of PFB 
prepared in Malvern manufacturing was evaluated at −40 and 5°C for batches 
with and without product breakthrough. Purity, identity, and activity of the 
product were determined for up to 24 months. The results of these studies 
show that all batches of PFB, including batches in which product breakthrough 
was observed during cation exchange chromatography, met all acceptance 
criteria. These data demonstrate that there is no product quality impact as a 
result of breakthrough or upstream process differences between Malvern and 
Leiden.

Since the root cause of product breakthrough was attributed to deposition of 
precipitate on the frit of the column, the ability to clean the production column 
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was of particular interest. During column cleaning (strip and regeneration), 
the direction of flow (top-to-bottom) is reversed from that for loading through 
elution (bottom-to-top) to provide effective cleaning of the column and the 
bottom frit. Cleaning was demonstrated by validation during production of the 
first three batches and through periodic performance of mock elution cleaning 
qualification runs throughout the lifetime of the columns.

6. Defining the Process Improvement

While the product quality assessment demonstrated that there was no impact 
on the validated impurity clearance of the process or biochemical character-
istics of the product due to breakthrough during the cation exchange chroma-
tography, the presence of breakthrough impacted production capacity for the 
cation exchange chromatography step. Each breakthrough occurrence resulted 
in unrecovered product that was diverted to waste during loading. Further, for 
a larger average batch size, occurrence of breakthrough was more frequent, 
thereby limiting the effective capacity of the column to less than that of its 
resin binding capacity. Finally, batches exhibiting breakthrough also often 
exhibited a longer or wider elution profile, requiring a larger volume of elution 
buffer on average for product collection. This also limited batch size capacity 
due to buffer volume and tank volume constraints.

To improve flow distribution and eliminate breakthrough, it was proposed to 
implement in-line filtration of the feed stream prior to the cation exchange col-
umn in Malvern manufacturing. The addition of filters was not implemented 
in Leiden manufacturing, where a lower level of precipitate is observed in the 
process and the chromatography is not experiencing breakthrough or other 
signs of sub-optimal flow distribution due to precipitate.

Implementation of the filters in the Malvern manufacturing process was 
governed by existing change control procedures. Laboratory scale studies 
were first conducted to identify the appropriate filters for use in the process 
and define the required filter membrane area for production. A laboratory 
scale feasibility study, using a qualified scaled-down model, was conducted 
to assess the compatibility of the process and the product with the filters. The 
study demonstrated that there was no adverse impact on the process or product 
by the introduction of in-line filtration prior to the cation exchange column. 
Studies were also conducted to evaluate the compatibility of the filters with 
the process feed stream (i.e. to verify the integrity of the filters after contact 
with the process feed stream) and to identify extractable substances that may 
be removed from the filters during processing. After all laboratory scale stud-
ies returned acceptable results, manufacturing scale process validation was 
conducted with the filters in place.

After discussions with the FDA, the implementation of filters in the produc-
tion process was submitted as a CBE-30 that was subsequently downgraded 
to a change reportable in the REMICADE annual report. The EMEA and the 
Canadian Health Authority approved the change within 3 months of the Type 
II and Notifiable Change regulatory filings, respectively. Since implementa-
tion of the filters in Malvern manufacturing in February 2006, no product 
breakthrough has been observed. In addition, the efficiency of the cation 
exchange step has improved in Malvern manufacturing. The average volume 
of the eluate from the column has decreased by more than 25%.



Chapter 6 Addressing Changes Associated with Technology Transfer: A Case Study 85

7. Conclusions

Changes to the production process may be unavoidable during technology 
transfer and scale-up. Process changes due to new equipment, technology, and 
facilities are expected. Performance issues associated with process changes 
can be addressed during process startup. Acceptable product quality and com-
parability must then be demonstrated during process validation. Ideally, all 
process changes and optimization occur concurrently with technology transfer 
and startup, prior to validation. In reality, the need for further process improve-
ments is not always readily apparent prior to validation. After technology 
transfer, additional process characterization and investigation may be required 
to understand all aspects of the production process and the inherent interac-
tions of the process steps. Under change control procedures, a continuous 
cycle of demonstrating product quality and incrementally improving process 
performance can then be utilized.

Scale-up and technology transfer of the REMICADE production process 
from Leiden to Malvern manufacturing were accompanied by a number of 
defined process changes. Comparability of the products produced at the two 
manufacturing sites was demonstrated through a number of studies during 
process validation. Although the product was not impacted, changes imple-
mented upstream in the Malvern process impacted downstream production 
capacity and yield. After a thorough root cause investigation and product qual-
ity assessment, the appropriate process modification was identified and imple-
mented at the Malvern manufacturing site. Addressing the changes associated 
with, and resulting from, technology transfer improved the capacity and yield 
for the downstream production process.
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Laverty for useful discussions.



1. Introduction

The biopharmaceutical manufacturing industry has had a long relationship 
with stainless steel, and even a decade ago it would have been hard to 
imagine the industry embracing a new concept that could make stainless 
steel redundant. Even so, the tide is turning, and disposable concepts are on 
the rise (Sinclair and Monge 2004). Disposable equipment became popular 
for upstream production in the 1990s, with the advent of “single-use” 
media bags and bioreactors, and the use of disposable capsules for sterile 
filtration (Meyeroltmanns et al. 2005). Over the next few years, disposable 
concepts also began to appear in downstream processing. Initially, this was 
restricted to buffer bags and devices for normal flow filtration, including 
virus filtration and guard filters for chromatographic columns, but gradually 
more complex concepts have been introduced, including disposable devices 
for tangential flow filtration and chromatography (Walter 1998; Ransohoff 
2004; Gottschalk 2006). The current importance of disposable concepts 
in downstream processing was demonstrated in a recent industry survey, 
in which 37% of respondents considered cost-effective disposables to be 
important for addressing downstream process capacity issues in 2006, when 
compared to 24% in 2005 (BioPlan BioProcess Technology Consultants 
2005, 2006).

What is the attraction of disposables and what do they potentially 
contribute to biopharmaceutical manufacturing? Are they more convenient, 
more cost effective? Are they suitable for cGMP processes? What are 
their major advantages and limitations? Are they scalable? Although the 
answers are still debated, there is now plenty of information from different 
biopharmaceutical production campaigns to show that disposables offer real 
and tangible advantages over fixed stainless steel equipment under many 
different circumstances. This chapter will address the questions listed above 
and provide case studies demonstrating the benefits of “going disposable” in 
biomanufacturing.
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2. The Rationale for Single-Use Concepts

At first glance, disposables appear wasteful and unnecessary, like taking fresh 
plastic bags at the supermarket for each shopping trip rather than re-using a 
sturdier container. However, this analogy breaks down when one considers the 
constraints under which biomanufacturing processes must labor to ensure that 
the resulting active pharmaceutical ingredient is safe, pure, homogeneous and 
suitable for clinical use. The re-usable shopping bag might not turn out to be 
so convenient if it had to be washed and sterilized before each trip, and if that 
cleaning had to be validated professionally!

The most commonly cited benefit for the single-use concept is the elimi-
nation of potential cross-contamination between production batches or even 
between batches of different products. Over the last few years, the industry 
has seen a significant shift towards the adoption of disposable bioprocess 
components because unlike stainless steel systems they do not need to be 
disassembled, steamed, cleaned and reassembled between batches. Instead, 
components can be supplied as sterile, process-ready modules which are used 
once and then discarded (Sinclair and Monge 2004; Ransohoff 2004).

In general, the handling of unit operations is simplified by the employment 
of ready-to-use disposables, and this is probably the only type of disposable 
unit that provides the full advantage to biopharmaceutical manufacturing 
operations. The additional costs of replacing disposable components are 
offset many times over by the cost savings brought about by eliminating 
cleaning-in-place (CIP) and steaming-in-place (SIP) procedures, validation 
studies and the associated record keeping. Furthermore, disposable 
components greatly increase the flexibility of production since they 
facilitate rapid and inexpensive product changeovers with minimal risk of 
cross-contamination. Although some of the equipment used for downstream 
processing still needs to be cleaned (e.g. rotary lobe pumps and mechanical 
valves), such procedures can be carried out using higher concentrations of 
chemicals at higher temperatures, therefore significantly reducing process 
down-time.

Integrated biopharmaceutical fluid-handling steps include media prepara-
tion, fermentation, cell harvesting, clarification, product capture and polishing, 
virus clearance, ultrafiltration and final sterile filtration. All these unit opera-
tions, which formerly relied on stainless steel components, can now be car-
ried out using disposable modules. By switching to a single-use concept, the 
industry aims to reduce or eliminate the most time-consuming and expensive 
process steps, ultimately shortening the time to market. Additionally, the regu-
latory bodies focus on critical production steps such as CIP/SIP (European 
Commission Enterprise Directorate General 2001; FDA 2004, 2006) and these 
are the very steps that can be eliminated by the single-use concept.

3. Counting the Cost

The obvious question regarding the use of disposables is how the costs 
compare to hard-piped components. Although there are obvious savings 
in up-front investment in equipment, cleaning and validation, is this 
cancelled out by the greater consumption of consumables, not least the 
disposable modules themselves? For example, how does the cost of 
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replacing a filter for each process batch compare to the lifetime costs 
of cleaning and reassembling a permanent filtration device over many 
process runs?

There is no definitive answer to such generic questions. It is only possible 
to compare costs for specific process operations, and at specific scales. As 
an example, we can compare the relative costs of column chromatography 
and disposable membrane adsorbers for polishing in antibody manufacture. 
Conventional columns are more economical at low scales; costs break even at 
a load of approximately 2 kg of antibody per liter of resin. However at higher 
scales single use membrane adsorbers can be significantly more economical. 
This reflects not only the cost of equipment, cleaning, validation and consuma-
bles, but also the reduced buffer volumes, the reduction in labor required for 
column assembly and packing, the reduced requirement for water-for-injection 
(WFI), less process down time, and the higher productivity of the membrane 
adsorber in this particular setting. The footprint of disposable devices is 
generally smaller than fixed counterparts with significant knock-on effects in 
terms of facility layout and design. All the extra buffers required to wash and 
re-equilibrate fixed equipment need to be stored and prepared somewhere, 
increasing the overall costs in terms of facility planning and space require-
ments. Therefore, the use of disposables cannot be evaluated alone, but must 
be considered in the context of which unit operations are used, their efficiency, 
scalability and economy. Perhaps one of the most important concepts, often 
overlooked, is that the use of disposables allows process trains to be assembled 
rapidly from modules, and scaled up efficiently. A hard-piped process that 
could take years to finalize can be assembled from disposable modules in a 
matter of weeks (Gottschalk 2005).

According to cGMP standards, raw materials and equipment in direct 
contact with the product need to be dedicated, which makes the most 
expensive hardware prohibitive for limited production campaigns. Typical 
hardware might include chromatography columns and resins, filters, filter 
holders, process control systems, buffer storage tanks, and peripheral utilities 
such as pumps, valves, piping and monitoring equipment. Disposables can be 
dedicated not only to a specific product, but to a single batch, and therefore 
dramatically reduce the initial capital investment in limited campaigns. These 
fixed costs, as well as savings, are likely to be made in terms of reduced 
lead time for equipment acquisition and qualification, low maintenance and, 
as stated above, the absence of cleaning requirements. Time is money in 
biopharmaceutical manufacturing, and clipping the time taken to develop 
a final process by weeks or months can reap rewards years downstream by 
extending the useful life of patents and ensuring that market demands are 
rapidly fulfilled.

In addition to up-front (fixed) costs, which currently drive the industry, there 
are also operational costs that can be reduced by using disposables (Mora et al. 
2006). Such costs include labor, off-line analysis, chemicals and WFI, buffers, 
and the costs of waste treatment and disposal. While disposable options do not 
eliminate such costs, they can reduce them significantly. A cost comparison is 
presented later for column chromatography vs. disposable membrane adsorb-
ers and the surprising result is that even with the costs of the disposable mem-
branes included, the actual running costs of a disposable production campaign 
are still lower than those of traditional columns over a 10-year production 
cycle (Mora et al. 2006).
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4. Validation

From a cost perspective, the second largest investment after the hardware is 
the cost of qualification of equipment and validation of procedures in order to 
make hardware and processes available for cGMP manufacturing. Typically, 
extensive cleaning validation has to be performed in order to allow the re-use 
of the equipment for different production batches. Where multipurpose use of 
the equipment is required for different products, even more extensive studies 
have to be performed to exclude any potential cross-contamination between 
products. This is critical for those drugs with significant effects at very low 
doses, e.g. cytokines (CPMP 1996).

Disposables therefore provide an opportunity to circumvent extensive 
qualification and validation of cleaning procedures for equipment including 
piping. Single-use components are available for instant use, i.e. they are 
pre-sanitized and pyrogen-free. Even so, certain disposable modules must 
undergo appropriate validation steps to ensure their suitability and safety. For 
example, the FDA recommends that all sterile filters are properly validated 
for full bacterial retention (which means in practice withstanding a challenge 
of 107 colony forming units of Brevundomonas diminuta, a bacterial species 
chosen because of its small size, per square cm of filter, while retaining 
integrity under authentic process conditions) (FDA 1987). At the same time, 
the filter must not remove any important components of the formulation 
and must not release “extractables.” The latter is an important challenge 
because filters usually come with manufacturer’s data showing the level of 
extractables in water, but independent validation must be carried out if the 
filtered drug product contains solvents or other components that are likely to 
change the quantity or quality of extractables (Stone et al. 1994; Reif et al. 
1996; Weitzmann 1997).

The requirement for sterility of single-use equipment depends on the stage 
of processing, e.g. fermentation or downstream processing or on the type of 
product to be manufactured. The downstream processing of biopharmaceutical 
proteins is typically performed in a sanitary, low bioburden but not sterile 
environment, whereas the purification of virus vaccines and plasmids may 
require sterile handling. In any case, suitable disposables eliminate the need 
for CIP or SIP, and pre-assembled single-use equipment reduces further the 
potential of operator error and thus contributes to increased process robustness 
(Immelmann et al. 2005). The savings in resources – both time and personnel 
– significantly help to reduce turnover time and in this manner, allow the 
installment of additional project(s) without investment in new resources, 
utilities and facility space. Savings also will be made by reduced analytical 
costs: as there are no analytical assays for proof of cleaning required, there 
is no need to develop, qualify, validate and perform individual assays for 
each new product. One potential negative aspect is that the manufacturing 
process becomes reliant on the manufacturer of disposable modules, and if 
the supply fails then the process grinds to a halt. It is therefore important to 
enter into discussions with suppliers well in advance of the process coming 
on line to ensure the availability of the necessary resources, as we discuss in 
detail below.
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5. Logistics and Environmental Impact

Successful and efficient manufacturing requires seamless logistics, particularly 
in terms of production components and materials. Good process economics 
requires production to be lean, i.e. the correct components must be available 
on demand, but stocks must be limited to conserve storage space and avoid 
tying up capital that could be invested in the value stream. A lot of up-front 
investment is required for stainless steel components so, to a certain extent, the 
flexibility of capital resources is limited when using a hard-piped production 
system. Similarly, the availability of equipment for CIP and SIP needs to be 
factored in when looking at the economics of stainless steel. If a CIP station 
fails, the availability of clean equipment can become critical, particularly if 
only a limited number of replacements are available.

Single-use components tend to avoid such problems because the demand 
for different modules can usually be predicted based on the intended produc-
tion campaigns. It is beneficial to maintain a small surplus stock of single-
use components such as filters, or media bags, etc., but this binds much less 
capital than analogous replacement stainless steel equipment and would be 
anticipated as a normal line in the consumables budget. Even where there is 
critical failure and/or an availability crisis, it is much easier to source dispos-
able equipment and have it shipped to the production facility than would be 
the case for a steel bioreactor or chromatography column.

One issue raised by the throw-away nature of disposable modules is the 
impact on the environment, bringing us back to the plastic shopping bag 
analogy mentioned above. The plastic modules are discarded after each pro-
duction run and are incinerated, which surely must be much worse for the 
environment than re-using components hundreds of times. Careful analysis, 
however, shows that the opposite is true. Because of the demands of work-
ing under cGMP, the cleaning and validation required between batches in a 
conventional production train is much heavier in its consumption of chemi-
cals, water and energy than the equivalent disposable technology. Although it 
would be a mistake to regard disposables arrogantly, as an environmentally-
friendly concept per se, it is by far the friendliest option when compared to 
the traditional approach.

6. Limitations of the Disposable Concept

Although disposables are often beneficial in terms of efficiency, economy and 
resource management, no-one claims that they can provide the solution to all 
manufacturing issues and there are still many situations, in which re-usable 
equipment remains the best choice (DiBlasi et al. 2006). Disposable unit 
operations are available for almost all conceivable unit operations at smaller 
scales (<50 L harvest reactor volume) and perhaps this is even true for pilot-scale 
operations. However, at process scale, the cost of manufacturing some types 
of disposable equipment becomes unsupportable, meaning that the hard-piped 
alternative is better value, even with the attendant cleaning and validation (e.g. 
centrifuges). In some cases, this simply reflects the relative cost of disposable 
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modules when compared to the cost of stainless steel equipment averaged over 
the larger number of production runs possible before replacement is required. 
In other cases, the performance of disposable modules fails to match that of fixed 
equipment at process scale. However, there has been a noticeable trend toward 
the availability of larger disposable modules, driven by increasing acceptance at 
smaller scales, and the realization that further development and improvement will 
reap economic rewards in the long term by overcoming process bottlenecks.

7. Upstream Production

Disposable bioprocessing systems have been used widely for the prepara-
tion, filtration, storage and delivery of media (Sinclair and Monge 2004). 
This avoids the use of large steel tanks that have to be cleaned and inspected 
on a regular basis, allowing the process to be fed continuously with medium 
and also saving valuable space. Several formats of disposable fermenters are 
available in which agitation is based on rocking, stirring or orbital shaking 
(De Jesusa et al. 2004; Baldi et al. 2005; Stettler et al. 2006; Muller et al. 
2007). Most systems comprise a holding device, which is fitted with dispos-
able plastic bags. Powdered medium is mixed with purified water using an 
overhead mixer, and a peristaltic pump then pumps the medium from the lined 
tank, through a sterilizing grade capsule filter, into a pre-sterilized disposable 
storage bag. The medium may then be delivered directly to the bioreactor, or 
stored in a cooler for use at a later date. Disposable storage bags may be fitted 
with a variety of connectors that facilitate aseptic or sterile connection to the 
bioreactor. Following delivery of media to the reactor, the disposable bag may 
be steamed off or may be disconnected aseptically using a tube sealer (Sinclair 
and Monge 2004). In addition to the typical scenario described above, a 
number of further disposable concepts have been developed for the media 
preparation area. In one example, media are mixed in bulk and then filtered 
and divided into aliquots through a manifold linked to up to 20 disposable 
storage bags. These bags may be disconnected from the manifold, aseptically 
and stored for use at a later date. The advantage of this system is that a single 
filter connection is used to fill multiple bags. Hence media and buffers can be 
prepared in larger quantities as a single batch and, after they have been aliq-
uoted into appropriate volumes and qualified for storage time, they can be used 
for different operations as appropriate. This minimizes the use of resources for 
the documentation of media and buffer preparation and analytical release test-
ing. Media may also be heated or cooled in plastic tanks fitted with disposable 
storage bags for temperature-controlled delivery to the bioreactor.

Bioreactors and fermenters are typically the most challenging modules 
in upstream manufacturing due to the complexity of their operation and the 
number of parameters that must be monitored, controlled and integrated. 
These parameters include temperature, pH and oxygen saturation, the delivery 
of liquid media and gasses, the mixing of bioreactor contents, and the harvest-
ing of desired products. Any special components that may be required for 
highly sophisticated processes usually have their own cleaning and mainte-
nance requirements. Because of this complexity, only low-level processes have 
thus far been established in disposable bioreactors, e.g. seeding cultures, and 
the upper limit in terms of scale is currently 1,000 L. Even so, the disposable 
reactors that have been introduced promise to reduce down time, eliminate 
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the need for pre-fermentation sterilization, improve the handling of bioreactor  
contents, and – perhaps most importantly of all – facilitate changeovers 
between cell lines without the typical cleaning and validation procedures.

8. Downstream Processing: Initial Recovery

After the fermentation cycle, cell harvesting and clarification is followed by 
product capture, polishing (including viral clearance) and product filling, all 
of which have been streamlined through the use of disposable modules. For 
cell harvesting and debris removal, disposable filtration systems offer many 
advantages over their hard-piped counterparts in addition to the general ben-
efits of single-use components listed above. These include the ease of scale 
up, the availability of pre-sterilized filters that can be integrated directly into 
production lines, and the fact that abolishing the use of (opaque) stainless steel 
housings makes it possible to observe the filter in action, and thus identify 
any potential problems such as foaming or air-locking before the rest of the 
production line can be affected. The switch from hard-piped steel filters to 
disposables has been facilitated by the development of disposable filtration 
systems that use the same cartridges as those used with the stainless steel 
housings. The increased flexibility afforded by disposables also means that 
several filters can be arranged in series or in parallel, according to the batch 
size and the throughput of the bioreactor.

Cell removal and clarification are often achieved by centrifugation and/or 
lenticular filtration (Prashad and Tarrach 2006), and the first disposable len-
ticular filters became available recently in the form of Millipore’s Pod System 
(Millipore Corp., Bedford, MA, USA). This combines two distinct separation 
technologies in an adsorptive depth filter to enhance filter capacity and reten-
tion, while compressing multiple filtration steps into one efficient operation. 
Scale up is achieved by inserting multiple Pods into a holder, with formats 
allowing 1–5 or 5–30 Pods as required.

Further purification steps focus on bringing the process volume down – an 
area where crossflow filtration is the technology of choice because the build 
up of filter cake (the gel layer) on the membrane is slower than in the case for 
normal-flow filtration devices. Crossflow filters therefore result in extended 
operating times, but this advantage can be lost if the membranes need to be 
cleaned regularly. Disposable crossflow filtration devices are now widely 
used in the vaccine industry, where sterile filtration of the final product is not 
possible. Disposable hardware and consumable components improve safety 
by preventing cross-contamination, eliminate CIP steps and validation work, 
reduce the volume of water used during production (because washing and 
rinsing is no longer necessary), reduce chemicals use, and improve yield by 
eliminating the possibility of membrane degradation through long-term use. 
All these factors help to reduce costs and time to market.

9. Downstream Processing: Chromatography

In traditional chromatography, a steel column is packed with a resin (station-
ary phase) comprising porous beads made of a polysaccharide, mineral or 
synthetic matrix conjugated to specific functional groups exploiting different 
separative principles (Desai et al. 2000). A mixture of components in the feed 
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is percolated through the resin, and the differing affinity of feed components 
for the functional groups of the resin facilitates separation, either by retaining 
the target and eluting contaminants (retention) or vice versa (flow-through). 
Although column chromatography is the key enabling technology in all 
bioseparation processes, and large re-useable columns are required for bind 
and elute steps, membrane-based disposable concepts can be more economi-
cal at process scales for flow-through (polishing) operations. Here, oversized 
columns are necessary to accommodate the throughput, which has a direct 
impact on facility layouts, costs and infrastructure because the space and 
buffer volumes for all steps, including preparation and cleaning, also have 
to be adapted. Membrane chromatography employs thin, synthetic, porous 
membranes that are generally multilayered in a small cartridge, significantly 
reducing the footprint of the operation. Membranes have equivalent functional 
groups to corresponding resins, but they do not need packing, checking, clean-
ing, re-filling or routine maintenance, and fouled or exhausted modules can be 
replaced with new ones with minimal process down-time.

A typical example showing the advantages of membrane adsorbers is flow-
through anion exchange chromatography, as used during the purification of 
monoclonal antibodies for the removal of high-molecular-weight contami-
nants such as DNA and viruses. Such molecules do not readily diffuse into 
the pores of traditional resins (Fig. 7-1a), resulting in mass transfer resistance 
and lower efficiency. Accordingly, most polishing steps relying on column 
chromatography require dramatically oversized columns. In contrast, solutes 
find their binding sites on membrane adsorbers mainly by convection, while 
pore diffusion is minimal (Fig. 7-1b). These hydrodynamic benefits provide 
the opportunity to operate membrane adsorber at much greater flow rates than 
columns, considerably reducing buffer consumption and shortening the over-
all process time by up to 100-fold (Walter 1998). To stay with the example 
of removing DNA from a protein product, polishing with an anion exchange 
membrane can be conducted with a membrane bed height of 4 mm at flow 
rates of more than 600 cm/h. Under these processing conditions the membrane 

a b

Fig. 7-1. Mechanistic comparison of solute transport in (a) packed-bed and (b) membrane 
chromatography. Thick arrows represent bulk convection, thin arrows represent film 
diffusion and curly arrows represent pore diffusion
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pores still provide adequate binding capacity for large biomolecules such as 
viruses and DNA (Gottschalk 2005; Gottschalk et al. 2006).

The importance of flexibility in process assembly has already been 
discussed, but it is pertinent to focus on scalability. Flexibility is most noticeable 
during scale-up, since disposable devices are generally modular and available 
in a number of different sizes, and scaling up simply involves swapping one 
module for another with a higher capacity. As shown in Table 7-1, an important 
advantage of membrane chromatography is the linear scale up for important 
parameters such as frontal surface area, bed volume, flow rate and static binding 
capacity, while normalized dynamic capacity remains fairly constant at 10% 
or complete breakthrough (Fig. 7-2).

10. Economic and Performance Case Study

The first generation of membrane adsorbers suffered from problems related to 
both adsorptive capacity and device performance, e.g. low loading capacity, 
membrane fouling and suboptimal fluid distribution leading to a substantial 
performance loss during scale-up (Gebauer et al. 1997). However, these 
issues have been largely addressed by the development of improved surface 

Table 7-1. Scale up with SingleSep Q membrane chromatography. Parameters such as frontal surface 
area, bed volume, flow rate and static binding capacity scale up in a linear fashion (assuming constant 
bed height of 4 mm). Normalized dynamic BSA binding capacity remains constant at a given 
breakthrough (values shown at 10 and 100%, see also Fig. 7-2). Data from Sartorius-Stedim Biotech.

Frontal 
surface 
area (cm²)

Scale-up 
factor for 
flow rate

Rec. flow 
rate  
(L/min)

Bed 
volume 
(mL)

Min. static binding 
capacity (g)  
(release test)

Dynamic 
capacity at 
10% (mg/mL)

Dynamic  
capacity at 
100% (mg/mL)

Nano    2.4    1  0.03    1  0.03 22.5 39

5″   160   66  1.9   70  2.0 19.5 30

10″   450   187  5.0   180  5.3 20.5 29.5

20″   900   375 10   360 10.5 20.5 35

30″ 1,350   562 15   540 15.8 20.5 37.5

Mega 4,050 1,687 45 1,620 47

10''_lot_504863_22
10''_lot_504863_07
20''_lot_504663_03
20''_lot_504663_10
30''_lot_504563_07
30''_lot_504563_04

0
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C
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Fig. 7-2. Dynamic binding capacities of SingleSep Q membrane chromatography 
devices represented by breakthrough values as percentage of total load (C/C0) against 
membrane volume (mL). Individual curves represent selected lots of different sized 
devices ranging from nano to 30″. Data from Sartorius-Stedim Biotech
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chemistries and the design of membrane devices that optimize performance. 
In the process scale operations, 15-layer devices are commonly deployed and 
these achieve excellent contaminant removal and viral clearance (Table 7-2). 
These performance studies confirm that both columns and disposable membrane 
adsorbers are capable of trace contaminant removal and virus clearance. The 
main difference between the two formats is disposability and load capacity at 
flow rates acceptable for large-scale manufacturing. With performance assured, 
the remaining question is how disposable membrane devices compare columns 
in terms of fixed (capital) costs and variable (running) costs.

Capacity and disposability are the critical factors to consider, when calculat-
ing unit operation costs for new processes. Although membrane devices clearly 
have a higher throughput, a direct comparison of resins and membranes based 
on volume shows that membranes are more expensive. This must be balanced, 
however, against the reduced size of membrane devices, which also reduces 
buffer requirements, makes the process time shorter and includes all the other 
benefits from a disposable technology as stated earlier (Mora et al. 2006). 
Cost models have been proposed by several authors (Sinclair and Monge 
2002; Zhou 2006; Lim et al. 2007) and show that cost analysis must be carried 
out before a rational choice between the two chromatography formats can be 
made. Ideally, a cost model should segregate all direct and indirect costs into 
four major categories – capital equipment, consumable equipment and media, 
consumable chemicals and materials, and labor (Fig. 7-3). As expected, the 

Table 7-2. Membrane chromatography spiking study with four model viruses. 
Test substance was a human monoclonal antibody (5–9 g/L), pH 7.2; 4 mS/cm; 
1% spike; 450–600 cm/h. Data from Gottschalk et al. (2006).

Virus Size (nm) LRV (run 1) LRV (run 2) Virus recovery (%)

MVM 16–25 6.03 ± 0.21 6.03 ± 0.20 100

Reo-3 75–80 7.00 ± 0.31 6.94 ± 0.24 100

MuLV 80–110 5.35 ± 0.23 5.52 ± 0.27 >70

PRV 150–250 5.58 ± 0.28 5.58 ± 0.22 100

Fig. 7-3. Comparative results from a cost model comparing traditional and membrane 
chromatography, showing each component (labor, materials, consumables and capital 
charges) as a percentage of the total cost of column chromatography (which is fixed 
arbitrarily at 100% so that the savings brought about by membrane chromatography 
can be shown as a percentage cost reduction per batch). Costs break even at a load 
capacity of 2 kg/L (a) and at 10 kg/L (b) membranes cost only 20% as much per batch 
as running a column
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major cost factors in column chromatography are the fixed capital costs of 
the equipment, and the significant costs of buffer preparation and consump-
tion, whereas for membrane chromatography the consumable equipment and 
membranes are the predominant cost drivers. Therefore, we see an economy of 
scale effect for disposable devices that cannot be replicated by column chro-
matography, where the consumption of resins and buffers increases linearly 
with the production scale. Hence columns are more economical at low loading 
capacities, where the resins enjoy a longer life cycle, but costs break even at 
a load capacity of 2 kg/L and as the capacity increases, so does the relative 
benefit of membrane devices. At a capacity of 10 kg/L, traditional columns are 
five times more expensive than their disposable counterparts.

11. Conclusions

Single use and disposable equipment is widely accepted and well-established 
in the biopharmaceutical industry at process scales of up to several thousand 
liters. The application of this concept can save a significant investment in 
hardware, if the intention is limited use for individual applications, e.g. a 
limited number of process batches. However, the example of disposable 
membrane chromatography for removal of trace impurities in antibody 
polishing illustrate potential savings throughout the lifetime of a production 
campaign by providing superior economy. Single use equipment is attractive 
for cGMP applications, as it is provided ready to use. Thus it can save 
valuable labor costs, particularly in terms of cleaning and validation. Single 
use equipment may help significantly to reduce the turnover time between 
campaigns. Additional projects can be implemented instead, thus increasing 
the profitability of the facility. However, the use of disposable concepts 
should always be considered on a case-by-case basis, taking into account 
individual properties of the manufacturing facility, its infrastructure and the 
technical details of all processes.
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1. Introduction

Therapeutic and diagnostic antibodies have become the fastest growing area 
of biopharmaceutical applications. There are now 18 monoclonal antibodies 
on the market and over 100 in clinical trials, which highlights the significance 
of these therapeutics and the advances made in antibody engineering. Further, 
by 2008, engineered antibodies are projected to be the source of over a third 
of the revenues from biotechnology (Baker 2005; Reichert et al. 2005).

A few seminal events that have led to the current and projected prominence 
of antibodies as biopharmaceuticals include the identification of methods to 
generate murine monoclonal versions of antibodies (Kohler and Milstein 
1975), the cloning of human antibody sequences to allow for humaniza-
tion of murine monoclonal antibodies through complementary-determining 
region (CDR) grafting (Jones et al. 1986), and even the establishment of 
fully humanized systems to generate monoclonal antibodies (Peterson 
2005). With the sequential identification of these technological advances, 
antibodies for therapeutic and prophylactic indications have moved from 
fully murine, to partially murine (mostly human), and to completely human 
constructions. Added to these events, dramatic advances in production have 
led to the ability to prepare monoclonal antibodies at scales that can provide 
sufficient material at costs that make this area appealing to pharmaceutical 
companies. One important outcome of these various advances is a greater 
potential to use antibody drugs in chronic settings, tremendously expanding 
their biopharmaceutical applications.

The majority of currently approved antibody drugs address previously 
unmet medical needs in the areas of cancer and inflammation. These indica-
tions came from practical considerations related to earlier forms of murine 
and partially murine antibody therapeutics; the first monoclonal to be 
approved (OKT-3®, muromonab-CD3) was approved in 1986 for a single 

Chapter 8
Formulation and Delivery Issues  

for Monoclonal Antibody Therapeutics
Ann L. Daugherty and Randall J. Mrsny

Reprinted from Advanced Drug Delivery Reviews 58(5-6): 686–43, 2006, with 
permission from Elsevier.

From: Current Trends in Monoclonal Antibody Development and Manufacturing, 
Biotechnology: Pharmaceutical Aspects, DOI 10.1007/978-0-387-76643-0_8, 
Edited by: S.J. Shire et al. © 2010 American Association of Pharmaceutical Scientists



104 A.L. Daugherty and R.J. Mrsny

treatment regimen to protect from life-threatening tissue rejection following 
kidney transplant (Chatenoud 2003). Adverse reactions due to acute immu-
nogenicity problems that develop because of the delivery of a nonself protein 
limited the use of OKT-3® to only acute application (Merluzzi et al. 2000; 
Presta 2002). Subsequent partially murine antibodies such as Panorex®  
(17-1A), Zevalin® (ibritumomab tiuxetan), and Bexxar® (tositumomab) 
were approved for a limited number of administrations to cancer patients 
who had failed frontline therapies (Reichert et al. 2005). With the advent of 
fully humanized antibodies, chronic therapeutic or prophylactic applications 
for infectious agents have become a realistic clinical option (Reichert et al. 
2005). Another critical aspect to the success of antibodies as therapeutic 
agents involves improved methods to express, purify, and characterize these 
proteins (Stockwin and Holmes 2003). In general, antibody therapeutics are 
large (typically >150 kDa), complex in nature (most are glycosylated) and 
must be administered in stoichiometric rather than in catalytic quantities 
(nearly a gram per dose is required for many antibodies to be effective). 
Production and purification scales have thus reached levels of production 
that were previously assumed impossible in biotech companies (Bogard 
et al. 1989). Novel concerns then related to the development of stable 
formulations and delivery strategies for such large amounts of a complex 
molecule. Understanding product instability with regard to physicochemical 
and thermodynamic events becomes more and more critical to ensure mar-
ket success (Atkinson and Klum 2001). The required high concentrations of 
antibodies in these formulations reduced the need to add a carrier protein, 
as is the case where in serum albumin is commonly added in formulations 
of highly potent proteins such as erythropoietin alpha (Epogen®) and Factor 
VIII (Kogenate®) to enhance stability and reduce loss to vial surfaces. 
Simultaneously, the large amounts of an antibody protein used in these 
formulations allowed degradation products to be more readily detectable, 
particularly when using the highly sensitive methods designed for evaluating 
hormone biotherapeutics.

Finally, the ability to prepare large quantities of an antibody that could 
be administered for chronic therapy resulted in a plethora of new and novel 
applications (Stockwin and Holmes 2003; Bogard et al. 1989) involving 
the delivery of chemotherapeutics, radionuclides, and imaging agents – to 
name a few. New issues, related to identifying stable formulations such as 
high concentration formulations that might reduce the volume of antibody 
administrations, arose in the move from intravenous infusions to the realm 
of subcutaneous injection strategies. In some cases, the combination of 
agents with antibodies produced conflicting stability profiles. Additionally, 
potential new indications for antibody drugs increased the desire to find 
novel methods for sustained release, intracellular targeting (Lackey et al. 
2002), or delivery via methods not involving an injection. Thus, as is 
the case in most scientific advances, technological advances opened up 
possibilities for therapeutic opportunities that were not possible previously 
as well as for a totally new set of problems that required solving. In this 
review, we have attempted to identify the major issues associated with 
formulating and delivering antibody drugs, to recognize challenges already 
identified, accompanied when possible by solutions, as well as to discuss 
concerns that will need to be addressed in the future as the use of antibody 
drugs continues to evolve.
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2. Antibody Characteristics Relevant for Formulation  
and Delivery

The human body produces several classes of antibodies that appear to per-
form specific functions under different conditions and at discrete anatomic 
sites. Most of the currently approved antibody-based drugs are of the IgG1 class 
(Grainger 2004) and are glycosylated on the Fc (fragment crystallizable) domain. 
Glycosylation has been shown to participate in specific cell response events medi-
ated by antibodies (Imai et al. 2005; Siberil et al. 2005; Wright and Morrison 
1994): antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-
dependent cell-mediated cytotoxicity (CDCC) through receptor recognition events. 
Individual glycoforms of antibodies can provide improved efficacies for certain 
clinical outcomes (Jefferis 2005). In general, IgG1 and IgG3 antibodies are effective 
at initiating ADCC, while IgG2 readily fixes complement but is poor at inducing 
ADCC. IgG4 appears to be inefficient at both ADCC and CDCC (Grainger 2004). 
Interestingly, antibodies can be re-engineered to increase their capacity to recruit 
complement (Idusogie et al. 2001) or to adjust their affinities to the various classes 
of Fc receptors and thus ADCC function through mutation of specific amino acids 
within the Fc domain (Shields et al. 2001). Molecular engineering has also pro-
vided a spectrum of new antibodies (Fig. 8-1). Other chapters in this issue delve 

Fig. 8-1. General antibody structure and some antibody-based protein constructions. 
a) Human antibodies have a common framework that can be described as Fc (frag-
ment crystallizable) and Fab (fragment antigen binding) domains that are derived from 
the folded structure of heavy (H) and light (L) chain proteins. Multiple constant (C) 
regions on both the H and L chain proteins are donated as are the variable (V) seg-
ments involved in antigen-specific recognition. b) Removal of the Fc domain produces 
a F(ab)2 structure. c) Single chain structures of the antigen binding region (scFv) can 
be prepared by themselves or d) in a construct that includes Fc domain elements. e) 
Bi-specific antibody elements (diabodies) can be prepared to bring two different anti-
gens into close proximity. CH, heavy chain constant regions; CL, light chain constant 
region; VH, heavy chain variable region; VL, light chain variable region 
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deeply into the many characteristics of antibodies that make them remarkable 
and diversely applicable treatment agents: ligand binding properties, effector  
functions and potential for modification in their design. Other chapters will 
also address applications of newly engineered antibody-like molecules that 
move beyond the realm of intact, full-length IgG antibodies. The current 
review focuses primarily on IgG1 since this is where the majority of published 
information exists for antibody drug formulation and delivery.

Antibodies, due to their large size (being greater than the filtration cut-off size 
of the kidney) and their ability to be sequestered for periods of time from the 
blood, via interactions with FcRn receptors present on endothelial cells, can have 
extended serum profiles in the range of weeks. A number of engineered antibody-
like molecules are now being examined for therapeutic applications (Wu and 
Senter 2005). Some engineered fragments, such as diabodies and minibodies, 
are much smaller than intact, full-length IgG1 and have very different properties 
of systemic distribution and clearance. Additionally, methods to prepare other 
antibody types such as dimeric secretory IgA (Corthesy 2003) and methods to 
prepare antibodies using nonmammalian cell systems, such as plants (Ma et al. 
1998), from the eggs of chimeric chickens (Zhu et al. 2005) and from transgenic 
animals (Lonberg 2005), are now being explored by academic and industrial 
groups. As these new approaches gain prominence, more information will be 
acquired about their unique requirements for successful formulation and delivery. 
At present, however, there is little information on formulation approaches for 
antibodies produced using these production processes.

3. General Concerns for Antibody Formulations

Owing to their proteinacous nature, antibodies present generic formulation 
issues that are similar for most protein therapeutics (Atkinson and Klum 2001). 
Proteins, in general, can be degraded under conditions when they are exposed 
to heat, freezing, light, pH extremes, agitation, sheer-stress, some metals, and 
organic solvents. With ever advancing analytical technologies, the ability to 
assess the physicochemical and thermodynamic instability of antibody drugs has 
also led to the identification of several events that are more specific to the unique 
nature of this particular class of proteins: variations in Fc glycosylation, partial 
heavy chain C-terminal Lys processing, Fc methionine oxidation, hinge-region 
cleavage, and glycation of Lys residues (Harris 2005). In addition to these issues 
is the difficulty of preparing dosing materials that might have protein concentra-
tions in the range of 100 mg/ml or greater. Since early preclinical assessment is 
so critical to successful identification of a new biotherapeutic product, general 
preformulation strategies are usually employed for initial studies with new 
antibody drugs. An initial formulation effort will likely employ an isotonic, non-
hemolytic, slightly acidic solution that can be administered by intravenous infu-
sion or subcutaneous injection in studies employing a relevant animal model. In 
some cases, some stability information for the antibody drug can be obtained 
from initial in silico and in vivo testing during this preclinical phase that aids in 
the selection of a formulation that is used in clinical trials (Bazin et al. 1994).

Since most early preclinical studies attempt to emulate the delivery strategy 
that will be used in the clinic, initial studies frequently identify problems with 
either the initial preformulation approach and/or stability issues with the anti-
body drug itself. In the case of the formulation, protein precipitation can occur 
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with refrigerated storage or with repeated freeze–thaw cycles, events that may 
be facilitated by an inappropriate pH or buffer selection. Analysis of antibody 
drugs stored in this initial preformulation system may also identify unstable 
sites within the protein or its linkage to attached molecules (chemotherapeu-
tics, imagining agents, etc.). In the case of the antibody, this information is 
frequently evaluated to determine if re-engineering of the protein could be 
performed, for example, to provide greater thermodynamic stability or fold-
ing efficiency (Ewert et al. 2004). Such changes in the Fc region are typically 
conservative, but might act to modify Fc receptor binding properties to provide 
a different biological outcome (Demarest et al. 2004; Hodoniczky et al. 2005). 
Amino acid substitutions can also be made within the Fv region to improve 
thermal stability (Yasui et al. 1994), but such changes might also alter antigen 
binding specificity (Rudikoff et al. 1982).

4. Stability Issues for Antibody formulations

If one examines the amino acid sequences for currently approved IgG1-based 
antibody drugs, it becomes quite clear that only a small segment of these pro-
teins are dramatically different from one another, being the Fv segments that 
are involved in antigen binding. It should be pointed out, however, that there 
are some minor differences in conserved regions as well. A priori, one might 
assume that by finding a stable formulation for one of these antibody drugs, 
such a formulation would be good for most if not all, similar antibodies. If this  
were borne out by experience, there would be no need for a review such  
as this. Instead, each antibody seems to have a unique personality related to its 
requirements for stability, a phenomenon derived from the fact that the small 
differences between these antibodies are focused on surface-exposed amino 
acid differences that stipulate antigen specificity. Thus, the interfacial surface of 
each antibody drug is unique and thus requires specific formulation components 
to provide maximal stability and retention of activity.

Probably the most important aspect of identifying a successful antibody drug 
formulation is in the identification of truly detrimental alterations rather than all 
of the modifications that might occur. Although, from a regulatory standpoint, 
it may be beneficial to understand all of the potential degradation events 
associated with an antibody formulation, it is the recognition of a stability-
indicating parameter (or several parameters) that allows the formulation 
scientist to focus in on what is critical to development of a successful product. 
Here, a series of physicochemical and bioanalytical assays can be used to 
identify these parameters (Mire-Sluis 2001). Although in vivo bioassays may 
ultimately be required to validate a stability-indicating formulation parameter, 
the most critical tools at the disposal of the formulation scientist are rapid and 
reproducible assays to measure protein changes due to oxidation, deamidation, 
aggregation, fragmentation, and other forms of chemical modification that 
could lead to a loss of function of the antibody drug.

4.1. Oxidation

Methionine and cysteine residues are frequently a site of oxidation in protein 
drugs, and this is also the case for antibody drugs (Kroon et al. 1992). In the 
case of antibody-based drugs, specific methionine residues within the Fc 
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domain may be prone to oxidation, resulting in the production of methionine 
sulfoxide (Harris 2005). While cysteines are present in the Fc framework as 
disulfide pairs, unpaired cysteines in the variable region may also be sites of 
oxidation. Besides methionine and cysteine residues, oxidation of histidine, 
tyrosine, tryptophan, and phenylalanine residues can also occur (Griffiths 
2000). A number of methods can be used to monitor oxidation of amino acid 
residues. As a starting point, the number of reactive protein thiols can be 
monitored using reagents such as 5,5¢-dithionitrobenzoic acid or iodoacethyl 
dansylcadaverine (Hasegawa et al. 2005), providing a simple readout on the 
number of protein thiols per protein. Total amino acid analysis can also be 
used to monitor reductions in methionine, tyrosine, and phenylalanine resi-
dues. Tryptic digestion and peptide separation by liquid chromatography fol-
lowed by mass spectroscopy analysis (LC-MS) can be used to identify specific 
sites of amino acid oxidation.

A careful study of methionine oxidation has been performed for the human-
ized monoclonal antibody that recognizes the her2/neu gene product. For 
this protein, it was determined that a methionine at position 255 in at heavy 
chain of the Fc region was the primary site of oxidation and that a methionine 
at position 431 could also oxidize under more aggressive conditions. In this 
study, a chromatography assay was used to detect oxidation events following 
papain digestion to separate Fab and Fc segments of the antibody (Shen et al. 
1996). Another study on the stability of this same protein provides a valu-
able template for dealing with antibody oxidation: identification of a critical 
oxidation event, validation of a robust assay for monitoring that event, and 
comparison of formulation parameters to determine conditions that facilitate 
oxidation. Addition of antioxidants or stoichiometric levels of free methionine 
or thiosulfate were found to reduce the extent of oxidation in formulations of 
this antibody (Lam et al. 1997).

Issues associated with administration of oxidized forms of an antibody may 
extend beyond concerns of reduced efficacy. Systemic lupus erythematosus 
(SLE) is a disease characterized by the induction of antidouble-stranded 
DNA antibodies. Studies have shown that increased levels of markers of 
protein oxidation, including those of methionine sulfoxide and 3-nitrotyrosine, 
correlated with SLE disease activity (Morgan et al. 2005). Additionally, oxidative 
modifications of antibodies isolated from synovial fluid samples collected from 
patients with rheumatoid arthritis suggested alteration of histidine, methionine, 
tyrosine, and cysteine residues (Jasin 1993). While no direct causal association 
is shown or implied, these observations bring attention to the issue that we do 
not fully understand the clinical impact of antibody oxidation events.

4.2. Deamidation

Glutamine and asparagine residues show a propensity for deamidation 
(Robinson et al. 1970). Both light and heavy chains of antibodies can undergo 
deamidation of these amino acids (Mimura et al. 1995), and deamidation 
events are considered to be one of the major sources of charge heterogeneity 
of monoclonal antibodies (Zhang and Czupryn 2003). Deamidation events 
appear to be highly selective events for individual antibodies. For example, 
analysis of several monoclonal antibodies that bind the her2/neu gene product 
demonstrated asparagine 30 deamidation on one or both light chains and 
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asparagine 55 on the heavy chain (Harris et al. 2001). Deamidation events 
lead to more acidic forms of the antibody through the acquisition of additional 
carboxylic acid groups. Conversely, aspartic acid residues can also undergo 
modification to a succinimide moiety that results in a basic antibody isoform 
of the antibody by removal of a carboxylic acid group (Harris et al. 2001). In 
general, deamidation events appear to be relatively slow but are accelerated 
by unfolding of the antibody (Chelius et al. 2005). Initial detection of 
deamidation in antibody preparations is typically identified by differences in 
charge distribution or content using methods such as isoelectric focusing (IEF) 
or high-performance cation-exchange chromatography (Harris et al. 2001).

High performance chromatography can then be used to separate succin-
imide, isoaspartic, and aspartic acid isoforms of tryptic digest fragments of 
the antibody, which can be unambiguously characterized by tandem mass 
spectroscopy (MS). Correlation between tryptic digest tandem MS results 
and some other more readily accessible method, such as IEF, can provide a 
rapid format to follow antibody deamidation events. Using these techniques, 
asparagine deamidation events residues appear to occur more frequently than 
glutamine deamidation, and specific asparagine residues appear to be selec-
tively targeted for this event (Kroon et al. 1992). Deamidation of asparagine 
is frequently associated with rearrangement events that lead to the formation 
of isoaspartic acid (Zhang and Czupryn 2003), and this outcome is correlated 
to amino acids adjacent to the asparagine prone for deamidation (Chelius 
et al. 2005) that provide a method for prediction of potential deamidation 
sites (see Box below). In particular, asparagine-glycine sequences can demon-
strate accelerated deamidation rates since glycine residues lack a side-chain 
structure that would otherwise act to decreased conformation interference for 
backbone-associated isoaspartyl formation (Radkiewicz et al. 2001).

Amino acida sequences predicted to deamidateSNG, LNG, LNN, and ENN

(Note these have a following amino acid of G or N)

and those that are less prone to deamidation

GNT, GNS, GNV, TNY, SNY, SNF, SNT, SNK, SNL, WNS, FNW, FNS, FNR HNA, 
HNH, LNW, CNV, NNF, DNA, and YNP

aStandard single amino acid letter nomenclature

Nonenzymatic parameters of asparagine and glutamine deamidation in 
proteins have been defined in detail for factors such as pH, temperature, and 
ionic strength (Robinson and Robinson 2004; Robinson et al. 2004). The pri-
mary sequence dependence of these deamidation events can be explained by 
a simple steric and catalytic model (Robinson and Robinson 2004; Robinson 
et al. 2004). Prediction of deamidation events based upon three-dimensional 
structures has also been described, but the data set for these studies are not yet 
sufficient to produce a general model (Robinson and Robinson 2001a). That 
asparagine and glutamine deamidation appear to be a constant phenomenon of 
proteins and correlate with their turnover provides the basis for the hypothesis 
that the presence and distribution of these amino acids within a protein can 
act as a molecular clock for its biological turnover (Robinson and Robinson 
2001b, c). For the formulation scientist, empiric assessment of factors such as 
pH and ionic strength provide the best strategy to identify a formulation that 
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minimizes deamidation events. In general, deamidation does not result in a 
decrease in potency, and it may be hard to detect as the charge difference is 
small. At times, however, there can be a detrimental effect on potency through 
the introduction of an unfavorable negative charge that can have further rami-
fication on biological function, particularly when deamidation occurs in the 
binding regions (Huang et al. 2005). As particularly reactive residues are iden-
tified, it may be possible to have the antibody engineered to remove the prob-
lematic amino acid or to change adjacent residues to reduce its reactivity.

4.3. Aggregation

Liquid formulations of protein therapeutics frequently exhibit a decrease in 
concentration because of adsorptivity to container walls at low concentration 
and can show aggregation events at high concentrations. Initial preparations 
of antibody drugs were administered in acute situations by IV infusion that 
could allow for medium protein concentration (1–10 mg/ml) formulations 
not dramatically affected by adherence or aggregation losses. As antibody-
based drugs became more widely used in chronic care, high concentration 
formulations that would allow for clinically acceptable SC injection volumes 
became desirable, and aggregation became an important concern for designing 
formulations. Along with aggregation events, protein solutions at concentra-
tions >50 mg/ml may become sufficiently viscous as to no longer readily pass 
through the gauge of a needle that would be comfortable for patients’ use. 
Some antibodies demonstrate high concentration viscosity issues, while others 
do not. For example, the antirespiratory syncytial viral antibody Synagis® is 
formulated at 100 mg/ml protein and is administered successfully by IM injec-
tion. Thus, addressing viscosity, adsorptive loss and aggregation in any spe-
cific antibody formulation will likely be performed on a case-by-case basis.

As protein–protein contact frequency increases at high concentrations, the 
opportunity for stable aggregate formation increases proportionally. Proteins 
are folded in such a way as to internalize hydrophobic domains and surface-
expose more hydrophilic domains in a thermodynamically stable situation. 
As folded proteins undergo normal molecular motion transient surface 
exposure of hydrophobic domains can lead to protein–protein contacts that 
hide these surfaces in a more energetically favorable manner. The outcome 
of these events is the stabilization of these protein–protein contacts with 
the ultimate outcome of dimerization, trimerization, and so on – leading to 
extended aggregation events (Cleland et al. 1993). As protein concentration 
and temperature goes up, so does the probability of energetically favorable 
contacts, leading to aggregation with increased frequency and duration of 
reversible protein–protein contacts, which leads to a greater extent of stable 
(even irreversible) aggregation events. Aggregation (covalent, noncovalent, 
dissociable, and nondissociable) must be considered a likely degradation event 
for high concentration antibody formulations.

For some antibodies, reduced temperatures can incite reversible self-
associations; these molecules are known as cryoimmunoglobulins (Middaugh 
et al. 1978). IgG3 cryoimmunoglobulins have been shown to self-associate 
through sugar structures of the Fc domain (Panka 1997). Self-association 
events involving IgG1 antibodies seem to occur primarily through weak ionic 
and hydrophobic interactions (Hall and Abraham 1984). More recent studies 
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have examined kinetic and thermodynamic aspects of antibody solution 
dimerization using a recombinant human monoclonal antibody that recognizes 
vascular endothelial growth factor (rhMab-VEGF) as a model (Moore et al. 
1999). It was found that for this IgG1 class antibody, aggregation rates were 
greater in slightly alkaline (pH 7.5–8.5) compared to slightly acidic (pH 
6.5–7.5) conditions. A high salt environment (1 M NaCl) also enhanced 
dimerization. Not surprisingly, self-association events were accelerated as the 
storage temperature was increased. One of the most striking aspects of these 
dimerization studies on rhMab-VEGF is that trastuzumab, another genetically 
engineered antibody with the same IgG1 framework and a 92% sequence 
homology with rhMab-VEGF, fails to demonstrate aggregation events under 
the same conditions.

A number of additives have been identified that can reduce the rate of pro-
tein aggregation (Cleland et al. 1993; Baynes and Trout 2004). A rather wide 
spectrum of agents can reduce protein aggregation rates: urea, guanidinium 
chloride, amino acids (in particular glycine and arginine), various sugars, 
polyalcohols, polymers (including polyethylene glycol and dextrans), sur-
factants, and even antibodies themselves. Studies have shown that different 
proteins benefit from different types of antiaggregating factors, consistent with 
the notion that the interfacial surfaces that drive interactions leading to aggre-
gation are protein-specific. Conceptually, antiaggregating agents might fall 
into one of two categories: small agents that fit into channels or grooves and 
large agents that might interact with lower-curvature surfaces of the protein. 
In essence, the small agents would act to stabilize a protein from acquiring a 
conformation that might be more reactive toward aggregation, while a large 
agent might act to reduce the frequency of surface contacts that lead to an 
aggregation event. In the case of antibody formulation, either or both may be 
important. As we will discuss, agents found to effectively protect an antibody 
from aggregation may differ for various stress conditions; antibodies that are 
undergoing agitation and thermal stress in solution may differ from those of 
the same antibody as it undergoes lyophilization and reconstitution.

Protection from aggregation can be limited in antibody formulations by 
the addition of surface-active agents such as detergents, both charged and 
uncharged. As an interesting aside, such surface-active agents can help reduce 
protein loss because of adherence to surfaces that can occur with low con-
centration protein formulations. Polysorbate 20 and 80 (now available from a 
vegetal source) are examples of detergents that are widely used to reduce the 
rate of protein aggregation in high concentration antibody drug formulations. 
A precautionary note must be sounded, however, as detergents perform this 
function optimally at low concentrations (0.01–0.05%) and can act detrimen-
tally to participate in protein unfolding at higher concentrations, e.g., 1%.

That antibody aggregation can be accelerated by several physical condi-
tions provides the potential for multiple methods to determine if a particular 
antibody drug is prone to aggregation and to rapidly test formulations for their 
ability to impede aggregation. Agitation studies are done, in addition to thermal 
stability studies, to determine if aggregation can occur in a given formulation. 
Different test methods are used, employing a shaker or a stirring apparatus. 
A study done on an IgG1 antibody found that sizes of aggregates produced 
by the two methods were comparable (Mahler et al. 2005). It was concluded 
that a higher throughput test could be constructed using stirring analyzed by 
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absorbance measurement. In the work, the stirred samples exhibited much 
higher absorbance and second particle species in DLS, indicating that stirring 
stress produces a higher amount of smaller protein aggregates. While Mahler 
found polysorbate 80 protects against aggregation, the stirred samples had 
an increase in turbidity and more aggregate products were detected by DLS 
as compared to a surfactant-free formulation. Polysorbate 80 stabilizes small 
aggregates and prevents further progress in the aggregation process.

4.4. Fragmentation

Intact, full-length antibodies are composed of several segments that have natural 
flexure sites. One site, in particular, exists at the flexure point between the 
Fc and Fv domain. Cleavage at this hinge region is a common concern when 
assessing antibody drug stability (Harris 2005). Molecular sizing methods such 
as sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) 
and size-exclusion high performance liquid chromatography (SE-HPLC) can 
be used to rapidly identify fragmentation events in antibody drugs (Page et al. 
1995). Fragmentation of full-length antibody drugs is a common occurrence 
and invariably affects their function. In general, cleaved forms are present in 
such low amounts that it is likely that little change in efficacy would be seen 
(Cordoba et al. 2005). At the very least, the antibody drug may have some 
small reduction in efficacy following fragmentation or may be more prone 
to proteases, degradation, and clearance events that would limit the duration 
of its efficacy. At the worst, a fragmented antibody preparation may result in 
a different biodistribution and thus a different safety profile. This can be of 
particular concern if the antibody is being used to delivery a cytotoxic chemo-
therapeutic agent. Fortunately, the extent of fragmentation in an antibody can 
be easily limited in the formulated product.

5. Strategies to Stabilize Antibody Formulations

While liquid antibody formulations are less expensive, faster to develop and 
generally easier to prepare for administration than alternative formulation 
approaches, liquid antibody formulations are prone to oxidation, deamidation, 
aggregation, and fragmentation as discussed above. In each of these events, 
water is the common culprit: water mediates electron transfer during oxidation 
and deamidation events, and its required addition across a peptide bond can 
be a critical step in fragmentation. The thermodynamic stresses that lead to 
protein aggregation are caused by hydrophobic protein surfaces being exposed 
to water and trying to find a lower energy state by non-native protein–protein 
interactions. Thus, water is a big problem for stabilizing antibody-based drugs. 
Lyophilization or introduction into hydrophobic polymer systems can reduce 
the impact of water on antibody drug formulations.

5.1. Lyophilization

Although some antibodies have demonstrated a propensity to undergo 
precipitation as they are cooled from 37°C (Middaugh et al. 1978), antibodies 
are typically robust to freeze/thaw cycles (Sarciaux et al. 1999). Early studies 
reported that antibodies were stable to the freeze-drying (lyophilization) 
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process in the absence of excipients that function as cryoprotectants (Friedli 
1987); however, with the technical advancement of certain analytical 
methodologies, it became evident that antibodies are generally damaged in 
some way as a result of lyophilization as demonstrated by extensive formation 
of insoluble aggregates (Sarciaux et al. 1999). More recently, studies have 
shown that freeze-drying antibodies to a specific percent of residual water 
(usually between 1 and 8%) allow for optimal stabilization in the dry state 
and stability during reconstitution (Breen et al. 2001). Higher moisture 
content in lyophilized antibody preparations correlates with increased 
aggregation (as seen by SEC) and asparagine deamidation and isomerization 
(as measured by HIC). Studies have also been performed to identify optimized 
lyophilization schedules where the secondary drying phase is performed at an 
elevated temperature (Ma et al. 2001). This technique allows the lyophilized 
cake to achieve optimum moisture content, allowing the final product to be 
conformationally stable (as measured by DSC) during extended storage. 
Solid-state structural studies can be used to monitor conformational changes 
and aggregation events during the storage of a lyophilized monoclonal 
antibody preparation (Andya et al. 2003). Improved native-like structure and 
a reduction in aggregation can be obtained by incorporation of a carbohydrate 
excipient in sufficient quantities to fulfill the hydrogen bonding requirements 
on the protein surface, suggesting a critical role for nonwater molecules to act 
as placeholders for water molecules during drying and in the dry state. That 
the addition of excess carbohydrate failed to improve the stabilizing function 
of this excipient reaffirms the conclusion that antibodies have a limited 
number of sites that must be protected in this fashion (Andya et al. 2003). A 
variety of carbohydrates or polyol compounds such as sucrose, trehalose, and 
mannitol have been shown to provide this stabilizing function (Cleland et al. 
2001; Duddu and Dal Monte 1997).

The rate of rehydration when water is reintroduced during reconstitution of 
lyophilized formulations is a critical parameter. As water is removed during 
different drying stages of the lyophilization cycle and replaced by a shell of 
nonwater excipients, the antibody drug can undergo structural modifications 
that result in a non-native conformation as may be seen by differential scanning 
calorimetry (Breen et al. 2001). If the rate of rehydration is sufficiently slow 
to allow recovery of native conformation as water replaces nonwater excipient 
molecules, reconstitution will typically provide a satisfactory outcome for the 
antibody. If, however, the antibody does not have sufficient time or capacity to 
recover its native state during reconstitution, extensive aggregation can result. 
Efforts to protect monoclonal antibodies from the rigors of freeze-drying and 
reconstitution have been aided by a number of analytical methods that can 
examine protein modifications. In the solid state, circular dichroism (CD) 
and Fourier transform infrared (FTIR) spectroscopy may be used to evaluate 
the protein; after reconstitution in the liquid phase, SEC or SDS–PAGE have 
been utilized to gather information from lyophilization studies (Costantino 
et al. 1998a; Hsu et al. 1992). A microscopic apparatus to visually monitor 
freeze-drying events has even been described (Hsu et al. 1996). Excipients 
that have been reported to slow the reconstitution rate and thereby preventing 
such changes in the rehydrated antibody are glycerol (Chang et al. 2005; 
Gekko 1981) and polymeric materials such as polyethylene glycol (Arakawa 
et al. 1991).
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Pharmaceutical scientists frequently use increased temperatures for 
accelerated formulation stability studies. Although such studies can be used 
to assess formulation parameters such as pH and ionic strength, antibodies 
lyophilized in the presence of a cryoprotective sugar excipient provide a more 
complicated picture. Lyophilized amorphous solids composed of a monoclonal 
antibody and a sugar cryoprotectant material such as sucrose or trehalose 
form glassy structures, liquids that are too viscous to flow. That antibody-
excipient complexes exhibit a glass transition temperature (Tg) provides the 
basis for observations showing that these materials have unique properties 
above and below this value. Thus, in predicting shelf life in accelerated 
degradation studies, it is important to use testing temperatures that do not 
exceed the Tg threshold of the complex (Duddu and Dal Monte 1997). In 
general, lyophilized formulations containing trehalose may likely show less 
tendency toward antibody aggregation than those with sucrose, since trehalose 
preparations have a higher Tg (Duddu and Dal Monte 1997). With this in mind, 
a promising approach to assess secondary structural parameters in evaluating 
antibody formulation stability is the use of amide I band Raman spectroscopy. 
This method demonstrates a good correlation between structural protein 
perturbations immediately after lyophilization and the rate of aggregation 
during long-term storage under accelerated conditions (Sane et al. 2004).

5.2. Polymer Delivery Systems

Removal of water from antibody preparations, by either lyophilization or spray 
freeze-drying, provides a starting point for incorporation of this dried material 
into a hydrophobic polymer matrix such as polylactide-co-glycolide (PLGA) 
that can be made into microspheres generated through a solid-in-oil-in-water 
(S/O/W) encapsulation process (Wang et al. 2004). Although both man-
nitol and trehalose can stabilize human IgG during spray freeze-drying, the 
double-emulsion solvent evaporation method used to load spray freeze-dried 
human IgG into PLGA microspheres has been shown to produce extensive 
antibody aggregation (Wang et al. 2004). Such an outcome is likely the result 
of thermodynamic stress experienced at the water/organic solvent interface, 
and a variety of process methods and excipients can be used to minimize this 
concern (Jones et al. 1997).

One feature of PLGA microparticle preparations is their recognition by 
immune elements and their capacity to stimulate immunization against incor-
porated proteins (Gupta et al. 1998; Lavelle et al. 1999; O’Hagan et al. 1991). 
While this has clear advantages for vaccines, it poses a serious concern for 
therapeutic protein delivery. Hydrophobic microparticles have been reported 
to incite local inflammation at subcutaneous injection sites (Daugherty et al. 
1997), events that may be partially mediated through macrophage recruitment 
(Luzardo-Alvarez et al. 2005). Not only is the potential for antibody formation 
increased with local inflammation, the resulting injection site reaction may 
also be clinically unacceptable.

In spite of some serious caveats, polymeric microspheres and delivery 
systems can be successful antibody formulations if administered to the appro-
priate sites, using certain types of polymers or by preparing microspheres or 
polymeric formulations by methods that are more protective of the antibody. 
An example of a certain delivery site that may have less proclivity toward an 
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inflammatory response is reported, where PLGA microspheres loaded with 
an antiVEGF antibody were injected into the intravitreal humor of the eye, an 
immune-privileged site, for the treatment of age related macular degeneration 
(AMD) (Mordenti et al. 1999). Resorbable polymers that show less potential 
to incite inflammation, e.g., have smoother surface characteristics, might be 
used to deliver antibodies in a sustained manner. Direct, local delivery of anti-
bodies using carboxymethylcellulose aqueous gels can be an effective post-
surgical anti-infective strategy (Poelstra et al. 2002). Antibodies covalently 
coupled to a biodegradable hyaluronic acid hydrogel through a labile hydra-
zone linkage have been used for the sustained delivery of antibodies to sites 
within the central nervous system (Tian et al. 2005). Introduction of dry powder 
IgG into ethylene-vinyl acetate copolymer (EVAc) has also been examined 
as a potential polymer-based antibody delivery system (Wang et al. 1999). 
Similar to PLGA systems, EVAc microspheres can extend the time course of 
IgG release. This property makes polymers loaded with antibodies interesting 
opportunities for injectable sustained release delivery formats but also for topical 
application at mucosal surfaces. For example, long-term vaginal delivery of 
an antibody can be achieved in a mouse model using polymer vaginal rings 
(Kuo et al. 1998; Saltzman et al. 2000). Formulations of a biomedical grade 
polyurethane hydrogel with an antibody coating have also been prepared and 
shown to release bioactive protein (Rojas et al. 2000). It is important to note 
that one complicating aspect of many of these approaches is the requirement 
of a polymer solubilization step using a solvent, such as methylene chloride or 
isopropanol, which can compromise protein drug stability. Sustained release 
formulation approaches such as microspheres prepared using water, such as 
the PROMAXX microspheres (Epic Therapeutics) or crystallization of pro-
teins (Yang et al. 2003) can bypass the use of solvents that are incompatible 
with proteins and antibodies.

6. Formulation Issues for Alternative Forms  
of Antibody Delivery

To date, antibody development has focused primarily on injectable routes of 
administration: intravenous (IV), intramuscular (IM), and subcutaneous (SC). 
A long history of IV antibody infusions exists (Sgouris 1970), and the advan-
tages are clear for antibody-based drugs that are used in cancer treatments in 
order to reach tumor sites that may be diffuse or not otherwise accessible. In 
fact, the majority of the approved antibody-based drugs are administered by 
IV infusion (Table 8-1) with the total dose administered approaching one gram 
of protein per treatment in some cases. For many antibody-based therapies, a 
critical safety concern involves the onset of acute or delayed systemic reac-
tions following infusion (Cook-Bruns 2001; Crandall and Mackner 2003). 
Parameters and characteristics of the “infusion reaction” as well as treatment 
protocols have been well described with acute events commonly occurring 
within 10 min to 4 h and delayed events occurring 24 h to 4 days postdosing 
(Cheifetz and Mayer 2005). Although formation of antibodies to the admin-
istered antibody drug appear to be a risk factor for infusion reaction events 
(Baert et al. 2003), infusion reactions can occur following the initial exposure 
(Cheifetz and Mayer 2005), and these reactions do not appear to be due to 
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IgE responses or mast cell activation (Cheifetz et al. 2003). Most importantly 
for the patient, there appear to be treatment protocols to provide retreatment 
of patients even after an infusion reaction event (Cheifetz and Mayer 2005) 
with concomitant administration of immunomodulation molecules (Baert 
et al. 2003). There are many unanswered questions about the mechanism and 
prevention of adverse infusion reaction events associated with IV infusion of 
antibody drugs. Certainly, one method is to explore IM and SC delivery when 
possible, although these delivery approaches may also have confounding 
aspects of tissue response and volume limitations.

Other routes are also amenable to antibody delivery. The increased number 
of antibody therapeutics on the market and the greater exploration of nonlife 
threatening indications being treated by antibodies, drive efforts to deliver 
these agents by routes other than IV infusion. These routes may be more 
effective, less invasive, provide easier delivery, permit self-administration, 
and thereby be more convenient and possibly have lower costs if less active 
agent can be used, as in the case where in the alternate route of administration 
delivers the therapeutic agent to the intended site directly. Interestingly, 
some studies have suggested that antibodies administered by IV infusion are 
more susceptible to proteolysis than via IM injection (Page et al. 1995) and 
sucrose-stabilized immunoglobulins have been associated with acute renal 
failure following IV infusion (Chapman et al. 2004). The antibody used to 
protect neonates from respiratory syncytial viral (RSV) infection (Synagis®) 
is one example of an antibody administered by IM injection. For reasons 
discussed above, the majority of antibody-based drugs have moved toward 
SC delivery with formulations efforts being focused to this end. Based upon 
the desired actions for a number of antibody-based drugs, however, routes of 
administration other than IV, IM, or SC may be desirable. These alternative 
routes can provide unique formulation and stability issues.

6.1. Oral

Uptake of antibodies from the intestinal lumen can occur through fetal Fc 
receptors (FcRn) expressed at the apical surface of enterocytes (Lencer and 
Blumberg 2005). This natural antibody uptake mechanism was initially iden-
tified in the gastrointestinal (GI) tract of neonatal rodents and its expression 
shown to vanish following “closure” of the intestine after weaning. It was 
found only recently that the continued expression of this receptor in the adult 
intestine was demonstrated, and this finding has prompted efforts to examine 
this receptor system as a means of delivery antibodies after oral administra-
tion. Although this pathway appears to be a viable route for the delivery of 
therapeutic antibodies, issues associated with antibody stability in the GI tract 
(Reilly et al. 1997) and competition from endogenous antibodies can dramati-
cally reduce the efficiency of uptake after oral delivery. Outside of this specific 
mechanism, no other transcellular mechanism of efficient antibody transport 
across epithelial cell of the GI tract has been demonstrated to date. Topical 
application of antibodies to produce a desired clinical outcome has been 
shown, however, with the oral delivery of a chicken-derived (IgY) antibodies 
for treating and preventing infectious diseases of the GI tract (Reilly et al. 
1997; Horie et al. 2004; Mine and Kovacs-Nolan 2002). It should be noted that 
IgY antibodies have been shown to not bind to (or be transported by) FcRn 
(Lencer and Blumberg 2005).
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6.2. Respiratory Tract

Intranasal and pulmonary administration of protein therapeutics have shown 
more promising clinical outcomes than oral delivery. While the surfaces of 
both the respiratory tract and the gastrointestinal tracts are readily accessi-
ble, the respiratory tract is a far less hostile environment for an administered 
protein therapeutic. Nonetheless, there are physical clearance mechanisms in 
place to remove foreign particles, which act to reduce residence time dramati-
cally following administration. In the case of nasal administration, the use of 
a cream emulsion and a polymer delivery system has been shown to signifi-
cantly decrease the clearance rate for a monoclonal antibody when applied to 
the nasal mucosa (Walsh et al. 2004). This study provides one approach for 
the topical application of a therapeutic antibody designed to provide clinical 
benefit at the mucosal surface. It does not, however, suggest that an appreci-
able amount of an antibody might be absorbed into the systemic circulation 
from this site. The nasal mucosa affords only a small absorptive surface area 
compared to the epithelial linings of the lung.

Aerosol delivery of antibodies to the lung has been explored as either a liquid 
or dry powder formulation, both the cases in which the droplets or particles 
must be of sufficiently small size that they are respirable perhaps to the level of 
the deep lung but large enough that they are not readily exhaled or just impact 
the back of the throat (Ref). The size of particles that provide this perform-
ance has a mass mean aerodynamic diameter and density such that they enter 
the alveoli and remain in the lung. This size window has been reported to be 
between 1 and 5 mm depending on the formulation used and in one case, far 
larger, 20 mm where the particles are dense (<0.4 g/cm3) and highly porous 
(Edwards et al. 1997).

Formulation efforts were made for producing fine dry powder particles of 
an antiIgE monoclonal antibody (E25) in the size range desired for delivery 
to the lung (Costantino et al. 1998b). These studies showed that sodium phos-
phate was capable of extending the usefulness of mannitol as a protective 
excipient in spray-dried antibody formulations and that mannitol can play 
a role both in maintaining protein stability as well as producing a suitable 
aerosol preparation. Further studies to assess carbohydrate excipients for 
spray-dried aerosol E25 formulations showed that excipient to protein ratios 
were critical. Degradation issues involved not only protein aggregation but 
also protein glycation or lactosylation, a protein modification event in which 
a reducing sugar can add covalently at a free amine (Andya et al. 1999). The 
ability to formulate and delivery an antibody-based drug to the lung provides 
the potential for systemic delivery of that protein via uptake through the FcRn 
expressed at this mucosal surface. Elegant studies showing the distribution and 
function as well as the application of this transport route for systemic deliver 
of an Fc-containing protein chimera have been demonstrated (Bitonti et al. 
2004; Spiekermann et al. 2002). Thus, the potential or systemic delivery of 
antibody-based drugs via the respiratory tract looks promising.

6.3. Miscellaneous Delivery Sites of the Body

Unique aspects of antibody-polymer formulations designed for intravitreal 
injection (Mordenti et al. 1999) or topical vaginal delivery (Kuo et al. 1998; 
Saltzman et al. 2000) have been discussed above. Additionally, antibody 
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formulations using hyaluronic acid hydrogels for sustained brain delivery 
have been noted (Tian et al. 2005). These methods focus on strategies to 
administer large amounts of an antibody at a specific site in order to provide 
a sustained level to improve efficacy and/or to minimize injection frequency. 
Other strategies have been described to deliver antibodies to miscellaneous 
sites throughout the body, For example, an antitransferrin antibody (OX-26) 
has been described as a carrier for delivery of covalently attached therapeutic 
molecules across the blood–brain barrier following IV injection (Granholm 
et al. 1998). An antitumor necrosis factor antibody has been adsorbed onto 
cardiovascular stent wires for local neutralization of this cytokine in order to 
limit restenosis events following stent placement (Javed et al. 2002). A CMC 
gel containing antibodies to prevent postsurgical infections has been admin-
istered to the intraperitoneal cavity (Poelstra et al. 2002).

6.4. Intracellular Targeting

Some promising antibody drug targets are intracellular. Although techniques 
exist where a cell can synthesize an antibody and secrete it into the cell 
cytoplasm, successful use of this technology requires gene therapy. Instead, it 
is possible to chemically couple an antibody with a pH-sensitive polymer that 
functions to disrupt membranes at acidic pH. Many antibodies are internalized 
by cells through a receptor-mediated uptake process that leads to their delivery 
into early and then late endosomes. During endosomal maturation after 
receptor-antibody internalization, the pH of these vesicles will drop from near 
neutral to below pH 6. This approach was demonstrated in a format in which 
the pH-responsive polymer poly(propylacrylic acid) was covalently attached 
to a monoclonal antibody to facilitate its delivery to the cytoplasm of target 
cells (Lackey et al. 2002).

7. Other Delivery Issues

A wide range of novel drugs and drug conjugates are being developed using 
monoclonal antibodies and engineered antibody fragments (Wu and Senter 
2005). For some of these novel therapeutic approaches to be successful, they 
require additional or nontraditional delivery strategies. A cursory discussion 
of some of these approaches as they relate to intracellular targeting, site place-
ment, and engineered antibodies fragments follows.

7.1. Antibody Fragments

An entire spectrum of antibody fragments have been identified through protein 
engineering studies with many of these showing remarkable potential for 
unique and novel clinical opportunities (Holliger and Hudson 2005). These 
smaller recombinant antibody fragments, the monovalent antibody fragments, 
Fab and single chain Fv, and the engineered variants, diabodies, triabodies, 
minibodies, and single-domain antibodies that are less costly to manufacture 
while still retaining the targeting specificity of full length antibodies are an 
emerging form of antibody therapy. In fact, some may have greater efficacy and 
more applications than whole monoclonal antibodies. It may be anticipated that 
this new subset of antibodies are posing new formulation challenges; however, 
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to date, publications detailing stability studies and formulation development 
for these molecules are rare in the scientific literature, so formulation data 
on antibody fragments is scant. The single V domains have been found to be 
poorly soluble and have a tendency to aggregate (Holliger and Hudson 2005), 
but these problems are being overcome by the identification of mutants that 
minimize the hydrophobic interface and selected by phage display (Jespers 
et al. 2004). Five Fab molecules have been approved as of this writing with the 
one humanized Fab (ranibizumab rhFab) awaiting approval in the very near 
future, but many are in early clinical trials and most in preclinical development. 
One study has been described that focused on Fab fragments. In general, the 
binding of an antibody to an effector protein does not necessarily inactivate 
that target’s function (Kawade 1985). When an antibody is effectively 
inactivating, however, the Fab fragments in the absence of an Fc domain 
can frequently function as highly potent binding agents capable of masking 
binding sites or enzymatic elements on macromolecules. For example, Fab 
fragments prepared from sheep antisnake venom antibodies (Digibind, from 
GSK) can be an effective antivenom. Storage of liquid formulations of such 
antivenoms in subtropical countries where refrigeration may not be possible 
provides a significant formulation challenge. Although lyophilized products 
can perform well under these conditions, a pH 4.0 (acetate buffer) formulation 
was also found to be stable and potent for at least 1 year at room temperature 
(Al-Abdulla et al. 2003), presumably room temperatures characteristic of the 
tropical and subtropical regions where the material would be used. Strikingly, 
this stable formulation did not require the presence of a protective carbohydrate 
excipient. To improve drug delivery, antibody fragments have been fused 
to many types of molecules, such as radionuclides, cytotoxic drugs, toxins, 
peptides and proteins, enzymes, and liposomes (Nakamura et al. 2004). An 
immunoliposome made with a Mab fragment is reported to deliver drugs to the 
brain such that a molecule is able to cross the formidable barrier of the blood 
brain barrier (Schnyder and Huwyler 2005).

7.2. Immunoconjugates

Arming antibodies with materials useful for detection or cell killing has become 
a prominent approach to increase the utility of these proteins, reviewed by Wu 
and Senter (2005). Antibodies provide a useful format for the production of 
radiopharmaceuticals for site- or tissue-specific localization using gamma 
scintigraphy (Bogard et al. 1989; Tuncay et al. 2000) or for enhanced cell 
killing. There are currently three approved antibody-radionuclide drugs: two 
are murine radiolabeled Ab for B cell lymphomas ibritumomab tuixetan (90Y, 
Zevalin) and tositumomab (131I Bexxar), and the third is a humanized, gem-
tuzumab ozogamicin (calicheamicin, Mylotarg) for leukemia. The presence 
of a high energy emitting radionuclide, however, will compromise long-term 
stability of any antibody formulation; not only would the released energies act 
to damage the protein, but there is also a strong preference to use short half-life 
isotopes for these procedures (Zimmer et al. 1989). Thus, in these instances, 
a stable formulation based upon the principles discussed above can provide 
a product that can be radiolabeled and then used soon after this step. One 
example of this approach is a lyophilized antibody formulation that is recon-
stituted and prepared by a kit method prior to patient dosing (Ferro-Flores and 
Lezama-Carrasco 1994).
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Antibodies coupled with cytotoxins for targeted cell killing (Dyba et al. 
2004) are particularly useful in antibody-based cancer therapies (Adams and 
Weiner 2005). Beyond the identification of a stable formulation for the anti-
body, such materials have several additional problems for the formulation sci-
entist to solve: stability issues of the attached agent and stability of the linker 
used to join the attached agent to the antibody. In the case of a monoclonal 
antibody-vinca alkaloid conjugate, a pH range of 4.5–5.5 in a phosphate buffer 
showed improved solution stability compared to material stored at pH 6.5–7.4 
as evidenced by antibody aggregation and hydrolysis of the chemical linker 
used to conjoin the alkaloid to the antibody (Riggin et al. 1991). In most cases, 
cytotoxic materials are coupled with antibodies using reversible chemistries 
to provide a release mechanism for maximal activity at the target site. Many 
of these antibody conjugates use a disulfide bond linkage that can be reduced 
by a novel redox enzyme present in endosomes and lysosomes of target cells 
(Saito et al. 2003). Slightly oxidizing conditions that would provide added 
stability of this linker in the formulation could, over time, act to cause detri-
mental oxidation events in the antibody and/or the linked compound. Other 
conjugates use an acid-labile linker (Mueller et al. 1990). In this case, formula-
tion pH must be restricted to either neutral or alkaline conditions. Enzymatic 
separation of antibody and a cytotoxic material could also be achieved by 
coupling the two through an amino acid linker that is recognized as a substrate 
by a specific protease or peptidase (Heinis et al. 2004). Formulation instability 
of this linker sequences can be corrected to some extent by selective changes 
of the amino acids used.

Thus, the challenges of immunoconjugates include maintaining both drug 
and antibody potency and stability. While some antibodies are efficacious by 
themselves, many are much more therapeutically active after being armed 
with a toxin, drug, and radionuclide (Brannon-Peppas and Blanchette 2004). 
These changes make the resulting product more difficult to prepare, stabilize, 
and deliver. Yet, there is tremendous enthusiasm for these approaches as they 
provide the promise for some companies to transform their antibody into a 
potentially curative drug. For this reason, many antibodies are combined with 
a generic delivery system, such as a liposome, that can be used to delivery 
a variety or even multiple agents simultaneously through antibody-directed 
targeting (Park et al. 2004). Examples of such an approach include studies 
performed using an antibody directed against the Her2/neu antigen to deliver 
liposomes containing a chemotherapeutic (Park et al. 1995), antibodies used 
to deliver cationic liposomes for the administration of nucleic acid material for 
gene therapy (Stuart et al. 2000), and antibodies used in the targeted delivery 
of modified gelatin nanoparticles (Balthasar et al. 2005) that can be coupled 
through a disulfide linkage (Dinauer et al. 2005).

8. Conclusions: Challenges and Opportunities

As antibody-based drugs come to the forefront of therapeutics derived from 
biotechnology, they provide a range of new and exciting opportunities to treat a 
number of currently unmet medical needs. Successful clinical application of these 
novel agents requires the development of stable formulations that can be used for 
specific delivery methods. Antibodies, because of their endogenous nature, have 
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built-in features that may pose problems for stability as biotherapeutics, which 
function in the normal clearance of these proteins from the body (Robinson 
et al. 1970). Thus, despite our best efforts to prepare stable antibody-based drug 
formulations, the ultimate stability of these products may be limited to inherent 
mechanisms of degradation predesigned for the rate of clearance optimal for 
their function and turnover in the body. Protein engineering has led to significant 
advances in improving some of these parameters, and the trend would predict 
that additional advances will be made in the near future (reviewed in (Holliger 
and Hudson 2005)). Protein modifications can be engineered such that stability 
and efficacy can be improved in ways that cannot be achieved solely, if at all, 
with formulation alterations. While it is clear that more research is needed in the 
relatively new area of engineered antibody fragments for clinical use (Holliger 
and Hudson 2005), they have great potential for diagnostic and therapeutic 
application.

In general, successful antibody formulation designs are simply the best 
compromise of minimizing several competing degradation pathways. One 
approach is to find a pH where the minimal amount of degradation events 
such as deamidation and oxidation will occur. Another is to identify a buffer 
system that can stabilize the formulation at that pH without damaging the 
antibody. One common tactic taken to reduce the rate of many of these 
chemical degradation events is to prepare lyophilized or freeze-dried antibody 
preparation, but even these can be compromised by aggregation issues 
because of the thermodynamic stress that occurs during freezing, drying and 
reconstitution. A number of protective excipients, mostly carbohydrates, can 
reduce the propensity of antibodies to aggregate during these stressful events. 
Another issue is to produce a formulation that is compatible with delivery – 
neither hypotonic nor hypertonic solutions are well-tolerated upon injection. 
Added to this is the potential use of a surface active agent to help with liquid 
stability such as a nonionic detergent at a low concentration (Mahler et al. 
2005) as well as the possible addition of preservatives required for multi-use 
systems (Gupta and Kaisheva 2003).

The future of antibody based drugs is likely to include more complex sys-
tems than those currently approved for use in man. Possibly the most critical 
aspect of generating a pharmaceutically successful formulation for antibody 
based drugs is understanding the critical aspects of stability for the protein or 
the materials associated with the protein. It has been known for some time that 
even a single amino acid change in the Fv region of an antibody can result 
in dramatic differences in antigen-binding specificity (Rudikoff et al. 1982). 
Also, alterations at specific amino acids in the Fc domain can dramatically 
change functional aspects of an antibody. Thus, these kinds of changes must 
be considered more important in the search for a successful formulation than 
those changes that do not appear to affect function. In the case of antibody or 
antibody-like agents being used to deliver a payload such as a toxin or chemo-
therapeutic, the stability of the material to be delivered and its continued 
association with the delivery antibody is crucial.
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Abstract Development of formulations for protein drugs requiring high 
dosing (on the order of mg/kg) may become challenging for solubility limited 
proteins and for the SC route with <1.5 mL allowable administration volume 
that requires >100 mg/mL protein concentrations. Development of high protein 
concentration formulations also results in several manufacturing, stability, 
analytical, and delivery challenges. The high concentrations achieved by small 
scale approaches used in preformulation studies would have to be confirmed 
with manufacturing scale processes and with representative materials because 
of the lability of protein conformation and the propensity to interact with 
surfaces and solutes which render protein solubilities that are dependent on 
the process of concentrating. The concentration dependent degradation route 
of aggregation is the greatest challenge to developing protein formulations at 
these higher concentrations. In addition to the potential for nonnative protein 
aggregation and particulate formation, reversible self-association may occur, 
which contributes to properties such as viscosity that complicates delivery by 
injection. Higher viscosity also complicates manufacturing of high protein 
concentrations by filtration approaches. Chromatographic and electrophoretic 
assays may not accurately determine the non-covalent higher molecular 
weight forms because of the dilutions that are usually encountered with these 
techniques. Hence, techniques must be used that allow for direct measurement 
in the formulation without substantial dilution of the protein. These challenges 
are summarized in this review.

Keywords Protein formulation • High concentration • Pharmaceutical • Manu
facturing • Analytical • Viscosity
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1. Introduction

Over the past two decades, recombinant DNA technology has led to the com-
mercialization of many protein therapeutics requiring successful formulations. 
The most conventional route of delivery for protein drugs has been intravenous 
(IV) administration because of poor bioavailability by most other routes, greater 
control during clinical administration, and faster pharmaceutical development. 
For products that require frequent and chronic administration, the alternate sub-
cutaneous (SC) route of delivery is more appealing. Particularly when coupled 
with prefilled syringe and autoinjector device technology, SC delivery allows 
for home administration and improved compliance of administration, and may 
result in expanded product markets. Proteins such as monoclonal antibodies are 
often administered with frequent dosing regimens and at high doses (several 
mg/kg). Two antibodies, Rituxan® and Herceptin® that have been approved for 
the treatment of cancer are intravenously administered in hospitals, but several 
programs are underway for use of monoclonal antibodies to treat diseases that 
may require outpatient administration, and hence require the development of 
SC route of administration. Treatments with high doses, e.g. more than 1 mg/
kg or 100 mg per dose, require development of formulations at concentrations 
exceeding 100 mg/mL because of the small volume (<1.5 mL) that can be given 
by the SC routes. For some proteins, that have limited solubility, achieving such 
high concentration formulations may require the use of solubility enhancers. 
Even for the IV delivery route, where large volumes can be administered, pro-
tein concentration of tens of mg/mL may be needed for high dosing regimens 
and this may pose solubility challenges for some proteins such as cytokines and 
enzymes. Development of formulations at high concentrations also poses stabil-
ity, manufacturing, and delivery challenges related to the propensity of proteins 
to aggregate at the higher concentrations. These challenges and appropriate 
analytical techniques for assessing high concentration protein formulations will 
be discussed.

2. Solubility Considerations

A potential challenge to developing a protein formulation that enables the 
desired dosing is achieving the required protein concentration in solution.  
The desired protein concentration may be difficult to achieve for some enzymes 
and cytokines that have limited solubility. The principles governing protein 
solubility are more complicated than those for small synthetic molecules 
(Arakawa and Timasheff 1985; Middaugh and Volkin 1992), and thus overcom-
ing the protein solubility issue takes different strategies. Operationally, solubil-
ity for proteins could be described by the maximum amount of protein in the 
presence of cosolutes whereby the solution remains visibly clear (i.e. does not 
show protein precipitates, crystals, or gels,), or does not sediment at 30,000 × g 
centrifugation for 30 min (Schein 1990). The dependence of protein solubility 
on ionic strength, salt form, pH, temperature, and certain excipients has been 
mechanistically explained by changes in bulk water surface tension, and protein 
binding to water and ions versus selfassociation (Arakawa and Timasheff 1985; 
Schein 1990; Melander and Horvath 1977; Jenkins 1998). Binding of proteins 
to specific excipients or salts influences solubility through changes in protein 
conformation or masking of certain amino acids involved in self-interaction. 
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Proteins are also preferentially hydrated (and stabilized as more compact con-
formations) by certain salts, amino acids, and sugars, leading to their altered 
solubility (Jenkins 1998). Protein solubility could also depend on the level of 
purity of the protein preparation; for example, fibrinogen solubility was found 
to be dependent on the initial amount of protein because of the impurities and 
heterogeneity of the preparation (Leavis and Rothstein 1974). Hence, selection 
of a protein formulation based on preformulation work that uses materials from 
early process development runs may be a misguided decision and needs to be 
verified with representative larger scale preparations.

Determining the highest protein concentration achievable remains an empirical 
exercise because the lability of protein conformation and the propensity to interact 
with itself, with surfaces, and with specific solutes, all lead to protein solubilities 
that depend on the process of concentrating. Table 9-1 lists the various methods 
for concentrating a protein solution, with their advantages and practical limita-
tions. Early in preformulation studies where material is limited, small-scale meth-
ods are needed to achieve high protein concentrations. The most mechanically 
gentle and rapid method involve osmotic pressure dependent microdialysis prin-
ciples (Zhang and Hjerten 1997; Saul and Don 1984). One such method (Zhang 
and Hjerten 1997) very rapidly achieves several orders of magnitude increase in 
protein concentration simultaneous with buffer exchange using only ~0.1 mg pro-
tein. Though this approach is a useful tool for rank ordering of solubility in various 
formulation compositions, for some cytokines, it gave ten times higher solubili-
ties than those reached by dialfiltration/ultrafiltration on a Centricon® system that 
may result in shear induced protein denaturation and lowered apparent solubility 
(Shahrokh et al. unpublished results). Another approach based on osmotically 
driven solute concentration involves dialysis against a hygroscopic material such 
as Sephadex or polyethylene glycols (Middaugh and Volkin 1992). This approach 
requires the use of high purity materials that do not result in protein degradation, 
and must be done with care to prevent overdrying and exposure to very large 
surface areas since water rapidly leaves the protein solution. In addition, as poly-
electrolytes, proteins impact the distribution of diffusible ions across the dialysis 
membrane to maintain electroneutrality as dictated by the Donnan equilibrium 
(Bull 1971). This could lead to a potentially large change in the ion composi-
tion within the protein solution as it concentrates, and could be damaging to the 
protein. The alternative small-scale methods of solvent evaporation by vacuum 
or nitrogen flow, and precipitation by salts or solvents (Rothstein 1994; Tanabe 
et al. 2000; Glatz 1992), alter the formulation composition and may also result in 
protein degradation due to the time or materials used in the process. Precipitation 
and generation of protein powders by supercritical fluids has met some success 
in maintaining active or structurally native proteins, but this approach remains of 
limited practical use particularly for small scale studies (Moshashaee et al. 2003; 
Winters et al. 1996). Concentration of solutes by freezing (Webb et al. 2002) is 
another approach that could achieve a high protein concentration, but alteration in 
the solute composition may cause potential damage to the protein during freezing  
and thawing and difficulty in retrieving the frozen concentrate, all make this an 
impractical approach. Chromatographic methods that bind the protein and allow 
elution at lower volumes is another useful tool for concentrating proteins over a 
large range of scale; these methods include ion exchange or hydrophobic interac-
tion chromatography, but require buffer exchange after concentration. Filtration 
is the most common approach for concentrating proteins, and unlike many of 
the methods discussed is amenable to scale-up for manufacturing. There are 
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numerous filtration systems, each with an extent of adsorption or shear-induced 
denaturation/aggregation that is dependent on surface area, contact materials, and 
flow mechanisms. The mechanical and interfacial forces imposed on protein’s 
structure (hence its solubility) by small-scale methods may be different than those 
by the large-scale processes, and hence, the results obtained by such methods 
would have to be verified by representative manufacturing processes. The most 
commonly used methods for large scale manufacturing of high protein concentra-
tions are further discussed under Sect. 9.4.

3. Stability Considerations

Although proteins are more complex than typical small molecule pharmaceu-
ticals, a great deal is now known about the various chemical degradations that 
occur in proteins, and several reviews are available (Ahern and Manning MC 
editors 1992; Manning et al. 1989; Cleland et al. 1993). Many of the chemi-
cal reactions such as deamidation, aspartate isomerization, oxidation, peptide 
bond hydrolysis that occur in proteins are hydrolytically driven requiring the 
presence of water, and generally the kinetics follows lower order concentration 
dependency. Aggregation, on the other hand, requiring bimolecular collisions, 
and a high concentration dependency is expected to be the primary degrada-
tion pathway in high concentration protein formulations. The relationship of 
concentration to aggregate formation depends on the size of aggregates as well 
as the mechanism of association (Glatz 1992; Manning et al. 1989). Protein 
aggregation may result in covalent (e.g. disulfide-linked) association or non-
covalent (reversible or irreversible) association. Irreversible aggregation by 
noncovalent association generally occurs via hydrophobic regions exposed by 
thermal, mechanical, or chemical processes that alter a protein’s native confor-
mation (Chi et al. 2003). When the protein-unfolding step is rate limiting, the 
kinetics of protein aggregation often shows pseudo-first order behavior (Chi 
et al. 2003) rather than the expected higher order concentration dependency. 
Further illustration of the importance of the aggregation mechanism on the 
relationship of concentration to aggregate formation is shown by the inverse 
concentration dependency of protein aggregation that results from interaction 
with air–water interfaces (Treuheit et al. 2002).

Protein aggregation may impact protein activity, pharmacokinetics and 
safety, for example due to immunogenicity (Cleland et al. 1993; Braun et al. 
1997; Koren et al. 2002). Irreversible protein aggregation is recognized as a 
major degradation product in protein formulations, whereas reversible protein 
self-association is often overlooked. Reversible protein association is less 
studied, partly because of poor analytical methodologies (as will be discussed 
under Sect. 9.6) and partly because of the perception that aggregates will not 
be present after typical dilutions are made prior to administration. However, 
if the rate of dissociation is slow, then reversible aggregation may still impact 
activity, in vivo clearance and safety. Even under conditions where the rate 
of dissociation is rapid, the equilibrium at high protein concentration may 
be shifted toward a greater amount of aggregate due to molecular crowding 
effects (Minton 1992; Wilf and Minton 1981; Zimmerman and Minton 1993). 
In particular, as the protein concentration increases, the fraction of the  
total volume occupied by the protein increases. The resulting decrease in  
the effective volume available to the protein yields a higher apparent protein 
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concentration that in turn favors self-association. This non-ideal solution 
behavior of increasing the apparent thermodynamic association constant with 
increasing protein concentration may be shelf-life limiting, especially when the 
resulting aggregates are irreversible. In addition, after in vivo administration, 
the protein therapeutic may be placed into a crowded macromolecular environment, 
which shifts the equilibrium to the associated state even after dilution.

Macromolecular crowding, i.e. excluded volume effects, can also have an 
impact on the physical properties of protein such as viscosity and can have 
major impact on the ability to manufacture high protein concentration formu-
lations (see Sect. 9.4) as well as on the ability to administer the protein drug by 
injection (Fig. 9-2a). In general, the viscosity of a macromolecule in solution 
can be expressed as a virial expansion, where the viscosity, h, can be related 
to the solvent viscosity, ho, and concentration of the protein, cp, in g/mL by a 
power series (Cantor and Schimmel 1980):

 ( )2 3
o 1 p 2 p 3 p1 k c k c k c= + + + +Lh h  (9.1)

wherein Eq. 9.1, k1 is the intrinsic viscosity, which is related to the contribu-
tion from individual solute molecules and k2 and higher order coefficients 
are related to effects from interactions of two, three, or more protein mol-
ecules. This equation can be rewritten in terms of the specific viscosity, 
hs = (h − ho)/ho:

 2
o o p s p 1 2 p 3 p(( ) / ) / /c c k k c k c− = = + + +Lh h h h  (9.2)

In the case of significant protein self-association that results in formation of 
soluble aggregates, the higher order terms will dominate and lead to large 
increases in viscosity as a function of concentration.

There are two key approaches to mitigating irreversible protein aggregation 
for improving the shelf life of high concentration protein formulations. One 
approach uses conditions that stabilize the native conformation of the protein, 
and the other, reduces molecular collisions that lead to aggregation. For the 
first approach, molar concentrations of osmolytes, such as sugars, are added 
that are preferentially excluded from the immediate environment of proteins, 
and result in preferential hydration (Arakawa and Timasheff 1982; Arakawa 
et al. 1991). This preferential hydration leads to an increase in the protein’s 
chemical potential since the increased ordering of water in the hydration shell 
leads to an entropic decrease for the entire thermodynamic system consisting 
of protein and solvent water. Since a larger surface area such as that found in 
unfolded proteins requires a greater number of ordered water molecules for 
preferential hydration, the protein will assume a more compact folded form 
to resist the thermodynamically unfavorable decrease in the system’s entropy. 
Thus, the protein will minimize the surface area available for hydration lead-
ing to stabilization of the more compact folded form, which then decreases the 
formation of protein aggregates. However, if the native state of the protein is 
capable of associating, forming aggregates of native conformers, then the addi-
tion of preferentially excluded osmolytes may actually increase the amount of 
protein aggregate since total surface area will be diminished following protein 
self association. The potential impact of reversible self-association on product 
shelf-life or protein physical parameters will depend on the rate of dissociation 
as well as the possible consequent formation of irreversible aggregates during 
storage at high concentration. The use of preferentially excluded osmolytes to 



Chapter 9 Challenges in the Development of High Protein Concentration Formulations 137

fix the aggregation problem is limited since addition of high concentrations 
of excipients may also add to the viscosity and osmolality of the formulation 
that may render it impractical for use as a parenteral solution. Also, as already 
noted, the addition of these osmolytes may actually increase the amount of 
reversible native associated protein.

The second approach to minimize aggregation is to restrict the mobility 
of proteins in order to reduce the number of collisions. Lyophilization with 
appropriate excipients may improve protein stability against aggregation 
by decreasing protein mobility and by restricting conformational flexibility 
with the added benefit of minimizing hydrolytic reactions consequent to 
removal of water (Pikal 1994). The addition of appropriate excipients, 
including lyoprotectants, prevents the formation of aggregates during the 
lyophilization process as well as during storage of the final product (Andya 
et al. 2003; Carpenter et al. 1997, 2002). A key parameter for effective 
protection is the molar ratio of the lyoprotectant to the protein (Cleland et al. 
2001). Generally, molar ratios of 300:1 or greater are required to provide 
suitable stability, especially for room temperature storage. While this strategy 
achieves an optimal final formulation at moderate protein concentrations, if 
the lyophilizer is used to concentrate the protein, additional challenges can 
result as discussed below.

4. Manufacturing Considerations

Although it may be possible to create a formulation during development that 
has the desired solubility and stability, the design of processes that will allow 
for manufacturing of the formulation at a larger scale is critical for success-
ful implementation of bench top experimental findings. Two commonly used 
processes will be discussed below.

4.1. Tangential Flow Filtration

The main technology for buffer exchange and concentrating proteins that has 
been used at commercial scale is Tangential Flow Filtration (TFF) (Genovesi 
1983; Shiloach et al. 1988; van Reis and Zydney 2001). In this technology, the 
protein is circulated by pumping through a series of hollow fiber tubes, which 
allow for the passage of water and small molecules but not large macromol-
ecules. Attainment of high concentration formulations by TFF systems can be 
difficult because the required membrane flux may dictate higher concentra-
tions at the membrane boundary than the targeted concentration. As an exam-
ple, when a protein is concentrated to 100 mg/mL, the concentration at the 
membrane may be as high as 125 mg/mL. Depending on a protein’s propensity 
to interact with and unfold at the surface, this could lead to decreased flux and 
eventual membrane clogging. Proteins are often shear sensitive, resulting in 
denaturation (Thomas et al. 1979; Watterson et al. 1974), and the continuous 
circulation through tubings and pulsation of the pumps may generate sufficient 
shear or cavitation to result in protein unfolding and precipitation. Although 
it may be possible to filter out the precipitated protein during manufacture 
of bulk protein, the shear sensitivity of a protein also lead to formation of 
aggregates and particulates during filling of the final product that requires 
some sort of a pumping system. Typical filling systems include piston driven 
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and diaphragm pumps. Piston driven pumps tend to generate more shear than 
rolling diaphragm pumps and this needs to be considered when filling high 
concentration protein solutions.

Another parameter that could limit a TFF system’s ability to concentrate a 
protein solution is the solution’s high viscosity. The viscosity increase may 
result in such high back-pressures during the TFF process that it may exceed 
the capacity of the pumps. In addition, as viscosity increases, it becomes 
increasingly difficult to remove the final finished product from the TFF unit, 
leading to economically unacceptable losses. Though these limitations may 
be handled by appropriate TFF equipment redesign, equipment design can be 
an expensive proposition. Since the viscosity of a macromolecular solution 
is dependent on temperature, increased temperatures would improve the TFF 
process if the protein stability is not compromised. Alternatively, design of an 
appropriate formulation to decrease viscosity may help solve manufacturing 
process limitations. Hence, the formulation may need to be designed to ensure 
not only acceptable shelf life, but also compatibility with the manufacturing 
process.

Although TFF is the industry standard for concentrating macromolecules 
at large scale, there are alternatives. Rotating and vortex systems that enhance 
mass-transfer have recently been designed (van Reis and Zydney 2001; 
Gehlert et al. 1998). Alternatively, any drying technique with a subsequent 
reconstitution at lower volumes can be used as will be discussed below.

4.2. Drying Techniques for Generating High Concentration  
Protein Formulations

As discussed earlier in Solubility Considerations, a high concentration protein 
formulation can be achieved either by decreasing the solvent content while 
retaining the protein, for example using filtration systems, or by removal of 
solvent followed by reconstitution with the desired solvent volume. The latter 
can be achieved either by bulk processing or by dehydrating final product 
in vials. Bulk drying processes include spray drying (Masters 1985; Rouan 
1996), fluid bed drying (Poupitch 1994; Wildfong et al. 2002), vacuum 
drying (Mattern et al. 1999; Miller et al. 1998) or lyophilization in tray units 
(Avis 1990). Crystallization has proven to be effective in the development of 
insulin formulations, and shows great promise for the development of stable 
monoclonal antibody dosage forms (Harris et al. 1995; Shenoy et al. 2001). 
For parenteral protein products, bulk drying processes require operation under 
aseptic conditions, and have been used primarily in the aerosol industry. The 
alternative approach of lyophilizing sterile filtered products in vials is a cost-
effective approach for generating high concentration protein formulations.

To use the lyophilizer as a concentrator, a loading volume of protein, VL, at 
loading concentration CL is lyophilized and then reconstituted with a volume 
of diluent, VR, where VR < VL. The final concentration of the drug product, CF, 
will then be:

 F L L R S/ ( )C C V V V= +  (9.3)

where VS is the volume contributed from the remaining solids. To determine 
the appropriate VR that gives a desired CF, one can estimate VS from the sum 
of the partial molar volumes of all the excipients. However, the most accurate 
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way to achieve the target protein concentration is to reconstitute with a series 
of diluent volumes and empirically determine the appropriate reconstitution 
volume. In addition to reaching the desired concentration, sufficient volume 
needs to be used in the reconstitution process to ensure that the required 
volume for administration can be removed from the vial. Thus, experiments 
may need to be designed whereby VL and/or CL are also varied to define the 
required overrage in the final reconstituted product. These parameters can 
also have a major impact on the reconstitution properties of the final product. 
Fig. 9-1 shows the effect of loading concentration on reconstitution times and 
morphology of the lyophilized solid. Each vial was loaded with the same total 
mass of protein and formulation excipients (i.e., a lower CL required a larger 
VL to maintain the loading mass). Vials were reconstituted to a final concen-
tration of 125 mg/mL and investigated for solution clarity and disappearance 
of all solids after 10 min. The right side of Fig. 9-1 shows that as the protein 
loading concentration is decreased, reconstitution occurs much more readily. 
Investigation of the morphology of the lyophilized solid by scanning electron 
microscopy (SEM; left side of Fig. 91) shows a very dense compact structure 
at 110 mg/mL compared to a loosely packed layer of flakes at 40 mg/mL. 
Thus, the ease of wetting of the cake is very likely related to the differences 
in this morphology. SEM analysis of intermediate concentrations (not shown) 
demonstrates a gradual transition from a dense solid to the more loosely 
packed structure.

The process described above allows for designing a formulation with 
appropriate stability and tonicity. Although isotonicity is not necessarily 
required for SC administration, it may be desirable for minimizing pain upon 
administration (Gatlin and Gatlin 1999). Isotonicity is difficult to achieve 

Fig. 9-1. Lyophilization of a monoclonal antibody as a function of loading concentration. 
Upper left panel: Loading concentration from left to right was 40, 60, 80, 100, and 
110 mg/mL, respectively, while maintaining the same total mass of Mab and excipients. 
Lower left panels: Scanning electron microscopy of lyophilized solid for the 40 and 
110 mg/mL Mab loading concentrations. Right panel: 10 min after reconstitution of vials 
in upper left panel to 125 mg/mL with sterile water for injection
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because both the protein and the excipients are concentrated during the 
reconstitution process. As shown in Table 92, excipient:protein molar ratios of 
500:1 will result in hypertonic preparations if the final protein concentration is 
targeted for >100 mg/mL. If the desire is to achieve an isotonic formulation, then 
a choice of lower molar ratio of excipient:protein will result in a potentially less 
stable formulation. This was indeed the issue involving a rhuMAb preparation 
where the hypertonic formulation at 500:1 excipient: protein molar ratio gave 
a significantly more stable preparation at controlled room temperature (30°C), 
but the stabilities at 250 and 500:1 molar ratios were comparable at 2–8°C 
storage. In the case of this particular antibody where the target product profile 
and frequency of administration allowed for 2–8°C storage, stability was traded 
off for appropriate tonicity, and the 250:1 molar ratio was selected.

5. Cost of Goods and Delivery Considerations

Though high concentration formulations have the cost saving advantage of 
decreasing bulk storage space or number of product fills, they have undesir-
able overall cost of goods because of unrecoverable volumes from ultrafiltra-
tion units, fill vessels, and product containers. As an example, whereas the 
required volume overrage in vials containing moderate protein concentrations 
is typically <10% of the fill volume, the overrage for a >100 mg/mL protein 
formulation could be as high as 30% because of greater adherence of the 
viscous solution to product container surfaces. Unrecoverable product losses 
in the final dosage form could be minimized by decreasing product contact 
surface areas, for example with the use of smaller or narrower based vials, or 
by using prefilled syringe configurations where the solution can be pushed off 
the surfaces with the plunger head.

Protein formulation at high concentrations may also have physical properties 
that impact the ability to easily deliver the protein drug. For example, higher 
viscosity preparations may be difficult to administer by injection. Syringes 
for SC injection are often equipped with 26 or 27 gauge needles. If the viscosity 
of a high concentration formulation is sufficiently high, then it may impact 
the ability to load and deliver from a syringe, and unless the viscosity can 
be reduced by appropriate formulation excipients, the high concentration 
required for SC delivery may not be attainable. As an example, the protein 
concentration dependence of viscosity of an antibody is shown in Fig. 9-2a. 
The time required to load 1 mL of this formulation into a syringe equipped 
with 27 gauge needle correlates very well with the viscosity of the formulation. 

Table 9-2. Concentration of excipient as a function of final reconstituted protein concentration and 
molar ratio of excipient to protein.

Excipient:protein molar ratio 250:1 500:1

CF (mg/mL) Excipient concentration (mM) Excipient concentration (mM)

50 83 167

100 167 333

150 250 500

200 333 666
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Adjustment of the formulation to contain NaCl greatly reduces viscosity 
(Fig. 9-2b), and yields reasonable time to draw the formulation into a syringe 
equipped with a 25 gauge needle. Thus, the alteration of the formulation 
excipients and the use of a slightly bigger needle yield reasonable time for 
withdrawal of a high concentration MAb formulation.

6. Analytical Considerations

Many of the analytical techniques currently available to explore covalent and 
conformational modifications in proteins (Jones 1993; Pearlman and Nguyen 
1991) are easily adapted to the study of proteins at high concentration. 
Moreover, analytical techniques that characterize solidstate protein dosage 

Fig. 9-2. (a) Viscosity (solid line, open circles) and syringe (27 gauge) loading time 
(dashed line, solid triangles) of a monoclonal antibody as a function of concentration. 
Inset is a linear regression fit of syringe (27 gauge) loading time vs. viscosity (loading 
time = − 25.9 + 5.8 × viscosity, R2 = 0.995). (b) Viscosity (solid line, open circles) and 
syringe (25 gauge) loading time of a monoclonal antibody at 125 mg/mL as a function 
of NaCl concentration
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forms are useful in developing drying methods to produce a high protein con-
centration subsequent to reconstitution. These techniques include differential 
scanning calorimetry (DSC) (Hatley 1990), particularly modulated DSC tech-
nology (Breen et al. 2001; McPhillips et al. 1999), to determine glass transi-
tion temperatures and thermal phase transitions of the solid-state matrix at 
high protein concentrations, Fourier-transform infrared spectroscopy (FTIR) 
(Costantino et al. 1998; Prestrelski et al. 1993) and Raman spectroscopy to 
study the protein’s secondary structure after drying and during storage, and 
fluorescence spectroscopy recently used to investigate possible tertiary struc-
tural alterations during the drying process (Sharma and Kalonia 2003).

Generally, the analytical technologies that are used to characterize proteins 
involve dilution to lower concentrations or exposure of the protein to solvent 
conditions that are very different than the initial formulation composition. 
This may have considerable impact on the results of the assay since a change 
in solvent composition or concentration may alter a protein’s physical state 
in a way that is not representative of the initial conditions. This problem is 
especially important in the analysis of molecular weight/size distribution of 
proteins. SDS–PAGE, nongel sieving SDS–capillary electrophoresis, and 
matrix-assisted laser desorption ionization time-of-flight mass spectrometry 
(MALDITOF MS) are often used to obtain molecular weight information. 
These techniques are useful for detecting covalently linked aggregates, or SDS 
non-dissociable aggregates but can’t be used to determine noncovalent protein 
association states. The often-used gel permeation or size exclusion chroma-
tographic method (SEC) provides such information but has several problems. 
The protein’s interaction with the chromatographic resin and its hydrodynamic 
volume may alter the elution times; the use of globular protein standards to 
estimate the molecular weight may thus be erroneous. When the interactions 
are ionic in nature due to the charge moieties on the resins, the addition of 
salts will decrease such interactions, but control experiments are then required 
to demonstrate that the increased ionic strength of the mobile phase did not 
perturb the size distribution of the protein. The impact of hydrodynamic volume 
leading to apparently larger proteins than actual size is especially noted for 
highly glycosylated proteins that have shapes different from the typical globular 
protein standards (Shire 1992; Lebowitz et al. 2002). The use of static light 
scattering detectors coupled with sizing chromatography (LC/LS) (Wen et al. 
1996) allows for the absolute determination of molecular mass of a protein 
and its higher order aggregates and fragments during separation by gel sieving. 
Since measured elution times are no longer used to estimate molecular size, 
the problem of protein–resin interaction and molecular conformation are no 
longer important, provided the interactions do not prevent elution of the protein 
from the chromatographic column.

The most commonly used analytical technique for quantifying aggregates 
in pharmaceutical formulations is SEC with UV detection. In high concentra-
tion formulations where reversible protein self-association predominates, the 
determination of aggregate levels by the SEC method may be inconsistent and 
inaccurate. The SEC procedure involves a high dilution of the protein solution 
during injection onto the column that may lead to dissociation of aggregates 
with rapid dissociation rate constants. Moreover, to prevent detector saturation, 
high concentration protein solutions are generally diluted even prior to injec-
tion onto the SEC column. The rapid dissociation of a monoclonal antibody 
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upon dilution (Moore et al. 1999) yielded varying aggregate levels by SEC, 
depending on the time and temperature of analysis after sample dilution. To 
use SEC as an analytical tool for quantification of aggregates and estimation 
of formulation’s shelf life and physical characteristics, it is imperative to have 
reproducible measurements. For a slower dissociating protein in the example 
shown in Fig. 9-3, reproducible quantification of aggregates in an 80 mg/mL 
formulation is achieved by limiting the analysis time to less than 24 h and 
by controlling the most critical parameters, the protein concentration after 
dilution and sample temperature (a fivefold decrease in dissociation rate was 
observed for every 10°C decrease in temperature of the auto-sampler compart-
ment of the HPLC). The clinically relevant aggregate level for a protein that 
undergoes reversible self-association is that which remains after dilution in the 
IV solution for administration (if applicable) and after initial dilution in blood 
volume at 37°C. This may have to be determined separately from the routine 
stability testing of the pharmaceutical product, particularly when dissociation 
rate is slower than practical for routine analyses.

Technologies such as static and dynamic light scattering (Bloomfield 
1981; Georgalis and Saenger 1999; Pecora 1972; Schurr 1977) and analytical 
ultracentrifugation (Bloomfield 1981; Georgalis and Saenger 1999; Pecora 
1972; Schurr 1977) provide more representative information about protein 
self-association states at high protein concentrations because they maintain 
the concentration during analysis and can also be performed at high 
concentration. Another technique uses preparative centrifuges coupled with 
a specially designed microfractionator to obtain sedimentation equilibrium 
measurements of molecular weight in concentrated as well as multicomponent 
protein systems (Minton 1989). Limitations of the light scattering methods are 
that they are not quantitative and that they are subject to multiple scattering 
artifacts at high protein concentrations. Although sedimentation equilibrium 
centrifugal analysis can be used to characterize an aggregating system, the 
analysis requires fitting of data to several exponentials and is model dependent 
(Johnson and Straume 1994). Sedimentation velocity analysis has been greatly 
improved and algorithms are now available to determine small amounts of 
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Fig. 9-3. Dissociation of aggregates in an 80 mg/mL protein formulation at 30°C upon 
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protein aggregates and sedimentation coefficients (Schuck 1998; Schuck 
et al. 2002). The determination of the sedimentation coefficient can provide 
valuable information regarding overall shape of the protein when coupled 
with computations of hydrodynamic bead models (de la Torre 1992; Liu et al. 
1995). However, correction of apparent molecular weights and sedimentation 
coefficients due to nonideality at high protein concentrations is difficult  
to achieve.

7. Summary and Conclusions

Protein properties such as self-association/aggregation, solubility, and viscosity 
pose challenges to developing pharmaceutically and economically acceptable 
formulations at high concentration. In addition to maintaining suitable stability, 
protein properties at high concentration may impact the ability to administer the 
drug, to manufacture at large scale, and also the yields of the two processes. 
Analytical methodologies to investigate protein properties at high concentration 
are also limited and must be considered with caution as they are impacted by 
the very property under investigation. Very little work has been published 
on high concentration protein formulation development and this review has 
touched on the key issues with examples of the potential solutions to the issues. 
Achieving a suitable formulation requires an integrated approach whereby a 
stable formulation is developed that can also be successfully administered and 
economically manufactured.
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1. Introduction: Advantages and Limitations  
of Lyophilization

Of the 26 currently approved drug products containing monoclonal antibodies 
as active substance for therapy or in vivo diagnosis about a quarter are freeze-
dried preparations that require reconstitution before use (product survey as of 
December 2008) (Wang et al. 2007).

cGMP compliant freeze drying units have been available for several decades 
and biopharmaceutical companies have at their disposal a selection of modern 
lyophilizers as part of their standard operating equipment. Lyophilizers are 
operated aseptically by being equipped with clean in place (CIP)/steam in 
place (SIP) technology, utilizing sterile air or sterile nitrogen, and by stoppering 
the vials still in the lyophilizer through collapsing shelves. Automated loading or 
unloading or the coupling of the lyophilizer to filling isolators are becoming 
common at the production scale.

Suitable cake forming agents such as sucrose, mannitol, glycine and trehalose 
are often used in the formulation. These sugars replace the water necessary to 
retain the native structure of the protein (Arakawa et al. 2001). In the literature 
it is often discussed whether the stabilization of protein originates from “glass 
dynamics,” thus from immobilization in the glasslike state, or from the pres-
ervation of the native structure through “specific interaction” between sugars 
and protein (Chang et al. 2005a).

Finally, there exists extensive process-technical knowledge on how to oper-
ate the lyophilization process as standard operation in such a way that after 
freezing and water removal during primary and secondary drying the protein is 
not damaged. Various in-process control options are frequently used including 
the measurement of the product temperature by thermocouples, the monitoring 
of the drying process indirectly through pressure measurement by means of 
capacitive sensors, heat conductivity manometers or the pressure rise method 
(Tang et al. 2005) or directly by mass spectroscopy, drying balances or NIR 
(Presser 2003).
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Despite its utility, the freeze drying process is also afflicted with substantial 
disadvantages and restrictions, and increasing interest exists in alternative 
stabilization and immobilization procedures. Freeze drying units are expensive 
investments. The removal of more than 90% of the mass of the initial solution 
for lyophilization is energy intensive. Lyophilization needs relatively long 
processing time of several days. The batch size is limited by the volume of 
the freeze-drier. Loading and loading rates have a substantial influence on the 
process, whereby careful scale up is needed and the transfer into larger scales 
is clearly more complex than with continuous procedures. These characteristics 
increase the price of a lyophilized product compared to liquid products.

Proteins can also undergo degradation during freeze-drying leading to losses 
in biological activity. During freezing, the physical environment of a protein 
changes dramatically leading to the development of stress that impacts protein 
stability (Bhatnagarab et al. 2007). Low temperature, freeze-concentration, 
and ice formation are chief stress factors resulting during cooling and freezing 
and may require addition of a cryoprotectant (Chen et al. 2003). Because of 
the increase in solute concentrations, freeze-concentration can also facilitate 
second order reactions, crystallization of buffer or non-buffer components, 
phase separation, and redistribution of solutes.

Furthermore the dehydration creates stress for the protein which must 
be antagonized by lyoprotectants. In particular, removing water generally 
decreases the chemical reaction rates since most of them are hydrolytically 
driven, but removal of too much water can also negatively affect the protein 
conformation. The aforementioned appropriate lyoprotectants may serve as 
“water replacements.” Altogether it can be summarized that “freeze-drying is 
not an innocuous process and needs to be understood and used carefully” (Roy 
and Gupta 2004).

Because of the porous structure and the high content of amorphous material 
in lyophilized products, the reconstitution times are generally short. However, 
under the influence of temperature and moisture the product cake can sinter 
so that attention is to be directed towards appropriate processing conditions, 
adequate residual moisture of the lyophilizate, packaging tightness and proper 
residual moisture of the stopper (Earle et al. 1991). Physical and mechanical 
stability of freeze dried products is limited, they are – dependent on the 
formulation – more or less strongly hygroscopic products (Shamblin et al. 
1998), which are to be stored absolutely below their glass temperature and 
efficiently protected against moisture (Franks 1998). The water content of the 
lyophilizate directly affects the glass temperature Tg of the dried product and 
hence the chemical and physical stability of the protein (Breen et al. 2001). 
Often the development of the dried formulations requires even a balance 
between chemical and physical stability (Chang et al. 2005b).

2. Alternative Immobilization and Drying Methods 
Appropriate for Biomolecule Processing

In order to stabilize a protein in an analogous way to lyophilization (i.e., 
dehydration, and restriction of the molecular mobility), other drying and 
precipitation procedures are available. These are summarized in Table 10-1 
and will be presented in the remainder of the chapter.



Chapter 10 Protein Immobilization by Crystallization and Precipitation 151

A variant of freeze drying as drying procedures utilizing ice sublimation 
is spray-freeze drying. The process involves spraying the protein solution 
through nozzles into a freezing agent like liquid nitrogen or liquid propane. 
The protein as well as the excipients are suddenly frozen and then loaded into 
the freeze-drier onto precooled (e.g., −40°C) plates. The ice is them subli-
mated under vacuum. Compared to conventional freeze drying, spray-freeze 
drying results in ultraporous particles that exhibit no shrinkage or change in 
morphology during drying (Gieseler 2003, 2004; Figure 10-1) with very 

Table 10-1. Options for protein immobilization procedures.

Immobilization principle Processes

Predominantly by sublimation of ice •	 Lyophilization

•	 Spray-freeze	drying

By evaporation of liquid water •	 Spray	drying

•	 Vacuum	drying

•	 Other	evaporative	drying	methods

By extraction of water, crystallization or  
precipitation of the molecule

•	 Crystallization

•	 Precipitation

•	 Supercritical	drying

Immobilization on carriers or crosslinking 
between molecules

•	 Covalent	bonding

•	 Adsorptive	bonding

•	 Ligand	bonding

•	 Intra-/intermolecular	bonding

Fig. 10-1. SEM images illustrating the textural characteristics of spray-freeze dried 
trehalose produced by spraying the stock solution into liquid propane (top row) or 
liquid nitrogen (bottom row) (Gieseler 2004)
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favorable dispersion properties. However, the process is more time-consuming 
and complex in operation.

Methods by which the solvent evaporates under the influence of tempera-
ture are spray drying or vacuum drying.

For the processing of full size antibodies suitable drying temperatures 
during spray drying are 90–130°C inlet temperature and 50–90°C outlet tem-
perature (Maury et al. 2005a; Schüle et al. 2007). The temperature to which 
the proteins are exposed is reduced by evaporative cooling. Furthermore the 
protein is exposed to the increased temperatures for only a few milliseconds. 
Schüle et al. (2007) show that an IgG1 antibody could be spray-dried with 
different concentrations of mannitol as a matrix. After reconstitution, the 
native state was perfectly restored. In the dried state, however, the secondary 
structure as demonstrated on the basis of the amide I bands using ATR-FTIR 
was reversibly changed. The process conditions during the spray drying must 
be selected in such a way that low residual water contents, of less than 1%, are 
achieved. Potentially an after-drying step can be introduced in order to achieve 
optimal stability during storage (Schüle et al. 2008). Improved stability could 
also be achieved by an admixture of glycine, trehalose or sucrose to the matrix 
of mannitol (Schüle 2005a). Without the addition of a matrix former like 
sorbitol, substantially aggregated antibody was obtained after the spray drying 
process which continued during storage (Maury et al. 2005a).

In contrast to lyophilization, spray drying is a continuous procedure. Scale 
up can be achieved by increasing processing times instead of enlargement of 
the equipment. The spray drying can be accomplished under aseptic condi-
tions, if a parenteral product is to be manufactured. However, such equip-
ment with CIP/SIP systems is not standard. Following the spray drying the 
proteinaceous powder must next be dispensed under aseptic conditions, or 
stored temporarily as an intermediate bulk. Suitable powder filling machines 
are well-known from antibiotics production. As is the case with lyophilized 
products, the main part of the spray-dried proteinaceous product is amorphous 
and therefore metastable requiring storage far below the glass transition tem-
perature. During the storage, recrystallization of matrix components (Schüle 
2005a) can occur and result in negative effects on morphology, functionality 
and activity of the product.

Yield is a crucial output parameter for spray drying and often a major 
concern with the scale-down of this method for development or early clinical 
phases. Appropriate design of spray-drying chambers and cyclones has been 
used to improve the yields and decrease the fines lost in the exhaust air filter 
or due to adherence to equipment walls (Maury et al. 2005b; Maa et al. 1998; 
Schüle 2005b).

Vacuum drying is another type of evaporative procedure that does not use a 
freezing step. VitriLife® has developed a vacuum drying process which brings 
the solution to be dried to controlled boiling under reduced atmospheric 
pressure. In January 2003, AVANT acquired the exclusive rights to VitriLife®, 
a patented method for the industrial-scale preservation of biological solutions 
and suspensions, such as proteins, enzymes, viruses, bacteria and other cells. 
VitriLife® has the potential to cut production costs and improve product stability 
at room temperature or higher (Figure 10.2). Thus, its application may elimi-
nate the need for costly cold-chain distribution and storage of vaccines – the 
major challenge to vaccine affordability in many areas of the world facing 
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endemic disease. AVANT is presently developing the VitriLife® process to 
incorporate it into AVANT’s bacterial vaccines program (website of Avant 
Immunotherapeutics).

3. Extraction of Water by Crystallization and Precipitation

Another method to remove water from a protein is by precipitation and 
extraction. Crystallization, precipitation, and supercritical procedures will 
be described in detail as principal topic of the next section. Such procedures 
extract the water from the macromolecule by transfer of the proteins into an 
environment where they are not soluble. Precipitation processes which take 
place very fast and result in a relatively unordered structure, differ from crys-
tallization processes which are much slower and transfer the protein into a 
highly ordered structure with three-dimensional arrangement. Suitable agents 
for the initiation of reversible precipitation or crystallization of proteins are 
listed in Table 10-2 and can be divided into three classes:

l Organic solvents
l Polyhydroxy compounds (Figure 10-3)
l Salts (salting out method according to the Hofmeister series, Hofmeister 

1888)

Further procedures for protein precipitation are:

l Precipitation close to the isoelectric point of protein (pH adjustment)
l Water extraction by supercritical fluids

In addition, proteins may be chemically crosslinked, e.g., by glutaraldehyde, 
to form nondissolvable or slowly dissolvable crystals.

Fig. 10-2. Stabilization of vaccine by the VitriLife process (source: website of Avant 
Immunotherapeutics)
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With many crystallization and precipitation procedures, the completion 
of the process results in a protein suspension which opens up new pos-
sibilities for protein formulation. Highly concentrated protein preparations 
of >100 mg/mL in a liquid can result, which are attractive for high-dose 
monoclonal antibody products. The challenge consists of avoiding uncon-
trolled protein aggregation during storage. If the aggregation is forestalled 
in a controlled and reversible way by crystallization or precipitation, a stable 
formulation alternative can result. This is also an alternative to the patented 
approach to reconstitute lyophilized drugs with smaller solvent volumes and 
produce high concentration liquid formulations that are stable over short time 
periods (Andya et al. 2006).

Table 10-2. Agents initiating precipitation or crystallization.

Agents to cause proteins or peptides to  
reversibly precipitate or crystallize: Examples (selection)

Organic solvents 2-methyl-2,4-pentanediol 
(MPD), acetone, propanol, 
ethanol, isopropanol

Polyhydroxy compounds polyethylene glycol (PEG), 
MPEG, cyclodextrins

Salts (“salting out method”) Ammonium sulfate, see 
Hofmeister series

Precipitation close to isoelectric point of protein pH adjustment at IP

Supercritical fluids Supercritical carbon dioxide 
(containing various amounts 
of modifiers such as ethanol)

1 BSA (control)
2 BSA (control)
3 ------
4 Standard
5 Monoclonal antibody +PEG4000 level A
6 Monoclonal antibody + PEG4000 level B
7 Monoclonal antibody + PEG4000 level C
8 Standard (L15011/01)
9 ------
10 ------
11 Marker High
12 Buffer blank

Precipitation of 
mAB by PEG

SDS PAGE non-reduced

Fig. 10-3. Precipitation of a monoclonal antibody by PEG
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An important consideration for the direct use of suspensions of precipi-
tated or crystalline proteins is the biocompatibility of the precipitant and/or 
mother liquid or the possibility to replace these by another nonsolvent and/
or nonsolvent mixture. Such protein suspensions can exhibit substantially 
reduced viscosities compared to highly concentrated solutions and thus pro-
duce less injection pain. Finally, the addition of surfactants for stabilization 
against storage-related aggregate formation can be avoided which may be 
advantageous for reduction of toxicity and immunogenicity (Matheus and 
Mahler 2005).

Such preparations may exhibit a slow dissolution, which results in a control-
led release effect upon injection. Commercially available insulin preparation 
are available that rereal a prolonged duration of action. These products contain 
insulin or insulin analogues complexed by zinc (IZS), protamine sulfate (NPH, 
Isophane) or zinc-protamine sulfate (PZI). The duration of insulin release 
or the creation of a biphasic release profile can be achieved by varying the 
composition of the mixture of amorphous or crystalline zinc insulin or of non-
retarded and protamine-bound insulin (Brange et al. 1992; Hermansen et al. 
2002) (Table 10-3).

Whether the extraction process is a precipitation or crystallization depends 
more on the process parameters such as temperature and the protein concen-
tration and less on the type of added reagents. High protein and precipitant 
concentrations lead to precipitation while lower protein and precipitant con-
centrations allow for a possible nucleation and subsequent crystal growth 
(Figures 10-4a and b).

An automated microbatch technique was used to establish a phase diagram 
for crystallization (Asherie 2004). The concentrations of the protein, carboxy-
peptidase G2 and precipitant, polyethylene glycol (PEG) 4000, were varied, 
while pH and temperature were kept constant. The phase diagram consists of 

Table 10-3. Types of insulin preparations (Brange et al. 1992).

Classification after 
timing of action Name of Preparation

Abbreviation used 
in text and in figure 
10-8

Rapid-acting Acid regular

Neutral regular

Short-acting Insulin zinc suspension, amorphous IZS amorph.

Intermediate-acting Insulin zinc suspension, mixed IZS mixed

Isophane insulin (NPH)a NPH

Long-acting Insulin zinc suspension crystalline IZS cryst.

Protamine zinc insulin PZI

Biphasic-acting Biphasic insulin
aNeutral protamine Hagedorn
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an undersaturation and a supersaturation zone, the latter being subdivided into 
the metastable, nucleation, and precipitation zones. In the metastable zone, 
crystals may grow but nucleation of crystals does not occur. It is the best zone 
for growth of X-ray diffraction quality crystals because of the avoidance of 
uncontrolled nucleation, but nuclei must be introduced artificially into the 
system. Hence, for manufacturing purposes, working in the labile zone is more 
appropriate. The probability of nucleation increases with increasing supersatu-
ration. At very high supersaturation conditions, nuclei formation is slower than 
the amorphous precipitation of the protein.

Fig. 10-4. (a) Phase diagram showing zones for crystal nucleation, growth and precipi-
tation (source: adjusted from McCoy AJ, University of Cambridge). (b) Phase diagram 
for a typical protein (source: McCoy AJ, University of Cambridge)
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3.1. Crystallization

McPherson defines eight categories of protein crystallization additives 
(McPherson and Cudney 2006):

l ligands with physiological or biochemical relevance such as coenzymes, by 
which the protein conformation changes and is mostly stabilized,

l preservatives from the class of reducing or metal ion complexing materials 
such as EDTA (ethylene diamine tetraacetic acid) or DTT (dithiothreitol) or 
also bactericidals such as chlorbutanol or phenol,

l solubilization agents and detergents such as quaternary ammonium salts, 
sulfobetaines, and chaotropes,

l small admixtures (1–5%) of organic solvents such as DMSO or acetone,
l osmolytes, cosolvents, and cosmotropes at high concentration (1-molar and 

higher) such as sugars, proline, glycine, or TMAO (trimethyl amine oxide); 
their mode of action consists of changing the interaction of the protein 
surface with the solvent water or the hydration layer and possibly the water 
structure,

l intramolecular or intermolecular bridge formers, i.e., multivalent materials, 
which cause a reversible crosslinking between charged or polar groups on 
the protein surface like molecules with aliphatic residues of various chain 
lengths containing diamino or dicarboxyl groups. The protein is stabilized by 
additional intramolecular bridges, while the intermolecular bridges promote 
interactions in the crystal lattice,

l nucleation enhancers at small concentrations such as PEG or other polymers. 
The micro droplets of the polymeric phase serve to concentrate the protein 
locally and provide an interface for nucleation to occur. This category should 
probably also include cubic phases and surface which promote epitaxy and 
heterogeneous nucleation.

In combinatorial studies with 81 different proteins, including many enzymes 
such as bacterial lipase, but in addition, 9 monoclonal antibodies such as 
Rituximab, McPherson and Cudney (2006) tested 200 possible crystallization 
accelerators.

In the study under employment of the Sitting Drop Method (Figure 10-5), the 
crystallization accelerators were mixed 1:1 in water with 30% PEG 3350 in 
0.1 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid ) or with 
50% Tacsimate (1.36 M malonic acid, 0.25 M ammonium citrate tribasic, 
0.12 M succinic acid, 0.3 M DL-malic acid, 0.4 M sodium acetate, 0.5 M 

Fig. 10-5. Hanging drop (left hand) and sitting drop (right hand) methods for growing 
of large protein crystals for structure elucidation (source: Kogoy JM)
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sodium formate, and 0.16 M ammonium tartrate dibasic). A total of 65 
proteins or 85% could be crystallized. In particular, the crystallization was 
difficult for the monoclonal antibodies. A complete antibody, IDEC 151, could 
be crystallized with a mixture of Tacsimate and the nucleotides d(pT)12 and 
d(pT)4, serum albumin (rabbit) with PEG 3350 and pentaglycine plus trigly-
cine (Figure 10-6). Good results were achieved in the study for example with 
a mixture consisting of suberic, sebacic, hexadecanedioic, and dodecanedioic 
acid as well as with a mixture additionally containing fumaric, pimelic, malic, 
glutaric, and oxamic acid.

Obviously, molecules rich in charged groups, particularly negatively 
charged carboxyl groups, might be of general utility. This is consistent with 
the expectations regarding the reversible crosslinking of proteins in a lattice. 
The results suggest furthermore that sulfonyl groups and phosphate groups 
might also promote crystallization.

Surely, not all substances examined in the study as potential crystalliza-
tion promoters can be used for pharmaceutical purposes, e.g., Streptomycin, 
however, McPherson’s work can provide a good starting point (McPherson 
1978; McPherson 1982; McPherson et al. 1984; McPherson and Shlicta 1988; 
McPherson 1999; McPherson 2001).

Small scale crystallization studies can utilize micromethods such as 
Sitting, Sandwich, or the Hanging Drop Method or dialysis in dialysis but-
tons. However, for an industrial scale procedure, other methods must be 
employed. In industrial procedures, the protein solution is first concentrated, 
if necessary buffer components are removed by diafiltration, and then the 
precipitation agent or mixture added or the pH value adjusted to the precipi-
tation pH (Shenoy 2002). The separation of the crystals can take place via 
filtration or centrifugation, Often the crystal cake must be washed to remove 
salts. Crystal screening kits like Wizard and Cryo, both from Emerald 
Biostructures, or Crystal Screen from Hampton Research have been used to 
facilitate batch crystallization processes (Shenoy 2002).

An important process parameter during protein crystallization is tem-
perature, whereby there are proteins with direct (lower temperature facilitates 
nucleation) as well as with retrograde (higher temperature facilitates nuclea-
tion) temperature-dependent solubility behavior. Zhu et al. (2006) defined 
the “relative crystallizability of proteins” as integral of the area between the 

Fig. 10-6. Light microscope photographs of crystalline IDEC 151, a full-size IgG 
antibody with 151 kDa molecular weight (left), and of rabbit serum albumin (right) 
(McPherson and Cudney 2006)
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nucleation and the precipitation curve and recommend for crystallization 
optimization, the generation of two-dimensional phase diagrams.

Because of the glycosylation and the flexibility in certain regions of anti-
bodies, crystallization is far more challenging than for enzymes. Nevertheless 
several examples exist, where antibody crystallization was achieved.

Hagewiesche et al. (2006) describe in their patent application the crystal-
lization of full-size antibodies or antibody fragments by the addition of salts 
of divalent cations, in particular of zinc chloride in sodium acetate buffer 
pH 4.7–5.7. The addition of organic solvents was not necessary and did not 
increase crystal yield. Bevacizumab (anti-VEGF) was described as a positive 
example. Depending upon the concentration of zinc chloride and sodium ace-
tate, free crystals or concentrated crystal gels formed, while with anti-CD20, 
anti-HER2, anti-CD11a, and anti-2C4 antibodies, no crystalline products with 
birefringence were formed.

In a patent application entitled “The crystallization of anti-EGFR antibod-
ies” (Matheus and Mahler 2005), Mab C225 Cetuximab and Mab h425 EMD 
72000, were crystallized in the batch mode by addition of PEG 4000 or 8000, 
saturated ammonium sulphate solution or 50 vol% ethanol in citrate buffer 
pH 5.5 or phosphate buffer pH 8.0. The resulting crystals showed birefring-
ing characteristics under the microscope and were stained with Coomassie 
blue dye. The FT-IR analysis did not show changes in the amide I-2-region 
compared with the initial solution after redispersion and relatively high yields 
were reached.

The crystallization of antibodies in complexes with protein A (Staphylococcus 
aureus), protein L (Peptostreptococcus magnus) or protein G (Streptococcus) 
offers the possibility of a generic method (Stura et al. 2001) but is unsuitable 
for a pharmaceutical application in a drug product for several reasons.

Altus describes the crystallization of full antibodies, single chain Fv 
fragments and Fab fragments in its patent application (Shenoy 2002), with 
Rituximab, Trastuzumab, and Infliximab as examples. At first using commer-
cial crystallization kits, the suitable conditions are determined in a microbatch 
screening. Antibody crystals obtained through vapor diffusion technologies are 
introduced into the batch processes as seeds. Crystallization inducers include 
PEG 300–8000, glycerol, MPD (2-methyl-2,4-pentanediole), 2-ethoxyethanole, 
1,2-propanediole (propyleneglycol), imidazole, 2-propanol, calcium actetate, 
sodium sulfate, lithium sulfate, usually in mixture, together with sodium 
acetate, HEPES, TRIS, CHES (2-[N-cyclohexylamino ] ethanesulfonic acid), 
MES and other buffering substances. The presence of polysorbate 80 did not 
inhibit the crystallization process, and the total time was approximately 24 h. 
Protein crystals were also included in polymeric matrices such as SAIB (in 
ethanol). The yields at batch scale amounted to >80% (no information as 
regards the scale). No degradation was observed by SDS-PAGE, HPLC, and 
Western Blot and binding activity was retained (Miller 2001). Examples of the 
crystal morphologies obtained are shown in Figure 10-7a (Yang et al. 2003).

The main disadvantage of crystallization to transfer proteins into the solid 
state lies in the lack of generic approaches. Typically the optimal crystallization 
conditions for the individual protein must be discovered in extensive pretests at 
a microbatch scale using microtubes or microvessels (Shenoy 2002). Basically 
with the protein size, degree of glycosylation, and the percentage of flexible 
loops, the difficulty in finding suitable crystallization agents increases.
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On the other hand, protein crystallization can offer some advantages when 
compared with other dehydration techniques. Additional purification can be 
obtained by the exclusion of impurities from the crystal lattice, if these impu-
rities do not inhibit the crystallization. Genentech developed a purification 
process for a recombinant therapeutic protein via crystallization (Bean and 
Matthews 2007). The crystallization step could be scaled up and integrated 

Fig. 10-7. (a) Microscopic aspect of diverse crystallized mAbs; Crystals of rituximab 
(A,B), trastuzumab (C,D) and infliximab (E,F) using 12–35% PEG 400 + 0–10% PEG 
8000 (A–E) or 10% isopropanol for induction of crystallization (Yang et al. 2003; 
Copyright 2003 National Academy of Sciences, USA). (b) Viscosity of an increasingly 
concentrated infliximab solution in polysorbate 80- sucrose-phosphate buffer com-
pared to a crystalline suspension in 10% ethanol, 10% PEG 3350, 0.1% polysorbate 
80, 50 mM trehalose and 50 mM phosphate buffer (Yang et al. 2003; Copyright 2003 
National Academy of Sciences, USA)
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into production with high yields and excellent purity. The crystallized protein 
could also be stored as a bulk drug substance.

Modulating the rate of dissolution of the crystals by adjustment of protein 
crystal size and morphology can also alter the pharmacokinetics of a crystal 
suspension (Miller 2001; Yang et al. 2003).

Protein crystals are useful in the production of low viscosity, high concen-
tration formulations for s.c. administration, through a 26-gauge needle (Yang 
et al. 2003). As Figure 10-7b demonstrates, even concentrations as high as 
200 mg/mL show a viscosity of only about 50 cP when Infliximab is prepared 
as crystal suspension, compared with >250 cP in a 150 mg/mL solution.

Crystallization can also improve storage stability (Shenoy et al. 2001). 
Brange et al. (1992) examined the stability of insulin in neutral solution with 
respect to deamidation at AsnB3 through formation of isoAsp and Asp deriva-
tives. The transformation at B3 was clearly reduced in the crystalline state 
(zinc insulin, NPH = Isophane) in comparison to the amorphous or dissolved 
state, which was explained by the reduced flexibility of the tertiary structure 
and thus reduced formation of the cyclic imide (Figure 10-8). Comparable 
mechanisms can be exploited for monoclonal antibodies: The stability of a 
monoclonal antibody crystal was examined at a 100 mg/mL concentration 

a

b

IZS amorphous = zinc insulin, 
amorphous

IZS mixed = zinc insulin, 3 parts 
amorphous and 7 parts crystalline

NPH = protamine sulfate insulin, 
crystalline

Fig. 10-8. Improved insulin stability by transition into crystalline state. (a) Time 
course of formation of hydrolysis products during storage at 25°C of different types of 
pharmaceutical insulin suspensions (all porcine insulin). IZS amorphous, IZS mixed 
and Protamine Sulfate Insuline. (b) Primary structure of insulin with indications of the 
amino acid residues prone to deamidation (Brange et al. 1992)



162 K. Bechtold-Peters

and after the incubation at room temperature for a month. The integrity of the 
antibody was well maintained as demonstrated by SDS-PAGE (Miller 2001).

3.2. Precipitation: Protein Coated Microcrystals

Protein coated microcrystals (PCMC) (Figure 10-9), and DNA coated microc-
rystals (DCMC) develop, if an aqueous buffered solution of a protein in which 
a carrier material is solved like the amino acids valine, glutamine or histidine, 
or a sugar is introduced rapidly into a water-miscible organic solvent such as 
propan-1-ol, propan-2-ol, ethanol, ethyl lactate, 2-methyl-2,4-pentanediol, or 
1,5-pentanediol. The carrier material, its concentration and the organic solvent 
must be selected in such a way that the carrier material precipitates to a large 
extent as soon as the mixture is prepared. Protein solution and carrier material 
solution can also be added separately in a three line system which had proven 
to be the best option in experiments with bovine IgG because of better control 
of the protonation state (Partridge et al. 2006; Moore and Vos 2006).

In a related patent application (Moore et al. 2000), it is emphasized that 
the desired rapid protein dehydration is only achieved if the aqueous phase is 
added to a surplus of organic solvent and not the other way round as typical 
for protein crystallization procedures described in Sect. “Crystallization.” The 
rapid removal of the water causes the protein to precipitate in amorphous form 
and as fine particles, since for kinetic reasons, no crystal growth can occur after 
nucleation. The resulting water content after addition of the aqueous solutions 
to the precipitation agent should not exceed 10% (Moore et al. 2004).

The carrier material, which is present in the aqueous phase at a concentra-
tion close to its saturation point preferentially forms crystals. The amorphous 
protein settles on the hydrophobic surfaces of the crystals and prevents the 
further increases in crystal size, due to Ostwald ripening. The resulting pro-
tein coated microcrystals are relatively small with diameters ranging from 1 
to 100 mm.

For small scale studies, the procedure can be performed as batch process 
while for larger batches at pilot to production scale the continuous mode using 
static or dynamic mixers is preferred. Because of the short process times needed 
for protein dehydration, kilograms of PCMC can be manufactured within a few 
hours. After the precipitation process, the PCMC can be separated from the 
aqueous solvent mixture by decanting, filtration, or sedimentation procedures 
and washed, dried, or resuspended in another nonsolvent mixture.

Fig. 10-9. Schematic drawing of coated microcrystals (source: website of XstalBio)
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The investigation by Atomic Force Measurement (AFM) of trypsinogen-
DL-valin PCMC showed that the protein fraction accumulates in the form of 
larger aggregates on the surfaces of the carrier material. The aggregates could 
deform and shift during the contact mode of the measuring procedure indicat-
ing that a strong bond to the carrier material is unlikely.

A crucial question is whether the processing into PCMC adversely affects 
the protein integrity and bioactivity. Water molecules, which are necessary 
for the preservation of the protein structure, could be extracted in the rapid 
dehydration process. Contrary to lyophilized or spray dried products, no 
embedding into an amorphous or partly amorphous matrix in the presence 
of water substitutes occurs. In addition, the induced protein aggregation 
could be irreversible. Investigations with a special solid state circular di- 
chroism technology in the range of 190–310 nm wavelength showed only 
small structural changes of the model protein Subtilisin Carlsberg immobi-
lized on K2SO4 in the comparison to the aqueous solution (Partridge et al. 
2005a, b) (Figure 10-12). On the other hand, with Subtilisin immobilized on 
valine, it was seen that with final water contents of <5% the storage stabil-
ity was worsened, since structural water molecules needed for the long term 
preservation of the conformation were removed (Partridge et al. 2005a, b). 
With a highly effective therapeutic cytokine, different formulations and proc-
ess modes were tested and the developing PCMC placed in stability chambers 
after drying. In this case, the PCMC were very stable when using amino acids 
as a carrier: No changes in bioactivity or monomer content after reconstitu-
tion was observed with the protein either immediately after processing or after 
2 months of storage at 40°C (Figure 10-10a and b). The stabilization of PCMC 
outside a glass matrix is explained by “solvent annealing,” whereby during the 
rapid dehydration process polar solvent molecules are able to lower the bar-
rier between conformational states and allow the protein to anneal to a stable 
(local) dry-state conformation (Partridge et al. 2005a, b).

Also physical stability was very good. After 2 months of storage at 25°C 
and 60% relative humidity, no change in aerodynamic particle size was found 
(Figure 10-10c). The physical stability of particle size and morphology also 
under influence of moisture represents a substantial advantage in relation to 
amorphous spray-dried particles.

Protein loading rates ranged from <<1% up to 40%. Besides the carrier 
material and the employed solvent, the type of protein and the loading rate 
have an influence on the developing particle size as well as on the morpho-
logy of the particles (Partridge et al. 2007; Figure 10-11). Further process 
parameters such as water content, pH value, temperature, and mixing condi-
tions can further influence the particle characteristics (Partridge et al. 2005a, 
b; Lyle et al. 2006).

The careful adjustment of pH during crystallization is an important process 
parameter (Partridge et al. 2005a, b; Partridge et al. 2007). The PCMC proc-
ess is a technology which has potentially broad applications and is suitable 
for a very wide spectrum of biomolecules from small proteins and nucleotides 
to monoclonal antibodies (Kreiner et al. 2005) (Table 10-4). In addition to 
applications as an alternative to lyophilization or spray drying, applications 
using PCMC in downstream processing involving molecular imprinting or for 
stabilization of biocatalysts in solvents are conceivable (Brown et al. 2006; 
Kreiner et al. 2001).
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c Mass median aerodynamic diameter (MMAD) of batch 6, initial 
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Fig. 10-10. PCMC with a cytokine as precipitated protein and DL-valine as carrier. 
Biological activity (a), monomers/aggregates via HP-SEC (b) and aerodynamic prop-
erties as mass mean aerodynamic diameter (c) after storage at various temperatures 
(Bechtold-Peters 2005)
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Figure 10-12. CD spectra of subtilisin Carlsberg coated onto K2SO4 microcrystals 
and suspended in propanol similar to CD spectra of the enzyme in aqueous solution 
(Partridge et al. 2005a, b)

Fig. 10-11. Variation of protein payload 0.11% (left), 11.7% (middle) and 28.6% 
(right) increases crystal size and impacts on morphology of the crystals. Model protein 
cytochrome C (Partridge et al. 2007)

Table 10-4. Macromolecules successfully transformed into PCMC at XstalBio 
or Boehringer Ingelheim.

Protein class Example

Small proteins Insulin Lysozyme, Cytochrome-c

Medium proteins Adenosine deaminase Hyaluronidase a-1-Antitrypsin

Glucose oxidase

Proteases such as trypsin and trypsinogen

Lipases

Cytokines

Large proteins Various antibodies (therapeutic and model antibodies) of 
the IgG-type

BSA, Ovalbumine

Lactate dehydrogenase

Catalase

Vaccines Tetanus toxoid, diptheria toxoid, rPA (anthrax)  
Adenylate cyclase toxin

DNA, RNA Oligonucleotides, plasmids
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3.3. Precipitation: Technospheres

A well characterized small organic molecule, 3,6-bis(N-fumaryl-N-(n-Butyl)
amino)-2,5-diketopiperazine (FDKP), was found to self-assemble into micro-
spherical particles (Figure 10-13). The basic solution of FDKP generates 
microspherical aggregates, when the pH of the solution is reduced. The micro-
spherical aggregates rapidly dissociate back into single small molecules when 
the solution pH is raised with a base or under physiological conditions in the 
blood stream at neutral pH. The technique is described in US patent 5,503,852 
(Steiner et al. 1996; Kaur et al. 2007).

This reversible microsphere formation process has applications in drug 
delivery because both low molecular weight drugs and proteins, can be 
encapsulated into the microsphere matrix. For example, glucagon, usually a 
very fast degrading peptide which must be administered immediately after 
the reconstitution of the lyophilized product, could be formulated into a suf-
ficiently stable solution for infusion. Currently, the use of the technology is 
more focused on pulmonary delivery of insulin, PTH, or GLP-1 (Pfützner 
et al. 2002, 2003), but parenteral applications have also been published (Lian 
et al. 2000). Undisclosed data demonstrate excellent physical stability of the 
generated particles even at elevated temperatures and humidity.

3.4. Precipitation: Supercritical or Near-Critical Procedures

Super- or near-critical precipitation procedures can be differentiated into 
procedures in which a substance dissolved in dense gas precipitates by 
expansion (RESS = rapidly expansion of supercritical solutions) or in which 
only the solvent of the substance is removed by supercritical extraction 
(GAS = gas antisolvent). The latter are called antisolvent procedures and lead to 

Electronmicrograph of 
resulting particles

e.g. Fumaryl-Technospheres:
1.75 µm D50%(volume

distribution, Sympatec, dry
dispersion), specific surface
approx. 500,000 cm2/g (!)

Acidification of neutral to basic
aqueous solutions results in

formation of Technosphere™
particles

Fig. 10-13. Technospheres™ – mechanism of formation and scanning electron micro-
scopical picture of resulting particles (Bechtold-Peters 2005)
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discrete, spherical particles as shown in Figure 10-14. Since proteins are too 
hydrophilic to dissolve in the commonly used supercritical CO2 (supercriti-
cal temperature 31°C at approx. 73 bar) under moderate conditions (<60°C, 
<300 bar) (Foster et al. 2003), only anti-solvent processes are suitable for these 
types of molecules.

Antisolvent procedures include Solution Enhanced Dispersion by Supercritical 
Fluids (SEDS), Aerosol Solvent Extraction System (ASES), Precipitation 
using Compressed Antisolvent (PCA), or Supercritical Antisolvent System 
with Enhanced Mass Transfer (SAS-EM). These all involve atomization of 
protein solutions through suitable nozzles and result in a particulate product.  
A good overview over existing supercritical precipitation techniques and 
related basic equipment designs is given by Vemavarapu et al. (2005) and Jung 
and Perrut (2001). The particle size spectrum ranges from submicron (Thiering 
et al. 2000) without spraying up to several microns (Jovanovic et al. 2008a, b) 
for sprayed product. Protein particles size, size distribution, and morpho- 
logy depend on the conditions selected including temperature, pressure, and 
composition of the supercritical fluid (Jung and Perrut 2001). The conditions 
usual for the processing of sensitive active substances such as proteins can be 
selected to be sufficiently mild (Thiering et al. 2000). Often modifiers such as 
ethanol or methanol must be added to the carbon dioxide in order to improve 
the dissolution power of the supercritical fluid under constant pressure-tem-
perature conditions. Finally, supercritical gas is also suitable for extraction of 
residual solvents in product derived from other manufacturing procedures such 
as the protein coated microcrystals described in Sect. “Precipitation: Protein 
Coated Microcrystals.”

Although most publications deal with rather small proteins such as lys-
ozyme (14 kDa), insulin (6 kDa), or myoglobin (17 kDa) as model proteins 
(Thiering et al. 2000; Jovanovic et al. 2004, 2008b), there exist a few stud-
ies, using monoclonal antibodies. Supercritical carbon dioxide was used as 
an antisolvent for producing recombinant human immunoglobulin G (rIgG) 
particulate powders. In a PGSS-type process (particles from gas saturated 
solutions), liquid CO2 was premixed with ethanol to create a single-phase, 
modified supercritical fluid (SCF). The modified SCF was then vigorously 
mixed with a pharmaceutically acceptable, aqueous formulation of rIgG, and 
the mixture was immediately atomized into a pressurized vessel where rapid 
expansion of the modified SCF extracted the aqueous phase, resulting in the 
precipitation of the protein powder. Attempts to characterize particle size and 

Fig. 10-14. Insulin produced by (a) isoelectric point solution precipitation (200 µm), 
(b) lyophilization (12 µm) and (c) the GAS process (2 µm) (Thiering et al. 2000)
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morphology were confounded due to the extremely deliquescent nature of 
the powders, causing them to rapidly absorb moisture and become gummy. 
Operational conditions were optimized to a point which yielded powders that 
were completely soluble, and had SEC profiles indistinguishable from those 
of the starting solution. Antigen binding activities of the powders, however, 
were £50% of expected levels, revealing the need for improvement of this SCF 
processing approach for rIgGs (Nesta et al. 2000).

In a more successful study, Jovanovic et al. (2008a) showed that by adjust-
ing the process conditions of an ASES-type process, polyclonal human serum 
IgG could be supercritically dried without significant formation of insoluble or 
soluble aggregates. Dimer formation and monomeric content were comparable 
to freeze-dried product. The successful precipitation and extraction conditions 
were 37°C/100 bar for pure CO2 or 20°C (below the critical temperature)/100 
bar for CO2 modified by addition of 25% ethanol. Aqueous solutions of the 
IgG containing either trehalose or HP-b-cyclodextrin were sprayed into the 
pressure chamber with sub- or supercritical carbon dioxide. Addition of a 
buffer not soluble in the supercritical CO2 turned out to be necessary for the 
recovery of soluble protein. Excellent storage stability data even at 40°C were 
obtained as Figure 10-15 reveals (Jovanovic et al. 2008a). An intensive study 
was performed by Bouchard et al. (2008) to evaluate various matrix formers 
for their physical stability and suitability as excipients after supercritical fluid 
processing under conditions comparable to those described earlier.

Solution Enhanced Dispersion by Supercritical fluids (SEDS) has been 
also used to produce dry particulate formulations of two antibody fragments, 
D1.3Fv and 4D5Fab (Sarup et al. 2000). Loss of activity was experienced with 
both of the antibody fragments. Activity loss was reduced by choice of solvent 
and temperature.

Finally, several years ago, a technology called supercritical carbon dioxide-
assisted aerosolization coupled with bubble drying was developed by Sievers 
et al. This process involves mixing an aqueous stream containing the drug 
and any water soluble excipients and a stream of supercritical CO2 inside a 
low dead volume tee. The emulsion is allowed to expand out of the capillary 
restrictor, resulting in the aerosolization of the aqueous solution. Sievers and 
coworkers show as examples how lysozyme and lactate dehydrogenase were 
dried in the presence of sucrose as stabilizer using this process. LDH could be 
stabilized throughout the nebulization, drying, and rehydration processes with 
the addition of sucrose. Almost complete preservation of activity was achieved 
with the further addition of a surface active agent, such as Tween 20, to the 
aqueous formulation prior to processing (Sellers et al. 2001).

4. Immobilization on Carriers: An Outlook into Adjacent 
Areas

In the strict sense, the PCMC technology already described under Sect. 
“Precipitation: Protein Coated Microcrystals” falls into this area of protein 
immobilization, since amorphous protein is fixed onto a carrier.

In this section, however, an outlook will be given into such procedures in 
which the proteins are held to the carrier by stronger forces such as covalent 
bonding, crosslinking or embedding into a polymeric structure. The examples 
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falling into this category are less likely to be used in pharmaceutical product 
applications and are more amenable to applications in analytics (chip technol-
ogy) as well as in industrial enzymes.

A variety of protein immobilization techniques have revolutionized our 
analytical capabilities in biological research and quality control of biotech-
derived compounds:

Antibody immobilization onto a surface while preserving the biologically reac-
tive configuration has been achieved, for example, via self-assembled molecular 
monolayers (SAM) and plasma-based colloidal lithography creating chemical 
nanopatterns on the surface of a biosensor. An array of 100-nm wide motifs with 
hexagonal 2-D crystalline structure was created and shown to have COOH-
terminated nanospots in a CH3-terminated matrix (Valsesia et al. 2006). It could 

Fig. 10-15. GPC results of SFE dried IgG formulations containing (a) HP-ß-CD or 
(b) trehalose (conditions 37°C/100 bar, unmodified carbon dioxide): freshly prepared 
(white bars), stored for 4 weeks at 4°C (grey bars) or 40°C (black bars). Y-axis repre-
sents percentage of total AUC (Jovanovic et al. 2008a)
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be shown that an ELISA test based on such an array had a signal four times 
higher as compared with the signal of the nonconstructed functional surface.

In another paper, a new method for immobilization of single proteins for 
spFRET studies by utilizing streptavidin-biotin and protein L-antibody inter-
actions on glass coverslips coated with PEG is described (Pal et al. 2005). 
Single-molecule fluorescence studies with high signal/noise ratio are enabled 
by this method. A bacterial transport protein and the cytoplasmic region of a 
mammalian transporter were immobilized with high specificity.

Finally, a patent application by Remacle and Michel (2005) claims that 
incorporating polyols such as mannitol into solutions for spotting onto analyti-
cal arrays increases the time-dependent and thermal stability of the proteins 
spotted onto the support thus conserving the micro-array for quantitative mul-
tiparametric analysis after a long storage period. Appropriate arrays were PCR 
Creative chips (epoxide chemistry), Diaglass (aldehyde chemistry), or Oligo 
Slides (epoxide chemistry).
A summary of options for enzyme stabilization by immobilization is shown 
in Figure 10-16 (Gianfreda and Scarfi 1991). In the paper referenced, immo-
bilization is considered an excellent method for enzyme stabilization. Several 
techniques, on the basis of chemical binding or physical retention, have been 
developed:

l Binding of enzyme molecules to carriers by covalent bonds, e.g., 
Carboxypeptidase A to styrene-maleic anhydride support (Dua et al. 1985)

l Binding of enzyme molecules to carriers by adsorptive interactions
l Entrapment into gels, beads, or fibers
l Crosslinking or co-crosslinking with bifunctional reagents, e.g., as CLECs 

(crosslinked enzyme crystals), CLEAs (crosslinked enzyme aggregates) or 
so-called Spherezymes (Cao et al. 2003; Sheldon 2007; Brady et al. 2008)

l Encapsulation in microcapsules or membranes

• Binding of enzyme to carriers by covalent bonds (1)
• Binding of of enzyme to carriers by adsorptive interactions (2)
• Entrapment into gels, beads or fibers (e.g. biocatalytic
 plastics, silane-based xerogels or aerogels) (3)
• Cross-linking or co-crosslinking with bifunctional reagents (4)
• Encapsulation in microcapsules or membranes (5)
• Pharmaceutically more acceptable: drying by methods like
 lyophilization

E E E E E E

E
EEE

EEE

EE E EE
E

1 2 3 4 5

Fig. 10-16. Protein immobilization principles used for (industrial) enzymes (adapted 
from Gianfreda and Scarfi 1991)
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By definition, an immobilized enzyme is a protein physically localized in 
a certain region of space or converted from a water-soluble mobile state to 
a water-insoluble immobile one (Gianfreda and Scarfi 1991). Biotechnical 
applications of immobilized biocatalysts include several fields of general 
interest beyond pharmaceutical technology, in particular: clinical chemistry 
(biomarker), enzymatic analysis of organic compounds, food processing, 
cleaning agents, waste management, enzymatic conversions of petrochemi-
cals, synthetic organic chemistry and energy applications. Finally, immobi-
lized enzymes very closely simulate the state of enzymatic proteins within the 
intracellular microenvironment of living cells.

l If a considerable conformational change of the enzyme occurs during pH 
inactivation, then stabilization of the enzyme can be achieved by tighten-
ing the structure by means of covalent (mono or multipoint) bindings to an 
insoluble support or by “cage effects” inside a polymeric gel. Bi- or poly-
functional agents such as glutaraldehyde, diimidate, or dithiols introduce 
intramolecular crosslinkages into one or more regions of the protein mol-
ecule and increase the rigidity of the protein structure. This conformational 
stabilization is usually encountered in nature where proteins are stabilized 
by the introduction of intramolecular linkages such as S-S covalent bonds or 
noncovalent salt bridges.

l If the polymeric support is a polyelectrolyte, local pH value or buffer prop-
erties can be obtained and the pH value of the enzyme microenvironments 
can be very close to the maximum enzyme stability pH. Furthermore, if a 
polyionic support is used, the concentration of charged ionic groups of the 
enzyme–adsorbed microenvironment is very high (similar to a concentrated 
salt solution) and the solubility of oxygen gas, is therefore, reduced by the 
salting out effect (Gianfreda and Scarfi 1991).

l If the enzymatic reaction to be achieved must take place in an organic solvent 
environment, forming a suspension of the enzyme in an undissolved state in 
the organic solvent can be one of the options (Laane 1987). It is assumed 
that only a small amount of water (a few molecules) is essential to maintain 
the native, catalytically active conformation of the enzyme. If the organic 
solvent does not remove the essential water layer, the enzyme will remain 
“frozen” in its active conformation retaining unaltered catalytic activity 
(Laane 1987). On the other hand, the sufficiently dehydrated enzymes have 
high conformation rigidity, and free water molecules usually required in 
enzyme inactivation processes are lacking. A very nice report on biocatalysis 
in the industrial production is given by Braun et al. (2006). Here, further pos-
sibilities for biocatalysis in organic solvents including enzymatic reactions in 
liquid crystals are listed.

Acknowledgments: Udo Heinzelmann, Torsten Schultz-Fademrecht and Beate 
Fischer, Boehringer Ingelheim Pharma GmbH&Co.KG, as well as Johann 
Patridge, Jan Vos und Barry Moore, XstalBio Ltd.
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Abbreviations

pM picomolar
nM nanomolar
fM femtomolar
mAb monoclonal antibody
KD equilibrium dissociation constant
ka association rate constant
kd dissociation rate constant
Fc Flow cell
RU resonance units
Da Dalton
cy5 Indodicarbocyanine
pAb polyclonal antibody
surfactant P-20 poly(oxyethylene)(20)-sorbitane monolaureate

1. Introduction

The development and application of monoclonal antibodies as drugs requires 
accurate and precise characterization of the antigen/antibody binding constants. 
Anticipating the required affinity for a therapeutically efficacious monoclonal 
antibody (mAb) is complex. Generally, the equilibrium dissociation constant 
for the antigen/mAb complex should be less than 100–1,000 picomolar (pM), 
depending upon the nature of the target, the desired function of the antibody, 
and the localized concentration of the antigen in the diseased tissue, among 
other factors. Measurement of the equilibrium dissociation constant (KD), 
association rate constant (ka), and dissociation rate constant (kd) for these high 
affinity antibodies is difficult because of three independent reasons: (1) the time 
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for the antigen/antibody complex to reach equilibrium can be very long, on 
the order of days (2) usually, the kd for such a tight complex is extremely low, 
requiring long periods of data collection in order to discern enough information 
to predict complex stability, and (3) in cases where the kd is easily measurable 
(greater than 5 × 10−4 s−1), the ka can be very fast, greater than 1 × 107 M−1s−1.

Two biophysical methods that are gaining acceptance for characterizing 
high affinity interactions are Biacore and KinExA. With Biacore, one reactant 
is immobilized onto a biosensor chip and the other reactant is flowed across 
the surface, while the binding of the two reactants is followed in real time by 
surface plasmon resonance (Karlsson and Falt 1997; Myszka 1997; Morton 
and Myszka 1998; Myszka 1999; Rich and Myszka 2001; Rich and Myszka 
2002; Roskos et al. 2007 ). For most high affinity interactions the association 
rate constant ka and dissociation rate constant kd are determined directly, and 
the KD is calculated by the quotient of the rate constants, kd/ka.

KinExA®, which is short for the Kinetic Exclusion Assay, differs from 
Biacore in that it is a solution-based method and requires a secondary fluores-
cent reporter molecule (Blake et al. 1996, 1999; Chiu et al. 2001; Ohmura et al. 
2001; Jones et al. 2002). The KinExA instrument is a flow spectrofluorimeter in 
which equilibrated solutions of an antigen/antibody complex are flowed over a 
bead pack with immobilized antigen or another mAb capture reagent. Detection 
of the free mAb from the equilibrated solution once flowed through the resin is 
accomplished with a secondary species-specific polyclonal antibody (pAb) that 
is fluorescently labeled. The KinExA instrument is also capable of determining 
directly the ka by quantitating the decrease of free mAb as a function of time as 
an antigen/antibody solution approaches equilibrium. The kd cannot be directly 
measured by KinExA instead, it is calculated from the product of ka × KD.

In this chapter, we compare Biacore and KinExA for their ability to deter-
mine binding constants for very stable antibody/antigen complexes. We char-
acterized a set of three different antigens and two different mAbs that span an 
affinity range of nanomolar (nM) to picomolar (pM). We show that if proper 
experimental methods for both Biacore and KinExA are used, the kinetic 
and thermodynamic binding constants measured between surface-based and 
solution-based biophysical methods are similar.

2. Materials and Methods

2.1. Instrumentation

All surface plasmon resonance experiments were performed using Biacore 
2000 and Biacore 3000 optical biosensors (Biacore, Inc., Piscataway, NJ). All 
Kinetic Exclusion Assays were performed using a KinExA 3000 instrument 
(Sapidyne Instruments, Inc., Boise, ID).

2.2. Reagents

A corporate partner provided antigen-1 (Ag-1), which is a monomeric protein 
of molecular weight (MW) = 47 KDa. Antigens 2 and 2¢ (Ag-2 and Ag-2¢) 
are monomeric polypeptides of MW = 9.4 and 4.1 KDa, respectively and 
were purchased from Bachem Peninsular Labs (San Carlos, CA). Antibodies 
(mAbs-1 and -2) were fully human mAbs produced from XenoMouse® mice 
(see below). Alum (1452-250) was purchased from Superfos Biosector A/S 
(Vedbaek, Denmark). Bovine serum albumin (BSA) fraction V (BP1605-
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100) was purchased from Fisher Scientific (Pittsburgh, PA). DMEM culture 
medium (51444) was obtained from JRH Biosciences (Lenexa, KS). Titermax 
(T-2684) and OPI media supplement (O-5003) were purchased from Sigma 
Chemical Co. (St. Louis, MO). Fetal Bovine Serum (SH30070.03) was 
purchased from Hyclone (Logan, UT). A penicillin-streptomycin (400-109) 
solution was obtained from Gemini Bio-Products (Woodland, CA). IL-6 
(1131567) was purchased from Roche (Mannheim, Germany). All other general 
reagents were purchased from Sigma-Aldrich, Inc (St. Louis, MO).

All antigen and mAb samples for Biacore and KinExA analysis were 
prepared in vacuum-degassed HBS-P buffer (0.01 M HEPES, 0.15 M NaCl, 
0.005% surfactant P-20, Biacore Inc., Uppsala, Sweden) with 100 mg/mL 
bovine serum albumin (BSA). Biacore amine-coupling reagents, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), 
and ethanolamine were purchased from Biacore, Inc. Biacore aldehyde-
coupling reagents (sodium periodate 21,004-8, carbohydrazide C1,100-6, 
and sodium cyanoborohydride 15,615-9) were purchased from Aldrich 
(Milwaukee, WI). Biacore surface-regeneration reagents were phosphoric 
acid (Aldrich 34,524-5) and glycine (10 mM, pH 2.0, Biacore, Inc.). Research 
grade CM5 and B1 biosensor chips were purchased from Biacore, Inc.

The KinExA detection antibody was Cy5-labeled goat anti-human IgG, Fcg 
specific (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, 109-
175-008) diluted 250- to 5,000-fold in HEPES buffer (0.01 M HEPES, 0.15 M 
NaCl, pH 7.2) from a 0.5 mg/mL stock (1× PBS, pH 7.4). The solid phase par-
ticles used for the KinExA experiments were NHS-activated Sepharose 4 Fast 
Flow beads (Pharmacia Biotech AB, Uppsala, Sweden, 17-0906-01). Prior to 
reacting the sepharose beads with antigen, a bead stock aliquot of 1.5 mL in a 
microcentrifuge tube was spun down and washed at least six times with cold 
deionized H2O. After rinsing the beads twice with sodium carbonate buffer 
(0.05 M, pH 9.3), antigen (~20 mg) in sodium carbonate buffer was added to 
the sepharose. The sepharose/antigen tube was either rocked overnight at 4°C 
or for at least 4 h at room temperature. After rocking, the sepharose was spun 
and rinsed twice with 1 M Tris buffer, pH 8.3. The antigen-coated beads were 
then rocked for 1 h at room temperature in 1 M Tris buffer with 2% BSA.

2.3. Generation of Fully Human Monoclonal Antibodies  
from XenoMouse® Strains

XenoMouse strains were produced as described previously by Mendez et al. 
(1997). MAb-1 was prepared using hybridoma technology (Yang et al. 1999; 
Davis et al. 2003). Briefly, animals aged 8–10 weeks were immunized in the 
footpad with 10 mg of soluble Ag-1 emulsified in Titermax (25 mL/mouse) for 
the first injection. The animals were boosted twice per week with 10 mg Ag-1 
emulsified with 100 mg Alum. Lymphocytes from the lymph nodes of the 
animals were fused with P3 myeloma cells by an Electrocell Fusion protocol 
(Davis et al. 2003). The hybridoma cell line was grown in T75 flasks with 
15% FBS, penicillin/streptomycin (100 U/mL/100 mg/mL), OPI media supple-
ment (0.15 g oxaloacetate, 0.05 g pyruvate, 8.2 mg bovine insulin), and 10 U/
mL of IL-6 in DMEM medium until 95% cell death to produce a hybridoma 
exhausted supernatant (Yang et al. 1999). These exhaust supernatants were 
purified using Protein A.

MAb-2 was produced using XenoMax technology with Ag-2¢ for gen-
eration of antigen-specific monoclonal antibodies, which combines the use of  
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B cells from hyperimmunized XenoMouse mice with the culture, screening, and 
antibody recovery processes of the SLAM technology (Babcook et al. 1996).

2.4. Biacore Measurements

Standard EDC/NHS and carbohydrate coupling was used to covalently 
immobilize mAbs to a CM5 or B1 sensor chip (BIAapplications Handbook 
1998). To minimize mass transport and crowding, mAbs were immobilized at 
levels that gave a maximum antigen binding response (Rmax) of no more than 
50–100 RU. A reference flow cell on each chip was activated and blocked with 
no mAb immobilization to serve as a control.

All Biacore kinetic experiments were conducted at 25°C. For each experi-
ment, a series of six to eight antigen concentrations was prepared using two-
fold dilutions. Antigen samples were randomly injected over the biosensor 
surface in triplicate at 100 mL/min. Several buffer blanks were injected inter-
mittently over the course of an experiment for double referencing (Myszka 
1999). Each sample and blank were injected for 60–90 s. Dissociation was 
followed for 5 min. The mAb-1 biosensor surface was regenerated with a 9 s 
pulse of 146 mM phosphoric acid. Regeneration of the mAb-2 biosensor sur-
face with Ag-2 as the analyte was with a 15 s pulse of 14.6 mM phosphoric 
acid. Regeneration of the mAb-2 surface with Ag-2¢ as the analyte was with 
a 12 s pulse of 10 mM glycine, pH 2.0. Dissociation data for Ag-2 and Ag-2¢ 
were acquired by alternating three additional injections of the highest antigen 
concentration with three additional blank injections and following the disso-
ciation phase for 3–4 h.

All Biacore sensorgrams were processed using Scrubber software (Version 
1.1f, BioLogic Software, Australia). Sensorgrams were first zeroed on the 
y-axis and then x-aligned at the beginning of the injection. Bulk refractive 
index changes were removed by subtracting the reference flow cell responses. 
The average response of all blank injections was subtracted from all analyte 
and blank sensorgrams to remove systematic artifacts between the experimen-
tal and reference flow cells (Myszka 1999).

CLAMP biosensor data analysis software (Version 3.40, BioLogic Software, 
Australia) was used to determine ka and kd from the processed data sets. Data 
from all flow cells were globally fit to a 1:1 bimolecular binding model that 
included a mass transport term (Myszka et al. 1998). The KD was calculated 
from the quotient kd/ka.

2.5. KinExA Equilibrium Measurements

All KinExA experiments were conducted at room temperature (~22°C). For all 
equilibrium experiments, antigen was serially diluted into solutions having a 
constant mAb binding site concentration. For KD-controlled experiments, the 
mAb binding site concentration was less than or equal to 3 × KD . An antibody-
controlled experiment was performed on the Ag-2¢/mAb-2 complex where the 
mAb-2 binding site concentration was held ~20-fold above KD while the Ag-2¢ 
concentration range remained identical to the KD-controlled experiments. 
Antigen/antibody samples were then allowed to reach equilibrium. For 
complexes having pM KDs, samples were equilibrated at room temperature for 
as long as 3 days. The sample flow rate for all experiments was 0.25 mL/min 
and the labeling antibody flow rate was 0.5 mL/min. During a KD-controlled 
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experiment, 5 mL of each sample was drawn through the flow cell. A sample 
volume of 500 mL was analyzed for the antibody-controlled experiment. Two 
replicates of each sample were measured for all equilibrium experiments. 
The equilibrium titration data were fit to a 1:1 binding model using KinExA 
software (Version 2.4, Sapidyne Instruments).

2.6. KinExA Kinetic Measurements

The ka of the Ag-1/mAb-1 complex was measured by the “injection method” 
(KinExA 3000 manual 1998). Here, 0.5 mL of mAb-1 at a constant concen-
tration was injected with 0.5 mL of several serially diluted concentrations of 
Ag-1. The mixing time (17.5 s) for each reaction was dictated by the time 
required for the KinExA instrument to deliver the solution to the flow cell at 
a flow rate of 0.5 mL/min. The resulting exponential function of free mAb 
as a function of antigen concentration was fit in the KinExA software to a 
reversible bimolecular rate equation. The kd was calculated from the product 
ka × KD.

Equilibrium approached more slowly in the binding reactions of Ag-2 and 
Ag-2¢ to mAb-2 allowing the “direct method” to be utilized to determine ka. 
In this method, the reduction of free antibody concentration was followed as a 
function of time as an antigen/mAb reaction approached equilibrium. With the 
“direct method”, 1.5 mL of antigen/mAb solution was drawn through the flow 
cell for each data point at a flow rate of 0.25 mL/min. The labeling antibody 
flow rate was 0.5 mL/min. The time between data points was 12 min. The 
resulting exponential function of free mAb as a function of time was fit in the 
KinExA software to a reversible bimolecular rate equation. As before, the kd 
was calculated from the product ka × KD.

3. Results

3.1. Antigen-1/Antibody-1 Interaction

MAb-1 was immobilized by amine coupling (see Sect. 11.2) to one flow cell 
(Fc) of two different Biacore CM5 biosensor chips. Another Fc on each chip 
served as a control surface for refractive index changes and nonspecific binding 
by Ag-1, and reacted identical to the experimental Fc, but had no protein 
immobilized. Surface capacities of mAb-1 on each chip ranged from 440–480 
RU, giving a binding response of ~50 RU with Ag-1 (MW = 47 KDa). Triplicate 
injections of 3.2–101 nM Ag-1 are shown in Fig. 11-1a for a representative 
Biacore experiment. Three independent Biacore experiments (three antibody 
immobilized Fcs) were performed with two different CM5 biosensor chips 
resulting in an average ka = 4.6(0.1) × 105 M−1s−1, kd = 1.2(0.1) × 10−3 s−1, and 
KD = 2.5(0.5) nM. The values in parentheses represent the 95% confidence 
intervals.

Three independent KinExA equilibrium titrations were performed on the 
mAb-1 system with twelve equilibrated solutions each with 0.033–152 nM 
Ag-1 and with the total concentration of mAb-1 held constant at 0.54 nM bind-
ing site. Each solution was equilibrated for 5 h before free mAb-1 was meas-
ured. The binding isotherm fit well to a 1:1 stoichiometric equilibrium model, 
(Fig. 11-1b shows a representative experiment), and yielded a KD = 1.3(0.3) 
nM. With an antigen/mAb complex possessing a KD near nM, it is not pos-
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sible to determine the ka of this interaction by following a solution of antigen 
and mAb to equilibrium (“direct method”) because equilibrium is reached 
too quickly. Therefore, the ka is determined by an alternative KinExA method 
called the “injection method”. Fig. 11-1c shows a representative experiment 
of this type in which 0.75–1,530 nM Ag-1 is mixed rapidly (17.5 s) with 
47 nM mAb-1 binding site. The data from three independent experiments 
were described well by a monoexponential fit that resulted in an average 
ka = 3.3(0.6) × 105 M−1s−1. The product of ka × KD gave a kd = 4.3(0.7) × 10−4 s−1 
for the Ag-1/mAb-1 system.

3.2. Antigen-2/Antibody-2 Interaction

MAb-2 was immobilized by aldehyde coupling (see Sect. 11.2) to three flow 
cells of a B1 biosensor surface and was used to measure the binding of Ag-2 
(9.4 KDa). Surface capacities of mAb-2 ranged from 612 to 749 RU giving 
an Ag-2 binding response of less than 50 RU. Fig. 11-2a shows triplicate 
injections of 0.63–40 nM Ag-2 over the mAb surfaces at 25°C for a typical 
experiment. Owing to the slow kd observed for Ag-2 dissociation, we followed 
the dissociation phase for 3 h in triplicate (sensorgrams at right in Fig. 11-2a) 
with a high concentration of Ag-2 (81 nM). The sensorgrams were reproduc-
ible and were fit globally (with local Rmax values floated for each Fc) for all 
the Fcs from a single experiment. The binding responses gave an excellent 
fit to a 1:1 kinetic interaction model with a term for mass transport. In all, 
five independent experiments, fourteen mAb immobilized Fcs in total, on 
four different B1 chips were used to determine the binding constants of this 
interaction. The results of the Biacore kinetic analysis (Table 11-1), yielded an 
average ka = 6.6(1.5) × 105 M−1s−1, kd = 2.1(0.5) × 10−5 s−1, and KD = 33(11) pM, 
calculated from kd/ka.

Fig. 11-1. (a) Globally fit (red line) Biacore data of antigen-1 binding to immobilized mAb-1. Ag-1 was injected 
in triplicate from 3.2–101 nM. Dissociation was followed for 5 min, ka = 4.2 × 105 M−1s−1, kd = 1.2 × 10−3 s−1, 
KD = 2.8 nM (b) KinExA titration with 0.54 nM mAb-1 binding site with Ag-1 ranging from 0.033–152 nM, 
KD = 1.3 nM (c) KinExA on-rate “injection method” with 47 nM mAb-1 binding site reacting with 0.75–1,530 nM 
Ag-1, ka = 3.3 × 105 M−1s−1
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KinExA required two different types of experiments to determine the KD 
and kinetic parameters for the Ag-2/mAb-2 interaction. Fig. 11-2b shows a 
typical equilibrium titration experiment for the Ag-2/mAb-2 complex. These 
solutions require ~35 h to reach equilibrium at room temperature (vide infra). 
In each titration, free mAb-2 was quantitated in duplicate for twelve solutions 
at equilibrium with total Ag-2 concentration ranging from 0.49–1,000 pM, 
and with total mAb-2 concentration constant at 20 pM binding site in all the 
solutions. In total, five equilibrium titrations were performed for this complex 
with the average KD = 12(1) pM (see Table 11-1). All the experiments fit a 1:1 
equilibrium binding model well.

Fig. 11-2. (a) Biacore data for antigen-2 binding to immobilized mAb-2. The data 
was globally fit (red line) over three independent flow cells. On-rate data (left col-
umn) shows triplicate Ag-2 injections ranging from 0.63–40 nM. Off-rate data (right 
column) shows triplicate Ag-2 injections of 81 nM with dissociation followed for 3 h, 
ka = 5.8 × 105 M−1s−1; kd = 1.8 × 10−5 s−1; KD = 31 pM. (b) KinExA titration of 20 pM 
mAb-2 binding site at equilibrium with 0.49–1,000 pM Ag-2, KD = 12 pM (c) KinExA 
on-rate experiment utilizing the “direct method” with 404 pM Ag-2 reacting with 102 
pM mAb-2 binding site every 12 min for ~ 3.5 h, ka = 1.0 × 106 M−1s−1
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To determine the ka for this interaction by KinExA, a solution containing 
102 pM binding site (2× mAb-2 concentration) and 404 pM Ag-2 was fol-
lowed to equilibrium in three independent experiments. Free mAb was quanti-
tated as a function of time after mixing of Ag-2 and mAb-2, and the resulting 
monoexponential function was fit to determine ka. Fig. 11-2c shows a typical 
on-rate kinetic experiment. The average of the three independent experiments 
yielded a value for ka = 1.1(0.2) × 106 M−1s−1. The product of ka × KD gives the 
kd = 1.3(0.3) × 10−5 s−1.

3.3. Antigen-2¢/Antibody-2 Interactions

We also investigated the kinetics of Ag-2¢ binding to mAb-2. Ag-2¢ is a pep-
tide fragment of Ag-2. Mab-2 was immobilized by amine coupling on three 
Fcs of a CM5 biosensor chip while the fourth Fc, with no mAb immobilized, 
served as a control surface. Surface densities of mAb-2 varied from 1,650 to 
2,300 RU giving an antigen-2¢ binding response from 58 to 91 RU. Fig. 11-3a 
shows the results of triplicate injections of 0.18–23 nM Ag-2¢ over the mAb 
surfaces at 25°C for a typical experiment. Ag-2¢ dissociated from mAb-2 very 
slowly, similar to that seen with Ag-2. To measure the kd accurately for this 
interaction, we followed the dissociation for 4 h at 23 nM Ag-2¢ as shown in 
Fig. 11-3a. All the sensorgrams gave an excellent fit to a 1:1 kinetic interac-
tion model with a term for mass transport. The experiment was performed 
independently on four CM5 biosensor chips (twelve mAb immobilized Fcs 
in total) and all three flow cells from each independent experiment were fit 
globally as described for Ag-2 above, resulting in an average ka, kd, and KD of 
2.7(0.6) × 106 M−1s−1, 1.6(0.2) × 10−5 s−1, and 6.2(0.8) pM, respectively.

The Ag-2¢/mAb-2 complex was characterized on KinExA using one dual 
curve analysis (Fig. 11-3b) in addition to two more KD-controlled titration 
experiments. For the dual curve analysis, Ag-2¢ was varied from 40 fM–3.1 nM 
with mAb-2 at a concentration of 9.3 pM binding site for the KD-controlled 
and 140 pM for the antibody-controlled titration. It took ~ 35 h to reach equi-
librium for the KD-controlled titration and 9 h for the mAb-controlled experi-
ment. The three titration experiments resulted in an average KD = 4.0(1.9) pM, 
and an active binding site concentration of 73 pM binding site (52% activity) 
was calculated from the single dual curve analysis.

Table 11-1. Equilibrium dissociation constants and rate constants for antigen/
monoclonal antibody complexes.

Interactiona Method ka (M
−1s−1)b kd (s−1)b KD (pM)b

Antigen-1/mAb-1 Biacore 4.6 (0.1) × 105 1.2 (0.1) × 10−3 2,500 (500)

Antigen-1/mAb-1 KinExA 3.3 (0.6) × 105 4.3 (0.7) × 10−4 1,300 (300)

Antigen-2/mAb-2 Biacore 6.6 (1.5) × 105 2.1 (0.5) × 10−5 33 (11)

Antigen-2/mAb-2 KinExA 1.1 (0.2) × 106 1.3 (0.3) × 10−5 12 (1)

Antigen-2¢/mAb-2 Biacore 2.7 (0.6) × 106 1.6 (0.2) × 10−5 6.2 (0.8)

Antigen-2¢/mAb-2 KinExA 2.8 (0.5) × 106 1.1 (0.2) × 10−5 4.0 (1.9)
aBinding reaction between the stated antigen and its respective mAb
bErrors in parentheses are ± 95% confidence intervals
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A representative KinExA solution phase ka determination for Ag-2¢/mAb-2 
is given in Fig. 11-3c. Because this complex has a slow kd and takes several 
hours to reach equilibrium, it was possible to perform a “direct method” 
KinExA experiment. Ag-2¢ was mixed at a concentration of 208 pM with 
86.3 pM mAb-2 (binding site concentration), and free mAb concentration was 
followed as a function of time as described for Ag-2 above. Four independent 
kinetic experiments were performed with the resulting ka = 2.8(0.5) × 106 M−1s−1 
and kd = 1.1(0.2) × 10−5 s−1.

Fig. 11-3. (a) Biacore data of antigen-2¢ binding to immobilized mAb-2. The data 
was globally fit (red line) over three independent flow cells. On-rate data shows trip-
licate Ag-2¢ injections ranging from 0.18–23 nM. Off-rate data shows triplicate Ag-2¢ 
injections of 23 nM with a 4 h dissociation time, ka = 2.7 × 106 M−1s−1; kd = 1.6 × 10−5 s−1; 
KD = 6.1 pM (b) Dual curve equilibrium KinExA titration of 140 pM (top curve) and 
9.3 pM (bottom curve) mAb-2 binding site with 40 fM–3.1 nM Ag-2¢, KD = 3.8 pM 
(c) KinExA on-rate “direct method” with 208 pM Ag-2¢ reacting with 86 pM mAb-2 
binding site every 12 minutes for ~ 3 h, ka = 2.5 × 106 M−1s−1
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4. Discussion

Improvements in antibody generation technology have permitted us to 
reach more deeply into the antibody repertoire and to discover antibodies 
with exceptionally high affinity for antigen targets. This has presented new 
challenges in terms of characterizing kinetic and equilibrium constants for 
antibody/antigen complexes that have affinities in the picomolar and sometimes 
femtomolar range. Two technologies that are often utilized to characterize 
antibody/antigen interactions are Biacore and KinExA. While both of these 
instruments can be used to measure the amount of complex formed for a given 
reaction, there are some general differences between them in how they work. 
Biacore is often considered a surface-based technology, since in the majority of 
applications complex formation is monitored directly to a ligand immobilized 
on a surface. While the method is label free, there has been a criticism that 
the surface imposes mass transport effects and steric hindrance that will 
significantly alter the binding constants (Schuck 1996; Fong 2002). KinExA is 
a solution-based method that relies on capturing and a post-reaction labeling 
step to quantitate the amount of complex formed during a reaction. While 
experiments may be set up to monitor the time course of a reaction, similar 
to Biacore, which measures reactions in real-time, KinExA typically samples 
reactions with much larger time steps and may miss some details in the reaction 
kinetics. We utilized Biacore and KinExA in combination to compare how well 
each system could analyze a set of antibody/antigen interactions that range in 
affinity from nM to pM.

As shown in Table 11-1, we found a very good agreement between the 
rate constants determined by Biacore and KinExA. On average the associa-
tion and dissociation kinetic rate constants varied by only ~33% and ~44%, 
respectively, between the two techniques. It is often speculated that surface-
based methods would yield slower association rates because of mass transport 
limitations. The results for the Ag-2¢/mAb-2 system, which has the highest 
association rate of the three systems studied, showed that the association rate 
constants measured from Biacore and KinExA were identical within experi-
mental error at 2.7(0.6) × 106 M−1s−1 and 2.8(0.5) × 106 M−1s−1, respectively. We 
also note that the association rate constant is faster for Ag-2¢ than for Ag-2, 
while the dissociation rate constants are similar. This may reflect the fact that 
the diffusion of Ag-2¢ to mAb-2 is faster that for Ag-2, but more likely sug-
gests that there may be conformational differences in the peptides prior to 
binding. However, once the two different proteins are bound, it is likely that 
the residues involved in complexation are the same, resulting in similar kds. We 
also note that the dissociation data for the Ag-1/mAb-1 complex in Fig. 11-1a 
does deviate slightly at the highest concentration from an ideal 1:1 binding 
interaction model. However, at this highest antigen concentration (101 nM), 
we were 50–100× the KD of the interaction, and in many cases fitting devia-
tions are seen when the analyte concentration is this far over the KD. This is 
especially true with KDs in the nM range because most likely the specific 
binding interaction is closer to the KD of any nonspecific binding interactions 
that may be present with Ag-1 binding to mAb-1. In contrast, with Ag-2 and 
Ag-2¢ we were 1,000–4,000× over the KD at our highest antigen concentration, 
respectively. However, Ag-2 and Ag-2¢ are much smaller monomeric proteins 
than Ag-1 and in addition, have much tighter KDs than Ag-1 meaning that even 
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at 23 nM (the highest Ag concentration injected) this would have probably 
been significantly below any KD corresponding to a nonspecific interaction, if 
any are even possible between Ag-2 or Ag-2¢ and mAb-2.

The greatest difference (2.7-fold) observed in the dissociation rate constants 
was for the weakest antigen/antibody interaction, while the parameters for the 
other interactions were within or near the 95% confidence interval. A slight 
bias for a slower dissociation rate and a tighter dissociation equilibrium con-
stant by KinExA could be partially related to temperature effects. The KinExA 
experiments were conducted at room temperature (22°C; KinExA has no 
automated temperature control), while the Biacore studies were performed at 
a slightly higher temperature (25°C). On average, the equilibrium dissociation 
constants (KD) for all three systems varied by only ~49% across a ~ 1,000-fold 
range of affinity (nM to pM). For characterization of high affinity therapeutic 
mAbs, this is very good when one considers that the average 95% confidence 
interval for each antigen/antibody system measured by Biacore and KinExA 
was ~24%.

As with any biophysical technique, successful implementation of the tech-
nology hinges on a properly designed and executed experiment. In the case of 
Biacore, we demonstrated that accurate and precise kinetics could be meas-
ured for antigen/mAb complexes possessing a pM KD if proper experimental 
methods were used. Frequently, Biacore studies with mAbs are performed 
incorrectly by immobilizing antigen on the biosensor chip and flowing mAb 
as the analyte. The rationale for performing these experiments in this orienta-
tion is easily understood because there are often multiple mAbs to be screened 
against one antigen. However, at standard antigen immobilization densities the 
antibodies are able to crosslink on the surface. This cross-linking will yield 
apparent enhanced affinities by slowing the dissociation rate. In addition, pro-
tein complexes that truly possess pM affinity dissociate very slowly, display-
ing a few percent decay in the amount of complex over time, which makes 
direct measurement of their dissociation rates challenging. To overcome this 
obstacle, we showed how it is possible to follow the dissociation reaction for 
3–4 h on Biacore to collect enough dissociation information to determine kds 
that are very slow. To obviate mass transport artifacts, steric hindrance, or 
aggregation, antibody immobilization levels were kept low in most cases giv-
ing an antigen Rmax no greater than 50–100 RU. Finally, a high flow rate of 
100 mL/min was used to minimize mass transport effects and to deliver a more 
consistent analyte plug across the surface during injection.

KinExA has its own experimental criteria to consider. This methodology 
is well suited for the measurement of the binding parameters of antigen/
mAb complexes because of the requirement of having a fluorescently labeled 
detection reagent after free mAb has been captured on the bead pack; many 
fluorescently labeled species-specific polyclonal antibodies are available com-
mercially. To perform a rigorous KinExA experiment several considerations 
need to be considered. Firstly, it is important to give the samples sufficient 
time to reach equilibrium. For example, with an antigen/antibody complex 
with a ka and kd of 7 × 105 M−1s−1 and 2 × 10−5 s−1, respectively, and with antigen 
and antibody at 29 pM each, it requires 35 h to reach equilibrium. Secondly, 
to measure accurately an antigen–antibody complex with a pM dissociation 
constant, it is essential to have the antibody binding site concentration less 
than or equal to three- to tenfold the KD. It turns out that the shape of a KinExA 
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titration curve is not dependent on the absolute mAb concentration in solution, 
but on the ratio of mAb concentration to the KD for the interaction. If the mAb 
concentration is near the KD, the shape of the titration curve is very sensitive 
to changes in KD and becomes “KD-controlled.” If the antibody concentra-
tion is much higher than the KD, the resulting titration curve is sensitive to 
antibody concentration and is “mAb-controlled,” and the shape changes little 
with KD. Both types of equilibrium curves, KD- and mAb-controlled, can be 
fit simultaneously to yield both the KD and active mAb concentration. Dual 
curve analysis also provides extra assurance that the correct binding model is, 
indeed, a 1:1 stoichiometric interaction because with both curves it is easier to 
see deviations of the actual data from the theoretical fit. In addition, the dual 
curve fitting algorithm is similar to global fitting in Biacore, in that the fitted 
parameters, KD and mAb binding site concentration, have to describe both 
curves simultaneously. In fact, many times we perform one dual curve analy-
sis on each new interaction system we study to verify model correctness and 
accuracy, and then collect any additional replicates with solely KD-controlled 
titration curves.

There are two key differences between running Biacore and KinExA 
experiments. The first, the fact that Biacore uses a surface for direct binding 
measurements while KinExA reactions occur in solution phase, is obvious. 
The similar binding constants obtained by Biacore and KinExA suggest that 
immobilization of the antibodies onto the surface did not affect their binding 
activity under the conditions used in these studies. Day et al. (2002) have 
also demonstrated equivalent kinetic and thermodynamic parameters for a 
small molecule-protein interaction determined both with Biacore and with 
solution-based techniques including isothermal titration calorimetry and 
stopped flow fluorescence. The general conclusion is that the non-crosslinked 
dextran matrix that was used in all of these Biacore studies may help maintain 
the molecules in a solution-like environment. The second key difference 
between Biacore and KinExA experiments relates to the time course of the 
study. Because of limited injection volumes, the available contact times for 
Biacore are on the order of one to ten minutes. In order to register complex 
formation in this short time frame, one is often required to work at antigen 
concentrations that are in excess of the equilibrium dissociation constant of 
the system. For example, in the case of Ag-2¢ the lowest concentration that 
we tested by Biacore was 180 pM, 30-fold over its measured affinity of 6 pM. 
With KinExA we are able to work at concentrations well below the KD since 
the reactions are able to equilibrate as long as is required before sampling in 
the instrument.

Certainly, we do not mean to imply that all rate constants and equilibrium 
dissociation constants for molecular interactions, especially those with pM 
KDs, determined by biosensors will match those obtained from solution-based 
techniques. However, our results illustrate that the frequently raised concern 
that surface-based techniques are inaccurate because of the surface itself 
should be carefully reconsidered. Finally, as with any analytical technique, 
the quality of the results is directly related to the quality of the experimental 
design and data analysis methods.
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Abbreviations

ADCC Antibody-dependent cellular cytotoxicity
ASU Succiminide at an aspartate residue
CDC Complement-dependent cytotoxicity
CDR Complementarity-determining regions
CHO Chinese hamster ovary
Fab Fragment antigen binding
Fc Fragment crystallizable
Fuc Fucose
Gal Galactose
GlcNAc N-Acetylglucosamine
HIC Hydrophobic interaction chromatography
IEC Ion exchange chromatography
IgG1 Immunoglobulin gamma subclass 1
IsoAsp Isoaspartate
MALDI-TOF/MS  Matrix-assisted laser desorption/ionization  

time-of-flight mass spectrometry
Man Mannose
VH Variable region of the heavy chain

1. Introduction

The basic structural features of antibodies, including their primary structures 
(Edelman et al. 1969), were established well before the concept of therapeutic 
antibodies was conceived. These molecules are now known to bear multiple 
sources of microheterogenity that can have a dramatic effect on in vivo and 
in vitro properties. Rituximab (Rituxan®), Trastuzumab (Herceptin®) and 
omalizumab (Xolair®) are three examples of therapeutic IgG1/kappa subclass 
antibodies produced by Genentech, Inc.; these molecules are the main 
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subject of this discussion on the impacts of common and unique antibody 
modifications on functional properties.

2. Fc Glycosylation

Three-dimensional models of IgG1-type antibodies show that the conserved 
Fc glycans are sequestered in the interior of the Fc where they are an integral 
part of the overall structure (Deisenhofer 1981; Jefferis and Lund 2002). 
The main oligosaccharide forms are biantennary fucosylated complex type 
structures with zero, one or two galactose residues on their non-reducing 
termini, and are referred to as G0, G1, and G2, respectively, along with 
some minor forms as depicted in Fig. 12-1a, b. The published impacts of 

Fig. 12-1. (a) Schematic of omalizumab Fc glycans with Gal residues on a non-reducing 
terminus. (b) Schematic of omalizumab Fc glycans with GlcNAc or Man residues on a 
non-reducing terminus
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galactosylation, fucosylation, oligomannose forms, and non-glycosylation on 
effector functions are listed in Table 12-1, and an expanded summary that also 
lists impacts on clearance is presented in Table 12-2.

The absence of galactose has been reported to correlate with reductions in 
the affinity of complement protein C1q for the Fc region, thus affecting com-
plement-dependent cytotoxicity (Gazzano-Santoro et al. 1997; Hodoniczky 
et al. 2005). The galactosylation-CDC correlation reflects the conditions of 
this in vitro assay, and a relationship between rituximab galactosylation and 
efficacy has not yet been established. Galactosylation of Fc glycans does not 
affect in vitro antibody-dependent cellular cytotoxicity (Boyd et al. 1995; 
Shinkawa et al. 2003).

Only a small percentage of serum IgGs lack core fucose on the Fc glycans 
(Jefferis et al. 1995). Non-fucosylation correlates with increases in FcgRIIIa 
binding and in vitro ADCC activity (Rothman et al. 1989; Shields et al. 2002). 
The correlation between the higher-affinity Val158 FcgRIIIa binding phenotype 
and rituximab efficacy suggests that ADCC is an important aspect of rituximab’s 

Table 12-1.  Literature review of Fc glycosylation heterogeneity impacts on effector functions.

Impact on Citation Synopsis

CDC Tsuchiya et al. (1989) Degalactosylation partially reduces C1q binding

Boyd et al. (1995) Gal removal reduces CDC

Hodoniczky et al. (2005) Gal removal reduces CDC

Gazzano-Santoro et al. (1997) Galactosylation of rituximab correlates with in vitro CDC

Wright and Morrison (1998) G0 (Lec8) MAb is equivalent to G0/G1/G2 mixture (Lec2) 
for CDC and C1q binding

Tao and Morrison (1989) Non-glycosylated and oligomannose IgG are deficient in CDC

Boyd et al. (1995) Deglycosylated IgG is defective in CDC

ADCC Boyd et al. (1995) Galactose removal has no effect; non-glycosylated forms are 
defective

Wright and Morrison (1997) Non-glycosylated forms are defective

Umana et al. (1999) Addition of bisecting GlcNAc enhances ADCC

Hodoniczky et al. (2005) Addition of bisecting GlcNAc enhances ADCC

Shields et al. (2002) Core fucose inversely correlates with ADCC

Shinkawa et al. (2003) Core fucose inversely correlates with ADCC, biGlcNAc has 
small effect, Gal has no effect

Ferrara et al. (2006) ADCC is enhanced even when one heavy chain has the non-
fucosylated form

Table 12-2.  Impacts of Fc glycosylation variability on effector functions and 
serum clearance.

Asn297 glycans CDC ADCC Clearance

Non-glycosylated Defective Defective No effect

Higher Gal May improve No effect No effect

Oligomannose Defective Improves No effect

Non-fucosylated ? Higher No effect

Bisecting GlcNAc May increase No effect ?
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mechanism of action (Cartron et al. 2002; Weng and Levy 2003). Introduction 
of the GnTIII gene into a transfected CHO cell line produced an antibody with 
bisecting GlcNAc residues and reduced fucosylation that exhibited higher in vitro 
ADCC activity (Umana et al. 1999); a subsequent study attributed the increased 
ADCC activity to non-fucosylation (Shinkawa et al. 2003). The core fucose of 
Fc glcyans hinders binding of FcgRIIIa due to interference between a receptor 
oligosaccharide and the core fucose of the Fc glycans Ferrara et al. (2006); one 
consequence of this model is that ADCC may be enhanced even when only one 
heavy chain is non-fucosylated. More recent studies have established that sialy-
ated Fc oligosaccharides can reduce in vitro ADCC (Kaneka et al. 2006).

Oligomannose forms are also produced at low levels using production cell 
lines such as Chinese hamster ovary (CHO) cells. The oligomannose forms are 
defective with respect to CDC, but exhibit elevated ADCC activity consistent 
with their non-fucosylation (Kanda et al. 2006, 2007; Li et al. 2006). Non-
glycosylated IgG is defective with respect to both CDC and ADCC activity, 
and may have a reduced ability to resist proteolysis (Wright and Morrison 
1998; Raju and Scallon 2006).

3. The Role of Fc Glycans on the Clearance  
of IgG1-Type Antibodies

Serum IgGs are protected from catabolism by FcRn (Junghans and Andersen 
1996). FcRn binding is not affected by Asn297 (Fc) glycosylation type or by 
site occupancy (Tao and Morrison 1989). Serum clearance for many glycopro-
teins can be mediated by lectin-type receptors that recognize terminal sugar 
moieties such as the asialoglycoprotein receptor, which recognizes terminal 
Gal (Ashwell and Hartford 1982), and the mannose receptor, which recognizes 
terminal Man and GlcNAc (Stahl 1992). Fc oligosaccharides with terminal 
Gal that are present on omalizumab are given in Fig. 12-1a, and Fc oligosac-
charides with terminal Man or GlcNAc are depicted in Fig. 12-1b.

The sequestration of the Asn297 oligosaccharides in the interior of the Fc 
suggests that they lack accessibility to such glycan-specific receptors, but we 
also have noted that Fc glycans can be readily removed by endoglycosidases 
such as PNGaseF or EndoH, so the carbohydrate receptor accessibility of these 
glycans is uncertain. Wright and Morrison (1994) provided an example where 
a chimeric antibody produced in the CHO lec1 cell line, which only adds oli-
gomannose forms, have faster serum clearance in a mouse model relative to 
other CHO glycan types. Dong et al. (1999) described antibody whose uptake 
by dendritic cells was mediated by terminal GlcNAc (i.e., the G0 form). 
In addition, the Asn297 oligosaccharides can modulate the overall structure of 
the Fc (Krapp et al. 2003; Mimura et al. 2000), potentially mediating interac-
tions with Fcg receptors, which could in turn affect serum clearance.

We needed to determine the possible effects of glycosylation heterogeneity 
on the clearance of omalizumab, an IgG1/kappa antibody that binds to the 
FceRI epitope of human IgE. We administered omalizumab to mice via the 
tail vein at approximately the human dose (5 mg/kg), and took samples at four 
time-points to measure serum concentrations and to examine the remaining 
omalizumab Fc oligosaccharides. The final time-point at 4 days had approxi-
mately 34% of the omalizumab concentration of the first (15 min) time-point. 
If any terminal saccharide had mediated accelerated clearance relative to other 
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forms, then we would have observed a shift in the glycan distribution away 
from the rapidly-clearing forms.

The experimental design is summarized in Fig. 12-2. Omalizumab was 
re-purified using an immobilized anti-human-kappa light chain antibody affinity 
column as described in Battersby et al. (2001), followed by reversed-phase 
chromatography; the material was S-carboxymethylated, digested with trypsin, 
and then the glycopeptide was collected from the RP-HPLC map. MALDI-TOF 
mass spectrometry was used to analyze the tryptic glycopeptide. The distribution 
of oligosaccharides did not change over the course of clearance (Fig. 12-3), 
demonstrating that the types of Fc glycans found on CHO-produced IgGs do not 
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Fig. 12-2. Experimental design for omalizumab glycan distribution study. Wells coated 
with Immobilon P PVDF in a Millipore MultiScreen system were wetted with 100 µL 
of methanol, and then the liquid was drawn through the PVDF membrane by aspiration. 
Omalizumab that had been re-purified from murine pharmacokinetic study serum 
samples were reduced for 1 h at 37°C with dithiothreitol in 6 M guanidine, 360 mM 
Tris, 3 mM EDTA, pH 8.6, and then S-carboxymethylated by addition of iodoacetamide. 
The solutions were removed by aspiration, the wells were washed with water and 
then blocked with 1% polyvinylpyrolidone-360. Samples were digested with 0.5 µg of 
Promega sequencing grade trypsin in 0.1 M Tris, 10% acetonitrile, pH 8 for 4 h at 37°C. 
The supernatant fractions were transferred to polypropylene test tubes; the wells were 
washed twice with 0.1% TFA with the wash supernatants added to the supernatants. 
Samples were concentrated approximately twofold using a Savant Speed-Vac for the 
RP-HPLC step. The glycopeptide fraction was then purified by RP-HPLC, and a 2-min 
wide glycopeptide fraction was collected manually. Glycopeptide fractions were dried 
by vacuum, then reconstituted with 50% acetonitrile/0.1% TFA solution; 5 µL was 
transferred to stainless steel plate, mixed with 0.5 µL of a matrix solution (containing 
2 mg/mL trihydroxyacetophenone (THAP) in 25% acetonitrile, 75% 13 mM ammonium 
citrate), dried again, and then analyzed using a PerSeptive Biosystems Voyager Elite 
MALDI-TOF mass spectrometer operating in the positive ion mode
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influence clearance in this model system. This lack of effect should be relevant 
for human subjects, as the lectin-type receptors are generally conserved in 
mice and humans. Subsequent studies performed elsewhere in mice and human 
subjects have confirmed the results we obtained for the main Fc oligosaccharide 
forms (Huang et al. 2006; Millward et al. 2007; Jones et al. 2007).

To summarise, Fc glycans may be a critical product quality attribute if 
ADCC activity is required for activity, in that case, fucosylation and site 
occupancy may need to be monitored. Other types of variability in the 
distribution of the main Fc oligosaccharide types should not affect in vivo 
properties, based on current understandings. Significant changes in Fc glycan 
distribution may raise concerns about other unseen molecular variability, 
as glycosylation is often viewed as a marker of the metabolic state of the 
cells used for production. For this reason, regulatory officials may require a 
demonstration of Fc glycosylation consistency even for antibodies whose Fc 
glycan distribution should not affect activity or clearance.

4. Heavy Chain C-Terminal Lysine Processing

The heavy chain gene encodes a terminal -Pro-Gly-Lys sequence (Ellison et al. 
1982), but the C-terminal Lys is subject to removal by basic carboxypeptidases 
in the bloodstream and in mammalian production cultures (Harris 1995). 
There is no evidence that the presence or absence of terminal Lys affects 
in vitro activity, and any activity effect is unlikely given that the C terminus is 
oriented away from Fc receptor epitopes (Sondermann and Osthuizen 2002).

Lys heterogeneity does affect net charge, so it is possible that the presence 
or absence of terminal Lys could affect pharmacokinetic parameters, especially 
for subcutaneous injected products where the material needs to migrate through 
the cationic non-vascular spaces to reach the draining lymphatic system. For 
intravenous administration, Lys variability is unlikely to have a pharmacokinetic 
effect because distribution will be rapid, and the remaining Lys residues will 
be rapidly removed by serum carboxypeptidases (Skidgell 1988). C-terminal 
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Lys levels can be assayed directly by peptide mapping after cyanogen bromide 
cleavage (Harris 1995) or indirectly by comparing basic forms with and without 
carboxypeptidase B sample treatment (Weitzhandler et al. 2001).

5. Hinge-Region Fragmentation

IgG1-type antibodies in liquid formulations undergo fragmentation in the 
hinge region –KSCDKTHTC– sequence (Cordoba et al. 2005). This frag-
mentation is not caused by trace levels of proteases, but may instead be due 
to kinetics, where the relatively dense Fab and Fc modules put strain on the 
flexible hinge region that reduces the activation energy for polypeptide bond 
hydrolysis. Cohen et al. (2007) also described a distinct (beta-elimination) 
mechanism for cleavage at the -Ser-Cys- bond.

6. Glycation

Glycation is the product of glucose forming a Schiff base with Lys side 
chains, and then undergoing the Amadori rearrangement to a stable ketoamine 
(Furth 1988). We began to observe +162 Da adducts in electrospray mass 
spectrometry profiles of our therapeutic antibodies as our signal-to-noise ratio 
improved, especially for the light chains after chemical reduction of disulfide 
bonds, as shown in Fig. 12-4. The +162 Da forms can be isolated using TSK-
boronate chromatography, which resolves glycated from non-glycated forms 
(Quan et al. 2008). Higher glycation levels correlate with glucose exposure 
in production cultures, similar to the clinical observation for serum IgGs and 
hemiglobin with diabetic patients. Certain Lys residues may be more suscepti-
ble to glycation due to their local charge environment (Zhang et al. 2008).

Glycation is not considered a critical quality attribute for omalizumab, as 
there are no Lys residues in its CDRs, and potency studies with glycated and 
non-glycated forms isolated by TSK-boronate chromatography demonstrated 
comparable in vitro potencies. We do not believe that glycation presents a 
safety risk to our patients, as serum-derived IgG molecules are also known to 
be glycated (Lapolla et al. 2000).

24,062 Da form:
Glycation (+162 Da)

Fig. 12-4. Electrospray mass spectrometric analysis of the omalizumab light chain after 
reduction with DTT. The main form has a molecular mass of 23,900 Da; the 23,923  
and adjacent (unlabeled) mass forms are sodium and potassium adducts, respectively. 
The 24,062 Da form is consistent with glycation (+162 Da)
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7. Unpaired Cysteines

IgG1 antibodies have 32 conserved cysteines that normally form 16 disulfide 
bonds (Edelman et al. 1969). Analyses using Ellman’s reagent (DTNB) indi-
cated the presence of about 1 mol of free cysteine per mol of antibody (Henry 
Costantino unpublished). Ellman’s analysis of Fab fractions collected from 
the papain/HIC assay discussed below showed that the alternate fractions 
contained free thiol forms.

The Fab-1 and Fab-2 fractions of Fig. 12-5 were collected into test tubes con-
taining iodoacetamide with 6 M guanidine and 50 mM Tris, pH 8. The samples 
were subsequently sulfitolyzed and digested with trypsin to resolve the Fab-2 
peptides containing the formerly unpaired cysteines (now present as carboxymeth-
ylcysteine) from the disulfide-bonded cysteines (now present a sulfo-cysteine). 
The peptide mapping experiments established that the unpaired cysteines in the 
Fab-2 fraction were Cys22 and Cys96, which were expected to form the VH-loop 
disulfide bond. The Fab-2 (unpaired cysteine) fraction exhibits reduced potency in 
an IgE-receptor binding inhibition assay.

Electrospray mass spectrometric analysis of Fab fractions confirmed that 
the unpaired Cys-containing forms were not partially mixed disulfides such 
as cysteinylated or glutathione-modified forms (Table 12-3). Evidently, the 

Fab peaks

Fc peaks

Fig. 12-5. Hydrophobic interaction chromatography after papain digestion of omalizumab. 
The molecular characteristics of the numbered Fab peaks are described in Table 12-3. 
Fc peaks are labeled a, b and c. Clip refers to a peak resulting from a papain cleavage 
artifact

Table 12-3.  Characteristics of omalizumab HIC Fab fractions.

Non-reduced 
Fab mass (Da)

Reduced light 
chain mass (Da)

Reduced heavy chain 
(1-228) mass (Da)

Present at 
Asp32 position

Nature of Cys22- 
Cys96 disulfides

Expected mass 48,201 23,900 24,303

Fab peak 1 48,200 23,900 24,303 Asp Disulfide

Fab peak 2 48,204 23,900 24,305 Asp Thiol

Fab peak 3 48,201 23,901 24,303 isoAsp Disulfide

Fab peak 4 – 23,900 24,305 isoAsp Thiol

Fab peak 5 48,188 23,882 24,305 Asu Disulfide

Fab peak 6 – 23,882 24,305 Asu Thiol
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omalizumab molecule forms a final structure before these cysteines can form 
the correct disulfides. The papain/HIC profile is remarkably well-maintained 
for production lots, with some gradual oxidation of the unpaired cysteines 
occurring in the accelerated stability studies. Complete disulfide formation 
may also be facilitated by the addition of copper to the culture medium 
(Chaderjian et al. 2005).

8. Aspartate Isomerization

Deamidation is a well-established degradative mechanism for proteins and 
peptides; this process usually proceeds via a succinimide intermediate, and 
results in aspartate and isoaspartate at former asparagine positions (Geiger 
and Clarke 1987). Deamidation is readily detected due to its change in charge 
characteristics, that can be detected by cation exchange chromatography or 
isoelectric focusing methods. Aspartate residues can also undergo isomerization 
to isoaspartate via the succinimide intermediate.

Isomerization of Asp32 within CDR-H1 of omalizumab converts the Fab 
to an inactive form, believed to be due to the change in charge orientation 
for the isoAsp form (Cacia et al. 1996). In theory, six Fab forms could be 
present (Asp, isoAsp or Asu at Asp32, with or without the VH disulfide). 
We modified the published (Cacia et al. 1996) papain/HIC method to allow 
resolution of all six Fab forms (Fig. 12-5, Table 12-3). The isoAsp32 fractions 
were assigned by tryptic peptide mapping. The Asu fractions were lower 
in mass by approximately 18 Da due to the succinimide form (Table 12-3). 
Collection of the isoAsp32 form using the modified HIC method confirmed 
that Asp32 isomerization compromises potency. The isoAsp32 and unpaired 
cysteine modifications may have a less dramatic effect on the activity of intact 
omalizumab compared to the Fab fragments, as the alternate Fab branch of 
the intact antibody may be unmodified and thus, retain full potency for this 
antibody, which does not require divalent binding for its activity.

For trastuzumab, the conversion of Asp102 residues in CDR-H3 to isoAsp 
allows chromatographic resolution by cation exchange chromatography; 
the Asu102 form can also be resolved (Harris et al. 2001). The trastuzumab 
form bearing one isoAsp102 residue is essentially inactive in the BT-474 
anti-proliferation assay. It is interesting that the conversion of Asp to isoAsp 
affects the IEC elution, but does not change the pI as measured by isoelectric 
focusing slab gels, suggesting that charge presentation is responsible for the 
chromatographic resolution, and this structural change may also explain the 
loss of potency.

Asp32 isomerization to isoAsp was not detected by cation exchange 
chromatography for omalizumab; the succinimide (Asu) form can be resolved 
as a more basic form due to the loss of charge on the Asp side-chain (Fig. 12-6). 
Other forms were resolved due to Val-His-Ser- N-terminal extensions of the 
light or heavy chains (due to alternate cleavage of the signal peptide), or due 
to deamidation or sialylation in the Fc region (Table 12-4). None of these 
distinctions affected potency using an IgE-receptor inhibition assay similar to 
the one described in Cacia et al. (1996).

Asp isomerization has a dramatic effect on potency for both trastuzumab 
and omalizumab. This loss of potency results in the isoAsp forms being 
designated product-related impurities as defined in ICH Q6B, subject to direct 
or indirect control during lot release and stability testing.
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9. Discussion

For cytotoxic antibodies that require ADCC, attention should be paid to 
levels of non-fucosylated forms and Fc site occupancy. For CDC-dependent 
antibodies, galactosylation may affect in vitro potency, and thus, it may need 
to be monitored for lot release testing even if its physiological significance 
is uncertain. Variability with respect to C-terminal Lys processing should 
not affect activity, but may influence pharmacokinetic properties, such as 
bioavailability, for subcutaneous administration products. There is no evidence 
that the distribution of the common Fc glycan types found on IgG1 antibodies 
produced in CHO cells will affect clearance.

Aspartate isomerization within CDRs is hard to detect using IEF-based 
methods, but it can have a deleterious effect on potency. A special irony for 
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Fig. 12-6. Cation exchange chromatography of omalizumab. The molecular character-
istics of the numbered peaks are described in Table 12-4

Table 12-4.  Characteristics of omalizumab IEC fractions.

IEC peak Structure Potency (units/mg)

1 HC 375-396 deamidation or sialylated 1.1 × 104

2 Main peak 1.1 × 104

3 LC Asu32 or HC Met431 oxidation 0.9 × 104

4 Val-His-Ser- LC extension or Asu 74 0.8 × 104

5 Val-His-Ser- HC extension 1.2 × 104
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the analytical chemist is that the isoaspartyl forms demonstrate the exquisite 
sensitivity of our chromatography and potency assays, as they are able to 
detect a single Asp to isoAsp change, but these molecular variants present us 
with development challenges such as instability, process constraints, and tight 
specification ranges. Assays using the Ellman’s reagent can identify proteins 
with unpaired cysteines; in the case of omalizumab, these unpaired cysteines 
are found in the VH loop, with a significant potency loss.

Each therapeutic antibody presents us with both common and unique ana-
lytical challenges. Our licensed antibodies have validated chromatographic 
methods that provide key information about critical quality attributes. For 
omalizumab, the papain/HIC assay is able to resolve low-potency Fab forms 
with isoaspartyl and unpaired cysteine modifications; for trastuzumab, the key 
chromatographic assay is cation exchange chromatography. For rituximab, 
afucosylation and galactosylation may be relevant attributes. These experi-
ences give us confidence that, we can successfully characterize these large 
molecules, but they also remind us that each product will require a comprehen-
sive evaluation of the structural and functional aspects of the molecule.
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1. Introduction: Classes of Protein Aggregates  
and Protein Aggregation and Pharmaceutical Development

Since the emergence of recombinant DNA technology from the lab to com-
mercialization, biotechnology protein drugs have garnered an increased share 
of new molecular entities (NMEs) in development pipelines (Mullin 2004). 
Monoclonal antibodies have rapidly become one of the major shares of this 
market with about 25% of biotech products in development. As with any other 
protein pharmaceutical monoclonal antibodies can degrade both by chemical  
and physical pathways. One of the most important pathways for protein physi-
cal degradation is the generation of protein aggregates. The ability of proteins 
to aggregate has been recognized from the early beginnings in protein bio-
chemistry, and has become an important degradation pathway that can have a 
major impact on the safety and efficacy of protein drugs.

The aggregation of proteins can lead to decreases in activity and changed 
pharmacokinetics thus leading to alteration of efficacy. The safety profiles of 
protein therapeutics can also be altered. In particular, aggregation has been 
linked to increased immunogenicity (Hermeling et al. 2006). The later is not 
fully understood, often resulting in confusion as to what levels and types of 
aggregate are acceptable for protein drugs. Part of the confusion is that the 
term “protein aggregation” means different things to different people. Often 
protein aggregation is thought of as the result of protein unfolding whereby, 
the exposure of interior hydrophobic amino acid residues generates aggre-
gated forms that are essentially irreversible, and which may lead to decreased 
solubility manifested as protein precipitates. In actuality, the picture is much 
more complex as shown in Fig. 13-1. Properly folded protein native structure 
is in a dynamic equilibrium with an ensemble of unfolded forms, and the 
amount of unfolded protein is governed by the overall equilibrium constant 
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and hence free energies of the different species. This equilibrium is dictated by 
solution conditions such as pH, ionic strength and temperature. The unfolded 
forms under the appropriate conditions may begin to aggregate and, depend-
ing on the strength of the forces between molecules, may not easily reverse 
back through the dynamic unfolded to native equilibrium pathway. As these 
unfolded protein aggregates increase in size, the solubility may reach a point 
whereby precipitates are formed, and the whole complex is no longer in solu-
tion equilibrium with the soluble unfolded forms of the protein. These soluble 
and insoluble complexes that essentially are irreversible, or at least require 
long time to reverse are often thought of as protein aggregates. However, it 
should be recognized that properly folded native forms of the protein under 
appropriate conditions can in fact also associate and form aggregates that are 
irreversible or slowly dissociate to monomers. Another point to consider is 
that, such aggregates of native species may have a major impact on immu-
nogenic response. It is generally recognized that large protein aggregates can 

Fig. 13-1. Possible routes for the formation of soluble and insoluble protein aggregates



Chapter 13 Analysis of Irreversible Aggregation, Reversible Self-association and Fragmentation 209

elicit an immune response, but the antibodies that are generated from unfolded 
protein likely will not cross react to a large extent with properly folded protein. 
Assemblies of native protein, on the other hand probably can generate antibod-
ies that will react with the properly folded protein, which may neutralize func-
tion and activity of the protein drug. In addition, such aggregates may present 
a surface of repeating protein structures, and hence epitopes much like a virus 
and have been termed virus-like structures. The classic work of Dintzis et al. 
(1989), Vogelstein et al. (1982), shows how such assemblages can result in 
enhanced T cell independent immune responses. Clearly, not only the amount 
of aggregate but also the type of aggregate, will dictate the severity of immune 
responses and hence can impact safety and efficacy.

In addition to the irreversibility of native protein aggregates is the pos-
sibility of reversible aggregation, that is concentration dependent and often 
referred to as protein self-association. This is often thought to be less of an 
issue upon therapeutic administration, because it is expected that following 
dilution upon administration, these types of aggregates will dissociate back to 
the native monomeric protein. However, these aggregates will be introduced 
into a crowded environment whether in the blood or in the subcutaneous space. 
The impact of molecular crowding may kinetically and thermodynamically 
enhance the association as discussed by Minton (2005), (Zhou et al. 2008). 
Reversible association can also lead to altered solution properties such as 
viscosity which has implications for manufacturing, stability and delivery of 
high concentration protein drugs developed for subcutaneous administration. 
Protein self-association behavior may also be difficult to measure analytically, 
since the conditions of an assay can influence the observed size distribution.

Since the impact of the different complexes is not well understood, generally the 
safest course of action during protein drug development is to attempt to minimize 
all aggregate forms, and hence there is a need for rapid and accurate analytical 
methods to assess both reversible and irreversible forms of protein aggregates.

2. Methods for Analysis of Protein Size Distribution

Size exclusion chromatography has been the main workhorse in the industry 
for analysis of protein size distribution. The chromatography is fairly rapid, 
easy to use and HPLC equipment is found in virtually every pharmaceutical 
analytical laboratory. However, there are several issues and concerns in the 
use of this analytical approach. The hydrodynamic volume of the different 
species rather than molecular mass dictates the chromatographic separation. 
Often globular protein standards are used to assign mass values and molecules 
with huge asymmetry will run aberrantly when compared to these standards. 
In addition, different protein molecules may interact very differently with the 
column matrix. This can result in huge errors in determinations of molecular 
weight as shown by work on highly glycosylated proteins, where the extended 
sugar residues lead to greater hydrodynamic volumes and thus greater 
apparent molecular mass (Shire 1994). Coupling light scattering detection 
with the chromatography to get weight average molecular weight across the 
elution profile can circumvent this problem. However, reversible protein self-
association may be difficult to analyze by SEC because of the dilution that 
occurs during the chromatography. In addition, preferential interactions with 
the column matrix may result in the removal of aggregated species from the 
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effluent resulting in lack of detection of the aggregated protein. Adding organic 
solvents or salts to decrease these matrix–protein interactions often mitigates 
this problem, but then raises the possibility that such manipulations impact the 
true size distribution. All of these concerns have prompted regulatory agencies 
to request the evaluation of protein size distribution data using orthogonal 
biophysical techniques such as, field flow fractionation (FFF), light scattering 
or analytical ultracentrifugation (AUC). The latter has rapidly emerged 
as the main technology for investigating the robustness of size exclusion 
chromatographic analysis, since it is a separation based technology that yields 
a size distribution that depends on a well-defined physical parameter, the 
sedimentation coefficient, and gives comparable resolution as SEC (Fig. 13:2). 
Since the separations occur in solution phase, the problems of interaction with 
solid support matrices is eliminated. AUC can also be carried out under a 
variety of solution conditions. Therefore, it is possible to directly test protein 
under conditions used in an SEC analysis. In addition, centrifugation may be 
carried out directly in a protein formulation buffer provided that, complications 

Fig. 13-2. Native size distribution analysis of a degraded antibody sample by (a) SEC 
and (b) AUC. AUC was carried out in the SEC mobile phase and the data was analyzed 
by the Lamm equation modeling program, SEDFIT. A similar amount of soluble 
aggregate of 5% was determined by both methods



Chapter 13 Analysis of Irreversible Aggregation, Reversible Self-association and Fragmentation 211

of possible electrostatic interactions and sedimentation of excipients are taken 
into account. Finally, the dilution of samples during the centrifugation only 
occurs due to the wedge shape of the sectors in an analytical ultracentrifuge 
cell. Thus the typical dilutions during an SEC experiment which may be as 
much as 3–5-fold will be greater than by AUC, and thus with fast dissociation 
kinetics may be not be able to detect reversible self-association (Shire 1994). 
Although for the reasons discussed above, it remains necessary to use AUC 
as an orthogonal method to confirm SEC results, SEC remains the primary 
method of choice because of its high precision and ease of use. In particular, 
AUC requires an expensive piece of equipment and personnel who are trained 
in its use as well as analysis of the data.

3. What is Analytical Ultracentrifugation?

A modern analytical ultracentrifuge is a centrifuge capable of good temperature 
and rotational speed control, and is equipped with optical systems that allow 
for direct measurement of concentration gradients of sedimenting molecules 
generated by a high centrifugal force up to ~300,000 × g. The original 
design of the instrument by Thé Svedberg (Svedberg and Rinde 1924), and 
subsequent advances by Pickels (1950, 1952) served as the basis for the design 
of the first commercially available analytical ultracentrifuge, the Model E 
by the Beckman, Spinco Division. The development of the Model E was a 
great accomplishment and resulted in classic work that laid the foundations 
for modern protein chemistry and molecular biology. The early experiments 
on hemoglobin conducted by Svedberg and Fåhraeus (1926) demonstrated 
conclusively that, proteins were actually homogeneous macromolecular entities 
and the semi-conservative replication of DNA was elucidated by Meselson and 
Stahl in their classic centrifuge experiments (Meselson and Stahl 1958). Since 
those classic experiments, many labs became expert and proficient in using the 
Model E. However, the maintenance and ease in using of this instrument were 
very challenging, and the field was generally restricted to a set of dedicated 
and technical experts who not only used the technology to quantitatively solve 
biological problems, but also contributed to the evolution of the Model E. 
These contributions have included development of refractive optics (Philpot 
and Cook 1948) and the UV absorption scanner as well as software for 
analysis and hardware, and software to allow for instrument control and 
computer data acquisition (Schachman and Edelstein 1966; Williams 1976). 
With the introduction of the XLA and XLI analytical ultracentrifugation, 
technology became more accessible to the non-specialized user. In particular, 
the new instrument can attain a maximum speed of 60,000 rpm and is 
equipped with a highly precise and stable temperature control system. The 
absorption optics use a highly stable, UV-enhanced xenon flashlamp as  
the light source and a toroidal diffraction grating monochromator to provide 
the wavelength range from 190 to 800 nm (Giebler 1992). The Rayleigh 
optical system which is extremely useful for analyzing the sedimentation of 
non-absorbing macromolecules in solution uses a 30 mW, 675 nm laser as 
the light source (Furst 1997). In addition, the new centrifuge has improved 
computer interfacing allowing for computer control of the experiment and 
dependable data acquisition.
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4. Analytical Ultracentrifugation Theory

A change in mass concentration, c , of solute molecules with diffusion coefficient 
D and sedimentation coefficient s in a two component system as a function 
of time under an applied centrifugal force w2r is given by the Lamm equation 
(Lamm 1929; Cantor and Schimmel 1980):

 

{ }2d (d / d )d 1

d d

r D c r cs rc

t r r

 − ω   =     

(13.1)

when an analytical ultracentrifuge is run at high rotor speeds resulting in high 
centrifugal forces, the sedimenting molecules undergo mass transport and the 
experiment is referred to as sedimentation velocity whereby, different non-
interacting sedimenting molecules form unique concentration boundaries. The 
sedimentation coefficient of a macromolecular species shown in the Lamm 
equation is usually expressed in Svedberg units (1S = 10−13 s), and is the veloc-
ity of the concentration boundary divided by the applied centrifugal force, 
and is directly related to the molecular mass M and the translational diffusion 
coefficient, D by the Svedberg equation:
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where v is the rate of sedimentation, w the angular velocity, r the radial distance 
from the center of rotation, M the molecular mass, v̄ the partial specific vol-
ume of solute, r the density of solvent, R the gas constant and D the diffusion 
coefficient. As can be seen by the Svedberg equation during the sedimenta-
tion velocity experiment, macromolecules are separated based on not only 
the molecular mass, but also on the shape, since the diffusion coefficient is 
inversely related to the frictional coefficient of the molecule. In theory, the 
sedimentation coefficient of each species can be determined by analyzing 
the rate of movement of a midpoint in the boundaries, or more rigorously 
the migration of the second moment of the boundary. In the case where the 
sedimenting molecules are interacting, depending on the kinetics of the inter-
action, the sedimentation boundaries do not represent single species but rather 
a mixture of species in a reaction boundary. Theories have been developed to 
describe these boundaries, and in some cases the stoichiometries and equilib-
rium constants of interacting systems (Stafford 1997) can be evaluated. For 
non-interacting species, the velocity and shape of the moving boundary can 
be used to determine the sedimentation coefficient (s) and diffusion coefficient 
(D) of the individual macromolecular species. However, such analysis only 
yields an average s value for a complicated system composed of multiple sedi-
menting species. The diffusional spreading of the boundaries can also obscure 
the presence of other species. These problems can be at least addressed in part 
by several more sophisticated sedimentation velocity methods, including the 
Van Holde and Weischet method (Van Holde and Weischet 1978; Demeler 
et al. 1997), and the whole boundary curve fitting method (Philo 1994). The 
sedimentation coefficient and diffusion coefficient determined from these 
methods can be used to study more about the shape and size of the sedimenting 
species (Byron 1997; Laue 1997). The time derivative method (Stafford 1992, 
1997) developed by Stafford although useful for investigating relatively large 
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complexes, is not correct for diffusional spreading and thus has limited use in 
resolving distribution of smaller non-interacting aggregates. Recent advances 
in fitting data directly to the Lamm equation which have been incorporated in 
the program SEDFIT (Schuck 2000) have addressed some of these issues, and 
in particular, since diffusion is taken into account, the analyses are capable of 
resolving non-interacting species including dimers and higher order structures. 
A nice summary of the strategy used in SEDFIT to numerically solve the 
Lamm equation has been provided in a recent review (Berkowitz 2006).

Although there is considerable resolving power when using the centrifuge, 
it is important to verify that the different species observed are truly different 
molecular mass complexes. Resolution of peaks by SEDFIT does not neces-
sarily relate to different size complexes, but may be related to aggregates with 
different conformation and hence different frictional coefficient. This issue 
can be addressed by running the centrifuge at lower rotor speeds, where under 
those conditions, the rate of sedimentation in the centrifugal field is opposed 
by the rate of diffusion, and eventually when they reach equilibrium, a time 
invariant exponential concentration gradient of solute is established through-
out the centrifuge cell. The concentration distribution at equilibrium can be 
rigorously described with thermodynamic theory, and has been widely used 
to determine the molecular weight, stoichiometry, binding affinity and virial 
coefficient. For an ideal, non-interacting multiple-component system, the con-
centration distribution at equilibrium can be described as
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where C(r) is the concentration at radial position, r, ci(r0) the concentration 
of the ith species at an arbitrary radial reference position, r0, d the baseline 
offset, Mi the molecular weight of ith species, T the temperature in Kelvin, w 
the angular velocity, V

_
the partial specific volume of solute, r the density of 

solvent and R the gas constant. The derivation of this equation results directly 
from the Lamm equation since at sedimentation equilibrium there is no net 
transport, and the contributions from sedimentation and diffusion in the brack-
ets are equal to each other, i.e., for one component:

 2(d / d )D c r cs rω=  (13.4)

Grouping of terms, insertion of the Svedberg equation, and integration results 
in Eq. 13.2 for one ideal sedimenting component. For such a system contain-
ing only a single sedimenting ideal species, the molecular weight measure-
ment can be made by simply fitting the data of concentration as a function 
of radius position. For more complicated systems, in principle Eq. 13.3 can 
be further modified to allow the sedimentation equilibrium data to be fit to 
models, that incorporate self or hetero association systems as well as correc-
tions for thermodynamic nonideality by including virial coefficients as fitting 
parameters (McRorie and Voelker 1993).

5. Application of Analytical Ultracentrifugation

Analytical ultracentrifugation is a method to analyze protein concentration 
gradients during high speed centrifugation. The instrumentation consists of 
a sample cell with optical grade quartz or sapphire windows, a rotor that 
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maintains cell position and orientation during centrifugation, a temperature 
controlled high speed centrifuge, that is capable of speeding up to 60,000 rpm 
and an absorbance or interference optical system to monitor protein sedi-
mentation during the run. A sedimentation velocity analysis involves loading 
protein and buffer blank samples into a double sectored cell that, along with a 
reference cell for radial position calibration, is placed into a 4- or 8-hole rotor. 
For analysis of a monoclonal antibody, centrifugation is typically carried out 
at speeds of 40,000–60,000 rpm. Protein sedimentation during centrifugation 
is observed by taking continuous radial absorbance scans during the run, and 
a sedimentation velocity experiment takes approximately 3 to 4 hours. The 
resulting data are a series of boundary scans obtained as protein moves during 
centrifugation according to the forces of sedimentation and diffusion. An 
example of raw centrifugation data is shown in Fig. 13-3, where boundary 
scans are shown from the analysis of a monoclonal antibody sample with 1 and 
6% soluble aggregate. The boundary consists of a transition region that defines 
protein movement down the cell and a plateau region. Absorbance in the pla-
teau region decreases during centrifugation because of the sector shaped cell 
which minimizes convection effects. Fig. 13-3 also shows that resolution of 
components in a protein mixture may be observed in the boundary as in this 
case separation of soluble aggregate and antibody monomer occurred near the 
plateau region.

Various data analysis programs have been developed to analyze protein size 
distribution from the concentration gradient during centrifugation, in terms 
of sedimentation rates. In a final state, sedimentation velocity data is visual-
ized as a sedimentation coefficient distribution function, that looks very much 
like a typical chromatogram from an SEC experiment (Fig. 13-2). An easily 
employed method for data analysis that involves no modeling assumptions is 
the time derivative or DC/DT. In this analysis, the g(s*) sedimentation coef-
ficient distribution function is calculated using a subset of boundary scans that 
are pair-wise subtracted to define components and remove time-independent 

Fig. 13-3. Protein boundary scans obtained during sedimentation velocity analysis of a 
monoclonal antibody samples containing 1 and 6% soluble aggregate. The sample with 
higher amount of aggregate is visualized by increased sedimentation near the plateau 
region of the boundary scans
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noise. An example of using DC/DT to analyze an antibody sample consisting 
of a mixture of 20% FAB and 80% full-length antibody is shown in Fig. 13-4. 
Although separated species in the mixture are observed, the resolution is not 
optimal. A limitation of the DC/DT analysis is that, the method does not 
account for diffusion during sedimentation and utilizes only a subset of scans 
taken during the run.

More recently, data analysis programs such as SEDFIT have been developed 
that employ least squares fitting to directly solve the Lamm equation. The 
analysis involves an iterative application of several parameters that characterize 
meniscus position, protein size and shape to best fit the experimental boundary 
data. Lamm equation modeling better accounts for protein physical parameters 
such as molecular weight, conformation and diffusion that influence the 
concentration gradient during centrifugation. The result is vastly improved 
resolution. As shown in Fig. 13-4, the application of SEDFIT to the antibody 
sample prepared with 20% FAB and 80% full length antibody results in excel-
lent resolution of the protein components, that equals or exceeds that of chroma-
tography methods. The availability of Lamm equation modeling programs, such 

Fig. 13-4. AUC SV of a mixed 20% FAB and 80% full-length antibody sample with 
data analysis carried out using (a) DC/DT and (b) SEDFIT
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as SEDFIT, has helped to establish AUC sedimentation velocity as the method 
of choice for use as an orthogonal test of native protein size distribution.

An advantage of measuring native protein size distribution by AUC is the 
ability to detect reversible self-association. This physical property can be 
observed in both sedimentation velocity and equilibrium analysis. For exam-
ple, Fig. 13-5 shows SEC and AUC sedimentation velocity of a monoclonal 
antibody sample carried out in the same buffer system (i.e., SEC mobile 
phase). SEC analysis showed a single monomer peak at 99.6% with a small 
amount of aggregate species. However, a difference in size distribution het-
erogeneity was observed during AUC sedimentations velocity in the SEC 
mobile phase buffer. Evidence of reversible self-association was obtained in 
further studies in PBS buffer, that showed the weight-average sedimentation 
coefficient for the sample was dependent on protein concentration during the 
analysis (Fig. 13-6). In addition, sedimentation equilibrium data showed that 
the observed weight average of the molecular weight of the antibody increased 
with increased protein concentration (Fig. 13-7). Therefore, in this case using 
AUC as an orthogonal method for protein size distribution resulted in the 
detection of reversible self-association behavior that was difficult to be meas-
ured by the commonly used SEC method alone.

Fig. 13-5. Size distribution analysis of a full-length monoclonal antibody carried out 
using (a) SEC and (b) AUC sedimentation velocity in identical buffer systems
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Fig. 13-6. Weight average sedimentation coefficient versus protein concentration 
observed during AUC sedimentation velocity analysis of a monoclonal antibody shown 
in Fig. 13-5 in PBS buffer

Fig. 13-7. Weight average molecular weight determined by sedimentation equilibrium 
of the antibody sample shown in Fig. 13-5 in PBS buffer

6. Method Optimization to Evaluate Trace Amounts  
of Aggregate

6.1. Assay Precision and Reproducibility

As discussed above, AUC sedimentation velocity analyzed by SEDFIT is well 
suited as an orthogonal method to measure protein size distribution. However, 
establishing the precision and reproducibility to measure small amounts of 
aggregate species is important to its utility in the analysis of pharmaceutical 
proteins, such as a monoclonal antibody, that may contain low amounts of 
aggregate species. An analysis of an antibody aggregate system, including 
dimer and higher order species, using simulated data suggested that sedimenta-
tion velocity resulted in a limit of quantitation of from 0.2 to 0.6% depending 
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on the aggregate species and the amount of random noise introduced to the 
analysis (Gabrielson et al. 2007). However, as discussed further below, AUC 
of actual samples is influenced by not only random noise but also errors that 
are intrinsic to the instrumentation such as systemic noise, cell alignment, the 
measurement of radial position and wavelength. These factors, which can influ-
ence assay precision and accuracy, may be difficult and impossible to reproduce 
using the simulated data. For example, our initial attempts to apply SEDFIT to 
measure aggregate with pharmaceutical antibody samples were not encourag-
ing. Fig. 13-8 shows the triplicate analysis using AUC sedimentation velocity in 
three centrifuge cells in single 4-hole rotor. The data were analyzed by SEDFIT 
following the simple procedure of calculating the c(s) distribution profile by 
floating meniscus position and protein shape parameters. The results showed 
the quantitation of the main aggregate species that was presumable antibody 
dimer which was not reproducible. In addition, other aggregate and fragment 
species appeared that may be artifacts. Improving the precision and reproduc-
ibility of SEDFIT to determine small amounts of antibody aggregate required an 
optimization of both the experimental setup and analysis procedures.

6.2. Instrument, Cell Condition and Signal Noise

As shown previously in Fig. 13-3, the physical separation of dimer from 
antibody monomer can be observed as small changes in absorbance near the 
plateau region of the boundary. Therefore, any error or noise in the absorbance 
scans can affect the resolution of trace amounts of aggregate species. Noise 
in an AUC experiment has been characterized as systematic and random (Liu 
et al. 2006). Systematic noise includes time-invariant and radial-invariant 
noise that can be removed by analysis programs such as DC/DT and SEDFIT. 
Random noise is more difficult to identify and control. Sources may include 
intrinsic noise from the optical system as well as errors in the precise measure-
ment of radial position and maintaining the wavelength during the run.
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To study wavelength stability during centrifugation, we devised a test that 
involved taking repeat scans of a small molecule with a suitable absorbance 
spectrum during centrifugation at slow speeds, where no net movement of the 
molecule occurs (i.e., 3,000 rpm). For this analysis, the amino acid tryptophan 
was added to a standard 1.2 cm AUC cell. Absorbance was monitored at a 
wavelength of 230 nm, which is a spectral region where absorbance changes 
significantly with a small change in wavelength. As shown in Fig. 13-9, vari-
ability was observed in the absorbance measured between some of the succes-
sive scans that can only be caused by a drift of wavelength. A comparison of the 
magnitude of the absorbance variability with the known tryptophan absorbance 
spectra allowed us to calculate that a wavelength change of 1–2 mm occurred 
in some of the scans during the analysis. Wavelength variability can introduce 
a systematic error, that cannot be corrected by analysis software and may affect 
assay precision. For example, a test using simulated data of an antibody with 
1% dimer, where an error of 5% change in OD was introduced to 10% of the 
scans showed that quantitation of aggregate species dropped from 1.0 to 0.8% 
(Liu et al. 2006). Given the surprising nature of this error, each centrifuge 
involved in measuring small amounts of protein aggregate should be checked 
for characterization of wavelength drift. In addition, to minimize the influence 
of wavelength drift on the analysis, the absorbance of a protein sample should 
be measured at 278–280 nm, which is a peak position where slight changes in 
wavelength have less of an effect on the absorbance value.

In addition to the wavelength issue, cell alignment to the center of rota-
tion has been found to be an important source for assay variability. The cell 
alignment usually is achieved by aligning the score mark on the bottom of 
the cell housing with the mark on the rotor. Misalignment of cell can lead to 
convection and disturbance of the moving boundary. A recent study by Arthur 
and his colleagues (Arthur et al. 2006) showed that, cell misalignment can 
be a major source of variability for their model protein systems. They have 
shown significant change of aggregate distribution even with an alignment 
off by just 0.5°. Misalignment due to visual error can be avoided by using an 
alignment tool provided by Spin Analytical (Spin Analytical, NH). The other 
factors, such as quality of the centerpiece and precision of the keyway slot can 
also contribute to the variability of measurement. Recent work by Pekar and 
colleagues showed that the precision and accuracy of quantification appear 

Fig. 13-9. Radial absorbance scans of l-tryptophan at 230 nm during slow speed  
centrifugation (3,000 rpm). For this analysis, 200 scan were collected using a 1.2 cm cell
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to be highly dependent on the quality of the centerpiece (Pekar et al. 2007).  
A careful evaluation of the centerpiece by microscope and experimental data 
is critical to obtain relevant and reproducible results for measuring protein size 
distribution.

Another source of variability can be the intrinsic noise associated with 
photometric detection. This error can be minimized by experimental setup to 
maintain a good signal-to-noise level, as is appropriate for any spectrophoto-
metric measurement of a protein solution. For example, to improve the signal-
to-noise level, we routinely load our AUC cells to achieve a total absorbance 
of 1.0. To illustrate the importance of experimental configuration, Fig. 13:10 
shows a case where the signal to nose level was purposely reduced by under 
loading at a concentration, where spectrophotometer noise can significantly 
affect the signal or by overloading the cell with protein at a concentration that 
is outside the linear range of the spectrophotometer . In both cases a worsening 
of the signal-to-noise resulted in changes in the distribution profile of minor 
components.

6.3. Meniscus Position

The precise measurement of radial position is important to the precision and 
accuracy of detecting minor components in an AUC sedimentation velocity 
experiment. This is illustrated in an analysis of the meniscus, which is the 
position defined as the top of the liquid column in the sample sector of the 
AUC cell. The meniscus is visualized by loading the assembled AUC cells 
with approximately 25–50 mL less volume of the protein in the sample sector 
than the amount of buffer in the reference sector. The slight difference in vol-
ume is observed as a sharp absorbance spike in the radial absorbance spectra 
that corresponds to the starting point of sedimentation. AUC instrumentation is 
designed to obtain precise radial position measurements every 0.001 cm with 
an error of ±0.001 cm. As shown in Fig. 13-11, when the absorbance spike that 
defines the meniscus position from multiple scans is analyzed on this scale,  
it is not immediately clear as, where the true meniscus position occurs.

Fig. 13-10. Effect of signal to noise level on antibody aggregate upon under-loading
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Determining the optimal position of the meniscus is a key parameter in the 
analysis of sedimentation velocity data with SEDFIT. When this parameter 
is floated, the program iteratively evaluates different positions and selects 
the best value based on the minimal RMS error of the fit. Fig. 13-12 shows 
an example of the fitting error observed as a function of meniscus position 
during centrifugation of a monoclonal antibody. The meniscus position that 
minimized fitting error was slightly off from the center position determined 
externally by simply measuring the start and end of the absorbance spike. The 
corresponding influence of meniscus position on the protein size distribution 
of a monoclonal antibody is shown in Fig. 13-13. Little effect is observed on 
the sedimentation determined for antibody monomer; however, a slight change 
in meniscus position significantly influences the sedimentation and quantita-
tion of minor component species. For example, a meniscus position too far to 
the right of the center position results in less aggregate, and the introduction 
of presumably artifactual fragment species. Conversely, a meniscus position 
placed left of the center position results in overestimated amount of aggre-
gate species and may also introduce artifacts. In our experience with data 
analysis, floating the meniscus position to minimize fitting error resulted in 
significant variability in the quantitation of small amounts of aggregate species 
between replicate samples. For example, this was the primary source of error 
in the replicate data shown in Fig. 13-8. To improve the fit, we routinely set 
the meniscus to the center position determined externally by measuring the 
absorbance spike.

6.4. Frictional Ratio

As discussed above, protein separation during centrifugation occurs because 
of differences in molecular weight and conformation. Protein shape affects 
translation movement, and is characterized by the frictional coefficient that is 

Fig. 13-11. Meniscus potion during the AUC sedimentation velocity analysis of a 
monoclonal antibody where (a) and (c) represent the lower and upper range, (b) is the 
calculated midpoint position of the absorbance spike
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inversely related to diffusion as defined by the Svedberg equation. Therefore, 
incorporation of a shape factor is an important parameter in Lamm equation 
modeling of sedimentation velocity data. To account for molecular conforma-
tion, the SEDFIT program defines the frictional ratio as the translational fric-
tion of the protein divided by that of a sphere of equal mass (Schuck 2000). 
Therefore, this factor simply characterizes how much of the molecule departs 
from a spherical conformation. In the data analysis routine, the program itera-
tively applies various frictional ratio values along with other parameters to 

Fig. 13-12. Effect of meniscus position and RMS error of fit during SEDFIT analysis. 
The relative meniscus position is represented by lines denoted by (a) and (c) the lower 
and upper range and (b) is the calculated midpoint position

Fig. 13-13. Effect of meniscus position on the determined c(s) sedimentation coef-
ficient distribution
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arrive at a best fit solution to the experimental data. The determined frictional 
ratio will vary with different proteins depending on their relative shape. For 
example, in the separate analysis of monoclonal antibody Fab and full-length 
molecules, a best fit of the data was obtained by applying a frictional ratio of 
1.27 and 1.56, respectively.

Determining an optimized frictional ratio becomes more complicated in 
samples containing multiple species and minor components. In the simplest 
analysis routine, SEDFIT determines a weight average frictional ratio to best 
fit the data. As shown in Fig. 13-14, this parameter can significantly affect 
the sedimentation value and quantitation of minor species such as soluble 
aggregate in an antibody preparation. In these samples, the weight average 
frictional ratio is dominated by the monomer, and this may introduce analy-
sis errors in the minor component analysis, especially, if the shape differs 
significantly from that of the monomer (Schuck 2000). An improved fit may 
be obtained by analyzing the data in a bimodal mode, where frictional ratio 
values are fitted to different regions of sedimentation. Alternately, known 
molecular weight and sedimentation coefficient value of individual species 
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can be used to calculate the frictional ratio of components and these numbers 
can be applied to the analysis. This analysis strategy is illustrated by a study of 
monoclonal antibody Fab and full-length mixtures that were prepared contain-
ing 2, 5, 10 and 20% Fab whose sedimentation velocity data were analyzed 
using the three methods described above. Table 13-1 shows a comparison of 
the weight average frictional ratio from the samples determined by best fitting 
the experimental data, and by calculating the value from prior knowledge of 
the separate components. Improved quantitation of the minor component in 
the mixture was obtained as a better estimate of the protein frictional ratio was 
applied to the data.

Given the importance of the frictional ratio to the accuracy and precision 
of a SEDFIT analysis, it is important to test the shape factor model that is 
used in data analysis. An example is shown in Fig. 13-15 where a monoclonal 
antibody sample containing approximately 0.9% dimer species by SEC was 
measured by AUC sedimentation velocity. In this case, the experiment was 
configured to obtain continuous scans of a single cell and the sample was 
measured in triplicate. For data analysis, the meniscus position was set to the 
midpoint of the absorbance spike and not floated. The frictional ratio applied 
to the data was analyzed using two methods. First, the c(s) distribution func-
tion was calculated using the weight-average value that minimized RMS 
fitting error, and this resulted in a dimer value of 0.8 ± 0.1% and two higher 
molecular weight species of less than 0.2%. The data were also analyzed in 
bimodal mode by assigning a frictional ratio to the monomer that was calcu-
lated using the known sedimentation coefficient and molecular weight of the 
monoclonal antibody, and floating the frictional ratio for the aggregate spe-
cies. In this case, a similar amount of dimer of 0.7 ± 0.1% along with the two 
higher molecular weight species of less than 0.2% was determined. Testing the 
parameters in this fashion gives improved confidence in the fitting model that 
is used to analyze the data.

7. Summary of Experimental Configurations  
to Improve Reproducibility

The analytical ultracentrifuge is a powerful orthogonal method to monitor 
native protein size distribution. The application of the technique to measure 
protein aggregate at levels expected in a pharmaceutical antibody preparation 
requires extra care in instrument maintenance, experimental setup and data 
analysis. For example, the instrument should be in good working order and 

Table 13-1. Quantitation of FAB and full-length antibody mixtures by SEC and AUC sedimentation 
velocity.

Sample Peak area

Mixturesa Weight average f/fo Bimodel f/fo Assigned f/fo

FAB (%) Full-length (%)FAB (%) Full-length (%) FAB (%) Full-length (%) FAB (%) Full-length (%)

2 98 1 99 2 98 2 98
5 95 4 96 5 95 5 95
10 90 8 92 10 90 10 90
20 80 18 82 20 80 20 80
a Quantitation of sample mixtures determined by SEC
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regularly checked for wavelength, radial position and temperature calibration. 
The experiment should be carried out under conditions that provide good 
signal to noise for the optical system. To minimize the effects of wavelength 
drift, data should be collected at a wavelength, where the absorbance does not 
change appreciably with 1–2 nm change in wavelength. For protein molecules 
this means monitoring the absorbance at 279–280 nm. The configuration of 
the experiment in terms of number of scans taken can also affect the preci-
sion of the analysis, where more scans can lesson the influence of random 
noise and wavelength drift and results in an improved analysis. Increasing the 
number of scans can be achieved by sedimentation at a reduced temperature, 
using a larger step size or simply, at the cost of an already low level of sample 
throughput, carrying out several continuous scans of a single cell.

Improved reproducibility can also be achieved by selection of data analysis 
parameters using SEDFIT. The program allows for subtraction of time-invari-
ant and radial-invariant noise, and this option should be selected in the analysis 
procedure. In addition, close attention should be paid to the meniscus position. 
In our experiments we do not float this parameter, but rather set the meniscus to 

Fig. 13-15. AUC sedimentation velocity of a monoclonal antibody sample with data 
analyzed by SEDFIT. The sample was run in triplicate and data analysis that was car-
ried out by setting the midpoint position of the absorbance spike as the meniscus posi-
tion. In addition, SEDFIT analysis was carried out by (a) floating the frictional ratio 
and (b) assigning a frictional ratio of 1.53 to the monomer and floating the value for 
aggregate species. The first analysis method resulted in an estimated amount of dimer 
of 0.8 ± 0.1% and the second method resulted in a dimer level of 0.7 ± 0.1%. In each 
case two higher molecular species were observed at a level of 0.1% or less
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the determined midpoint position of the absorbance spike. Finally, an improved 
analysis can be obtained by better modeling the components in the protein sam-
ple. For example, if the shape of aggregate species differs significantly from 
that of the monomer, then a bimodal analysis of assigning or fitting frictional 
ratio values to different regions of the sedimentation coefficient distribution 
profile may improve the results. Therefore, to improve the fitting model, it may 
be of value to isolate protein components and measure the physical properties 
of sedimentation and frictional ratio in separate experiments. These values can 
then be incorporated into the SEDFIT analysis to improve the assessment of 
complicated multi-component systems.
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1. Introduction

Monoclonal antibodies are the most common protein that is being developed 
by many companies as therapies against a wide range of diseases (Andreakos 
et al. 2002; Campbell and Marcus 2003; Trikha et al. 2002; Untch et al. 2003). 
With increasing interest in the use of monoclonal antibodies therapeutics, it 
is apparent that the combination of specificity and safety offered by these 
proteins will continue to drive the biotechnology industry forward in the 
coming years (Gelfand 2001; Brekke and Sandlie 2003). As is the case 
with any drug, a successful MAb formulation is dependant upon many 
factors, including understanding their biophysical properties to help describe 
their behavior and physical stability. While a wide variety of physical 
characterizations of monoclonal antibodies are routinely performed from 
basic research through their pharmaceutical development, little systematic 
information exists regarding the range of values commonly encountered 
during such studies. A new investigator is thus faced with some uncertainty 
concerning what might be considered “normal” values for the many different 
types of measurements. As will be shown below, despite the primary structure 
similarity of IgG molecules (with the exception of heavy chain subtype and 
hyper-variable regions, of course), generally, there is significant variation in 
the results of such studies. The primary purpose of this study is to establish the 
range of values obtained from a variety of biophysical measurements and not 
to examine in depth the origin or nature of such differences, although a brief 
discussion of these issues will be provided. Therefore, the identity of the 12 
IgG molecules that were obtained from three of the leading producers of IgG 
monoclonal antibodies will not be provided. Rather, they are each moved into 
and maintained in identical buffer conditions (pH 7.4 PBS) and are identified 
by a simple letter designation. Spectroscopic, calorimetric, electrophoretic 
and solubility methods are employed for the analysis of MAbs and illustrate 
the diversity of their biophysical characteristics which pertain to a wide 
variety of pharmaceutically relevant structural, physical, and thermal stability 
parameters. Secondary structure is probed employing both FTIR and far-UV 
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CD spectroscopy. Tertiary structure is examined using intrinsic fluorescence 
and high-resolution second derivative UV absorbance spectroscopy, while 
DLS is performed to gather information pertaining to protein hydrodynamic 
size. Other physical parameters of immediate pharmaceutical interest such 
as thermal unfolding temperatures, isoelectric point and heterogeneity and 
apparent solubility are obtained from DSC, capillary isoelectric focusing and 
PEG precipitation methods, respectively.

2. Materials and Methods

2.1. Materials

Twelve recombinant monoclonal antibodies (referred to as MAb A-L) were 
supplied by MedImmune (Gaithersburg, MD), Human Genome Sciences 
(Gaithersburg, MD), and Genentech (San Francisco, CA) in their respective 
pharmaceutical formulations. Each antibody was dialyzed against two, 2-h 
200:1 volume exchanges of pH 7.4 phosphate buffered saline (PBS, Fischer 
Scientific, St. Louis, MO) followed by a third exchange that lasted overnight. 
When dialysis was complete, pH and concentration were confirmed. All 
concentrations were determined from A280nm measurements performed by 
an Agilent 8453 UV spectrophotometer (Palo Alto, CA). The values of the 
extinction coefficients ranged from 1.34 to 1.70 mL/mg cm with an average 
value of 1.51 mL/mg cm. Antibody concentrations were similar for each anti-
body and optimized for each technique as described below.

2.2. FTIR Spectroscopy

Fourier transform infrared spectroscopy was performed to monitor the second-
ary structure of the MAbs. Data was collected with a Nicolet™ Magna-IR 
560 instrument equipped with an MCT/A detector and a 45° ZnSe ATR 
trough plate. Samples were held for 10 min at room temperature before col-
lecting a spectrum. A resolution of 4 cm−1 was obtained upon co-adding 256 
interferograms and subtracting contributions from the ATR crystal. Protein 
concentrations ranged from 18 to 26 mg/mL. To remove buffer contributions, 
raw protein absorbance spectra were processed by complete subtraction of 
the water association band near 2,300 cm−1. The resultant spectrum was then 
smoothed with a 9-point Savitzky–Golay function, and a second derivative 
spectrum was subsequently calculated. Similar results were obtained employ-
ing a transmission geometry and are not reported here.

To determine relative secondary structure amounts, the zero-order FTIR 
spectrum was Fourier self-deconvoluted with OMNIC™ 5.0 software with 
sensitivity (K) and bandwidth factors of 1.5 and ~20, respectively. The decon-
voluted spectrum was subsequently fit across the Amide I region using 5–7 
Guassian peaks and the second derivative peak positions as guides for initial 
peak placement in Grams A/I™ fitting software. Secondary structure amounts 
were reported as the area of the fitted peak relative to the total area of the 
deconvoluted spectrum. Secondary structure type was assigned by comparison 
of the peak positions determined upon fitting to the peak positions previously 
reported in the literature (van de Weert et al. 2001; van Stokkum et al. 1995; 
Susi and Byler 1986).
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2.3. Circular Dichroism Spectropolarimetry

Secondary structure was also analyzed employing a Jasco-720 spectropola-
rimeter (Tokyo, Japan). Because chloride interference from the PBS solution 
did not permit data collection below 200 nm, CD spectra were obtained in the 
far-UV region by scanning from 260 to 200 nm. The representative spectra 
are the result of three accumulations, obtained by scanning at 20 nm/min with 
2-s response time at each 1-nm increment. The instrument was set to 1 nm 
bandwidth during data collection and protein concentrations ranged from 0.17 
to 0.22 mg/mL. A 1 mm path length sample cell was employed throughout 
the study. To normalize spectral differences due to protein concentration, the 
molar ellipticity (deg/M cm) was calculated from raw data (Cdmdeg) and plotted 
at each wavelength.

 [Q] = Q / (10cl) 

where [Q] is the molar ellipticity in mdeg/M cm, Q is CD signal in mdeg, c is 
the molar concentration, and l is the path length in cm.

2.4. High Resolution Second Derivative UV-Absorbance Spectroscopy

The absorbance spectrum of each antibody was collected with a diode-array 
spectrometer with 1 nm diode spacing. Data for each spectrum was collected 
over a 25-s integration period. Resolution was enhanced to 0.01 nm using 
interpolation and derivative analysis (Kueltzo and Middaugh 2003, 2005). 
Second derivative spectra were calculated based upon a fifth degree Savitzky–
Golay polynomial, 9-point filter length window and fit to a cubic function. 
The second derivative spectra were then splined using 99 interpolated points 
between each 1-nm data point. The negative peak positions of the aromatic 
residues were monitored between 250 and 300 nm for indication of differences  
in the polarity of their environments (Kueltzo and Middaugh 2005; Kueltzo 
et al. 2003). The concentration range of samples was between 0.17 and 
0.22 mg/mL.

2.5. Fluorescence Spectroscopy

The tryptophan emission spectrum of each antibody was collected employing a 
QuantaMaster™ fluorometer (Photon Technologies Incorporated Monmouth, 
NJ) that was equipped with a 75W Xenon arc lamp and a Model 810  PMT 
detector. The tryptophan emission spectrum was collected from 305 to 450 nm 
upon excitation with 295 nm light, and corrected spectra were produced by 
reference to a standard solution. Emission spectra were subtracted using a 
buffer spectrum and smoothed employing a 7-point Savitzky–Golay func-
tion, effectively eliminating the Raman band of water. Emission peak maxima 
were determined from the point at which the first derivative of the emission 
intensity spectrum crossed the wavelength axis. The concentration range of the 
samples was 0.17–0.22 mg/mL.

2.6. Dynamic Light Scattering

The mean hydrodynamic diameter of each of the 12 antibodies was deter-
mined with a Brookhaven™ light scattering instrument (Brookhaven, NY) 
equipped with a BI200SM goniometer and a BI-9000AT correlator. Samples 
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were passed through a 0.22-mm filter to remove any large aggregates or pre-
cipitates prior to analysis and determination of protein concentration, which 
ranged from 1.79 to 1.94 mg/mL. Light scattering was observed at 90° upon 
passing a 50 mW helium/neon laser at a wavelength of 532 nm into the sam-
ple. Data of five consecutive 30-s runs was averaged, and the size reported 
was obtained employing a cumulant analysis of the auto-correlation function. 
Nonlinear least squares (multicomponent) analysis was able to resolve small 
amounts of a high molecular weight fraction, but the size and amount of this 
fraction was not highly reproducible, so it is not reported here.

2.7. Differential Scanning Calorimetry

The thermal stability of the monoclonal antibodies was examined by collect-
ing DSC thermograms of each antibody and monitoring the thermal transition 
midpoints (Tms) of the observed endotherms. Differential changes in heat 
capacity were monitored with increasing temperature using a Microcal™ 
capillary auto-VP-DSC (Northhampton, MA) by heating the samples from 
10 to 100°C at a rate of 1°C/min. Protein concentrations ranging from 0.96 to 
1.14 mg/mL were employed. The resulting protein-buffer thermograms were 
processed by subtracting a corresponding buffer–buffer scan and subsequently 
fitting a baseline to the trace. The Tms were recorded at each peak maxima 
observed in the thermograms using Origin™ 7.0 software.

2.8. Capillary Isoelectric Focusing

The isoelectric points (pI) of the MAbs were determined employing a 
Convergent Biosciences™ cIEF280 capillary isoelectric focusing instrument 
(Toronto, ON, Canada). Samples contained ~0.1 mg/mL MAb, 1% w/v meth-
ylcellulose, 0.05% v/v pI markers (pIs 3.78 and 9.50) and 4% Pharmalytes™ 
brand ampholytes (Amersham Biosciences) ranging from pIs of 3–10. A 20-mL 
injection of the sample was used to fill the entire capillary prior to applying 
voltage. A 1,200 V voltage was applied for 3 min to initiate the separation of 
the proteins. A second, higher voltage (3,000 V) was then applied for 12 min 
to provide an enhanced resolution of the separation. The instrument’s CCD 
camera then measured the A280nm across the entire capillary to provide the 
final electropherogram. After data was collected, the positions of the two pI 
markers were indexed for interpolation of peak values of the included MAbs. 
Due to a lack of availability of higher pI markers, some MAb peaks overlap 
and their exact pIs could not be calculated.

2.9. PEG Precipitation (Solubility)

The apparent thermodynamic activity of saturated solutions of each antibody, 
a measure of their relative solubilities, was determined using a polyethylene 
glycol precipitation assay (Middaugh et al. 1979). This analysis was performed 
by diluting a 40% w/v solution of 8,000 MW PEG into polypropylene tubes 
over the range of 4–13% w/v as described previously (Middaugh et al. 
1979). Stock monoclonal antibody solution and PBS buffer were added to 
produce a final volume of 0.4 mL containing 2 mg/mL of protein. After 
equilibrating the samples overnight at 25°C, the samples were centrifuged at 
8,000 g for 15 min to remove precipitated protein. The concentration of the 
MAb in the supernatant was determined using an Agilent 8453 UV-Visible 
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spectrophotometer. The log of experimental supernatant concentration was 
plotted against PEG concentration. The negatively linear portion of the 
resultant straight line (R2: 0.9891–0.9993) was extrapolated to zero PEG 
concentration, to obtain the apparent saturation thermodynamic activity of 
the protein in the presence of PEG. These values were used to compare the 
apparent solubilities of the MAbs.

3. General Biophysical Properties of Monoclonal Antibodies

3.1. FTIR Spectroscopy

The infrared spectrum of proteins potentially provides a wealth of informa-
tion regarding relative content and type of secondary structures. All zero and 
second order IR absorbance spectra obtained for the 12 antibodies exhibited 
the expected large content of intramolecular b-sheet, with the major deconvo-
luted peak position ranging from 1,639 to 1,635 cm−1 (Fig. 14-1) (van de Weert 
et al. 2001; van Stokkum et al. 1995; Byler and Susi 1986). Other resolved 
second derivative peaks indicative of intramolecular b-sheet (1,672 cm−1), 
intermolecular b-sheet (1,695 and 1615 cm−1), b-turn (1,686 cm−1), and 
a-helix or random structure (1,650 cm−1) were apparent to differing degrees 
in each of the antibodies. Applying the fitting procedures described above, 
the relative content of intramolecular b-sheet ranged from 54% (MAb B) to 
74% (MAb K) with the latter value probably being the most realistic. The 
relative amounts of intermolecular b-sheet were calculated to be in the range 
of 10% (MAb D) to 21% (MAb H). Native a-helix estimates range from 
11% (MAb E) to 22% (MAb D). Both of the latter two values are clearly 
too high. The helical values probably reflect contributions from disordered 
structure while the intermolecular b-sheet estimates may reflect uncorrected 
side-chain contributions as well as some small amounts of aggregated protein 
(Venyaminov and Kalnin 1990a, b).

3.2. Circular Dichroism Spectropolarimetry

To compliment FTIR spectroscopy, secondary structure analysis was also 
performed employing circular dichroism spectropolarimetry. The circular 
dichroism spectrum of these MAbs was characterized by the existence of a 
large negative band near 218 nm and a positive band from 200 to 205 nm 
(Fig. 14-2) (Vermeer and Norde 2000). The large negative band at 218 nm is 
characteristic of the large b-sheet content of these antibody domains, and its 
assignment is well established. The other characteristic b-sheet band typically 
occurs at <200 nm and is positive. While data could not be collected below 
this wavelength due to the high salt concentration in the buffer, there is 
clear evidence of positive ellipticity at 200–205 nm. The apparent peak seen 
ca. 205 nm for most of the antibodies is an artifact due to saturation of the 
instrument’s photomultiplier from excessive absorption of light by chloride 
ion. The values of the ellipticity minimum at 218 nm ranged from 3.750 to 
6.010 deg/cm dmol with an average value of 4.100 deg/cm dmol. Antibodies 
B, H, J, and K produced spectra that contain a shoulder near 225 nm. Another 
spectral signature of antibodies E, F and L was a small positive shoulder that 
occurred near 235 nm. These spectral contributions are thought to arise from 
either additional sheet contributions, b-turns, disulfide bonds or most probably 
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aromatic side chains in particularly optically active environments, or some 
combination thereof (Byler and Susi 1986; Narhi et al. 1993; Philo et al. 1993; 
Radziejewski et al. 1992).

3.3. High Resolution Derivative UV-Absorbance Spectroscopy

UV absorbance spectroscopy measurements are routinely made to determine 
MAb protein concentration. It has been shown, however, that upon resolv-
ing the individual bands of the aromatic amino acids in the 250–300 nm UV 
region, important structural information can also be determined by these 
measurements (Kueltzo and Middaugh 2005; Mach et al. 1995; Mach and 
Middaugh 1994). The resolved absorbance bands, typically obtained through 
calculation of the second or fourth derivative, indicate the average environ-
mental polarity of the three individual aromatic amino acid side chains in a 
protein. Because the three aromatic residues are dispersed globally throughout 
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Fig. 14-3. (--) Normalized zero-order absorbance spectra of MAbs a-l. (─) High 
resolution second derivative spectra of MAbs a-l. Absorbance spectra were obtained 
employing a 25 s integration time on a diode array UV absorbance instrument 
containing 1 nm spacing of each diode. Subsequent data analysis employing calculation 
of a second derivative and interpolation between data points produced theoretical 
peak resolution of the aromatic amino acid side chains on the order of 0.01 nm. MAb 
concentrations ranged from 0.17 to 0.22 mg/mL, and a 1 cm path length cell was used 
to obtain a spectrum at 25°C
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a protein’s structure, they provide a different picture from that provided by 
intrinsic fluorescence spectroscopy (see below). Average peak positions at 
25°C of fully exposed model amino acids are ~252.8 nm (Phe), ~258.5 nm 
(Phe), ~265.7 nm (Phe), ~277.5 nm (Tyr), ~283.8 nm (Tyr/Trp), and ~290.6 nm 
(Trp) (Kueltzo et al. 2003). The collection of absorbance data employing diode 
detectors and subsequent analysis permits extremely precise measurements 
of peak position to be made, and thus it becomes a sensitive way to monitor 
the tertiary structure of the IgG molecules (standard error as low as 0.01 nm) 
(Kueltzo and Middaugh 2005; Kueltzo et al. 2003; Fan et al. 2005). The zero 
and second order spectra of each antibody are represented in Fig. 14-3. A plot 
of the individual second derivative peak positions vs. antibody is presented 
in Fig. 14-4 with the range of peak values listed on the right. The absolute 
values differ from one instrument to another by as much as 0.1 nm, and this 
should be taken in account when using this data. Relative to the model amino 
acid peak positions, the lowest second derivative absorbance peak observed of 
the MAbs for Phe1–3, Try/Trp, and Trp were red-shifted 0.53, 0.86, 2.3, 0.71, 
and 1.46 nm, respectively. Only the Tyr peak is blue shifted, and it differs by 
1.66 nm from the model amino acid peak. Significant peak shifts have been 
reported as low as 0.05 nm, and among the antibodies here, the range of values 
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is exhibited at ~276 nm, while a combination of Tyr and Trp is manifested near 284 nm. 
A resolved Trp peak occurs at 292 nm. The range of peak values is listed on the right 
side of the figure
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varies from ~0.3 to over 1.2 nm (Kueltzo and Middaugh 2005; Kueltzo et al. 
2003; Fan et al. 2005). Although many aromatic residues are present in highly 
conserved sites in the sequence of antibodies, it is seen here that either small 
differences in content or variations in the polarity of their local environment 
are sufficient to produce significant spectral differences. Thus, this technique 
serves to both distinguish individual antibodies and as a source of signals for 
conformational studies.

3.4. Fluorescence Spectroscopy

A second useful technique employed to probe the tertiary structure of antibod-
ies is intrinsic fluorescence emission spectroscopy using Trp residues as struc-
tural probes. Due to low quantum yields of Phe, this amino acid is not usually 
examined in fluorescence spectroscopy. Although Tyr produces somewhat 
more fluorescence emission upon excitation, its emission spectrum tends to be 
difficult to detect in Trp containing proteins due to low levels of emission and 
resonance energy transfer to indole side-chains. Because Trp residues often 
have large fluorescence yields and their excitation at 295–305 nm produces 
a spectrum with little interference from Tyr residues, it is most commonly 
used as an internal probe of protein structure. Highly buried Trp residues may 
have emission peak maxima <320 nm when excited with 295 nm light. In 
contrast, Trp residues that are completely exposed to aqueous solvent produce 
emission peak maxima >350 nm. The Trp emission fluorescence spectrum of 
the 12 antibodies is shown in Fig. 14-5. The range of emission peak maxima 
was 13 nm, from 330 to 343 nm. As also observed in high resolution second 
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Fig. 14-5. Trp emission spectrum of MAbs A-L. Emission intensity was collected 
from 305 to 450 nm at 1-nm intervals upon excitation with 295 nm light. Spectra were 
subtracted employing a spectrum of pH 7.4 PBS to remove the contribution of the 
Raman peak of water. Inset: Emission peak maxima of MAbs A-L (±standard error of 
three trials). Peak positions were determined at the point at which the first derivative of 
the emission spectrum crossed the wavelength axis. MAb concentrations ranged from 
0.17 to 0.22 mg/mL
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derivative UV-absorbance spectroscopy, the average environment experienced 
by the Trp residues differs significantly. It must always be remembered that 
the fluorescence spectrum of a large protein like an immunoglobulin, reflects 
the average emission of many residues. In the case of IgG molecules, however, 
many of the Trp are conserved. For example, a Trp is often located near the 
disulfide bond in immunoglobulin variable domains, which frequently tends to 
 quenching of its fluorescence (Ohage and Steipe 1999; Martsev et al. 2002). 
While this might be expected to simplify comparative fluorescence spectros-
copy of IgG molecules, the frequent occurrence of the indole side-chain within 
hyper-variable regions potentially adds an increased degree of spectral vari-
ability. Fluorescence emission is also affected, among other factors, by details 
of the local environment of the indole ring including hydrogen bonding of 
the ring nitrogen (Lakowicz 1999; Burstein et al. 1973). Changes in Tyr con-
tent and environment can also alter Trp emission through variation in energy 
transfer events. Nevertheless, small changes in structure can still often be seen 
through changes in Trp emission.

3.5. Dynamic Light Scattering

Dynamic light scattering experiments provide an estimate of hydrodynamic 
size through mathematical analysis of a correlation function, reflecting the 
fluctuations in intensity of scattered light due to Brownian motion. The hydro-
dynamic diameters of the monoclonal antibodies determined from a cumulant 
analysis of the auto-correlation function are listed in Fig. 14-6. The values 
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auto-correlation function obtained on samples ranging from 1.79 to 1.96 mg/mL of 
antibody. Polydispersity values are listed above each bar
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range from 11.0 to 14.4 nm. Treatment of the scattering data employing this 
type of analysis can produce misleading results for heterogeneous systems. 
Because this type of analysis is performed by fitting a single exponential to 
the correlation function that is weighted by an intensity average of the scat-
tered light, systems with more than one size particle, such as aggregated IgG 
molecules can dramatically influence the analysis and ultimately the aver-
age size obtained can be in significant error. Polydispersity indices (PDI) 
of these measurements varied from 0.005 to 0.181 and indicate some size 
heterogeneity. Those antibodies with diameters >13 nm also produced higher 
PDI, suggesting the possible influence from larger particles. This is, in fact, 
expected since dimers and trimers are present to varying extents in each of 
the formulations. As indicated in the experimental section, a nonlinear least 
squares analysis of data from each protein finds such an aggregation peak, but 
it is not quantitatively reproducible due to the instability of the mathematical 
analysis. The cumulant analysis, however, still provides a sensitive way to 
detect the presence of associated species. The most frequent value measured 
was between 11 and 12 nm, and is comparable to other reported values of 
immunoglobulin diameters (Sukumar et al. 2004; Armstrong et al. 2004).

3.6. Differential Scanning Calorimetry

To characterize the thermal stability of the MAbs, differential scanning 
calorimetry was performed. Representative thermograms obtained for each 
antibody are shown in Fig. 14-7. All Tm values were above 60°C and as high 
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Fig. 14-7. Representative DSC thermograms of MAbs a-l. Thermograms are the 
result of heating from 10 to 100°C at 1°C/min with a Microcal™ capillary auto-DSC. 
Subtraction of a MAb-buffer scan with a buffer–buffer scan and subsequent normalization 
to protein concentration produced the representative thermograms. MAb concentrations 
ranged from 0.96 to 1.14 mg/mL



Chapter 14 Biophysical Signatures of Monoclonal Antibodies 241

as 83°C, suggesting significant thermal stability of each immunoglobulin. 
Although previous literature frequently suggests two conformational transi-
tions corresponding to the Fc and Fab regions of the molecule, the thermograms 
of these 12 antibodies exhibit from one to four distinct transitions (Vermeer 
and Norde 2000; Souillac 2005). These results suggest that the stability of 
these domains is surprisingly variable among this representative group of IgG 
molecules. This also emphasizes the utility of this approach for various phar-
maceutical applications given the uniqueness of the behavior of each antibody 
and the complexity seen in many cases.

3.7. Capillary Isoelectric Focusing

The isoelectric points of each MAb were measured employing a capillary 
electrophoresis based isoelectric focusing system equipped with an on-column 
imaging system. Measurements of pIs in this manner can greatly increase 
resolution (as low at 0.03 pI units). Upon focusing, immunoglobulins 
typically display a series of closely spaced bands often referred to as a 
“spectrotype.” As shown in Fig. 14-8, three to five peaks are typically seen, 
although in some cases as many as seven to nine bands can be resolved 
(not observed here (Perkins et al. 2000)). From the electropherograms, it 
is observed that the pIs of these molecules range from 7.29 (MAb D) to 
at least 9.50 (MAb E), the latter overlapping with the highest pI marker 
(Fig. 14-8). The observation of multiple isoforms has been primarily linked 
to deamidation of side chain asparagine residues (Perkins et al. 2000; Tsai 
et al. 1993; Mimura et al. 1995).
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Fig. 14-8. Representative electropherograms demonstrating the pI(s) of MAbs A-L. 
Isoelectric focusing experiments were performed employing a capillary electrophoresis 
instrument equipped with a CCD camera that measures absorbance at 280 nm for 
detection of separated protein bands. Calibration with pI markers at 3.47 and 9.50 
permitted determination of the protein pIs in the electropherogram. MAb concentrations 
were ~0.1 mg/mL prior to focusing
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4. Solubility

With the recent interest in the development of highly concentrated monoclonal 
antibody formulations, the ability to compare solubility is important to the 
identification of lead candidates for development of these formulations 
(Sukumar et al. 2004; Shire et al. 2004; Liu et al. 2005; Minton 2005). 
It is well known that the solubility of immunoglobulins can vary greatly 
from virtually insoluble to hundreds of g/L (Middaugh et al. 1979). To 
compare the apparent solubility of these MAbs, a method which determines 
the differential solubility in the presence of increasing concentrations of 
the inert solute PEG was employed (Middaugh et al. 1979). This data is 
extrapolated to zero PEG content and an “apparent thermodynamic activity” 
of the IgG is obtained. While the exact meaning of these numbers is unclear, 
they provide a relatively unbiased way of comparing the solubility of the 
12 proteins. The apparent saturation thermodynamic activities (aapparent) 
at 25°C of these MAbs in the presence of PEG ranged from 94 mg/mL 
(MAb A) to ~1,200 mg/mL (MAb F), but most were between 150 and 
300 mg/mL (Fig. 14-9). Thus, the values range over a factor of ten, but all 
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Fig. 14-9. Apparent saturation thermodynamic activity in PEG solutions of MAbs 
A-L at 25°C. Apparent activities were determined upon precipitation of the protein 
with 8,000 MW PEG as previously described (Middaugh et al. 1979). The negatively 
linear portion of a plot of apparent activity vs. PEG concentration (% w/v) was fitted, 
and the y-intercept was taken as the apparent thermodynamic activity of each MAb in 
the absence of PEG. The values permit a comparison of apparent solubilities of each 
antibody. R2 values ranged from 0.9891 to 0.9993. A total of 20 mg of each protein 
were used for this study
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appear to be relatively soluble. It must be remembered, however, that the 
antibodies employed in this study have been carefully selected previously for 
pharmaceutical development and are therefore, probably not representative 
of a more randomly selected population.

5. Discussion

A wide variety of monoclonal antibodies are currently being developed for 
the treatment of a broad range of diseases. A comprehensive understanding 
of the structure and stability of these molecules is necessary to achieve MAb 
formulations that maintain safety and retain potency when administered 
to patients after storage for 2–3 years. The development of monoclonal 
antibody formulations is aided by a number of orthogonal biophysical 
analyses which characterize relevant aspects of the physical nature of 
the proteins under various conditions. Although specific results of such 
measurements for specific antibodies are described in the scientific literature, 
a comprehensive study of a set of multiple antibodies that display a broad 
range of biophysical characteristics under identical solution conditions is not 
available. The work described in this chapter establishes an initial database 
for comparative use. Even though the monoclonal IgGs of this study possess 
significant sequence homology, it is clear that the differences present can 
have a profound impact on the various physical properties measured here. 
These differences are due to the intrinsic nature of a particular MAb and not 
necessarily related to the pharmaceutical properties of the molecules. By 
viewing the range of values commonly encountered, scientists can be better 
equipped to understand the significance of differences due to environmental 
factors (e.g. pH, ionic strength, etc.) and differences due to the intrinsic 
nature of the MAb itself.

To demonstrate the range of biophysical signatures of MAbs, spectroscopic 
calorimetric, electrophoretic and solubility methods were performed on a set 
of 12 monoclonal antibodies under identical solution conditions. A simple 
phosphate buffered saline solution was selected due to its common use. It 
should be recognized, however, that other buffers (e.g. histidine) are often 
used in actual pharmaceutical formulations. The secondary structure sensitive 
methods (CD and FTIR spectroscopy) suggested that the MAbs consisted 
largely of b-sheet structure, a previously well-established fact. There are, 
however, detectable differences especially in the FTIR spectra that suggest 
minor differences among the molecules. This technique is not at present 
sufficient to provide definitive information about the significance of these 
differences. Nevertheless, the Amide I FTIR spectrum is sufficient to provide 
a confirmation of the overall structural integrity of IgG monoclonal antibodies. 
Tertiary structure analyses based upon probing the environments of the various 
aromatic amino acids by derivative absorbance and fluorescence spectroscopies 
demonstrate that a distinct fingerprint is available for each protein studied 
here. Combined especially with structural perturbation (e.g. by temperature, 
pH, ionic strength, redox potential, agitation, freeze/thaw stress, etc.), it is 
clear that these methods provide a sensitive way to monitor the conformational 
stability of immunoglobulins. Similarly, by measuring their hydrodynamic 
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radius employing DLS, the size of the antibodies can also be used as a sensitive 
measure of physical stability (e.g. aggregation) even if precise size estimates 
cannot be readily obtained.

DSC is an especially valuable technique for monitoring the thermal stability 
of MAbs and the differential unfolding of some Ab domains can be seen 
over a remarkably wide temperature range. A typical IgG molecule contains 
12 individual domains (6 assuming identity through heavy chain/light chain 
symmetry). Domain/domain interactions are coupled with the unfolding 
behavior of many of the domains, but the presence of up to four distinct 
transitions illustrates the potential power of DSC to at least partially dissect 
the domain structure of these molecules. It is quite remarkable how small 
alterations in sequence can have such a dramatic impact on the strength of 
inter/intramolecular interactions that ultimately dictate the thermal unfolding 
and stability of these complex molecules.

The wide range in values and patterns seen upon the isoelectric analysis of 
these proteins also stakes a strong claim for the importance of this technique. 
While most of the other approaches used in this study reflect non-covalent 
phenomena, this technique primarily sees a form of chemical degradation, pri-
marily deamidation (Perkins et al. 2000; Tsai et al. 1993; Mimura et al. 1995). 
While such events may or may not have an effect on the binding properties 
and pharmacokinetic behavior of an individual antibody, the ease with which 
it can be monitored by this simple technique argues for its extended use and 
inclusion in future databases.

As an immediate consequence of its relevance to the development of highly 
concentrated MAb formulations, a measure of solubility of monoclonal 
antibodies would seem to be a desirable parameter. Because many antibodies 
will gel, phase separate or form amorphous suspensions when concentrated, 
conventional equilibrium solubility measurements are often difficult or 
impossible. The PEG precipitation method employed here, while providing 
an indirect measure of solubility does have a reasonable theoretical basis 
(Middaugh et al. 1979), is easy to perform and is especially useful in 
comparative studies. The wide range in apparent solubilities observed here is 
entirely consistent with previous studies (Lawson et al. 1988), and supports the 
more widespread use of this approach.

Due to the obvious importance of the biophysical characterization of 
monoclonal antibody formulations to their pharmaceutical development, 
having an understanding of the range of properties these proteins exhibit is 
useful. When new immunoglobulins are introduced into the development 
process, the ability to recognize normal from more aberrant behavior requires 
an understanding of those properties that are intrinsic to the MAb, and those 
that may reflect the presence and consequences of external factors. Thus, the 
data reported here can serve as the beginning of a comparative database for 
MAbs that should help to better understand the critical properties of these 
important therapeutic proteins.
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1. Introduction

Antibodies (Abs) are soluble serum glycoproteins that are involved in innate 
immunity. These soluble serum glycoproteins are categorized into five major 
classes, as IgA, IgD, IgE, IgG and IgM, of which IgGs are the major compo-
nents (Spiegelberg and Dainer 1979). IgGs contain four polypeptide chains, 
two identical light chains and two identical heavy chains. The light and heavy 
chains of IgGs are covalently linked through interchain disulfide bonds. IgGs 
contain four distinct domains, a variable domain and three constant domains: 
CH1, CH2 and CH3 domains (Edelman et al. 1969; Jefferis 1991). Variable 
and CH1 domains together constitute the Fab portion of IgGs whereas, CH2 
and CH3 domains constitute the Fc portion of IgGs. Fab and Fc portions are 
connected through a highly flexible hinge region that connects the two heavy 
chains through interchain disulfide bonds.

IgGs are further subdivided into four isotypes as IgG1, IgG2, IgG3 and IgG4. 
Major differences between these four isotypes of IgGs are in the number and 
arrangements of interchain disulfide bonds in the hinge region connecting the 
two heavy chains (Edelman et al. 1969; Spiegelberg and Dainer 1979; Jefferis 
1991). IgG1 and IgG4 isotypes contain two disulfide bonds each in the hinge 
region, whereas IgG2 contain four disulfide bonds and IgG3 contains thirteen 
disulfide bonds in the hinge region (Raju 2003). In addition to these differences, 
position of disulfide bonds linking the two light chains to the two heavy chains 
in the upper hinge region or in the CH1 domain also differs with isotypes.

In humans, among the four IgG isotypes, IgG1 isotype exhibits substantial 
amount of antibody effector functions (Liu et al. 1987; Wright and Morrison 
1997) including antibody dependent cellular cytotoxicity (ADCC) and 
complement dependent cytotoxicity (CDC). All the four IgG isotypes are 
N-glycosylated in the CH2 domain (Mizuochi et al. 1982). Structure and 
function of these Fc glycans may vary with the IgG isotypes (Raju et al. 
2000; Hamako et al. 1993). These Fc glycans affects antibody binding to Fc 
receptors and binding to complement activating factors such as C1q protein 
(Wright and Morrison 1997; Scallon et al. 2007a, b). Until recently, little was 
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known about the impact of Fc glycans on antibody stability. In this chapter, 
we discuss some of the recent data that show the importance of Fc glycans 
on antibody stability with respect to an increase in antibody resistance to 
proteases (Raju and Scallon 2006; Raju and Scallon 2007).

2. Biosynthesis of Fc Glycans

Biosynthesis of N-Glycans of IgGs in the Fc follows the same classical 
biosynthetic pathway of other well-characterized glycoproteins, in which 
oligosaccharyltransferase transfers a preassembled Glc3Man9GlcNA2 oli-
gosaccharide en bloc from dolichol phosphate to Asn 297 of the nascent 
polypeptide (IgGs heavy chain) in the endoplasmic reticulum (ER) (Kornfeld 
and Kornfeld 1985). Following this transfer, glucosidases mediate the removal 
of three Glc residues from the oligosaccharide chain to form Man9GlcNAc2 
oligosaccharide linked to the polypeptide chain (Schachter 1974, 1984). 
The next step in the process is the removal of a single mannose residue by 
mannosidase I to form Man8GlcNAc2 oligosaccharide on the polypeptide. 
At this stage, the entire polypeptide chain translocates from the ER into the 
cis-Golgi. In the cis-Golgi, three more mannose residues are removed by 
mannosidases to form Man5GlcNAc2 oligosaccharide. The Man5GlcNAc2 
oligosaccharide is the precursor for the initiation of biosynthesis of the com-
plex and hybrid type oligosaccharides. Once the polypeptide chain contain-
ing Man5GlcNAc2 oligosaccharide translocates into the medial-Golgi, the 
N-acetylglucosaminyltransferase – I (GnT-I) enzyme mediates the transfer of 
GlcNAc from UDP-GlcNAc to the O-2 position of the terminal Man residue 
in the a1 → 3 branch of the Man5GlcNAc2 oligosaccharide (Schachter 1986a, b;  
Campbell and Stanley 1984; Stanley et al. 1996). After the addition of 
GlcNAc, further removal of two more Man residues from the a1 → 6-branch 
is mediated by mannosidases to give the Man3GlcNAc3 oligosaccharide. 
Subsequent transfer of a GlcNAc residue from UDP-GlcNAc to the newly 
generated terminal Man residue at O-2 in the a1 → 6-branch is mediated by 
N-acetylglucosaminyltransferase – II (GnT-II). After the assembly of the com-
plex core oligosaccharide containing two terminal GlcNAc residues in the two 
arms of the biantennary oligosaccharide with a composition of Man3GlcNAc4, 
addition of a Gal, bisecting GlcNAc, NANA (or NGNA) and core Fuc resi-
dues occurs in the trans-Golgi mediated by the respective transferases from 
the respective nucleotide sugars as shown in Fig. 15-1 (Kornfeld and Kornfeld 
1985; Schachter 1986a, b, 2000).

3. Heterogeneity of Fc Glycans

As described above, biosynthesis of N-glycans is a complex process due to 
the involvement of many different enzymes including glycosyltransferases, 
glycosidases, nucleotide sugar synthetases, transporters etc (Schachter 2000; 
Raju et al. 1996). Because of the involvement of many different enzymes 
and substrates/acceptors, glycoprotein glycans are highly heterogeneous. 
These heterogeneous glycans often contain complex bi-, tri-, and 
tetraantennary oligosaccharides with or without core Fuc (Schachter 2000). 
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In addition, some of these glycans may also contain bisecting GlcNAc 
residues (Campbell and Stanley 1984). Besides complex oligosaccharides, 
glycoproteins may also contain high mannose and hybrid oligosaccharides 
due to incomplete processing and/or biosynthesis during the transport 
of nascent polypeptide chains through the ER and Golgi compartments 
(Kornfeld and Kornfeld 1985). Some glycoproteins may also contain 
phosphorylated and/or sulfated N-glycans (Zhou et al. 2004). Hence, 
N-glycans found in glycoproteins are often a microheterogeneous mixture 
of complex, high mannose and hybrid oligosaccharides (Raju et al. 1996). 
Such microheterogeneity of glycans is also due to the competition between 
various glycosyltransferases and glycosidases for the available acceptors or 
substrates within the ER and Golgi compartments (Stanley et al. 1996).

Fig. 15-1. Biosynthesis of N-Glycans. Processing of oligosaccharides to a complex 
biantennary structure is shown. The newly synthesized species Glc3Man9GlcNAc2 
is transferred from dolichyl diphosphate to the Asn-X-Ser/Thr sequence where is X 
is any amino acid residue except Pro. Arrows indicate sequence as the glycoprotein 
passes through the endoplasmic reticulum. After removal of the three terminal glu-
coses, the glycoprotein moves to the cis-Golgi, where it undergoes a series of steps 
through which mannose residues are trimmed by Alpha-mannosidases. Processing can 
stop at this point or proceed to yield Man5GlcNAc2. Newly synthesized glycoprotein 
then exits the Golgi and is transported to the cell membrane or is secreted. Symbols: 
glucose (Glc); mannose (Man); N-acetylglucosamine (Gn); fucose (Fuc); galactose 
(Gal); sialic acid (NANA)
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Fc glycans of IgGs are not different than the glycans found in cell surface 
and serum glycoproteins with the exception of complex oligosaccharides, in 
which only biantennary oligosaccharides with or without core fucose and 
bisecting GlcNAc are found in IgGs (Mizuochi et al. 1982; Rudd et al. 1991). 
To date, no complex tri- and tetraantennary oligosaccharides are found in the 
Fc region of IgGs (Parekh et al. 1989; Kobata 2000; Rifai et al. 2000; Ritchie 
et al. 2002). However, this simplicity of Fc glycans is abolished by the com-
pounded microheterogeneity of complex biantennary oligosaccharides due 
to the presence and/or the absence of multiple terminal sugars such as sialic 
acid, Gal and GlcNAc, bisecting GlcNAc, and core Fuc residues (Raju et al. 
2000). Often, Fc glycans contain exposed GlcNAc and Man residues of the 
core branch due to incomplete sialylation and also due to under galactosyla-
tion (Raju et al. 2001). In addition, IgG glycans in the Fc may also contain 
variable amounts of high mannose and hybrid type oligosaccharides (Kobata 
2000). Hence, Fc glycans of IgGs are often more heterogeneous than the gly-
cans found in serum and cell surface glycoproteins.

4. Human IgG Glycosylation

Fc glycans of human IgGs have been studied extensively and thoroughly 
characterized (Mizuochi et al. 1982; Rademacher et al. 1986; Kobata 2000). 
Major glycans of human IgGs are complex biantennary structures with core 
fucose and are terminated with 0, 1 or 2 Gal residues (abbreviated as G0, G1 
and G2 structures, respectively; see Fig. 15-2). The G1 structure is a mixture 
of two-branched isomers in which Gal is on either a1 → 3- or a1 → 6- arm 
(Fig. 15-2). In addition, human IgGs also contains ~10% of glycans that are 
missing core Fuc and ~10% of glycans contain bisecting GlcNAc (Raju et al. 
2000). Human IgGs may also contain minor amounts of high mannose struc-
tures (~2–5% of glycans) and hybrid structures (<1%).

Fig. 15-2. Structure of Major N-Glycans Found in human IgG. These structures differ 
only in the amount of terminal Gal content (Gn = N-acetylglucosamine; see Fig. 15-1 
for other sugar residues)
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Largest N-linked oligosaccharide structures found in human IgGs are the 
acidic oligosaccharides that are core fucosylated and sialylated complex 
biantennary oligosaccharides with [G2S2(Gn) structure] or without (G2S2 
structure) a bisecting GlcNAc residue (Fig. 15-3). These structures are present 
in human IgGs as minor components (<1% of total glycans; Rademacher et al. 
1986). The terminal sialic acid residues present in human IgGs are reported to 
be mainly a2 → 6-linked to the penultimate Gal residues of N-glycans (Jassal 
et al. 2001). This is in contrast to glycans present in serum and cell surface 
glycoproteins, in which majority of glycans contain a2 → 3-linked sialic acid 
residues (Varki 1996).

5. Species Specificity of IgG Glycans

Microheterogeneity of IgG glycans present in the Fc may vary with the spe-
cies (Raju et al. 2000). As described above, human IgG glycans are complex 
biantennary structures with heterogeneity due to the presence and/or absence 
of galactose, core fucose, bisecting GlcNAc and terminal sialic acid residues. 
In contrast, majority of glycans found in chicken serum IgGs are high man-
nose type oligosaccharide (Hamako et al. 1993; Raju et al. 2000). In addition, 
chicken serum IgGs also contain significant amounts of core fucosylated 
complex biantennary oligosaccharides with bisecting GlcNAc residues (Raju 
et al. 2000). However, acidic glycans found in both human and chicken IgGs 
contain only N-acetylneuraminic acid (NANA) residues (Raju et al. 2000). 
In contrast, serum IgGs from mouse, cow, goat, sheep, horse and rhesus 
contain only N-glycolylneuraminic acid (NGNA) residues. However, serum 
IgGs of dog, guinea pig, rat, rabbit and cat contain a mixture of both NANA 
and NGNA, albeit, in different proportions (Raju et al. 2000). The difference 
between NANA and NGNA is the presence of an additional oxygen atom in 
NGNA as shown in Fig. 15-4. In addition, serum IgGs of mouse, sheep, cow, 
goat etc may also contain terminal Gal a1 → 3 Gal epitopes (Galili 1999; 
Vanhove et al. 1998). Also, variations in core fucosylation of Fc glycans with 

Fig. 15-3. Structure of largest N-Glycans found in human IgG. These structures differ 
in the absence [G2S2] or in the presence [G2S2(Gn)] of bisecting N-acetylglucosamine 
only
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species were observed (Raju et al. 2000). Additionally, Fc glycans of IgGs 
with bisecting GlcNAc was only found in human, chicken, rhesus, cow, guinea 
pig, sheep, goat, rat, mouse and rabbit but not found in dog, horse and cat 
(Raju et al. 2000).

6. Disease Specific Glycosylation of IgGs

The microheterogeneity of human IgG glycans may also vary with age and gen-
der (Endo et al. 1993; Yamada et al. 1997). Such variations are often indicative 
of disease status (Yamada et al. 1997; Routier et al. 1997; Routier et al. 1998; 
Tsuchiya et al. 1994). For example, serum IgGs of rheumatoid arthritis patients 
contain less galactosylated glycans (i.e., more amounts of G0 structures) than 
the glycans from normal healthy people (Endo et al. 1993; Tsuchiya et al. 1994; 
Field et al. 1994; Rademacher et al. 1995). Serum IgGs from patients with other 
autoimmune diseases are also found to be less galactosylated compared to nor-
mal healthy individuals (Takahashi et al. 1987; Opdenakker et al. 2006; Arnold 
et al. 2007). Although no single reason has been attributed to this anomaly in 
IgG glycosylation of patients with autoimmune disorders, several investigations 
has been shown that there are multiple reasons for which a combination of over 
expression of either IgG degrading proteases or glycosidases are the possible 
cause (Malhotra et al. 1995; Popko et al. 2006). Additionally, it has been shown 
that b1,4-galactosyltransferase, an enzyme mediates the transfer of Gal residue 
from UDP-Gal to penultimate GlcNAc residue at O-4 position in b-configura-
tion, is poorly expressed in patients with autoimmune disorders (Keusch et al. 
1995; Alavi and Axford 1995).

7. Glycosylation in Recombinant IgGs

Biotechnology companies are currently producing recombinant IgGs (rIgGs) 
using recombinant DNA technology (Parekh et al. 1989; Pollock et al. 1999). 
About 21 of these rIgGs are currently being marketed as human therapeutics 

Fig. 15-4. Chemical structure of NANA and NGNA. These two variants of sialic acid 
residues differ only with one oxygen atom as indicated by arrow. NANA is found in 
human and chicken whereas NGNA was found in rodents and microbes. NGNA is also 
found in cow, sheep, goat etc
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to treat life-threatening diseases including cancer (Presta 2006; Presta 2007; 
Raju 2003, 2008). Several hundred more rIgGs are in clinical trials for devel-
opment as human therapeutics. Majority of the marketed (and those are in 
human clinical trials) rIgGs are produced using in vitro cell culture methods. 
Different biotechnology companies use different host cell lines to produce 
rIgGs (Parekh et al. 1989). A significant number of rIgGs are produced using 
Chinese hamster ovary (CHO) cells as host. Murine hybridoma cell lines such 
as NS/0, SP2/0 etc. are also being used as host cell lines to produce rIgGs 
(Scallon et al. 2007a, b). During the manufacturing process, expression level 
of rIgGs can vary from the cell lines and culture conditions (Parekh et al. 
1989; Andersen et al. 2000). For low expressing cells, several strategies are 
described to amplify the cell lines to improve expression level of rIgGs (Dorai 
et al. 2007). Some cell lines have been amplified to produce greater than 4 g of 
rIgG per liter of culture medium. Cell culture conditions are also manipulated 
to improve the expression level of rIgGs.

Integrity of polypeptide chains of rIgGs seems to be largely unchanged in the 
various host cell lines. However, significant changes in glycosylation pattern of 
rIgGs have been noticed (Scallon et al. 2007a, b). Glycosylation of rIgGs has been 
shown to vary by the cell line, which is analogous to variations in glycosylation 
of serum IgGs from different animal species (Raju et al. 2000). Glycosylation of 
rIgGs can also vary with the culture conditions and with expression levels (Raju 
et al. 2001; Parekh et al. 1989). Hence, glycosylation of rIgGs produced under 
different culture conditions will vary from batch to batch.

Glycosylation machinery of CHO cells is very similar to the human gly-
cosylation machinery (Stanley et al. 1996) – with several minor differences. 
Among these minor differences, notable one is that normal CHO cells do 
not contain N-acetylglucosaminyltransferase-III (GnT-III), an enzyme that 
mediates the transfer of bisecting GlcNAc (Fig. 15-5) to complex N-glycans 
(Campbell and Stanley 1984). Since the amount of bisecting GlcNAc-
containing oligosaccharides in human IgG is ~10% (Raju et al. 2000), the 
absence of bisecting GlcNAc-containing oligosaccharides in antibodies pro-
duced using CHO cells as hosts may affect bioactivity.

Fig. 15-5. Biosynthesis of bisecting GlcNAc containing N-glycans. N-Acetylglucosa-
minyltransferase-III mediates the transfer of GlcNAc from UDP-GlcNAc to G0 
oligosaccharide
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Another difference between CHO cell derived IgG and human IgG is in the 
nature of sialic acid linkages. As mentioned earlier, human IgGs may contain 
a2 → 6-linked sialic acid residues, whereas the CHO cell derived antibodies 
contain a2 → 3-linked sialic acid residues (Shah et al. 1998). However, the 
amount of sialylated oligosaccharides in both human and CHO cell derived 
antibodies is very small (<5% of glycans contain sialic acid residues) (Raju 
et al. 2000; Hamako et al. 1993).

Similar to IgGs derived from human serum, rIgGs produced in CHO cells 
mainly contain core fucosylated biantennary complex oligosaccharides termi-
nated with 0, 1, or 2 Gal residues (see Fig. 15-2). The relative proportions of 
G0, G1, and G2 oligosaccharides vary from batch to batch and are dependent 
on cell culture conditions (Umana et al. 1999a, b; Mimura et al. 2001a, b).

Glycosylation of rIgGs produced using cell lines derived from mouse and 
other mammals is also very similar to glycosylation of human IgGs (Raju 
et al. 2000; Hamako et al. 1993). However, several significant differences 
might affect product quality as well as bioactivity. Most mouse-derived cell 
lines contain a1 → 3-galactosyltransferase that mediates the transfer of Gal 
residues from UDP-Gal in a-configuration to the internal and/or exposed Gal 
residues (Fig. 15-6; Galili 1999; Vanhove et al. 1998). Another difference is 
that the rIgGs produced using mouse cell lines contain glycans with NGNA 
(Varki 1996). More than 95% of human and CHO cell derived antibody oli-
gosaccharides contain core Fuc residues (Raju et al. 2001). However, about 
10–40% of the mouse cell derived IgGs glycans do not seem to contain core 
Fuc residues.

8. Antibody Effector Functions and IgG Glycosylation

IgGs exhibit antibody effector functions in which these molecules mediate 
target cell killing by either ADCC or CDC mechanisms (Wright and Morrison 
1997). It has been shown that Fc glycosylation is required for IgGs to exhibit 
measurable ADCC or CDC activities (Morrison et al. 2002). Aglycosylated (or 
the enzymatically deglycosylated) antibodies do not show in vitro ADCC or 

Fig. 15-6. Biosynthesis of a-Gal containing N-Glycans. a1 → 3-Galactosyltransferase 
mediates the transfer of Gal from UDP-Gal to G2 oligosaccharide
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CDC activities (Wright and Morrison 1994; Wright et al. 2000; Morrison et al. 
2002). This is because Fc glycans affect the antibody binding to Fc receptors 
that is required for ADCC activity. Similarly, glycosylated antibodies bind to 
C1q protein, whereas aglycosylated (or enzymatically deglycosylated) antibod-
ies do not bind to C1q protein (Jefferis 1993). Since C1q is the first component 
of the complement cascade, binding to C1q protein is required for CDC activity 
of antibodies (Burton et al. 1980; Duncan and Winter 1988). Hence, Fc glycans 
play important role in defining the IgGs cell killing mechanisms. Additionally, 
several terminal sugars have been shown to dramatically affect the ADCC 
and/or CDC activity (Umana et al. 1999a, b; Shields et al. 2002; Scallon et al. 
2007a, b). For example, non-fucosylated or partially fucosylated antibodies 
have been shown to exhibit dramatically improved ADCC activities than the 
completely fucosylated antibodies (Scallon et al. 2007a, b; Presta 2002). This 
increase in ADCC activity of non-fucosylated antibodies is due to increased 
binding of FcgRIIIa receptor (Mimura et al. 2001a, b; Scallon et al. 2007a, b).  
Terminal sialylation of Fc glycans also affect ADCC activity in a very similar 
way (Scallon et al. 2007a, b). Increased sialylation results in decreased ADCC 
activity of antibodies due to decrease in binding of FcgRIIIa receptor (Scallon 
et al. 2007a, b). Although Fc glycans do not appear to affect antibody bind-
ing to antigens, terminal sialylation may affect the binding of antibodies to 
immobilized antigens largely due to an avidity affect on antigen–antibody 
interactions (Scallon et al. 2007a, b). In contrast to the core Fuc and terminal 
sialic acid residues, presence of bisecting GlcNAc has been shown to increase 
ADCC activity of antibodies (Umana et al. 1999a, b). This increase in ADCC 
activity of bisecting GlcNAc containing antibodies is also due to increased 
binding to FcgRIIIa receptor (Umana et al. 1999a, b; Mimura et al. 2001a, b; 
Davies et al. 2001).

Although non-galactosylated antibodies bind to C1q protein, their relative 
binding affinity is significantly less than the binding affinities of galactosylated 
antibodies (Hodoniczky et al. 2005). Hence, the extent of galactosylation of 
IgGs affects the C1q binding and affects the CDC activity. However, ADCC 
does not appear to be dependent on the extent of galactosylation of antibodies 
(Hodoniczky et al. 2005; Scallon et al. 2007a, b).

9. IgG Cleaving Proteases

IgGs are globular proteins and hence they are more resistant to proteases than 
the normal serum proteins and glycoproteins. Under physiological conditions, 
common proteases such as trypsin, chymotrypsin, pronase, etc do not appear 
to cleave IgGs (Raju and Scallon 2006). Further, IgGs concentration in the 
serum is very high (~10 mg/ml serum) and hence they are capable of escaping 
degradation by proteases that may be present in the serum at very low concen-
tration. However, certain specific proteases such as matrix metalloproteases 
(MMPs such as MMP3, MMP12 etc), neutrophil elastase, cathepsin etc can 
cleave IgGs in the Fc and/or in the hinge region (Zhu and Yu 2006). Some of 
these proteases have been shown to be overexpressed under certain disease 
conditions (Kageyama et al. 2000). These proteases cleave IgGs into Fab or 
F(ab’)2 and Fc or truncated Fc fragments (Kotajima et al. 1998). Some of the 
proteases that cleave IgGs into these fragments are shown in Table 15-1.
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In addition to the proteases expressed in human that cleave IgGs under 
physiological conditions, some proteases expressed in microorganisms also 
can degrade IgGs into specific fragments. One such enzyme is IdeS (IgG 
degrading enzyme of Streptococcus equi ssp. equi) that cleaves IgGs into 
F(ab’)2 and truncated Fc fragments (Hess et al. 2007). IdeS cleaves IgGs at a 
much faster rate than MMPs and other physiologically relevant proteases. In 
addition to IdeS, other bacterial enzymes such as staphylokinase and strep-
tokinase also degrade IgGs, but these enzymes specificity is different as they 
digest IgGs into Fab and Fc fragments.

Physiologically relevant proteases like MMPs and bacterial enzymes like 
IdeS cleave IgGs under physiological pH. However, pepsin cleaves IgGs into 
F(ab’)2 under acidic conditions. Pepsin is also a non-specific enzyme and 
hence the enzyme digestions need to be controlled to obtain F(ab’)2 fragments 
(Raju and Scallon 2006). Although the Fab portion of IgGs is more resistant 
to protease digestions than the Fc portion, under acidic conditions pepsin can 
even digest the Fab portion into smaller peptides (Bennett et al. 1997).

Papain is a sulfhydryl protease from papaya plants that cleaves IgGs into 
Fab or F(ab’)2 and Fc or truncated Fc fragments as shown in Fig. 15-7. In the 
presence of cysteine, papain cleaves IgGs into Fab and Fc fragments (Bennett 
et al. 1997). In the absence of cysteine, preactivated papain cleaves IgGs into 
F(ab’)2 and truncated Fc fragments. Hence, IgGs contain two papain digestion 
sites, one in the upper hinge region and the other in the lower hinge region. 
In addition there are secondary papain digestions sites in the CH2 and CH3 
domains (Bennett et al. 1997). Hence, papain digestion reactions need to be 
controlled to produce proper fragments from IgGs. Similar to papain, ficin 
from fig latex also cleaves IgGs into fragments. Both papain and ficin are 
sulfhydryl proteases that possess similar properties similar to physiologically 
relevant proteases such as MMPs.

Table 15-1. List of proteases that cleave IgGs into Fab and F(ab’)2 fragments.

Proteases Common sources Reaction products Comments

Gelatinase A (MMPa-2) Human F(ab’)2 Requires Ca++

Stromelysin (MMP-3) Human F(ab’)2 Requires Ca++

Matrilysin (MMP-7) Human F(ab’)2 Requires Ca++

Gelatinase B (MMP-9) Human F(ab’)2 Requires Ca++

Macrophage elastase (MMP-12) Human F(ab’)2 Requires Ca++

Neutrophil elastase Human Fab Inflammatory enzyme

Cathepsin G Human F(ab’)2 Inflammatory enzyme

IdeSb Bacteria F(ab’2) Found in infectious agents

Staphylokinase Bacteria Fab Found in infectious agents

Streptokinase Bacteria Fab Found in infectious agents

Pepsin Human, Pig etc F(ab’2) Requires acidic pH. nonspecific

Papain Papaya Plants Fab, F(ab’)2 Requires l-cysteine for activity

Ficin Fig latex Fab, F(ab’)2 Requires l-cysteine for activity
aMMP matrix metalloproteinases
bIdeS IgG degrading enzyme of Streptococcus pyogenes (see Hess et al. 2007)
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10. Fc Glycosylation Increases Antibody  
Resistance to Papain

As described above, the role of Fc glycans on antibody functions has been 
thoroughly investigated. But, until recently, not much was known about the 
effect of Fc glycans on the antibody stability with particular reference to 
protease resistance. Glycans have been shown to increase resistance of glyco-
proteins to proteolysis (Bennett et al. 1997). Since Fc glycans are sequestered 
in the space between the two CH2 domains of heavy chains, their effect on the 
antibody resistance to proteases may be different than the effect of glycans on 
glycoproteins, in which the glycans are exposed on the surface. Further, Fc 
glycans are sequestered in and around the region of cleavage sites of papain 
and MMPs. Using papain as a model, enzyme an investigation was carried out 
to compare the protease resistance of glycosylated and deglycosylated anti-
bodies along with their corresponding Fc fragments (Raju and Scallon 2006). 
It was discovered that glycosylated IgGs and their corresponding Fc fragments 
are more resistant to papain digestions than the respective deglycosylated IgGs 
and Fc fragments. Glycosylated IgGs and the corresponding Fc fragments 
showed increased resistance to papain digestions, both at the primary papain 
digestion sites as well as at the secondary papain digestion sites suggesting 
that the Fc glycosylation increases antibody resistance to proteases (Chuang 
and Morrison 1997; Raju and Scallon 2006).

11. Role of Terminal Sugars on Antibody  
Resistance to Papain

Complex N-glycans of cell surface glycoproteins are usually terminated with 
sialic acid residues. However, as described earlier, complex N-glycans that 
are found in Fc of IgGs are a heterogeneous mixture of oligosaccharides with 

Fig. 15-7. Papain digestion sites in IgGs. In the presence of l-cysteine papain digests 
IgGs into Fab and Fc fragments. In the absence of l-cysteine, preactivated papain 
digests IgGs into F(ab’)2 and truncated Fc fragments
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multiple terminal sugars. Presence of terminal sugars such as sialic acid and 
core fucose may negatively affect the antibody functions and the presence of 
terminal Gal and/or bisecting GlcNAc may affect the antibody functions posi-
tively. Recently, it has been shown that different terminal sugars have differen-
tial effect on the antibody resistance to a protease (Raju and Scallon 2007). In 
this study, homogeneous antibody glycoforms terminated with either GlcNAc 
(G0 glycoform), or Gal (G2 glycoform) or NANA residues (G2S2 glycoforms) 
were prepared by in vitro glycoengineering methods (Raju et al. 2001). Papain 
digestion of these homogeneous glycoforms indicated that the G0 glycoform 
of IgGs was more resistant to protease digestion than the G2 and G2S2 glyco-
forms (Raju and Scallon 2007). A similar pattern was seen for intact IgGs, as 
well as for Fc fragments, suggesting that the IgGs containing terminal GlcNAc 
residues in their Fc glycans are more resistant to proteases. These observations 
suggested that, in addition to impacting the antibody effector functions, termi-
nal sugars might also play a role defining the antibody resistance to proteases, 
hence affecting the antibody stability (Raju and Scallon 2007).

12. Effect of Fc Glycans on Antibody Structure

Human IgG Fc fragments of G2 and G0 (see Fig. 15-8 for structure of G2) 
glycoforms have been co-crystallized in complexation with miniZ peptide, an 
engineered 2-helix version (Z34C) of the B domain of protein A, and their 
X-ray crystal structures were resolved at 1.65 and 2.3 Å, respectively. The 
miniZ peptide complexation with Fc was used to increase the resolution of 
the Fc crystal structure, resulting in the creation of high-resolution structures 

Fig. 15-8. Crystal structure of G2-miniZ complex. X-ray crystal structure of IgG Fc 
fragment of G2 glycoform in complexation with miniZ peptide at 1.65 Å is shown
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of the homogeneous glycoforms of Fc (Kelley et al. 1992; Braisted and Wells 
1996; Starovasnik et al. 1997; Deisenhofer 1981; Sauer et al. 1995).

The crystal structures of both glycoforms show that the Fc fragment of IgG1 
is a disulfide-linked dimer of two identical heavy chains consisting of CH2 and 
CH3 domains. Each heavy chain portions is related by a nearly perfect twofold 
axis. The G2 and G0 complex with miniZ (G2-miniZ) crystallized as a single 
Fc fragment bound to one miniZ molecule in the asymmetric unit. The differ-
ence between the CH2 and CH3 domains results from high temperature factors 
associated with two loops located near the bottom of the CH2 domain, one of 
which is bound to the oligosaccharide moiety. The CH3 domain has a lower 
overall temperature factor due to its packing contact with a symmetry related 
chain, but does contain two loop regions that are solvent exposed and have 
high temperature factors.

13. G2 Oligosaccharide Structure

The G2-miniZ complex contains two identical complex biantennary oligosac-
charides, each consisting of 4 GlcNAc, 3 Man, 2 Gal, and 1 Fuc. The sugar 
residues, from GlcNAc linked to Asn297 up to the mannose core and along 
the a1 → 6-branch up to the Gal residue have low temperature factors. The 
GlcNAc and Gal residues in the a1 → 3-branch are not as well resolved as 
with the Gal in the a1 → 6-branch. The Gal and GlcNAc residues in the 
a1 → 3-branch possibly have multiple conformations. The Fuc attached to 
the GlcNAc that in turn linked to Asn297 also has high temperature factors 
and may also adopt multiple conformations. A total of six hydrogen bonds 
(H-bonds) between sugar residues and amino acid residues were observed in 
G2-miniZ complex (Fig. 15-9a). The core GlcNAc residue linked to Asn297 
forms a H-bond with the Arg 301. The second GlcNAc in the core region 
H-bonds with Lys246. The Gal residue present in the a1 → 6 branch H-bonds 
with the Lys 246 and Thr260 and the GlcNAc residue carrying Gal residue in 
the a1 → 6 branch H-bonds with the Asp 265. The sugars from both Fc mono-
mers have very little contact with each other except there is a carbohydrate-
carbohydrate type interaction between the two Man residues (see Fig. 15-10) 
in the a1 → 3-branch of two oligosaccharides, which are in a buried surface 
(Raju 2008).

14. The Carbohydrate Structure Comparison  
of G2 and G0 Complexes

When either the CH2 or the CH3 domains are superimposed, the relative 
orientation of the core and a1 → 6-branch sugar residues remains constant 
for the G2 and G0 complexes suggesting very little freedom of motion. In 
the crystal structures, the a1 → 3-branch moves by as much as 0.83 Å when 
comparing the GlcNAc residue in the G2 and G0 complexes. The mannose 
from chain A in the a1 → 3-branch has little hydrophobic contact with the 
a1 → 3-mannose from chain B (Fig. 15-10). In the G2, Gal O2 H-bonds to Thr 
260 OG1 and is also 2.8 Å from the carbonyl oxygen of Pro244. In G0, Lys 
246 no longer hydrogen bonds to GlcNAc (Fig. 15-9b). Since the Gal is gone 
in the a1 → 6-branch, the stretch from Pro244 to Pro 247 would be slightly 
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destabilized in the G0-miniZ complex. Water now occupies the space near 
where the Gal O-2 resided and now bridges the carbonyl oxygen of Pro244 
to Thr 260, which would provide some stabilizing energy. In the absence of 
Gal and GlcNAc residues, the G-2-miniZ complex also has similar structural 
properties like the G0-miniZ complex.

In the X-ray structures, as the carbohydrate structure is truncated, tertiary 
structure of the Fc appears to be affected as evidenced by the loss of 

Fig. 15-9. (a) Hydrophilic interactions between G2 Oligosaccharide and amino 
acid residues. The X-ray crystal structural analysis shows six hydrogen bonds 
formed between the sugar residues and amino acid residues. (b) Hydrophilic interac-
tions between G0 oligosaccharide and amino acid residues. The X-ray crystal struc-
tural analysis shows only two hydrogen bonds formed between the sugar residues 
and amino acid residues

Lys 246

Thr 260

Phe 243

Phe 241
Arg 301

Asp 265

Lys 246

Thr 260

Phe 243

Phe 241

Arg 301

Asp 265

a

b
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resolution in the X-ray structure and the uniform increase in B-factors (Krapp 
et al. 2003). An NMR study using selective 13C labeling of the glycans in 
a murine IgG2b supports the interpretations from the X-ray data (Gilhespy 
et al. 1994; Yamaguchi et al. 1998). In this NMR study, researchers concluded 
that the mobility of the carbohydrate chain is comparable to that of the 
polypeptide backbone chain with the exception of the galactose residue at 
the nonreducing end of the a1 → 3 branch, which is extremely mobile and 
that agalactosylation does not induce any significant change in the mobility 
(Yamaguchi et al. 1998).

15. Conclusions

The importance of IgG glycosylation in the Fc has been studied for several 
decades and the literature is replete with information on the impact of Fc 
glycans on biological activity of IgGs. In addition to these aspects, this chapter 
discusses a new aspect of Fc glycans and their impact on antibody resistance to  
proteases. It is now clear that the Fc glycans increase antibody resistance  
to proteases (Raju and Scallon 2006). Structural analyses of Fc by X-ray 
and NMR studies show a hydrophobic interaction between the two core Man 
residues in the a1 → 3-branch of two complex oligosaccharides (see Fig. 15-10) 
(Laskowski et al. 1996; Wormald et al. 1997; Yamaguchi et al. 1998; Krapp 
et al. 2003). This hydrophobic interaction seems to be necessary to maintain 
proper Fc conformation to provide increased resistance to proteases (Raju 
2008). Fc glycosylation is also necessary for IgGs to exhibit ADCC and CDC 
activities underscoring the importance of hydrophobic interaction between 
the two Man residues (Raju 2008). Without this hydrophobic interaction, the 
antibody molecule may bulge a little, which in turn increase the hydrodynamic 

Fig. 15-10. Carbohydrate–carbohydrate interactions between the two Fc N-glycans. 
The X-ray crystal structural analysis shows a hydrophobic interaction between the 
two-mannose residues present in the a1 → 3-branch or each oligosaccharide chain
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volume thus altering the confirmation in the CH2 domain. This structural 
perturbation may be responsible for the increased protease sensitivity, and loss 
of ADCC and CDC activities of aglycosylated (or deglycosylated) antibodies. 
Along with the X-ray and NMR structural analysis, studies from differential 
scanning microcalorimetry of glycosylated and aglycosylated mouse IgG2b-Fc 
revealed significant differences in the stability of both CH2 and CH3 domains 
between the glycosylated and aglycosylated forms (Tishchenko 1998). The 
free energy of stabilization of the aglycosylated CH2 domain was decreased 
suggesting it to be less structured, in agreement with its observed increased 
susceptibility to proteases (Tishchenko 1998; Simonson and Brunger 1992).

Interestingly, similar conclusions could be drawn from comparative studies 
of galactosylated (G2) and agalactosylated (G0) glycoforms of human 
IgG1-Fc fragments, with a lower enthalpy for the G0 glycoform, relative to 
the G2 glycoform, being evident, possibly reflecting the loss of hydrophilic 
interactions between oligosaccharides and CH2 domains (Ghirlando et al. 
1999; Tao and Morrison 1989). These data have been interpreted as supporting 
the proposal that in the absence of a a1 → 6 branch galactose residue the 
oligosaccharide chain is more mobile (Corper et al. 1997; Ghirlando et al. 
1999). The contribution of Phe 241 and Phe 243, Asp 265 and Arg 301 may 
provide the majority of the stabilization for CH2 oligosaccharide interaction, 
and the remaining stabilization energy comes from the Gal (in a1 → 6-branch) 
interactions with Lys 246 and Thr 260 residues (see Fig. 15-10). These 
hydrophilic and hydrophobic interactions between galactose and amino acid 
residues may play a role in increasing the binding affinity of galactosylated 
antibodies to C1q protein. But such interactions might also increase the 
accessibility of amino acid residues to proteases, thus decreasing the resistance 
of galactosylated antibodies to proteases. Although no solution or crystal 
data is available for sialylated antibodies, it is tempting to speculate that the 
molecular interactions between sialic acid residues and amino acid residues 
are the reasons for decreased resistance of sialylated antibodies to proteases. 
Sialic acid is negatively charged and bulkier than most monosaccharides found 
in animal glycoproteins. The charge and bulkiness might also affect the Fc 
conformation and hence affect antibody stability and biological activity. Minor 
structural variations in Fc glycans not only affect the antibody functions but 
also antibody resistance to proteases and hence antibody stability.
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1. Introduction

Therapeutic antibodies currently make out a considerable part of the thera-
peutic proteins sales world-wide, with a broad range of drugs currently on the 
market and with antibodies making out a large fraction of ongoing clinical 
trials. From the therapeutic antibodies currently on the market, it has become 
clear that all are immunogenic to a certain extend. Their immunogenicity is 
characterized as the fraction of patients and subjects treated that mount anti-
drug-antibodies (ADA) against the therapeutic antibody.

Therapeutic antibodies are currently mainly addressing disease in the cancer 
and inflammatory field, while selected antibodies are developed to treat viral 
diseases.

Immunogenicity was originally believed to be mainly linked with murine 
antibodies. Indeed, the first generation and diagnostic antibodies were 
initially murine antibodies, typically showing a high immunogenicity. With 
the advent of novel technologies developing chimeric and fully human or 
humanized antibodies, in conjunction with optimized production, purification 
and formulation technologies, the immunogenicity of several therapeutic 
antibodies could be reduced to a certain extend. Classification of the 
therapeutic antibodies (Hwang and Foote 2005) shows an overall reduction 
of immunogenicity related to fully human antibodies compared to murine 
antibodies.

However, it has become clear that fully human and humanized antibodies 
do also show significant immunogenicity levels. Moreover, while several 
therapeutic antibodies were originally developed for an oncology setting, 
where immunogenicity might be a lesser important drug characteristic, these 
drugs have shown their therapeutic use in inflammatory and auto-immune 
diseases. In the latter setting, their chronic use in combination with a different 
patient population shows significantly different immunogenicity related to the 
drug. Indeed, some of the currently available fully human antibodies lead to 
significant immunogenicity in patients over time.
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The growing insights and data gathered on immunogenicity has lead to 
the development of an EMEA guideline to address immunogenicity and the 
development of a related immunogenicity risk management plan. While the 
European guidance is addressing protein therapeutics in general, it forms a 
solid basis for the assessment of immunogenicity related to antibody thera-
peutics, addressing both the likelihood and the severity of the drug-related 
immunogenicity.

2. Immunogenicity Drivers

Multiple factors contribute to a potential immunogenicity of protein therapeutics 
(EMEA 2008). Immunogenicity drivers can be patient/disease related, as well 
as related to the drug itself.

2.1. Patient and Disease Related Immunogenicity Drivers

Immunogenicity is influenced by genetic factors that influence the immune 
response, such as the patients HLA haplotype, but also genetic factors 
related to a gene defect play a role. For example, the use of FactorVIII as a 
substitution product, will differentiate in immunogenicity in healthy people, 
where the protein is endogenous, as compared to patients with reduced 
FactorVIII level or even lacking the protein, which influences immunological 
tolerance. Immunogenicity is observed against proteins with amino acid 
sequences identical to fully human proteins, and can be influenced by gene 
polymorphisms.

Immunogenicity against a protein therapeutic can be age-related, as for e.g., 
the protein turn-over is different in youngsters when compared to adults. This 
has led to different observed immunogenicity of e.g., infliximab in the treat-
ment of rheumatoid arthritis and juvenile arthritis at a comparable dose.

Disease related factors strongly influence immunogenicity. Generally, ther-
apeutic antibodies used in an oncology setting are typically less immunogenic 
than usage of the same antibodies in inflammatory and autoimmune diseases. 
Immunomodulating factors will influence the observed immunogenicity of 
the therapeutic antibodies, as some of them have an immunostimulating or 
immunoreducing activity. Moreover, concomitant treatment further influences 
the observed immunogenicity. For example, the use of the disease modifying 
anti-rheumatic drug (DMARD) MTX significantly reduces the observed 
immunogenicity both for adalimumab and infliximab (Baert et al. 2003). 
Moreover, immunogenicity can be influenced by previous exposure to similar 
or related proteins.

Further factors that influence the immunogenicity are the duration of treat-
ment, the route of administration and treatment modalities. Therapeutic anti-
bodies used in a repeated dosing scheme, or with intermittent dosing scheme 
changes, have a higher likelihood to induce immunogenicity in patients as 
opposed to short dosing schemes to treat acute indications. In general, the 
observed immunogenicity against antibody therapeutics will increase as 
patients groups are subjected to the drug over longer periods (Goldstein et al. 
1986; Schroeder et al. 1989). Long term usage of adalimumab leads to 18% 
immunogenicity, as opposed to 5–12% immunogenicity in shorter studies. 
Intravenous administration reduces the likelihood of an immune response 
as opposed to subcutaneous and intramuscular injection, where a different 
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immunological subsystem is triggered through the Langerhals and dermal 
dendritic cells.

2.2. Product Related Immunogenicity Drivers

Protein therapeutics are high molecular weight molecules with complex 
chemical structures and are often subject to post-translational modification. 
The production process and the producing organism alter the protein therapeu-
tic in a subtle way, which consistently leads to a subtle variability in the end 
product. Suitable bioanalytical methods should be employed to characterize 
glycosylation, deamidation, oxidation, and other factors (EMEA 2008), and 
to identify the presence of degradation products and alternative glycosylation 
patterns, thereby ensuring an end product variability within acceptable vari-
ability limits. The composition of the formulation of the protein therapeutic 
should best maintain the conformation of the therapeutic, and should involve 
the use of excipients. As the formulation and the source of the excipients can 
alter immunogenicity, any formulation change should be strictly evaluated.

A major contributor to immunogenicity is the degree of “foreignness” of a 
protein to the host. It is indeed more likely to observe high immunogenicity to 
a bacterium derived protein therapeutic such as staphylokinase, as compared 
to a protein that shows high homology to a circulating, endogenous protein, 
such as EPO. Over the past 20 years, the immunogenicity of antibody thera-
peutics has been reduced significantly by developing fully human and human-
ized therapeutics, as compared to the first and second generation murine and 
chimeric therapeutic antibodies (Hwang and Foote 2005).

Aggregate and immune-complex formation are major drivers of an immune 
response and hence immunogenicity. Firstly, aggregates can be more readily taken 
up by antigen presenting cells, leading to a humoral immune response with strong 
T-cell support. Secondly, some aggregate variants showing repeated structure, 
are able to crosslink B-cell receptors, thereby inducing B-cell proliferation and 
activate a T-cell independent immune response (Bachmann et al. 1993).

Factors leading to aggregate formation include formulation, production 
processes, storage conditions and/or the physicochemical characteristics of the 
protein drug itself. In some cases, drug handling has been reported as leading 
to the formation of (transient) aggregates, for instance when using sub-optimal 
dilution agents or upon fast dilution of the drug.

Upon immune responses against aggregated drug, proper characterization of 
the antibody response should be performed, identifying whether the ADA response 
is directed against the aggregate and/or the free, non-aggregated protein.

Immunogenicity has been reported to be driven by endotoxins, lipids and 
production method related DNA. With production and purification processes 
improving over time, leading to end products of higher purity and homogene-
ity, the incidence of anaphylactic shock or allergy due to the protein thera-
peutic has strongly decreased over time. However, recent novel production 
organisms have shown altered immunogenicity profiles.

2.3. Immunogenicity Incidence Versus Severity

When assessing the risk related to immunogenicity, both the likelihood as well 
as the severity of the observed immunogenicity should be addressed. In some 
cases, the likelihood to mount an immune response towards a protein therapeutic 
is high, while no severe adverse effects occur rare cases of immunogenicity  
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can indeed lead to severe side effects, as has been reported by the use of recom-
binant EPO, leading to anti-drug antibodies (ADA) cross reacting with endog-
enous EPO, hence leading to PRCA in a number of patients treated (Casadevall 
et al. 2002).

Upon developing any protein therapeutic, a risk management should be 
developed addressing the likelihood, incidence and expected adverse effects 
related to the immunogenicity.

While the current guidelines are developed for protein therapeutics in gen-
eral, some of the aspects have to be taken into account in the development of 
antibody therapeutics.

In general, the effects of ADA against therapeutic antibodies result in 
altered drug efficacy and pharmacokinetics. Eventually, the advent of ADA 
against a therapeutic protein could lead to elimination of the drug in the patient 
and hence the deletion and/or inefficacy of the drug.

Immunogenicity can be further reduced by taking special care to the formu-
lation, the avoidance of aggregates or degradation products, and controlling 
the development of immunocomplexes.

Recent developments focusing on Fc engineering and antibody-fusion protein 
might increase the risk for immunogenicity of the antibody therapeutic. In view 
of amino acids substitutions in the antibody constant parts, the possibility of 
raising cross-reactive antibodies with endogenous Fc should get the necessary 
attention. It is unlikely however that the tolerance against the Fc can be broken.

3. Strategies to Identify Anti-drug Antibodies

Fig. 16-1 depicts a comprehensive strategy to address immunogenicity during 
the different developmental stages of a therapeutic antibody.

As immunogenicity is defined as the fraction of patients developing ADA, 
the actual measurement of immunogenicity can only be performed after 
administration of the drug to patients. However, in silico and in vitro tools can 
be used to compare and predict eventual immunogenicity.

Fig. 16-1. A comprehensive assessment of the immunogenicity risk throughout the 
drug development process involves early stage in silico methods, in vitro methods 
during development and formulation, and a combination of anti-drug antibody screening 
methods during pre-clinical, clinical and postmarketing stage
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Several whitepapers and guidance have been developed to address the 
measurement of ADA in patients and at pre-clinical level (EMEA 2008; 
Gupta et al. 2007; Koren et al. 2008; Mire-Sluis et al. 2004a, b; Shankar 
et al. 2008).

A tiered approach has been suggested where different assays identify and 
characterize ADA levels and types upon (repeated) administration of a drug. 
Typically, the first step is to develop a screening assay to identify potential 
ADA responses in patient samples. This assay should be validated to its 
intended use, and avoid false negatives while allowing for a number of false 
positive samples. A confirmatory assay should be able to differentiate the false 
positive from the real positive samples, thereby identifying all positive patient 
responses. Eventually, assays should be developed to further characterize the 
ADA response, by identifying the neutralizing nature of the ADA and deter-
mining the ADA isotypes Fig. 16-2.

Fig. 16-2. Tiered approach to measure ADA against protein therapeutics
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ADA assays generally involve techniques such as direct, indirect and 
bridging ELISA, complemented with surface plasma resonance, chemilumi-
nescence and/or radio-precipitation based assays. In specific cases, cell-based 
assays are used to determine the neutralizing capacity of the ADA response.

During the development of assays for ADA against therapeutic antibodies, 
“drug interference” effect should be avoided, and specific antibodies should 
be measured. Measurement of ADA in the presence of the therapeutic anti-
body can show difficult, and the high concentration of non-specific antibodies 
in the patients should be taken into account. Especially the differentiation 
between neutralizing and non-neutralizing specific ADA can be challenging. 
For antibodies with long half life, a long wash-out period should be selected 
(Mire-Sluis et al. 2004).

Table 16-1 compiles published data on immunogenicity of therapeutic anti-
bodies. The table shows that due to different assays used and their respective 
sensitivities, the observed immunogenicity data cannot be easily compared 
throughout studies. Moreover, studies often comprise a small number of 
patients, whereas different studies often rely on different treatment schemes 
based on the individual medical history and disease state of the patients. 
Therefore, care must be taken not to over-interpret immunogenicity data.

An example of the variability of observed immunogenicity amongst 
similar clinical studies is alemtuzumab, a humanised anti-CD52 antibody 
used in the treatment of rheumatoid arthritis (RA), where 6 clinical studies 
performed between 1995 and 2005 report ADA levels between 0 and 75% 
(Isaacs et al. 1992; Weinblatt et al. 1995; Isaacs et al. 1996a, b; Reiff 2005). 
Combining the data results in an immunogenicity of 45% in 120 patients, 
whereas the usage of alemtuzumab in the treatment of B-cell chronic 
lymphocytic leukemia (B-CLL) results in only 1.9% HAHA response for a 
group of 167 subjects. This suggests the influence of the disease state on the 
antigenic response.

Similarly, the chimeric antibody rituximab, targeting the B-cell differentia-
tion antigen CD20, does not elicit an ADA response when treating patients 
suffering from B-CLL (Piro et al. 1999; Davis et al. 2000). This may be 
explained by the combination of three factors: the antibody causing B cell 
depletion, the patient having a B-cell lymphoma and the concomitant use of 
immunosuppressive drugs. Immunogenicity of rituximab on the treatment of 
auto-immune diseases like systemic lupus erythomatosus or primary Sjogren’s 
syndrome, results in immunogenicity levels reaching respectively 65 and 
27%, with concomitant use of immunosuppressive drugs (Looney et al. 2004; 
Pijpe et al. 2005).

Reported immunogenicity on the fully human therapeutic protein adalimumab, 
targeting TNF-alpha, in the treatment of RA was reported between 1 and 12% 
(van de Putte et al. 2004; Weinblatt et al. 2003; Package insert; Keystone et al. 
2004), with one outlier study reporting 85% (Bender et al. 2007). Further 
monitoring of patients with long term treatment was reported to reach up 
to 18%.

4. Non-clinical Immunogenicity Testing

Immunogenicity testing guidances are mainly geared towards the standardiza-
tion and validation of assays for the detection and characterization of ADA.
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EMEA guidance EMEA/CHMP/BMWP/14327/2006 which came into 
force in April 2008 mentions regarding the non-clinical assessment of immu-
nogenicity that “therapeutic proteins show species differences in most cases. 
Thus, human proteins will be recognized as foreign proteins by animals. 
For this reason, the predictivity of non-clinical studies for evaluation of 
immunogenicity is considered low. Non-clinical studies aiming at predicting 
immunogenicity in humans are normally not required. However, ongoing con-
sideration should be given to the use of emerging technologies (novel in vivo, 
in vitro and in silico models), which might be used as tools.”

The need for non-clinical immunogenicity studies will depend strongly on 
the risk profile of the drug. High-risk drugs, such as proteins having a non-
redundant, endogenous human counterpart, might need more non-clinical 
characterization than low-risk protein therapeutics such as therapeutic fully 
human antibodies.

To date, no systems are available to estimate ADA in a pre-clinical or 
research setting, prior to the first dose in humans. Though regulatory require-
ments include monitoring of the development of ADA during pre-clinical 
development in animal models, the observed immunogenicity is difficult to 
map to the eventual immunogenicity measured in humans. ADA measurement 
in animal models are mostly used to support and document adverse effects, PK 
and PD data during non-clinical and toxicology studies.

For the prediction or relative assessment of immunogenicity prior to clinical 
trials, other methodologies are to be used.

4.1. Th Epitopes

Raising a persistent antibody response against an antigen requires at least 
three cell-types: B-cells producing antigen specific antibodies, T helper-lym-
phocytes and professional antigen presenting cells. Professional antigen pre-
senting cells such as dendritic cells and langerhals cells take up antigens, such 
as the therapeutic antibodies, and digest them into peptides that are subse-
quently presented on the cell surface in conjunction with HLA Class-II recep-
tors. The HLA-peptide complex can then be recognized by the T-cell receptor 
on CD4+-T helper cells, triggering the production of cytokines that on their 
turn activate B-cells to produce antibodies. Fig. 16-3 shows the conformation 
of such as peptide, or T-cell epitope, bound to an HLA Class-II receptor.

Tolerance mechanisms and negative selection of Th-cells reacting to peptides 
derived from self-proteins, or circulating proteins, ensure that typically immune 
responses are only raised against antigens linked with a danger signal.

Typically, a persistent humoral response requires a T-cell memory, allowing 
the organism to respond rapidly and repeatedly to antigens. As B-cells are also 
antigen presenting cells, they are able to internalize and digest the antigen which 
is binding to the membrane bound antibodies, present the peptides in HLA context 
and thereby attracting specific Th-cells to produce the cytokines needed to further 
activate the B-cell and increase the antigen specific antibody production.

It is generally believed that the absence of T-helper epitopes in antigens 
hinders the generation of a strong immune reaction, since it does not allow 
for building up a T-cell memory. As mentioned before, T-cell independent 
mechanism exist, which typically lead to low-affinity antibodies and which do 
not show an immune memory, hence asustainable ADA response.
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The HLA Class-II receptor shows a high level of polymorphism, as the sys-
tem has to be able to present a wide variety of different peptides.

Typically, preclinical methods will evaluate the therapeutic antibodies for 
their T-cell epitope content, as this allows to perform a relative comparison 
of the expected immunogenicity between comparable therapeutic proteins. 
Moreover, T-cell epitopes can be readily estimated and tested by a range of in 
silico and in vitro methods.

4.2. T-cell Dependant Immunogenicity Assessment

T-cell epitopes can be identified though in silico and in vitro methods. The 
in silico methods typically address the binding of peptides to HLA receptors, 
whereas in vitro methods have been developed to measure the binding of pep-
tides to HLA, the activation of T-cells or to identify the peptides generated by 
the antigen-presenting cells. The type of method to be used highly depends on 
the development phase of the therapeutic antibody.

4.2.1. In Silico Methods
In silico methods allow to identify T-cell epitopes in a rapid and low-cost way. 
Typically, these methods evaluate the primary structure of the protein thera-
peutic, assessing whether a specific peptide sequence can bind to a specific 
HLA receptor. These methods are optimally suited during early drug design, 
such as lead priotirization upon library screening, to provide guidance during 
protein engineering studies or to identify the safest mutations/substitutions 
during humanization and CDR-grafting studies. Moreover, the methods can 
be used in de-immunization strategies, i.e., to identify substitutions in protein 
therapeutics that remove T-cell epitopes.

The in silico methods exist in three different types: additive methods based 
on inference, non-additive methods based on inference, and  structure-based  

Fig. 16-3. HLA Class II DRB1*0101 binding area, with a and b chains in resp. blue 
and green, and a bound peptide in orange (PDB-code 1KLU)
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methods. The earliest predictive models were entirely statistical, where 
characterized epitope sequences were aligned and sequence motives 
were identified based on sequence alignments. Based on the motives, 
substitution matrices could be built, containing a “score” for each amino-
acid at each position of 9-mer peptides. Adding the scores for each peptide 
sequence gave the binding score assessment of the peptide to certain HLA. 
While this model works reasonably well for HLA Class I (Peters et al. 
2003), the approach has been shown to be less accurate for HLA Class-II 
receptors, which drives the humoral response. Applying novel statistical 
methods, generated tools including Rankpep, Propred, Tepitope, Epimatrix, 
Bimas and Syphpeiti (Hammer et al. 1994; Rammensee et al. 1999; 
Sturniolo et al. 1999; Borras-Cuesta et al. 2000; Singh and Raghava 2001; 
Reche et al. 2004; Peters and Sette 2005). Other methods by inference 
have been developed based on artificial neural networks, hidden Markov 
models (Mamitsuka 1998) and support vector machines (SVMs) (Zhao 
et al. 2003).

More recent methods include structure-based information, and have been 
successfully applied to both Class I and Class II receptors. Rather than being 
based on the sequence information alone, these methods use information 
of molecular interactions between peptide and molecule, using force-fields, 
solvation parameters or other structure-derived properties (Desmet et al. 2005). 
Compared to the previous generation methods, the structure based methods 
allow to address a wider variety of HLA polymorphism, thereby addressing a 
wider population. While the latest methods by inference work reasonably well 
compared to the first generation tools, they do not attain the general accuracy 
level of the structure based methods (Van Walle et al. 2007).

4.2.2. In Vitro Methods
Whereas the in silico methods allow to identify the binding of peptides to HLA 
receptors, thereby replacing the classical in vitro HLA binding assays, recent 
in vitro methods allow to address the processing of the antigen by the antigen 
presenting cell and the activation of T-cells by the HLA peptide complex.

Techniques to experimentally identify T cell epitopes typically rely on the 
elution of peptides from antigen presenting cells, analyzing the elution profiles 
with mass spectroscopy (Falk et al. 1991; Davenport et al. 1997).

T cell activation and proliferation assays measure whether a therapeutic 
protein or peptide can elicit an immune response. Typically, therapeutic antibody 
or derived peptides are used to prime human peripheral blood mononuclear 
cells (PBMC), derived from healthy donors or patients. After a number of days 
of culture, the cells are restimulated with autologous monocytes and whole 
antigen or peptides to restimulate the specific T-helper cells. The activated 
T-cells are then characterized based on cytokine production, using ELISpot 
assays, or more optimally measuring activation markers and cytokines with 
flow cytometric methods.

While the latter methods offer the highest information content, care has 
to be taken to work with highly pure antigen, if possible in a close to final 
formulation. Indeed, excipients, aggregates and production system related 
factors can strongly influence the read-outs. Moreover, due to the HLA 
polymorphism, samples of at least 50 healthy donors should be included in 
each study Fig. 16-4.
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5. Conclusions

With all therapeutic antibodies showing some level of immunogenicity, both 
the likelihood and severity of an immune response should be monitored 
throughout the product development. Whereas the actual ADA response can 
only be addressed during clinical development or post-marketing, research 
and non-clinical assessment of expected immunogenicity employ different 
methods.

Table 16-2 gives an overview of the available techniques, the information 
they provide and the moment in the development cycle they bring most 
added value.

In the development process of therapeutic antibodies, the combination 
of in silico tools, in vitro T-cell activation assays and eventually ADA 
screening and characterization will allow a full assessment of the drug 
immunogenicity.

In silico methods are optimally suited to compare relative immunogenicity 
in a set of drug lead candidates or variants, supporting the lead selection and 
optimization during early drug lead screening, protein engineering and drug 
optimization.

In vitro methods will further characterize the expected immunogenicity, 
assisting the drug development and taking into account other immunogenicity 
drivers such as aggregates, formulation and production system related factors. 
Moreover, in vitro methods are optimally suited to compare immunogenicity 
in comparability studies, manufacturing changes and/or in the development of 
biosimilar drugs.

In vivo methods allow the direct measurement of ADA against the protein 
therapeutic, and have to be developed prior to or during the clinical trials. They 
further support the patient monitoring and post-marketing surveillance of the 
therapeutic antibody.

Fig. 16-4. Typical project lay-out addressing T-cell responses in donors or patient
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Abbreviations

ADCC Antibody dependent cellular cytotoxicity
bp Base pairs
C1q Subcomponent of C1, a complement activator
CDC Complement dependent cytotoxicity
CHO Chinese hamster ovary
E. coli Escherichia coli
ELISA Enzyme-linked immunosorbent assay
FcRn Neonatal Fc receptor
IPTG Isopropyl b-D-thiogalactopyranoside
IV Intravenous
kDa Kilodaltons
PBS Phosphate buffered saline
SEC Size-exclusion chromatography
TIR Translation initiation region

1. Introduction

The number of monoclonal antibodies approved for use as therapeutic agents by 
regulatory agencies has increased in the past several years. Monoclonal antibodies 
are predicted to become an increasingly larger part of biopharmaceutical 
products, and perhaps dominate the market share by the end of the decade 
(Walsh 2006). Mammalian expression systems, such as Chinese Hamster 
Ovary cells (CHO), are currently the preferred system for producing full-length 
monoclonal antibodies. Fungal systems could become more of a contender for 
the production of antibodies if titers can be increased (Andersen and Reilly 
2004). However, with fungal production systems, there may be concerns about 
potential non-native mammalian N-linked or O-linked glycosylation that could 
result in immunogenic responses in humans. Technology developed in recent 
years (Hamilton et al. 2003) could help to alleviate this concern.
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The expression of full-length monoclonal antibodies in E. coli is a more 
recent development (Simmons et al. 2002; Mazor et al. 2007), and could result 
in significant production advantages over mammalian cell based systems. An 
E. coli system offers the advantages of speed, with much faster cell growth 
and the ability to rapidly make new production cell lines when compared to 
mammalian cell systems. In addition, production processes using E. coli do 
not present the concern of adventitious agents that exists for mammalian cell 
systems, thereby alleviating the need for viral removal steps and the validation 
that is required for those steps.

Finally, the lack of glycosylation in E. coli produced antibodies eliminates 
clinical complications associated with effector functions (Routledge et al. 
1995; Friend et al. 1999). Most therapeutic applications do not require these 
activities, as blocking some type of protein-protein interaction is the primary 
and only function of many antibodies.

2. E. coli Challenges

The production of full-length monoclonal antibodies in E. coli presents a 
number of challenges due to the size and complexity of the molecule. The 
protein mass of approximately 150 kDa represents a barrier, although it is 
partially mitigated by the fact that it represents two smaller light chains and 
two larger heavy chains. It is probably much easier for these smaller subunits 
to fold at least somewhat on their own than it would be for one long con-
tinuous polypeptide of this size to achieve the correct structural conforma-
tion. Nonetheless, the folding of the individual chains prior to full assembly 
represents another hurdle for E. coli due to the number of internal disulfide 
bonds, two for light chain and four for heavy chain. In general, most host 
secreted-proteins contain only one or two cystine bridges, and the enzymes 
responsible for their formation become somewhat limited, when expressing 
heterologous proteins with numerous cysteines (Joly and Laird 2007). Finally, 
the four subunits must assemble into the complete quaternary structure, which 
largely occurs by means of favorable light-heavy and heavy-heavy chain inter-
actions. The complex at this step should be fairly stable and the formation of 
the last disulfide bonds between heavy and light chains as well as between the 
two heavy chains at the hinge region completes the assembly. In the end this  
represents the biosynthesis of a large protein with sixteen disulfide bonds and 
four subunits (Fig. 17-1), which is quite a marvel for E. coli.

3. Expression Construct Design

The design of the expression construct and its DNA sequence controls or 
affects almost every step in the biosynthesis of the antibody, from transcription, 
to translation, secretion and folding. A replicating plasmid such as one based 
on pBR322 (Bolivar et al. 1977) is generally used for this purpose, as the copy 
number is held at about fifty per cell, and the DNA is readily available for 
further manipulation. While the individual components on the plasmid control 
specific biosynthetic steps, the overall goal is to create a system where each 
step is coupled to the next while avoiding any bottlenecks. Since antibodies 
vary from one molecule to the next, their intrinsic translation, secretion 
and folding abilities will also be different as well. It is therefore prudent to 
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incorporate in the construct some flexibility, so that one can manipulate the 
expression of each of the components, and be able to adjust these for each 
specific antibody.

4. Promoters

Essentially any promoter with a tight control can be used to drive the transcrip-
tion of the heavy and light chains of the antibody. The list commonly includes 
the tac, lac, ara and phoA as well as others (Makrides 1996). The strength of 
the promoter in itself is actually not that important, but the overall downstream 
translation level of each chain is critical for maintaining a balanced system 
and avoiding secretion and folding problems. Strong promoters for example 
will most likely have to be coupled with weak translation initiation regions in 
order to achieve this goal (Simmons and Yansura 1996; Pluckthun et al. 1996). 
The expression of heterologous proteins targeted to the E. coli periplasm puts a 
stress on the host cell most likely due to competition for the somewhat limited 
secretory pathway components. This is why a tightly controlled promoter such 
as the phoA is necessary if one is to avoid toxicity problems prior to an induc-
tion. Ideally one would like to build up cell mass without complications until 
the optimal time for turning on the promoter.

5. Signal Sequences

Although it is possible to form disulfide bonds in the cytoplasm in thioredoxin 
and glutaredoxin mutant hosts (Derman et al. 1993; Prinz et al. 1997; Bessette 
et al. 1999), secretion of the antibody chains to the oxidizing environment 

Fig. 17-1. The structure of a humanized IgG1 monoclonal antibody showing the four 
covalently linked subunits, two light chains and two heavy chains. Each chain has both 
variable (VL and VH) and constant (CL and CH) domains. There are a total of sixteen 
disulfide bonds in a human IgG1 immunoglobulin
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of the periplasm is usually the best choice (Joly and Laird 2007; Humphreys 
2007). There are a large number of signal sequences that could possibly 
be used, but just a small subset of these have actually been reported in the 
literature for antibody expression. These include the PelB, STII, PhoA and 
the OmpA leader peptides. While these have successfully been used for 
the periplasmic secretion of both light chain and heavy chain for producing 
antibody fragments, only the STII and the PelB signal sequences have so far 
been used to secrete the full-length IgG1 heavy chain (Simmons et al. 2002; 
Mazor et al. 2007).

6. Control of Each Chain

In order to successfully achieve the significant expression and folding of a 
full-length antibody in the E. coli periplasm, it is important to fine-tune the 
translation level of each chain. High-level expression of any of the chains can 
result in the secretory backup of these polypeptides and the buildup of precur-
sor chains in the cytoplasm. This will result in cellular stress responses and a 
significant drop in the accumulation of the fully folded antibody. The second 
problem is associated with unbalanced translation of the two chains resulting 
in poor folding and assembly of the heterotetrameric protein. An approxi-
mately 1:1 to 1.5:1 ratio of light:heavy chain has been observed to be optimal 
for folding in the periplasm (Simmons et al. 2002), although the optimal ratio 
may vary from antibody to antibody.

The easiest way to control the translation of each chain is through the 
translation initiation region (TIR). This region represents the 5¢ end of the 
mRNA that influences its binding to the small ribosomal subunit to begin the 
translation process. It covers approximately the sequence from 10 base pairs 
(bp) upstream of the Shine-Dalgarno through the first six codons of the cod-
ing sequence (McCarthy and Gualerzi 1990). While only the Shine-Dalgarno 
and the Met codon actually make contact with the ribosomal 16 S rRNA and 
the Met tRNA respectively, the surrounding sequences strongly influence this 
binding by means of the resulting RNA secondary structure (De Smit and 
Van Duin 1990). One can in principle make changes in any part of the TIR to 
manipulate the translation initiation rate. However we have found it easier to 
just change the first six codons of the signal sequence, and empirically screen 
for the desired translation level (Simmons and Yansura 1996).

Full-length antibodies have been expressed in E. coli using either 
separate cistrons with individual promoters for each chain (Simmons et al. 
2002) or a bicistronic setup with a single promoter (Mazor et al. 2007). In 
theory, each system should be able to work as well as the other in terms 
of providing just the right level of translation of heavy and light chains. 
However if the antibody one is trying to express has problems with a 
secretory backup or the ratio of the individual chains is not optimal, then 
it is much easier to adjust the translation with a separate cistron system. 
With a bicistronic construct, the translation of the second gene (usually 
heavy chain) is controlled by the TIR and translation of the first gene as 
well as the re-initiation coupling of the later coding sequence. The sequence 
and translation of the second gene can also influence the translation of  
the first cistron although to a lesser extent. This makes it difficult to adjust 
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the translation of one chain without inadvertently changing the translation 
of the other at the same time. The use of a separate cistron system avoids 
this and allows for the independent manipulation of each chain.

7. Chaperone Over-Expression

While the antibody chains probably have some ability to fold by themselves, 
the host-cell chaperones most likely help facilitate this activity. There are 
a number of chaperones in the periplasm including the peptidyl prolyl iso-
merases SurA, PpiA, PpiD and FkpA, the anti-aggregation Skp (Baneyx and 
Palumbo 2003) (Thome and Muller 1991), and the disulfide oxido-reductases 
DsbA and DsbC (Joly et al. 1998; Qiu et al. 1998; Jeong and Lee 2000; 
Bessette et al. 2001). In addition to their catalytic role, some of these proteins 
such as FkpA and DsbC have additional anti-aggregation activities. The over-
expression of some of these chaperones has been reported in the literature to 
improve the folding of particular antibodies (Bothmann and Pluckthun 1998; 
Hayhurst and Harris 1999; Bothmann and Pluckthun 2000).

For full-length antibodies with their multiple disulfide bonds, we have 
found that the over-expressing DsbA and DsbC in particular have been quite 
beneficial. Since DsbA is the primary oxidizing agent and DsbC the isomeriz-
ing agent for disulfide bonds, it can be beneficial to over-express both in order 
to promote the formation of the correct covalent bridges. The positive effect 
of using these two chaperones is more evident when producing antibodies at 
high cell densities in a fed-batch fermention than in batch shake flask cultures. 
This difference in effect is likely due to more optimal growth conditions in fer-
mentor cultures where pH and glucose feeding are controlled, and a consistent 
dissolved oxygen concentration can be maintained.

8. Optimized Construct

The final construct for scaling up the production of a full-length antibody in 
a fermentor will encode for the expression of light chain, heavy chain and 
most likely the co-expression of the chaperones DsbA and DsbC. In addition, 
there will be an antibiotic resistance marker for plasmid retention as well as 
a plasmid origin of replication. Fig. 17-2 shows an example of what a typical 
plasmid might look like.

9. Host Strains

A variety of E. coli strains may be suitable for the production of antibodies, 
although in general strains that are deficient in periplasmic proteases, have 
been successfully used to obtain higher titers of antibodies. Suitable strains 
include W3110 derivatives such as 33D3 (W3110 kanR ∆ fhuA (∆ tonA) 
ptr3 lacIq lacL8 ompt∆ (nmpc-fepE)-degP) (Simmons et al. 2002) or 62B8 
(W3110 ∆ fhuA phoA ilvG2096 (Valr) manA degP ∆prc sprW148R) (Chen 
et al. 2004). Other combinations of protease deletions can also be beneficial 
for the accumulation of full-length monoclonal antibodies in E. coli.
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10. Fermentation Scale Up

Production of full-length antibodies in E. coli can be achieved at a variety of 
scales, from small volumes in shake flasks up to very large volumes in fermen-
tors. When expressing a full-length antibody using a plasmid such as the one 
shown in Fig. 17-2, the fermentation medium is designed such that the inor-
ganic phosphate initially present in the medium is consumed by the growing 
culture and over time phosphate is depleted (Chen et al. 2004). This results 
in the induction of the phoA promoter and transcription of the light chain and 
heavy chain genes.

A growth medium such as C.R.A.P. (Simmons et al. 2002) is suitable for 
small-scale cultures grown in shake tubes or flasks. For larger scale cultures 
grown in fermentors, it is possible to achieve high cell density cultures with 
the proper design of the growth medium. One suitable medium initially con-
tains 8.9 mM glucose, 14.3 mM MgSO4, 143 µM FeCl3, 46 µM each of ZnSO4, 
CuSO4, and H3BO4, 42 µM each CoCl2, NaMoO4, and MnSO4, 40.6 mM 
(NH4)2SO4, 16 mM K2HPO4, 10 mM NaH2PO4,, 3.6 mM sodium citrate, 
12 mM KH2PO4, 29 g/L casein hydrolysate, 14.3 g/L yeast extract, and either 
15–20 mg/L tetracycline or 50–70 mg/L ampicillin. Additional salts are fed to 
the culture during the course of the fermentation in order to achieve high cell 
density (Simmons et al. 2002). A concentrated glucose solution is continu-
ously fed using a computer controlled feed algorithm.

Large-scale fermentation cultures are initiated with a Luria Broth (LB) shake 
flask culture that has been grown for approximately 16 h at 30°C with shaking. 
The fermentor culture is also grown at 30°C with agitation and aeration.  

Light chain

Heavy chain

DsbA

DsbC

Origin of

phoA promoter

phoA promoter

STII signal seq. 

DNA Construct

STII signal seq.
tac promoter

Tetracycline resistance

Origin of
replication

Transcription
terminator

Fig. 17-2. A typical plasmid map showing the light and heavy chain coding sequences 
as well as the phoA promoters, STII signal sequences and downstream transcriptional 
terminators that control their expression. Also shown are the chaperonin genes DsbA 
and DsbC, the antibiotic resistance gene and the plasmid origin of replication
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A typical fermentation culture depletes phosphate at around 20–30 h after 
reaching a maximum OD550 of approximately 200–250. Fermentations are 
typically allowed to continue for 70–80 h, ensuring anywhere from 40–60 h of 
antibody production.

Soluble folded antibody expressed during the course of the fermentation 
will be translocated to the periplasmic compartment of the E. coli cells, and 
must be extracted for analysis and purification. For small-scale analyses 
samples were extracted using a buffer and conditions similar to the method 
described by Battersby et al. (2001) and titers were determined using the dual-
column chromatographic method (Battersby et al. 2001). For large-scale puri-
fications, the cell lysis method and purification have previously been described 
(Simmons et al. 2002).

As noted above, the translation of the light chain and heavy chain can be 
individually controlled by using separate cistrons for each chain, and also by 
varying the TIR strengths for each chain. In an initial attempt to increase the 
titers of a full-length antibody, the TIRs for both light chain and heavy chain 
were increased. As shown in Fig. 17-3, when both light chain and heavy chain 
each had TIR strengths of 1, a titer of approximately 100 mg/L was obtained. 
Doubling the TIR strengths for both chains also resulted in a titer of approxi-
mately 100 mg/L.

SDS-PAGE and immunoblot analysis of reduced E. coli cell pellets from the 
fermentation culture suggested that when the relative TIR strengths for both 
light chain and heavy chain were increased from 1 to 2, there was a concomi-
tant increase in the expression of both chains. The titer result suggests that 
most of the light chain and heavy chain produced by the cells does not end up 
in properly folded and soluble antibody. To further investigate this, a modified 
version of a reversed-phase chromatography assay described by Chen et al. 
(2004) was used to quantify the total amounts of light chain and heavy chain 
produced during the course of the fermentation. Analyses using this assay 
showed that less than 15% of either the light chain or heavy chain ended up in 
the fully assembled antibody.

Fig. 17-3. Increasing the TIRs and ultimately the translation of both chains does not 
in itself increase the level of folded and assembled antibody
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As mentioned previously, full-length antibodies have sixteen disulfide 
bonds, far more than any endogenous E. coli protein. In order to test whether 
co-expressing DsbA and/or DsbC could improve the folding and assembly of 
the antibody chains, resulting in higher titers of full-length antibodies, fermen-
tations were done where either DsbA, DsbC, or both DsbA and DsbC were 
co-expressed with light chain and heavy chain. The genes for DsbA, DsbC, or 
DsbA and C were inserted into a compatible plasmid under the control of the 
tacII promoter (De Boer et al. 1983). IPTG was added to the fermentation cul-
ture to induce the expression of the Dsb protein(s) shortly before the expected 
time of phosphate depletion.

The results from a representative series of fermentations are shown in 
Fig. 17-4. Co-expression of DsbA with either the TIR 1 or TIR 2 antibody 
plasmid resulted in a two-fold increase in the titer of the soluble and 
assembled antibody, from approximately 100 mg/L up to 200 mg/L. This is 
only a modest gain in folding and assembly efficiency. Co-expression of DsbC 
with the antibody resulted in antibody titers in the range from 300–350 mg/L, 
a larger increase in titer than seen with DsbA co-expression. However, there 
still isn’t much of a titer difference between the TIR 1 construct and the 
TIR 2 construct, although there is roughly twice as much light chain and 
heavy chain available for antibody formation from the TIR 2 construct, as 
mentioned above.

The largest boost in titers was observed when both DsbA and DsbC were 
co-expressed with the antibody chains in a high-cell density fermentation. 
In this experiment, the TIR 1 antibody construct gave an antibody titer of 
approximately 500 mg/L, while the TIR 2 antibody construct gave a titer 
of approximately 1,050 mg/L. These results suggest that both the disulfide 
oxidase activity of DsbA and the disulfide isomerase activity of DsbC are 
important for the folding and assembly of full-length antibodies in E. coli. 

Fig. 17-4. Manipulating the antibody expression by means of light and heavy chain 
TIR changes and the coexpression of DsbA, DsbC and the combination DsbA and 
DsbC. In order to fully take advantage of the increased light and heavy chain translation 
with higher TIRs, both DsbA and DsbC must be over-expressed
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Fig. 17-5 also shows that light and heavy chain folding and assembly efficien-
cies are increased from less than 15% to approximately 95% in the example 
when both DsbA and DsbC are co-expressed.

11. Antibody Characterization

Antibody was purified from E. coli fermentation cell paste as previously 
described (Simmons et al. 2002). Frozen paste was resuspended in buffer, cells 
mechanically lysed, and the suspension centrifuged to remove debris. Protein 
A was used as the capture step, and antibody eluted from the column was 
further purified using ion exchange chromatography. Extensive biochemical 
characterization was done on antibody preparations that were derived from 
E. coli in order to demonstrate that they had the properties expected of a full-
length aglycosylated antibody.

As previously shown (Simmons et al. 2002), an E. coli-derived antibody 
co-migrated with a CHO-derived antibody on SDS-PAGE. In addition, mass 
spectrometry, cation exchange chromatography, and amino acid analysis 
also gave results consistent with a fully assembled full-length antibody.  
In addition, an ELISA assay comparing binding of a CHO-derived antibody 
with an E. coli-derived antibody demonstrated no difference in antigen 
binding. Fig. 17-6 shows that an E. coli-derived antibody co-migrates with 
the same antibody produced in CHO cells on size exclusion chromatography 
(SEC) when run under native conditions. SEC was performed using PBS as 
the running buffer.

Extensive functional and biological characterization was also done on several 
E. coli derived antibodies. Pharmacokinetic studies were done in Sprague 
Dawley rats to determine the in vivo clearance characteristics. Animals were 
given a single IV bolus of antibody and serum samples were taken out to 42 days 
for analysis by an ELISA assay. The data from this study is shown in Fig. 17-7. 
The initial or alpha clearance appears to be identical to that seen with the CHO-
derived version of the antibody, while the terminal or beta clearance appears to 
be somewhat faster for the E. coli-derived version of the antibody. The overall 
clearance of the CHO-derived antibody was approximately 8.3 ± 0.6 mL/kg/day 
versus 12.5 ± 3.1 mL/kg/day for the E. coli-derived antibody.

Fig. 17-5. Increasing the expression of DsbA and DsbC over endogenous levels in the 
periplasm dramatically improves the folding and assembly efficiency of both antibody 
chains
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The E. coli-derived antibodies were also compared to CHO-derived anti-
bodies for in vitro binding to a series of Fc Gamma receptors as well as to C1q 
using standard protocols (Simmons et al. 2002). The binding of the full-length 
aglycosylated antibody to Fc Gamma R1 is shown in Fig. 17-8 and the binding 
to Fc Gamma RIIIa (F158) is shown in Fig. 17-9. Although there is detect-
able binding to Fc Gamma RI, the IC50 is down multiple orders of magnitude 
compared to the CHO-derived antibody. In the case of binding to Fc Gamma 
Receptor IIIa, binding is negligible for the E. coli-derived antibody. A similar 
result was obtained showing negligible binding of the E. coli-derived antibody 
to C1q. All of this data strongly suggests that both ADCC and CDC would be 
minimal with the aglycosylated antibodies produced by E. coli.

An in vivo study was also done to demonstrate that an E. coli-derived 
anti-ligand antibody is efficacious in animal models, where neither ADCC 
nor CDC is required for biological activity. For this study, nude mice were 

Fig. 17-6. E. coli produced antibodies have the same size as mammalian produced 
proteins as judged by native size exclusion chromatography

Fig. 17-7. A comparison of the clearance rates in Sprague Dawley rats of mammalian 
and E. coli produced antibodies. While the alpha phases appear to be identical, the beta 
clearance for the aglycosylated E. coli produced antibody is slightly faster
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subcutaneously inoculated with a tumor cell line 3 days prior to receiving an 
IV infusion of either the E. coli-derived antibody or the CHO-derived version 
of the antibody. IV dosing was repeated every 7 days. The time for each tumor 
to grow to 200 mm3 was extrapolated from tumor growth curves and the results 
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are shown in Fig. 17-10. From this data it is apparent that the time for tumors 
to reach the target volume is roughly equal for both the CHO-derived and the 
E. coli-derived antibodies, demonstrating that the aglycosylated antibody is 
just as efficacious as the glycosylated antibody in this animal model.

12. Conclusion

Full-length monoclonal antibodies can readily be produced in E. coli with 
some attention to the design of the plasmid, choice of host strain and fermenta-
tion conditions. These proteins have the expected properties of aglycosylated 
antibodies with normal bivalent antigen binding, lack of effector functions 
(ADCC and CDC) and a long circulating serum half-life (Tao and Morrison 
1989). The lack of effector functions is not detrimental for most therapeutic 
applications where the blocking of receptor-ligand interactions is the primary 
mechanism of action.

There are situations where E. coli may become the preferred production 
host over the presently used mammalian cells. The current production yields 
for most mammalian produced monoclonal antibodies is in the 1–2 g/L 
range with the suggestion that future increases are possible. Some of the bet-
ter behaving E. coli produced monoclonal antibodies now have titers in the 
same 1–2 g/L range which makes them competitive to mammalian produced 
antibodies. Since the E. coli genetics and biochemistry are better understood 
and it is easier and faster to engineer E. coli cells than mammalian cells, it is 
reasonable to assume that technology and yields will certainly improve over 
time. Some of the reported expression levels of 8.5 g/L for IGF-1 (Joly et al. 
1998) and 4.5 g/L for an anti-CD18 F(ab’)2 antibody fragment (Andersen and 
Simmons 2004) provide support for such optimism.

The first inroads for E. coli produced monoclonal antibodies, however, 
may actually be the introduction of novel therapeutic forms that are difficult 
to produce in mammalian cells. The recently reported One-Armed anti-c-Met 
antibody (Martens et al. 2006) is an example of such a molecule with specific 
properties. It is a monovalent monoclonal antibody with a long serum half-life, 

Control MAb

CHO-Derived lgG

E. coli-Derived lgG

0 5 10 15 20
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Fig. 17-10. A mouse xenograft efficacy model for tumor growth inhibition compar-
ing the mammalian and E. coli produced antibodies. The blocking of a protein-protein 
interaction rather than an effector function activity such as ADCC is responsible for 
tumor growth inhibition
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which can be readily made in E. coli at high levels. The successful use of the 
knobs into holes technology for hetero-dimerization of heavy chain (Merchant 
et al. 1998) in this molecule has since provided an opening for the production 
of novel bispecific antibodies (in preparation). The addition of E. coli as an 
alternative host for the production of monoclonal antibodies is now providing 
a broadened base for new and interesting therapeutic proteins.
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1. Introduction

Monoclonal antibodies (mAbs) have demonstrated considerable utility in the 
clinical treatment of cancer (Reichert et al. 2005; Reichert and Valge-Archer 
2007). While the activities of unmodified mAbs such as Rituxan® (rituximab) 
in non-Hodgkin’s lymphoma, Panorex® (edrecolomab) in colorectal carcinoma, 
Herceptin® (trastuzamab) for metastatic breast cancer and Avastin® (bevacizumab) 
for colorectal and lung cancer are substantial, these agents are rarely curative. 
As a result, considerable attention has turned to enhancing antibody activity by 
appending cytotoxic drugs to them, thereby generating antibody drug conjugates 
(ADCs) capable of site-selective drug delivery. The rationale for this approach is 
that by delivering cancer drugs to tumor cells, it may be possible to both enhance 
therapeutic efficacy and spare normal tissues from chemotherapeutic damage. In the 
past few years, significant progress has been made in this field of research (Damle 
2004; Wu and Senter 2005; Kovtun and Goldmacher 2007; Carter and Senter 2008; 
Chari 2008). Critical parameters for ADC development have been identified which 
include the choice of target antigen, the ability of the ADC to get localized to target 
tissues, the fate of the antibody once bound to its cognate antigen, the stability of 
the linker used to attach the drug to the antibody both in the systemic circulation 
and inside the target cell, and the potency and mechanism of action of the released 
drug. Other important considerations include the methods used to generate ADCs, 
the composition and heterogeneity of the resulting product, and the effects that 
chemical modification have on such antibody properties as pharmacokinetics, 
biodistribution, antigen binding and effector functions. This review will describe 
several aspects of ADC development, with an emphasis on how addressing key 
parameters have led to promising agents that have advanced into clinical trials.

2. Optimization of ADC Drug and Linker Components

Early work in antibody-mediated drug targeting surrounded the use of clinically 
approved drugs, since much was known about how they could be chemically 
manipulated and the agents were readily available. Drugs such as doxorubicin, 
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methotrexate, mitomycin, 5-fluorouracil, and vinca alkaloids were typically 
used (Pietersz et al. 1994), and little attention was paid to particular aspects 
of the mAb carrier, the mode and stoichiometry of drug attachment and the 
mechanism of drug release. As a result, the activities of these agents were 
marginal, and few of them were extensively investigated.

An example of an earlier generation ADC is BR96-doxorubicin (Fig. 18-1). 
This conjugate is directed against the LeY tetrasaccharide antigen on human 
carcinomas, and is comprised of the clinically approved drug doxorubicin, 
which was known to be active in a broad array of tumors. The appeal of using 
such a drug was that although it lacked high potency, it was active in breast 
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cancer, which was known to be LeY positive (Trail et al. 1993, 2003). Once 
the ADC binds to cell surface antigens, it internalizes within acidic endosomal 
and lysosomal vesicles. As a result, an acid-labile hydrazone linker was devel-
oped for this ADC which was relatively stable at neutral pH, but unstable at 
pH 5, allowing for intracellular release of the active drug. BR96-doxorubicin 
contained 8 drugs/mAb, which were attached to mAb thiol groups generated 
through intrachain disulfide bond reduction (Table 18-1).

Treatment of tumor bearing mice and rats with BR96-doxorubicin led to 
immunologically specific tumor cures, albeit at doses in excess of 100 mg/kg. 
The drug component of BR96-doxorubicin has low potency, and it is there-
fore not surprising that the ADC doses required for activity were very high. 
In a Phase I clinical trial, the MTD of BR96-doxorubicin was approximately 
700 mg/m2, with dose limiting toxicities of gastrointestinal origin (Saleh et al. 
2000).In a subsequent Phase II trial, the toxicities were attributed to normal 
gut expression of LeY (Tolcher et al. 1999). In both the trials, little antitumor 
activity was obtained, and the measured half-life of systemic drug release was 
only 43 h. It became apparent that BR96-doxorubicin was significantly ham-
pered due to the low drug potency component, the unstable linker used, and 
the presence of target antigen on highly sensitive non-tumor cells.

The results with low potency ADCs such as BR96-doxorubicin prompted 
significant efforts towards utilizing drugs with much higher potencies than 
doxorubicin for targeted delivery. The natural product calicheamicin has been 
the subject of extensive investigation for drug delivery, due to its ability to 
bind to the minor groove and effect cell kill at concentrations well below that 
of standard chemotherapeutic agents (Damle and Frost 2003; Damle 2004). 
As with BR96-doxorubicin, an acid labile hydrazone linker was used to link 
the drug to mAb carriers (Fig. 18-1), with a similar half-life for drug release 
from the ADC in the range of 48–72 h (Boghaert et al. 2007). Pronounced 
antitumor activities have been obtained with mAb-calicheamicin ADCs on 
epithelial cancers at doses as low as approximately 2 mg (mAb component)/
kg (Boghaert et al. 2004, 2008; Hamann et al. 2005). The enhanced potency 
of this ADC compared to the corresponding doxorubicin conjugate reflects 
the relative activities of the drug components. This is apparent from in vitro 
assays, in which the ADCs differ in potency by as much as 1,000-fold (Trail 
et al. 1997; Boghaert et al. 2004). Other promising ADCs using calicheamicin 
are directed against the CD22 (DiJoseph et al. 2004a, b, 2005) and 5T4 
(Boghaert et al. 2008) antigens, recognizing B-cell lymphomas and epithelial 
tumors, respectively.

The sole clinically approved ADC to date, gemtuzumab ozogamicin 
(Mylotarg®), consists of an anti-CD33 mAb linked to calicheamicin through 
an acid-labile hydrazone linker (Bross et al. 2001; Hamann et al. 2002). 
This ADC is clinically used for the treatment of acute myeloid leukemia at 
doses of 9 mg/m2 given twice at 2 week intervals (Bross et al. 2001; Larson 
et al. 2005). Complete remissions were obtained in approximately 30% of 
the patients treated with gemtuzumab ozogamicin, with side effects includ-
ing myelosuppression and hepatic veno-occlusive disease. Although the 
effects of calicheamicin ADCs are in many cases antigen-specific, it has been 
reported that gemtuzumab ozogamicin elicits potent antitumor activity in an 
antigen-independent manner on solid tumor in vivo (Boghaert et al. 2006). 
The effects were attributed to passive targeting, and required the use of an 
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acid-labile hydrazone linker. Therefore, it is possible that non-specific drug 
release through linker instability contributes to the activities of gemtuzumab 
ozogamicin in these models. It is not clear that these effects would extend to 
AML, although gemtuzumab ozogamicin has been shown to exhibit activity in 
AML patients whose cancer cells do not apparently display the CD33 antigen 
(Jedema et al. 2004; Boghaert et al. 2006). To summarize, the results with 
mAb-calicheamicin conjugates demonstrate the importance of drug potency 
in developing ADCs with broad spectrum activity. In addition, the approval of 
gemtuzumab ozogamicin represents a breakthrough in the field.

Maytansinoids (Chari 2008) and auristatins (Doronina et al. 2003, 2006) 
are other classes of highly potent drugs that have been widely utilized for 
ADC development. These drugs are significantly more potent than most drugs 
used in cancer chemotherapy, and act by binding to tubulin at the same site as 
the vinca alkaloids and inhibiting tubulin polymerization. Maytansinoids are 
derived from a natural product, while the auristatins are totally synthetic.

The methodology used for linking maytansinoids to antibody carriers 
involved the use of a disulfide bond in the linker (Fig. 18-1). In vivo stability 
of disulfide bonds can be greatly enhanced though steric hindrance, as shown 
with immunotoxins (Thorpe et al. 1987, 1988). The use of disulfide linkers 
exploits the observation that the intracellular concentration of thiols, such 
as glutathione and cysteine, are much higher than those in plasma. A series 
of maytansinoid-disulfide linker derivatives with varying degrees of steric 
hindrance were developed, from which DM1 and DM4 were selected as lead 
agents for antibody attachment (Widdison et al. 2006). ADCs were made 
by modifying antibody lysines with a bifunctional crosslinking reagent, and 
then adding thiol-containing DM1 or DM4. The resulting ADCs contained a 
mean of 3–4 drugs/antibody, and displayed high in vitro potency in an immu-
nologically specific manner, as demonstrated with the humanized antibody, 
huC242 against CanAg, a tumor-selective carbohydrate epitope on MUC-1, a 
membrane-associated mucin (Liu et al. 1996; Kovtun et al. 2006; Kovtun and 
Goldmacher 2007). As with the hydrazone-linked ADCs described earlier, the 
disulfide bond in huC242-DM1 is unstable, with a half life of approximately 
24 h. HuC242-DM4, having a more hindered disulfide, is more stable with a 
reported half life of approximately 102 h (Chari 2008). The more hindered 
disulfide ADCs have been shown to have superior antitumor activity in 
preclinical models (Widdison et al. 2006; Chen et al. 2007a; Chari 2008). 
There are several other examples of maytansinoid ADCs that have promising 
preclinical activities (Henry et al. 2004; Tassone et al. 2004a, b; Aboukameel 
et al. 2007; Legrand et al. 2007; Polson et al. 2007).

Use of peptide-based linker technologies may present significant advan-
tages over those that are hydrolytically or reductively labile, since hydrolysis 
is enzymatic, and enzymes can be selected for preferential expression within 
tumor cells or solid tumor masses. ADCs comprised of drugs such as doxo-
rubicin (Dubowchik and Firestone 1998), mitomycin C (Dubowchik et al. 
1998), camptothecin (Walker et al. 2002), tallisomycin (Walker et al. 2004) , 
and auristatin family members (Walker et al. 2002; Doronina et al. 2003, 2006; 
Francisco et al. 2003) have been prepared using peptide sequences for intracel-
lular drug release. Of these, the auristatins are of particular interest, because 
they are highly potent, totally synthetic, stable, and are amenable to chemical 
modification strategies to allow for linker attachment.
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An auristatin derivative, monomethyl auristatin E (MMAE), was modified 
with dipeptide linkers, and the resulting drug derivatives were linked to 
antibody thiol groups (Doronina et al. 2006), generating conjugates of uniform 
composition (Fig. 18-1). The antibodies used were directed against the  
CD30 antigen on Hodgkin’s disease and the LeY antigen on carcinomas. 
In vitro studies demonstrated that peptide-linked ADC were highly potent 
with 10–100-fold greater immunologically dependent cell kill compared to 
corresponding hydrazone based ADCs. The half-lives of drug release in vivo 
were 6 and 10 days in mice and cynomolgus macaques, respectively (Sanderson 
et al. 2005), longer than previously described linkers. Furthermore, the more 
stable peptide-linked MMAE ADCs were less toxic than corresponding 
hydrazone-linked ADCs (Doronina et al. 2003). The peptide that was selected 
for further studies was comprised of valine-citrulline (Val-Cit), since it was 
shown to be stable in plasma, but labile towards enzymes such as cathepsin B, 
which is highly expressed lysosomal enzyme (Doronina et al. 2003).

mAb-Val-Cit-MMAE ADCs had pronounced antitumor activities in 
xenografts models, leading to cures of established tumors at very small 
fractions of the maximum tolerated doses (Doronina et al. 2003) (Fig. 18-2). 
Subsequently, auristatin ADC technology has been successfully applied to 
antibodies recognizing a wide range of tumor antigens, including BCMA 
(Ryan et al. 2007), CD19 (Benjamin et al. 2007), CD20 (Law et al. 2004), 
CD70 (Law et al. 2006), CD79 (Polson et al. 2007), E selectin (Bhaskar 
et al. 2003), EphB2 (Mao et al. 2004), glycoprotein NMB (Tse et al. 2006), 
melanotransferrin/p97 (Chen et al. 2007b), MUC16 (Chen et al. 2007b), 
PSMA (Ma et al. 2006), and TMEFF2 (Afar et al. 2004).

Since auristatins are totally synthetic, integral structural modifications can 
be made that significantly alter the properties of the drug. One such aurista-
tin, MMAF, terminates with a negatively charged phenylalanine residue that 
impairs cell membrane permeability (Doronina et al. 2006). Consequently, 
ADCs containing MMAF that facilitate drug uptake by antigen-positive cells 
are >2,000-fold more potent than the free drug itself. MMAF linked to an 
anti-CD70 antibody through a peptide linker was active against renal cell car-
cinoma xenografts and also circumvented multidrug resistance mechanisms 
(Law et al. 2006).

A finding that ran counter to expectations was that the cleavable peptide 
(Val-Cit) in MMAF ADCs could be entirely eliminated (Fig. 18-1), without 
diminishing activity. ADCs in which the drug was directly attached to anti-
CD30 and anti-LeY antibodies through thioether adducts retained activity 
(Doronina et al. 2006). Mass spectrometry showed that the released drug 
was a cysteine-adduct of the linker-MMAF derivative, presumably resulting 
from antibody degradation within lysosomes. A closely related drug, MMAE 
was not active when attached in this manner, indicating that ADCs requiring 
antibody degradation for drug release are highly dependent on the nature of 
the drug for activity. Similar results were obtained with a thioether adduct 
of DM4 which was appended to lysine residues on the humanized antibody, 
huC242 (Erickson et al. 2006) (Fig. 18-1). In this case, the released drug upon 
cell incubation was a lysine-DM1 derivative in which the lysine residue was 
the attachment residue on the antibody delivery vehicle. The resulting ADC 
was active in vitro, but had little in vivo activity compared to the correspond-
ing disulfide. It is not yet clear what the requirements are for effective cell kill 



Chapter 18 Recent Advancements in the Use of Antibody Drug Conjugates for Cancer Therapy 315

using linker technologies that require antibody degradation for drug release, 
but it is apparent that activity is less predictable than that is obtained using 
cleavable linker technologies.

The anti-CD70 ADC with a thioether linkage to MMAF had a similar half-
life of 7 days for drug release in vivo (Alley et al. 2008) as the corresponding 
peptide-linked ADC (Sanderson et al. 2005). Ex vivo plasma stability studies 
revealed a shared mechanism for drug release from these ADCs involving a 
fragmentation reaction involving the maleimide linkage to antibody thiols. 
Thus, the weakest link in the antibody-MMAF thioether adduct is the thioether 
formed when the maleimido drug derivative is condensed with antibody 
thiols. A new generation of ADCs was subsequently made that had used 
an acetamide-thiol adduct in place of the thioether (Fig. 18-1). Circulating 
ADC did not lose any detectable drug over 2 weeks in vivo. The tolerability, 
efficacy, and intratumoral drug concentrations resulting from ADCs that 
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Fig. 18-2. In vivo therapeutic effects of auristatin ADCs in mice with subcutaneous 
human tumor xenografts. Animals with Karpas 299 anaplastic large cell lymphoma 
xenografts were treated with cAC10 (anti-CD30 on Karpas 299 tumor cells) or BR96 
(anti-LewisY negative control) ADCs according to the schedule shown by the arrows 
and the doses (antibody component) indicated in the legend. The activities are (a) 
immunologically specific and (b) more pronounced than mAb + unconjugated drug 
mixtures. The amount of unconjugated drug in (b) is equal to the amount of drug con-
jugated in the 1 mg/kg ADC group. Adapted from Doronina et al. (2003)
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were indefinitely stable in vivo were no different from the corresponding 
maleimido-thioether adducts. Thus, extending the stability of the ADCs 
beyond that of the 6–10 day half-life of the previously described peptide-based 
ADCs does not result in detectable therapeutic improvements. The effects of 
increasing drug retention half-life in this manner will undoubtedly require 
clinical testing in order to establish the impact on efficacy and tolerability.

3. Optimization of the Conjugation Technology

The ADCs described thus far have been produced through the reaction of 
drugs or chemical crosslinking reagents with solvent accessible reactive amino 
acids such as lysine and cysteine on the antibody. The process used to cova-
lently attach the drug to the antibody delivery vehicle can have a major impact 
on activity, since antibody modification may compromise binding, aggregation 
state, pharmacokinetics, and biodistribution. For example, linker technologies 
have been developed to attach as many as 16 doxorubicin molecules/antibody, 
but many of the resulting ADCs were largely aggregated and had impaired 
antigen binding (King et al. 2002). The other extreme involves the attachment 
of drugs that self-associate such as calicheamicin to antibodies. In order to 
avoid aggregation, the clinically approved ADC gemtuzumab ozogamicin was 
prepared with an average of 2–3 drugs/antibody, but half the antibody in the 
preparation contains no drug at all (Hamann et al. 2002). The heterogeneity 
of calicheamicin containing ADCs has recently been reduced by additives in 
the conjugation process (Hollander et al. 2008). Conjugation technology is a 
critical aspect in generating effective ADCs, and optimization strategies can 
vary with the drug, linker, and the antibody used.

The first anti-CD30-valine-citrulline-MMAE ADCs were formed by reduc-
ing the interchain disulfides on the cAC10 antibody and attaching the drugs 
to the resulting cysteine residues (Doronina et al. 2003; Francisco et al. 
2003). These ADCs contained 8 drugs/antibody, and were highly uniform in 
composition, since there were only four reducible disulfides in the antibodies 
used. While the binding properties of the resulting ADC were well preserved, 
subsequent studies demonstrated that the pharmacokinetic properties of the 
antibody delivery vehicle were altered in a significant way. The 8-loaded ADC 
cleared much more rapidly from the circulation than the unmodified antibody 
(Hamblett et al. 2004). This led to the development of cAC10-Val-Cit-MMAE 
with 4 drugs/antibody. Although the in vitro potency of the 4-loaded ADC 
was half that of the 8-loaded version, the in vivo potencies of these agents 
were the same. To understand the basis for this, pharmacokinetic studies were 
undertaken, and it was found that the clearance rate of the 8-loaded ADC 
was approximately twice that of the 4-loaded counterpart, and tumors there-
fore experienced comparatively longer exposure to ADCs with lower drug 
loading levels. Importantly, the maximum tolerated doses of the ADCs were 
dependent on drug loading, such that twice as much 4-loaded ADC could be 
administered as 8-loaded. The results from this work demonstrated that drug 
loading was a key parameter for tolerability, and optimal therapeutic windows 
required careful attention to the amount of drug attached to the mAb. cAC10-
Val-Cit-MMAE, with a mean loading of 4 drugs/antibody, now known as 
SGN-35, is currently in a dose-escalation Phase I clinical trial for the treatment 
of Hodgkin’s disease (Younes et al. 2007). Significant antitumor activities, 
including partial and complete remissions have been obtained.
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Recently, significant attention has been directed towards the use of 
recombinant strategies for the production of ADCs with predetermined sites 
for drug attachment. The first example of this approach involved engineered 
forms of cAC10, in which intrachain cysteines were replaced with serines 
(McDonagh et al. 2006). The ADCs produced from these antibodies had two 
or four molecules of MMAE/antibody, and were produced in high yields with 
unprecedented levels of product uniformity (Sun et al. 2005; McDonagh et al. 
2006). The engineered ADCs were compared with those derived from the 
parent anti-CD30 IgG1 for binding affinity, cytotoxic activity and for in vivo 
tolerability, pharmacokinetics and efficacy. It was found that all the ADCs 
with 4 drugs/antibody were equally active and tolerated, independent of the 
site of drug substitution. These results provided evidence that the number of 
drugs/antibody influences the therapeutic window to a greater extent than the 
site to which the drugs are attached. More recently, an approach involving 
the generation of recombinant antibodies bearing introduced cysteines 
for drug conjugation has led to well-defined ADCs with pronounced levels 
of efficacy and tolerability (Junutula et al. 2008a, b). It is apparent that 
recombinant approaches will play a role for ADCs in clinical development.

4. Conclusion

Significant advancements have been made in ADC technology since the clini-
cal trials with low potency, clinically approved anticancer drugs. Several drug 
classes have been described that are suitable as use within ADCs, including 
calicheamicin, maytansinoids, and the auristatins described here. These highly 
potent drugs help compensating for the low percentage of the injected ADC 
that actually binds and is retained within tumor cells. New linker technologies 
have been developed for these agents that allow them to remain associated 
with the mAb for extended periods of time and to be released under carefully 
defined conditions. Conjugation technologies have advanced to a point, where 
both the site and stoichiometry of drug attachment is controlled, and the result-
ing ADCs are well-defined. ADCs that incorporate these improvements have 
demonstrated levels of activity and immunological specificity that were previ-
ously unattainable. Several such ADCs have advanced into clinical trials and 
are show promising levels of activity.

There are many unresolved issues surrounding ADC technology. The impact 
that antibody affinity, internalization rate, antigen recycling, intracellular 
compartmentalization, antibody isotype, and ADC pharmacokinetics have on 
efficacy is largely unexplored. Little is known about how various conjugation 
methodologies affect activity. The use of antigen-binding non-IgG carriers 
(Binz et al. 2005) for drug delivery has hardly been touched upon. However, 
in spite of the unknown, it is apparent from the progress in the past few years 
that ADCs are poised to have an impact on cancer therapy.
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1. Introduction

The concept of using radiolabeled antibodies in vivo dates back to 1949 
when Pressman (1949) demonstrated that radiolabeled antibodies could be 
used to localize specific tissue. Using 131I radiolabeled anti-carcinoembryonic 
antigen antibodies, Goldenberg et al. (1978) imaged human colonic carcinoma 
xenografts and in doing so, set in motion the field of radiolabeled antibodies 
for use in imaging and therapy.

Antibody based imaging entails either an antibody, bivalent fragment 
F(ab¢)2, monovalent fragment Fab¢ or antibody construct (minibody, diabody, 
tribody, etc.), with either a gamma or positron emitting radioisotope, having 
an appropriate energy, and an external camera system. A list of radioisotopes 
suitable for imaging is shown in Table 19-1.

Single-photon emission computed tomography (SPECT) imaging involves 
the use of a gamma scintillation camera where multiple images are taken, 
typically encompassing 180° or 360°. SPECT imaging is based on the Anger 
camera which uses NaI:Tl as the scintillation crystal, the thickness of the 
crystal allows for optimal resolution of gamma rays in the range of 100–
200 keV. Gamma emitting isotopes with higher gamma energies, such as 111In, 
are imaged through the placement of a collimator on the imaging camera. With 
positron emission tomography (PET) imaging, a positron, which is a beta-
like nuclear particle that travels a few millimeters from its nucleus, collides 
with an electron and causes annihilation of particles creating two photons 
that travel in 180° opposite direction. The PET imaging system captures 
and registers photons arising from annihilation precisely, at the same time 
thereby providing exceptional sensitivity. Both SPECT and PET systems use 
computer algorithms to reconstruct multiple tomograms in coronal, sagittal, 
and transverse projections.
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Antibody based SPECT and PET are used to locate and image cancer, 
infectious, and cardiac disease. Several radiolabeled antibodies for diagnostic 
imaging have been commercialized (see Table 19-2).

Radiolabeled antibodies are being embraced as a valuable tool for use in 
drug research and development. The introduction of small animal SPECT and 
PET imaging systems has stimulated antibody (and other drug) developers to 
use radioimaging as a translational tool that effectively bridges in vivo infor-
mation in experimental animal models with humans (Buchanan et al. 2007).

Achieving selective delivery of cytotoxic agents to diseased tissue and 
cells is a key objective to the development of better efficacious therapeu-
tics. Antibody-mediated radiotherapy has now been clinically demonstrated 
in patients with non-Hodgkin’s B-cell lymphoma (NHL) using antibodies 
directed against the cluster designation 20 antigen (CD 20). 131I Bexxar 
(tositumab) and 90Y Zevalin (ibritumomab tiuxetan) have provided durable 
response rates of 70–80% (Witzig et al. 2002; Kaminski et al. 2000). The use 
of radiolabeled antibodies to treat other hematological malignancies is being 
investigated; for example anti-CD 33 radiolabeled HuM195 antibody to treat 
myeloid leukemia (Jurcic 2005) and radiolabeled anti-muc-1 antibody to treat 
multiple myeloma (Supiot et al. 2002).

Use of radiolabeled antibodies to treat solid tumors has been extensively 
investigated and has not provided clinically high durable response rates 
(Goldenberg 2002; Goldenberg and Sharkey 2006; Reilly 1991). Numerous 
variables are involved, but it is recognized that the combination of modest 
tumor uptake and relatively long serum half-life of radiolabeled antibody 
results in dose limiting toxicity to normal organs and in particular to bone 

Table 19-1. Radioiostopes for use in antibody imaging.

Imaging modality Radioisotope Half-life Energy Method of production

SPECT 99mTc – Technetium 6.0 h 140 keV Generator

SPECT 123I – Iodine 13.2 h 159 keV Cyclotron

SPECT 111In – Indium 2.8 days 171 keV Cyclotron

245 keV

SPECT 117mSn – Tin 13.6 days 159 keV Cyclotron

PET 18F – Fluorine 110 min 633 keV Cyclotron

PET 68Ga – Gallium 68 min 1.90 MeV Generator

PET 64Cu – Copper 12.7 h 578 keV Cyclotron

Table 19-2. Antibodies that have received regulatory approval to market in 
various countries.

Antibody Isotope indication

CEA-Scan (arcitumomab) 99mTc Detection of colorectal cancer metastases

Granuloscint (fanolesomab) 99mTc Detection of infection

Leukoscan (salesomab) 99mTc Detection of infection

Prostascint (capromab pendetide) 111In Detection of prostate metastases

Not all these imaging antibodies are approved for sale in the United States
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marrow. To help over come this problem, pre-targeting has been proposed 
(see Reilly 2006). Liu et al. (2002) describes pre-targeting as follows: “Pre-
targeting involves the administration of a non-radioactive tumor-specific 
agent carrying a molecular group with high affinity for a small effector 
molecule. After a suitable interval to allow for tumor targeting and clearance, 
the radiolabeled effector is administered. Thus, the pre-targeting method 
allows for the clearance of the tumor-specific antibody from normal tissues 
before the administration of the radiolabeled effector, and therefore can 
potentially overcome the intrinsic disadvantage of the lower ratios of tumor 
radioactivity that are characteristics of conventional targeting.” Pre-targeting 
holds promise to further improve radioimaging and therapy applications 
for antibodies. A number of antibody pre-targeting approaches have been 
devised which are summarized in Table 19-3.

The role for radioimmunotherapy for the treatment of solid tumors contin-
ues to be investigated and it may ultimately become an adjuvant therapy to 
eradicate minimal or metastatic disease. Radioimmunotherapy is also under 
investigation for the treatment of infectious disease (Dadachova et al. 2005, 
2006a,b; Casadevall et al. 2007).

As a therapeutic strategy radiolabeled antibodies have several attractive 
features that are described below:

·	 The radiolabel may not interfere with antibody biological activity: Antibody 
dependent complement-mediated cytotoxicity (CDC) and antibody depend-
ent cellular toxicity (ADCC) and can be engineered not to affect antibody–
antigen binding.

·	 For beta particle based radioimmunotherapy, the radiolabeled antibody 
does not need to be internalized – some beta particles have a range of up 
to 1.0 cm thereby allowing destruction of neighboring cells (referred to as 
the crossfire effect). For this reason radioimmunoconjugates are effective 
in heterogeneous tumor architecture.

Table 19-3. Pre-targeting strategies.

Pre-targeting method Reference

Avidin–biotin Paganelli et al. (1991)

Avidin–biotin 3-step method consisting of:

 Streptavidin–antibody (VL) fusion  
(targeting protein)

Sato et al. (2005)

 Thioglactoside clearing agent Lin et al (2006)

 Biotin–radioisotope conjugate Axworthy et al. (2000)

Morpholino – use of complementary morpholino  
oligomers

Liu et al. (2002)

He et al. (2007)

Liu et al. (2006)

Liu et al. (2007)

Bispecific antibody – Hapten peptide Sharkey et al. (2005)

Sharkey and Goldenberg 
(2006)

Rossi et al. (2006)

Moosmayer et al. (2006)
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·	 Radiolabeling technology is well established and a variety of approaches 
are readily available.

·	 There is a selection of radioisotopes with therapeutic properties commer-
cially available.

·	 Go/no go experimentation is relatively straightforward.

Radioimmunotherapy may be carried out by employing radioisotopes with 
a suitable beta or alpha particle, or Auger electron emission. A list of radionu-
clides for use in radioimmunotherapeutics is shown in Table 19-4.

Selection of a therapeutic radionuclide must factor the nature of the disease: 
tumor size and volume, stage of development, the amount of target receptor 
or antigen present at the diseased cell or tissue and normal tissue, the extent 
to which the antibody or antibody construct may penetrate the diseased tissue, 
and overall biodistribution to non-target tissue. Consideration should also be 
given to match the antibody biology; specifically, its distribution and phar-
macokinetics, with the energy emission of the radionuclide for optimal thera-
peutic outcome; the goal being delivery of lethal radiation dose to the disease 
tissue with minimal radiation to non-target tissue. The highest linear energy 
transfer is observed with alpha particles which limit the cells’ ability to repair 
DNA and are effective in hypoxic conditions (Volkert et al 1991). Alpha parti-
cles have a short path length and a higher energy, making them more lethal to 
cells, than beta emitters (McDevitt and Scheinberg 2002), however the range 
of alpha emitters is only a few cell diameters.

Beta particle emitting radionuclides have an effective killing range over 
several hundred cell diameters. 90Y has a deeper penetration range (11.3 mm) 
than 177Lu (1.8 mm).

The physical half-life of the radionuclide and the biological half-life of the 
antibody or, in the case of pretargeting, radiolabeled effector molecule, must 
be considered when designing the optimal radioimmunotherapeutic agent. 
One can also select a therapeutic radionuclide that, in addition to beta particle 
emissions for therapy possesses gamma energies suitable for imaging. 188Re, 
177Lu, and 131I are representative beta emitting radionuclides that have energies 
suitable for imaging and real-time dosimetry. Due to their short penetration 

Table 19-4. Radioisotopes for therapeutic considerations.

Radionuclide Half-life Emission for therapy Penetration range Source of production
67Cu – Copper 61.9 days b 0.05–2.1 mm Cyclotron
131I – Iodine 8.02 days b 0.08–2.3 mm Reactor
177Lu – Lutetium 6.7 days b 0.04–1.8 mm Reactor
188Re – Rhenium 17.0 h b 1.9–10.4 mm Generator
90Y – Yttrium 64 h b 4.0–11.3 mm Generator
211At – Astatine 7.2 h a 60 µm Cyclotron
212Bi – Bismuth 60.5 min a 84 µm Generator
225Ac – Actinium 10.0 days a 50–80 µm Generator
123I – Iodine 13.3 h Auger <100 nm Cyclotron
125I – Iodine 59.4 days Auger <100 nm Reactor
111In – Indium 3.0 days Auger <100 nm Cyclotron
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range, use of Auger electron emitting radionuclides for therapy is restricted 
to antibodies that internalize within the target cell nucleus. Auger electron 
therapy appears to be feasible with the HIV-1 tat to IgG radioimmunocon-
jugates engineered by Hu et al. (2006) and Cornelissen et al. (2007) that are 
internalized within the target cell nucleus.

Radionuclides commonly employed for antibody radiolabeling are halogens 
and metal elements; the following examines considerations of each in detail.

2. Radiolabeling Antibodies with Radiohalogens

The most commonly used halogens for antibody radiolabeling are iodine, 
bromine and fluorine isotopes. The advantage of halogens over metals is that they 
can be directly introduced onto an antibody via electrophilic substitution of the 
halogen onto antibody tyrosine residues. The main problem with halogenated 
antibodies is in vivo dehalogenation, as a result of enzymatic cleavage due to 
structural similarities between thyroid hormones and halogenated tyrosine-like 
residues of an antibody or its catabolites. In particular, dehalogenation with 
iodide results in significant and undesirable accumulation in both the thyroid 
and stomach tissues, and sub-optimal uptake at the antibody target.

Fluorine isotope (18F) forms very strong C–F bonds and therefore the rate 
of dehalogenation in vivo is slower than iodine isotopes (Zumdahl (1997)). 
Bromine (77Br) forms slightly stronger C–Br bonds than C–I bonds (Table 19-5). 
However dehalogenation in vivo remains problematic, but has the advantage of 
not accumulating in the thyroid. Iodine isotopes (123I, 125I, 131I) are widely avail-
able and frequently used to label antibodies with high specific activity. Methods 
for halogenation are as follows:

2.1. Direct Radiolabeling with Radiohalogens

The most commonly used methods are described below:
Iodine monochloride method (Helmkamp et al. 1967; Doran and Spar 

1980):
Radioiodine is equilibrated with stable iodine monochloride in dilute HCl. 

The mixture is then added to the antibody. The reaction is depends upon the 
pH and temperature. The disadvantage of this method is the presence of inac-
tive iodide that will affect the binding properties of the labeled antibody.

2.1.1. Enzymatic Methods (Marchalonis 1969)
Lactoperoxidase is equilibrated with a nanomolar quantity of oxidant such 
as hydrogen peroxide. The solution is added to the mixture of antibody and 

Table 19-5. Energy of C–halogens bonds.

Bond Bond energy (kJ/mol)

C–F 485

C–Br 285

C–I 213
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radioiodide. The hydrogen peroxide oxidizes iodide to form reactive iodine 
species that reacts with the tyrosine residue on the antibody. The method is 
very mild due to the small quantity of peroxide and does not cause denatura-
tion of the antibody.

2.1.2. Chloramine-T (Hunter and Greenwood 1962), Iodobeads  
(Markwell 1982) and Iodogen (1,3,4,6-Tetrachloro-3a,6a-Diphenylglycouril)  
(Fraser and Speck 1978) Methods
The electropositive iodonium ion, is generated in situ by adding an oxidizing 
agent to the mixture of antibody and sodium iodide. The iodonium ion (I+) 
reacts mainly on the antibody tyrosine residues. The resonance effect of the 
p-hydroxyl group on the tyrosine residue directs the electrophilic substitution 
to the ortho position of the hydroxyl group. Addition of iodide to the histidine 
residue can also occur but phenylalanine residues are sufficiently deactivated 
relative to the tyrosine residue that no appreciable iodination can occur. The 
amount and the strength of the oxidizing agent used in a reaction must be 
carefully selected in order to minimize denaturation of the protein by breaking 
peptide and disulfide bonds. Range finding studies are carried out at different 
molar ratios iodide:iodogen and iodogen:antibody in order to optimize the 
labeling yield without compromising the immunoreactivity. Iodogen is usually 
coated on glass surface such as a vial or glass beads and is less oxidative than 
chloramine-T. The reaction is stopped by simply transferring the labeled anti-
body from the coated vials or beads to a purification column. Chloramine-T is 
soluble in most buffers used for radiolabeling. Therefore an antioxidant such 
as sodium metabisulfite, is needed to quench the reaction before purification 
of the labeled antibody. Iodobeads are modified chloramine-T molecules 
attached to polystyrene beads that are less oxidative than chloramine-T and 
eliminate the need to remove the chloramine-T from the final drug product.

2.2. Indirect Radiolabeling with Radiohalogens

Indirect labeling has the advantage of separating the antibody from the oxi-
dant and therefore minimizing denaturation of the antibody. Chloramine-T or 
Iodogen are used for tyrosine-like moieties and t-butylhydroperoxide (TBHP) 
or N-chlorosuccinimide NCS for non-tyrosine-like moieties. The iodinated 
moiety is purified prior to the conjugation step to increase the specific activity 
of the final drug product and is conjugated to the antibody through the lysine 
residues. The moiety should provide fast and efficient radioiodination and 
rapid antibody coupling. Also, the moiety must be structurally different from 
iodotyrosine to preclude enzymatic deiodination. The most common moieties 
are Bolton Hunter reagent (N-hydroxysuccinimide ester of p-hydroxyphenyl-
propionic acid ) and Wood reagent (p-hydroxylbenzimidate) (Fig. 19-1).

Fig. 19-1. Iodine chelates
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The Bolton Hunter method (Bolton and Hunter 1973) is very susceptible 
to hydrolysis during iodination because of the succidinimyl functional group, 
but is easy to conjugate. The labeled Bolton Hunter reagent is less susceptible 
to in vivo dehalogenation than a labeled tyrosine using iodogen. On the other 
hand, Wood reagent (Wood et al. 1975) is more resistant to hydrolysis, but is 
more difficult to conjugate because of the imidoester group. Other iodine moi-
eties have been investigated, for example N-succinimidyl-(tri-n-butylstannyl)
benzoate (m-BuATE) (Fig. 19-2).

The radioiodination of m-BuATE is performed using an oxidant 
(t-butylhydroperoxide (TBHP) or N-chlorosuccinimide (NCS)) in a solution 
of 2% acetic acid in chloroform at pH 5.0–5.5 to form N-succinimidyl 
3-iodobenzoate (m-SIB). m-SIB has the advantage of a carbon chain between 
the ester group and the aromatic ring shorter than Bolton Hunter. This 
reduces the hydrolysis of the N-succinimidyl group and results in improved 
conjugation yield to the antibody (70% labeling versus 30% for Bolton 
Hunter) (Vaidyanathan et al. 1993). Moreover, the m-SIB moiety is resistant 
to enzymatic degradation due to the structural differences with the tyrosine. 
The percentage of injected dose in the thyroid is reduced from 5.05% for 
the direct labeling to 0.36% for m-SIB, in normal mice, when conjugated to 
an IgG antibody after 5 days (Zalutsky and Narula 1987). Vaidynathan and 
Zalutsky (1990a) observed similar results with the anti-tenascin monoclonal 
antibody 81C6, where the thyroid uptake was 0.18% ID/g for m-SIB when 
compared to 0.44% for Bolton Hunter and 5.97% for Iodogen, after 3 days in 
normal mice. Under optimized oxidant conditions, Garg et al. (1989) showed 
that by changing the bulky butyl group on the stannyl in m-BuATE with a 
smaller methyl group such as N-succinimidyl-(tri-n-methylstannyl)benzoate 
(m-MeATE), the steric effect is reduced and the iodination yield of the 
moiety improves from 80 to 97% in 30 min. Wilbur et al. (1991) investigated 
the importance of the position of the butylstannyl group by comparing 

Fig. 19-2. Iodination reaction of N-succinimidyl-(tri-n-butylstannyl)benzoate
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N-succinimidyl-3(tri-n-butystannyl)benzoate (m-BuATE) and N-succinimidyl-
4(tri-n-butylstannyl)benzoate (p-BuATE). The biodistribution in normal mice 
of the two radioiodinated moieties conjugated to NR-Lu-10 antibody fragment 
were similar, but higher kidney uptake was observed for p-SIB (15.6%) when 
compared to 0.52% for m-SIB. The resonance forms of the amide group on 
the aromatic ring create a lower electron density on the carbon in position 
four when compared to the carbon in position three. The reduced electron 
density on the carbon bearing the iodine atom increased the possibility of 
dehalogenation by nucleophilic attack. This theory was investigated further 
by increasing the electron density on the carbon bearing the iodine in order 
to improve the stability of the C–I bond. Electrodonating substituents of 
different strength were added in ortho of the stannyl group: an hydroxyl group 
was added to m-BuATE to form 4-hydroxy-3-(tri-n-butylstannyl)benzoate 
m-BuHATE (Vaidyanathan et al. 1993), a methyl group was added to form 
4-methyl-3-(tri-n-butylstannyl)benzoate m-BuMATE (Garg et al. 1993) and 
a methoxy group was added to form 2,4-dimethoxy-3-(tri-n-butylstannyl)
benzoate m-BuMeO2ATE (Vaidynathan and Zalutsky 1990b). The increased 
electron density on the carbon 3 did not help the stability of the iodinated 
moiety in vitro (see Table 19-6). Furthermore a decrease of the iodination rate 
was observed from 80% for SIB to 60% for SMIB and 30% for SMeO2IB.

A new type of iodine moiety was investigated to reduce the hydrolysis of the 
activated ester: 3(tri-n-tributylstannyl)phenylisothiocyanate (Fig. 19-3). The 
isothiocyanate eliminates hydrolysis during the iodination process; however 
the conjugation rate is slower by 12 h versus 15 min for the N-succinimidyl. 
A decrease in the thyroid uptake by a factor of 3–4 is observed in comparison 
to direct iodination in tumor bearing mice (Ram and Buchsbaum 1992, 1994).

Table 19-6. Comparison of SIB to SHIB, SMIB and SMeO2IB.

Antibody Chelate Iodinated chelate
Thyroid 
(%ID/g)

Liver 
(%ID/g)

Kidney 
(%ID/g)

Anti-tenacin 81C6 m-BuATE SIB 0.3 1.85 0.24

m-BuHATE SHIB 0.5 2.12 0.27

Anti hAFP DU-PAN 1 (Fab¢) m-BuATE SIB 0.12 0.34 1.09

m-BuMATE SMIB 0.32 0.35 2.27

Anti-CEA C110 m-BuATE SIB 0.4 5.97 1.88

m-BuMeO2IB SMeO2IB 1.3 5.96 1.95

Fig. 19-3. 3(tri-n-Butylstannyl)phenylisothiocyanates
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3. Radiolabeling of Antibodies with Radiometals

Radiometals can be introduced directly or indirectly to the antibody.

3.1. Direct Radiolabeling with Radiometals

Direct labeling is frequently carried out with 99mTc, 186Re and 188Re. The 
pertechnetate ion TcO4

− and the perrhenate ion ReO4
− have an oxidation state 

of +7 and are chemically very stable species. In order to perform direct anti-
body labeling with rhenium or technetium, the radiometal must first be reduced 
to a lower oxidation state, by the addition of a reducing agent. Various reduc-
ing agents such as: stannous chloride SnCl2⋅2H2O (Hnatowich et al. 1993), 
stannous tartrate (Pettit et al. 1980), or sodium borohydrate (NaBH4) can be 
used for this purpose. In the lower oxidation state (+5), the reduced metals are 
chemically very reactive and coordinate to at least four donor atoms to form 
a stable complex. Donor groups such as thiol, amide, amino, and carbonyl are 
common with this class of metal ion. The probability of finding four or more 
atoms in that preferred arrangement in an antibody is very low and may lead 
to denaturation of the antibody. With thiol groups, a reduction of the disulfide 
bond on the antibody is needed using a low concentration of mild reducing 
agent such as 2-mercaptoethanol, prior to radiolabeling.

3.2. Indirect Radiolabeling with Radiometals

The following metallic radionuclides (e.g. 64Cu, 68Ga, 90Y, 99mTc, 111In, 153Sm, 
177Lu, 186Re, 188Re and 225Ac) can be indirectly labeled on the antibodies 
using bifunctional chelates that are conjugated to the antibody either before 
(post-metallation) or after addition (pre-metallation) of the metal ion. For the 
post-metallation method, the bifunctional ligand is first covalently attached 
to the antibody followed by purification and subsequent complexation with 
the metal ion (see Fritzberg et al. 1988). The advantage of this approach is 
generally a more stable immunoconjugate and the opportunity to substitute 
metal radionuclides for different applications. For example, 111In is used for 
biodistribution studies while 90Y is used for radioimmunotherapy with Zevalin 
(ibritumomab tiuxetan) an anti-CD 20 monoclonal antibody conjugated 
to MX-DTPA. With the pre-metallation method, the bifunctional ligand is 
first complexed with the appropriate radiometal, and then conjugated to 
the antibody. This approach is recommended when the labeling requires 
conditions that could denature the antibody, however it leads to radiolabeled 
antibodies with low specific activity.

Transchelation of the radionuclide to circulating proteins in the blood can 
be a major problem with chelated antibodies. Depending on the chelate and 
the radiometal, the transchelation may result in undesirable soft tissue uptake; 
in particular high liver accumulation.

3.2.1. Reactive Functional Group
The reactive functional group on the chelates must provide rapid conjuga-
tion to the antibody at neutral pH and room temperature (Fichna and Janecka 
2003). The choice of functional group depends on the antibody and the pres-
ence of the following groups: amino, thiol and aldehyde (Fig. 19-4).
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The functional groups commonly used are activated ester, isothiocyanate, 
maleimide and hydrazide. Activated ester such as N-hydroxysuccinimide 
(NHS) reacts with the amino group of a lysine residue on the antibody to 
form an amide bond at mildly acid to neutral pH range. Activated esters are 
very reactive and water soluble making it easy to purify when the conjugated 
antibody is insoluble in water. Isothiocyanate reacts with the amino group of 
lysine residues on antibodies to form a thiourea bond at high pH 8–9, along 
with the occurrence of competing hydrolysis occurring. Therefore, this func-
tional group is not applicable for antibodies sensitive to high pH. Maleimide 
reacts with thiol groups on the antibody to form thioether linkage at neutral 
pH. In alkaline conditions, the maleimide can be hydrolyzed into maleanic 
acid. Hydrazides react with aldehyde groups on the antibody to form hydra-
zone conjugates. This functional group is suitable for antibodies containing 
serine, threonine and hydroxylysine.

With bifunctional chelates, the position of the functional group on the aro-
matic ring attached to the chelator affects the stability of the conjugate. There 
are two kinds of substituents: nucleophilic and electrophilic. Nucleophilic 
groups (NH2, OH, OCH3) are ortho or para activating group and increases 
the electron density on those carbons while electrophilic groups (NO2, SCN) 
decrease the electron density on those carbons. The variation in the electron 
density of the benzyl group has an impact on the stability of the chelate 
(Wilson et al. 1998). When 153Sm is complexed with BA-DOTA, the loss of 
metal is 17% with a nucleophilic group in para position such as NH2 versus 
33% with an electrophilic group such as NO2. For MeO-BA-DOTA complexed 
with 153Sm, when two nucleophilic substituents are present: one in ortho 
(OCH3) and one in meta (NH2), the metal loss is 6%. However if the meta 
substituent is replaced by an electrophilic group such as NO2, then the metal 
loss is 1%.

3.2.2. Linker
A linker is used to connect the bifunctional chelate to the antibody. The choice 
of linker depends on the pharmacokinetic requirements. The linker can be 
electrophilic, nucleophilic or neutral and have a significant effect on biodis-
tribution. For example, increasing the hydrophilicity of the antibody with the 
linker can improve the renal clearance (Liu and Edwards 2001a) and reduces 
the accumulation to fatty tissues like the liver.

Fig. 19-4. Functional groups
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3.2.3. Bifunctional Chelates for 90Y, 111In, 153Sm, 177Lu
The chemistry of yttrium, indium, samarium and lutetium is very similar. The 
most prevalent oxidation state in aqueous solution is +3. Complexation with 
this series of metals favors ligands containing donor atoms such as oxygen, 
nitrogen and sulfur. Stable complexes are obtained with coordination numbers 
varying from 3 to 8 depending of the chelate. Two types of chelates are avail-
able: acyclic chelates (e.g. Bz-DTPA, 1B4M-DTPA, MX-DTPA, CHX-DTPA) 
and cyclic chelates (e.g. C-DOTA, PA-DOTA, 1B4M-DOTA, BA-DOTA, 
MeO-BA-DOTA) as shown in Figs. 19-5 and 19-6.

Fig. 19-5. Acyclic chelates

Fig. 19-6. Cyclic chelates
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The choice of the bifunctional chelate depends on the oxidation state, the 
size of the radionuclide and the sensitivity of the antibody to elevated tempera-
ture. The size of the metallic ion is more critical for cyclic chelates.

In general, acyclic chelates react faster with metals than cyclic chelates. 
For acyclic chelates, the pre-organization of chelate and the denticity increase 
the stability of the metal complex. Stimmel (1995, 1998) demonstrated that 
acyclic chelates such as: CHX-A″-DTPA (Gansow and Brechbiel 1992) and 
MX-DTPA (Gansow and Brechbiel 1989) react instantaneously with 90Y, 177Lu 
and 153Sm, up to a molar ratio chelate:metal 1:1. The chelation is affected 
minimally by traces of metal impurities in the radioisotope. The acyclic 
chelates are not stable at low pH, the nitrogens involved in chelation, are eas-
ily protonated resulting in the release of the radionuclide. The acyclic chelates 
are divided in two groups. The first group constituted of DTPA, Bz-DTPA 
is easily protonated at low pH and therefore this group is very unstable. The 
second group, MX-DTPA, 1B4M-DTPA, CHX-DTPA, has a better stability at 
low pH. The addition of substituents like a carboxyl group in MX-DTPA or a 
methyl group in IB4M-DTPA add some extra rigidity that makes the protona-
tion of the nitrogen harder and therefore increases the stability in vivo.

In order to further improve the stability of the acyclic chelate, a cyclohexyl 
was added to the DTPA backbone. Camera et al. (1994) compared the in vivo 
stability of CHX-DTPA to 1B4M-DTPA. When conjugated to the anti-Ephrin-
B3 monoclonal antibody, CHX-A-DTPA and 1B4M-DTPA showed similar 
bone uptake while CHX-B-DTPA showed a higher uptake in the femur. The 
stability of the four isomers of CHX-DTPA: CHX-A¢-DTPA, CHX-A″-DTPA 
, CHX-B¢-DTPA and CHXB″-DTPA with 90Y was studied by Wu et al. (1997) 
who observed that the CHX-A group showed a better stability in serum 
and low pH than the CHX-B group. Milenic et al. (2002) labeled 177Lu on 
CHX-A″-DTPA conjugated to the anti-B72.3 antibody CC49 and found that 
CHX-A″-DTPA was superior to PA-DOTA with respect to immunoreactivity, 
specific activity, and the in vivo pharmacokinetic data.

For cyclic chelates C-DOTA and PA-DOTA, the kinetics of complexation 
are slower (Stimmel et al. 1995; Stimmel and Kull 1998). The molar ratio 
chelate/isotope depends on the size of the metal. A molar ratio chelate:metal 
of 2:1 and 3:1 are achieved respectively with 177Lu and 90Y. As the metal ionic 
radius decreases, the reaction kinetics is faster and the stability of the complex 
decreases.

Metal contaminants have a significant impact on labeling yield. The rate of 
reaction for PA-DOTA is 45 min versus 15 min with C-DOTA for 90Y, 153Sm 
and 177Lu. The benzyl group is connected directly to the carboxylic arm, creat-
ing some steric effects that slow down the reaction.

An hypothesis was made by Chappell et al. (2003), that the addition of sub-
stituents on the cyclic chelate may help to adopt a lower energy configuration 
that speeds up the labeling and gives a better in vivo stability in the serum and 
at low pH. The addition of a methyl (1B4M-DOTA) and a cyclohexyl (CHX-
DOTA) was studied to verify this hypothesis. The chelates were conjugated 
to Herceptin and labeled with Lu-177. 1B4M-DOTA has a similar kinetic rate 
as C-DOTA and PA-DOTA. However, CHX-DOTA has faster kinetics but a 
lower yield than C-DOTA. The serum stability showed a loss of activity of 2.7, 
1.8, 0.4 and 0.2% for CHX-DOTA, C-DOTA, 1B4M-DOTA and PA-DOTA 
respectively. The tumor uptake of 1B4M-DOTA (22.3 %ID/g) was equivalent 
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to the one of C-DOTA (24.3%ID/g), but PA-DOTA (18.1%ID/g) and CHX-
DOTA (18.1%ID/g) was lower. The liver uptake was equivalent for 1B4M-
DOTA (4.8%ID/g) and C-DOTA (4.8%ID/g), but was higher for CHX-DOTA 
(6.65%ID/g) and PA-DOTA (5.8%ID/g) (see Table 19-7).

The following are other macrocyclic chelators to be considered for radio-
metals whose size may not be optimal for DOTA and DTPA based ligands:

3.2.4. Bifunctional Chelates for 64Cu
The chemistry of copper is restricted to two oxidation states (I and II). The 
redox and complexation chemistry of copper is well known. New chelates 
have been developed for copper to obtain faster kinetics and improved stabil-
ity when compared to DOTA (Smith 2004). The chelates commonly used with 
64Cu and 67Cu are DOTA, TETA, cross-bridged cyclam (Hubin and Meade 
2002) and SarAr (Fig. 19-7).

With DOTA, the labeling reaction requires a pH of 5.5 at room temperature 
for a period between 30 and 45 min. Cross-bridged cyclam requires similar 
reaction time with a temperature of 75°C and a basic pH. SarAr can be labeled 
with a wide range of pH (from 4 to 9) at room temperature, with a reaction 
time of only 2 min. SarAr has also an excellent stability in acid, with no detect-
able loss of Cu. These chelates showed excellent stability in serum over 24 h 
(Table 19-8).

Table 19-7. Stability comparison of DOTA derivatives.

Chelate
Metal loss  
in serum (%)

Tumor uptake 
(%ID/g)

Liver uptake 
(%ID/g)

CHX-DOTA 2.7 18.1 6.65

PA-DOTA 0.2 18.1 5.8

IB4M-DOTA 0.4 22.3 4.8

C-DOTA 1.8 24.3 4.8

Fig. 19-7. Copper chelates
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3.2.5. Bifunctional Chelates for 68Ga
Gallium coordination chemistry is similar to In(III). The cyclic chelators most 
often used for Ga(III) are NOTA, DOTA and TETA. Some acyclic chela-
tors can also be used such as deferroxamine (Smith-Jones et al. 1994) (see 
Fig. 19-8). NOTA has been shown to be far superior to 1B4M-DTPA when 
conjugated to antibody T010 and labeled with 67Ga ( Lee et al. 1997), to 
DOTA and to TETA (Broan et al. 1991).

DTPA is a commonly used bifunctional chelate with 99mTc that has non desir-
able uptake in the liver. Hydrazinonicotinamide HYNIC (Rennen et al. 2000), 
diamine dimercaptide N2S2 (Luyt et al. 1999), and N-hydroxysuccinimide of 
mercaptoacetyl triglycine ester MAG3 (Hnatowich et al. 1998; Fritzberg et al. 
1992) are alternate chelates for consideration with pertechnetate (or perrhen-
ate) (see Fig. 19-9). Once these chelates have been conjugated to an antibody, 
the labeling is carried out by adding 99mTcO4

− in the presence of a reducing 
agent such as Sn2+ or by a ligand exchange with a weak 99mTc-chelate such as 
99mTc-gluceptate, 99mTc-tartrate, or 99mTc-citrate.

3.2.6. New Bifunctional Chelates
Macrocyclics and MDS Nordion developed new chelates: PCTA and OXO 
(Fig. 19-10). The goal of these new chelates, presently under investigation, is 
to achieve kinetic properties superior to DOTA and achieve in vivo and in vitro 
stability similar to DOTA.

4. Manufacturing of Radiolabeled Antibodies

Depending on the half-life of the radionuclide, the type of decay, energy, 
nature of the antibody, and its stability, there are two approaches that can be 
made for preparing and manufacturing radioimmunoconjugates; a so-called 

Table 19-8. Stability of copper chelates.

Chelate pH
Time 
(min) Temperature (°C)

Stability in 
serum (24 h)

DOTA 5.5 45 20–25 >99

TETA 5.5 30 20–25 98

Cross-bridged cyclam >8.0 60 75 >99

SarAr 4–9 <2 20–25 >99.0

Fig. 19-8. Gallium chelates
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“kit” approach whereby the antibody radiolabeling is carried out typically at 
a single dose level, either at the location where it will be used or at a radiop-
harmacy. The other approach is central manufacturing where the radiolabeling 
is carried out on a larger batch scale, usually not exceeding 100 Curies, using 
the same controls required for small scale parenteral drug manufacture, and 
individual doses are aseptically filled, packaged, and distributed to hospitals 
or clinics. Irrespective of the approach, all commercial radioimmunoconjugate 
manufacturing for human use must be carried out following current Good 
Manufacturing Practice in a validated facility using validated materials, proc-
esses, test methods, and equipment, and be in compliance with nuclear safety 
and environment regulations.

4.1. Radiolabeling of Antibodies with Kits

Radioimmunoconjugate kits can be conveniently stored until ready for use and 
are most suitable for short-lived radionuclides such as 99mTc, 68Ga, and 64Cu. 
Zevalin (ibritumomab tiuxetan) is the first radioimmunotherapeutic kit product 

Fig. 19-9. Technetium chelates

Fig. 19-10. PCTA and OXO chelates
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that consists of four vials: a reaction vial, a vial containing the anti-CD 20 
antibody–MX DTPA conjugate, a diluent vial and a buffer vial.

A key advantage of the kit approach is that it can allow for the substitution 
of radionuclides that share similar chemistry. With Zevalin, the kit is first 
prepared with 111In and the patient undergoes an imaging study to confirm dis-
tribution and tumor uptake. Assuming appropriate distribution in the patient, 
following 7 days from the imaging injection another Zevalin kit is formulated 
with 90Y and the patient is given the therapy. Quality control testing for kits at 
the radiopharmacy consists of instant thin layer chromatography, dose calibra-
tor measurement, pyrogen and sterility testing.

4.2. Central Radiolabeling of Antibodies

Central manufacturing of radioimmunoconjugates is most suitable for radio-
nuclides with half-lives of at least 13 h, and where the conjugate can be formu-
lated to achieve adequate stability to enable shipment from the manufacturer to 
the hospital or clinic. 131I and 177Lu are radionuclides with a half-life suitable 
for central manufacturing. A frequent stability objective for a central manu-
factured radioimmunotherapeutic is 5–6 days from the time of manufacture 
and some diagnostic radioimmunoconjugates have been formulated to have 
stability for more than 7 days. 131I Bexxar (tositumab) is the first centrally 
manufactured therapeutic radioimmunoconjugate approved by the US FDA. 
A key advantage with central manufacturing is that the radioimmunoconjugate 
can be sent directly to the hospital or clinic and the radiopharmaceutical only 
requires handling to dispense and measure the dose, therefore radiation expo-
sure to personnel is reduced in comparison to kits.

The following processes are involved with central manufacturing:

4.2.1. Radiolabeling

Depending on the radionuclide, the methods for radiolabeling have been previ-
ously described in this chapter.

4.2.2. Purification

Two methods are commonly used to purify radioimmunoconjugates: gel chro-
matography and ion exchange resin.

Gel chromatography separates component by size, with larger molecules 
eluting faster than smaller one. Fractions of eluate are collected, the radioac-
tivity is measured for each fraction, and the components in each fraction are 
identified. The fractions containing the radiolabeled compound are pooled 
together. The length and the diameter of the size exclusion column are depend-
ant on the volume of sample. With larger batch size, the column becomes too 
cumbersome to be used inside a hot cell.

Two kinds of ion exchange resins are available: cation exchange resin and 
anion exchange resin. An anion exchange resin will retain anions while cation 
exchange resin will retain cations. Anion exchange resins are commonly 
used to remove free iodine from iodine labeled antibody. The size of the ion 
exchange column is dependant of the amount of anions or cations that needs 
to be removed and is independent of the volume. The capacity of the resin is 
measured as milliequivalent of ions per gram of resin. As a rule of thumb, the 
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capacity of the size exclusion resin should be at least four times the amount of 
milliequivalent ions per gram that is needed to purify the labeled antibody.

4.2.3. Formulation

Antibody integrity is difficult to maintain in formulations consisting of alpha 
or beta emitting radionuclides. The factors that influence the stability of a 
radiolabeled antibody are related to the physical characteristics of the radio-
nuclide: energy, type of decay, activity concentration, specific activity, storage 
temperature and the amount and type of stabilizer.

Activity concentration is defined as the amount of radioactivity per millili-
ter of solution. The total activity is the radioactivity per dose. The radiolytic 
decomposition increases with the activity concentration and the total activity.

Specific activity is defined as the radioactivity per gram of labeled anti-
body. High specific activity is required for biologically active antibodies. 
High specific activity could create an unstable product that can affect binding 
properties.

Storage temperature of the radioimmunoconjugate is also an important con-
sideration. Lower temperature reduces the diffusion and the interaction of free 
radicals with the radiolabeled antibody and improves stability.

Emissions from the radionuclide attack the radiolabeled antibody or any 
other compound in close proximity, causing decomposition (Garrison 1987). 
Radiolysis causes the formation of free radicals, that are very reactive toward 
any organic molecules. Therefore, stabilizers must be included in the formula-
tion to minimize radiolysis. The stabilizer must have antioxidant properties 
and be a free radical scavenger of type I and/or type II. A radical scavenger of 
type I neutralize free radicals formed as the results of absorption of ionization 
radiation by water molecules (i.e. H• and •OH). A radical scavenger of type II 
neutralize free radicals formed as the results of absorption of ionization radia-
tion by molecular oxygen (i.e. superoxide O2

−• and singlet oxygen 1O2).
Free radical scavengers such as human serum albumin (HSA), polyvinylpyrro-

lidone (Shochat et al. 1999), gentisic acid (Liu and Edwards 2001b) and ascorbic 
acid (Liu et al. 2003) have been used as stabilizers in radiolabeled antibodies.

4.2.4. Sterile Filtration

Radiolabeled antibodies are sensitive to heat and formulations cannot tolerate 
autoclaving. The radioimmunoconjugate is sterilized using a 0.2 mm mem-
brane filter that removes organisms by a sieving mechanism. Dispensing is 
carried out aseptically in a validated Class 100 environment. A wide variety of 
filters for sterilization are available for different volume of batch size.

4.2.5. Quality Control

Radioimmunoconjugates are parenteral drugs and all quality control methods 
must be validated and carried out on validated test equipment.

4.2.5.1. Chemistry Testing
Chemistry testing on radioimmunocojugates includes the measurement of free 
radionuclide, radiochemical purity, pH and ionic strength, activity concentra-
tion and potency.
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Free radionuclide is mostly measured by instant thin layer chromatography 
(ITLC). During the chromatographic process, the components of the sam-
ple are distributed between the adsorbent (stationary phase) and the solvent 
(mobile phase), depending on their affinity for either phase. Depending on the 
polarity, affinity to the stationary phase slows down the migration while affin-
ity to the mobile phase speeds up the migration. The amount of free radionu-
clide is calculated as a ratio of the activity of the free radionuclide versus the 
total activity applied to the ITLC strip. The activity on the strip is measured 
using a scanner equipped with a radiation detector.

Radiochemical purity is measured by high performance liquid chroma-
tography (HPLC), using a radiation detector. The separation between the 
components can be done either by mass with a size exclusion column or by 
polarity with a reverse phase column. The radiochemical purity of a radiophar-
maceutical is the fraction of the activity representing the radiolabeled antibody 
compared to the degradation products and aggregates.

pH is measured using a pH meter and ideal pH should be around 7. Ionic strength 
or osmolality is also an important test and can be measured using an osmometer. 
Both pH meters and osmometers are available with microprobes reducing the size 
of the sample (50–70 µL) and the radiation dose to the operator.

Activity concentration measures the radioactivity per milliliter of solution. 
The activity concentration should also be measured at the end of the shelf life 
to ensure that the radiolabeled antibody remains intact.

4.2.5.2. Biological Testing
Immunoreactivity test is a measure of the binding property of the labeled 
antibody to an antigen that may be a receptor either on live cells, dead cell or 
receptor fragments. The labeling process may affect the binding property of 
the antibody to the antigen. The immunoreactivity is measured by determin-
ing the immunoreactive fraction (Lidmo et al. 1984) or by enzyme-linked 
immunosorbent assay (ELISA). The immunoreactive fraction is determined by 
linear extrapolation at infinite antigen-excess. The excess of antigen ensures 
that the true value of immunoreactive fraction is obtained as opposed to the 
apparent immunoreactive fraction. The ELISA assay combines the specificity 
of the antibodies with the sensitivity of an enzyme. The ELISA assay allows a 
direct comparison of the labeled antibody versus the unlabeled, without modi-
fying the method to adapt to radioactive detection.

4.2.5.3. Sterility and Pyrogen Testing
United States Pharmacopeia (USP) 30 is followed for sterility and pyrogen 
testing. For sterility testing typically the membrane filtration method is used, 
and pyrogen testing may use either the gel-clot or colorimetric method.
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tumor growth, mouse xenograft efficacy model, 

304–306
in vivo and alpha clearance, 303

chinese hamster ovary cells (CHO) system, 295
construct design, 296–297
fermentation scale

DsbA and DsbC, co-expression, 302–303

growth medium design, 300
IPTG, 302
light chain and heavy chain, TIR, 301
medium volume, 300
phoA promoter induction, 300
series of, 302
small-scale analyses samples, 301
TIR strengths, 301

host strains, 299
humanized IgG1 structure, 297
plasmid retention map, 300, 301
promoters, 297
signal sequences, 297–298

Enzyme-linked immunosorbent assay (ELISA), 303
Enzyme stabilization, 170–171
Epidermal growth factor receptor (EGFR) inhibition, 39
Ethylene-vinyl acetate copolymer (EVAc), 115

F
Fc glycosylation

G2 and G0 complexes, carbohydrate structure, 
261–263

glycans
antibody structure, 260–261
biosynthesis, 250
heterogeneity, 250–252

G2 oligosaccharide structure, 261
human IgG, 252–253
IgG

cleaving proteases, 257–259
disease specific glycosylation, 254
glycans and species specificity, 253–254
glycosylation, 256–257

papain and antibody resistance, 259
terminal sugars, 259–260

rIgGs, 254–256
Flow cell (Fc), 183, 184, 186
5-Fluorouracil, 310
Formulation and delivery issues, MAbs therapeutics

alternative forms
body delivery sites, 119–120
intracellular targeting, 120
IV infusion and advantages, 115–118
oral, 118
respiratory tract, 119

characteristics
diabodies and minibodies, 106
glycosylation, 105

chronic therapy, 104
fragments, 120–121
immunoconjugates, 121–122
OKT-3®, 103–104
Panorex® and Bexxar®, 104
proteins

precipitation, 106–107
variations in, 106

stability
aggregation (see Antibody aggregation)
deamidation, 108–110
degradation events, 107
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fragmentation, 112
IgG1 amino acid sequences, 107
liquid antibody, 112
lyophilization, 112–114
oxidation (see Oxidation, antibody formulations)
polymer delivery systems, 114–115

Fourier transform infrared (FTIR) spectroscopy, 142, 230
Fragmentation, antibody formulations, 112
Freeze-drying antibodies, 113
Freeze-drying process, 150. See also Lyophilization, anti-

body formulations
Freeze/thaw cycles, 112

G
Gemtuzumab ozogamicin (Mylotarg®), 311–313
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

gene, 56
GnTIII gene, 195
Good manufacturing practice (GMP), 64
GPEx® cell line development technology
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cell line development, 54–55
gene constructs, 53–54
protein analysis, 56
retrovector production, 54
transgene and mRNA analysis, 55–56

antibody screening, 56–57
benefits, antibodies production

cell types, 51–52
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high-expressing cell population, 53
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targeting active region, 52

clonal cell line
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stability, 58–60

master cell bank lines, 57
pooled cell line re-transduction, 58
upstream process development, 60–61

H
Hanging drop method, 158
Heavy-chain antibodies (HCAbs)

antigen-binding repertoire, 32
applications, nanobodies, 38–41
CH1 and VH domains, 31
definition, 31
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antigen-specific binders identification, 34–35
sources, 33–34
technological advantages, 34
VHH library construction, 34

nanobodies features, 35–38

polyclonal nanobodies isolation, 33
response induction, 32–33

Height equivalent to a theoretical plate (HETP), 80
High affinity antigen/antibody complexes  characterization

biacore measurements, 182
Biacore vs. KinExA experiment, 190
criteria, 189–190
instrumentation, 180
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antigen-1/antibody-1, 183–184
antigen-2′/antibody-2, 186–187
antigen-2/antibody-2, 184–186

KinExA measurements
equilibrium, 183
kinetic, 183

rate constants comparison, 188
reagents

antigen-1 (Ag-1), 180
KinExA detection, 181

surface and solution-based method, 188
XenoMouse® strains, 181

High protein concentration formulations
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molecular weight information, 142
SEC procedure, 142–143
solid-state protein dosage, 141–142
ultracentrifugation, 143–144

goods cost and delivery
viscosity and syringe loading time, 140–141
volume overrage, 140

manufacture
drying techniques, 138–140
TFF, 137–138

solubility
dosing, 132
electroneutrality, 133
filtration, 133–135
osmotic pressure, 133
protein binding, 132
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aggregation, 135–136
lyophilization, 137
macromolecular crowding, 136
preferential hydration, 136–137
reversible protein association, 135

High throughput screening (HTS), 72
Human anti-mouse antibody (HAMA), 9
Humanization

anti-b7 antibody (Fib504)
CDR repair, 18
delineation of, 20
graft generation, 18
soft randomization library, 18, 21
VLkappa I consensus alignment, 19

antigen binding affinity, 14–15
CDR mutations effect, 23
combination method, 23–24
definition, 9–10
DNA shuffling and PCR, 17
framework repair, 15–16
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framework toggle phage library, 23
mutation, 17
small-scale mutagenesis, 22–23
soft-randomization, 17
variable domain vernier positions, 15
vernier positions, 12–13, 17
vernier residues, 16

Human prostate-specific antigen (hPSA), 40

I
IgG3 cryoimmunoglobulins, 110–111
IgGs glycans

divisions, 249
glycosylation, 254

Immobilization. See Protein immobilization
Immunoconjugates, antibodies

cell killing
cytotoxins, 122
radionuclide drugs, 121

drug potency and stability, 122
Immunogenicity assessment, antibody therapeutics

anti-drug antibodies (ADA), 271
drivers

incidence vs. severity, 273–274
patient/disease related, 272–273
product related, 273

murine antibodies, 271
strategies

ADA assay techniques, 276
alemtuzumab usage, RA, 276
application, clinical and non-clinical methods, 

270, 281
developmental stages, 274
drug interference effect, 276
tiered approach, 275

testing
guidances, 276, 282
in silico and in vitro method, T-cell, 283–285
Th epitopes, 282–283

therapeutic antibodies, 277–279
Immunogenicity drivers

incidence vs. severity, 273–274
patient/disease related

dosage and duration factors, 272–273
genetic and immunomodulating factors, 272

product related, 273
Immunoglobulin gamma subclass (IgG1)-type  

antibodies
Fc glycans roles
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cysteines, 200
distribution, 197
MALDI-TOF mass spectrometry, 197
serum clearance, 196

three-dimensional models, 194
Infliximab. See REMICADE® production
Insulin preparations, 155
Intravenous (IV) infusion, 118
Investigational new drug (IND), 64

Iodine monochloride method, 327
Isopropyl b-D-thiogalactopyranoside (IPTG), 302

K
Kunkel mutagenesis, 17

L
Lactobacillus paracasei, 41
Lamm equation, 212
Leiden process. See Malvern process
Lyophilization

advantages and limitations
freeze drying process, 150
sugars formulation, 149

antibody formulations
cryoprotective sugar excipient, 114
freeze-drying antibodies, 113
rehydration rate, 113

Lyoprotectants, 150

M
Malvern process

cation exchange chromatogram, 79–80
comparability with Leiden process

cell culture outputs, product stability, 78
characterization tests, PFB, 78–79

Master cell bank (MCB), 57
Matrix-assisted laser desorption ionization time-of-flight 

mass spectrometry (MALDI-TOF MS), 142
Matrix metalloproteases (MMPs), 257
Methotrexate, 310
Microcrystals. See Protein coated microcrystals (PCMC)
Mitomycin, 310
Monoclonal antibodies (MAbs)

advantages, 4
challenge, 4–5
commercially approved products, 2–3
production forms, 1

Monomethyl auristatin E (MMAE), 314
Murine leukemia virus (MLV), 51

N
NANA and NGNA structure, 254
Nanobodies

antigen-specific isolation
monoclonal, 33–35
polyclonal, 33

applications
Alzheimer’s disease, 41
cancer diagnosis and therapy, 38–40
human African trypanosomiasis, 40
Parkinson’s diseases, 41
rheumatoid arthritis, 40
stroke and LPS-mediated sepsis, 41

features
epitope recognition, 37–38
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expression yields and purification, 35–36
stability, solubility and affinity, 36–37

New molecular entities (NMEs), 207
Non-clinical immunogenicity testing

guidances, 276, 282
in silico and in vitro method, T-cell, 283–285
Th epitopes, 282–283

Non-Hodgkin’s B-cell lymphoma (NHL), 324

O
Ostwald ripening, 162
Oxidation, antibody formulations

methionine, 107–108
SLE, 108

P
Papain

Fc resistance, 259–260
and HIC assay, 201

Parkinson’s diseases, 41
Peripheral blood mononuclear cells (PBMC), 284
Polydispersity indices (PDI), 240
Polyethylene glycol (PEG) precipitation assay

biophysical properties, 242–243
thermodynamic activity, 232–233

Polylactide-co-glycolide (PLGA)
anti-VEGF antibody, 115
microparticle preparations, 114

Polymer delivery systems
EVAc microspheres, 115
PLGA, 114–115

Positron emission tomography (PET), 323
Precipitation technique. See Protein immobilization
Pre-formulated bulk (PFB), 78
Process and analytical sciences (P&AS), 64, 70
Process improvement, 84
Protein coated microcrystals (PCMC)

biological activity, 164
dehydratation rapidity, 162
integrity and bioactivity, 163
K2SO4 microcrystals, 165
loading rates, 163
transformed macromolecules, 165

Protein immobilization
biomolecule processing, 150–153
enzyme stabilization, 170–171
lyophilization, 149–150
water extraction, crystallization and precipitation

accelerators, 157
aggregation, 163
microbatch technique, 159
reversible precipitation, 166

R
Radiohalogens

direct radiolabeling method

chloramine-T, iodobeads and iodogen method, 328
enzymatic method, 327–328
iodine monochloride method, 327

indirect radiolabeling method
electron density, 330
m-SIB, 329
tyrosine and non-tyrosine-like moieties, 328

Radiolabeling, antibodies
features, 325–326
manufacturing of

formulation, 339
kit approach, 337–338
purification, 338–339
quality control, 339–340
sterile filtration, 339

NHL, 324
pre-targeting method, 324–325
radiohalogens

direct radiolabeling method, 327–328
indirect radiolabeling method, 328–330

radiometals
direct radiolabeling method, 331
indirect radiolabeling method, 331–336

radionuclides, 326–327
SPECT and PET images, 323

Radiometals
direct radiolabeling method, 331
indirect radiolabeling method

copper chelates, 335
cyclic and acyclic chelates, 333–335
gallium chelates, 336
linker, 332
macrocyclic chelators, 335–336
reactive functional group, 331–332

Ranibizumab rhFab, 121
Recombinant IgGs (rIgGs), 254–256
REMICADE® production

downstream purification process, 77
Malvern manufacturing, technology transfer, 77–78
production process, 76
purification, 77
select process changes, 77–78

Respiratory syncytial viral (RSV) infection. See Synagis®

Retrovector production, 54
Reumatoid arthritis, 40

S
Scanning electron microscopy (SEM), 139
Sedimentation velocity methods, 212
Self-assembled molecular monolayers (SAM), 169–170
Single-domain antibody, 120
Single-photon emission computed tomography 

(SPECT), 323
SingleSep Q membrane chromatography, 95
Single-use concept, 88
Sitting drop method, 157–158
Size exclusion chromatography (SEC), 69, 142, 303
Size-exclusion high performance liquid chromatography 

(SE-HPLC), 112
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Soft randomization technique, 17, 18, 21
Solid-in-oil-in-water (S/O/W) encapsulation process, 114
Solution enhanced dispersion by supercritical fluids 

(SEDS), 167, 168
Spray drying, 152
Spray-freeze drying, 151–152
Steam in place (SIP) technology, 140
Streptococcus mutans, 40
Supercritical fluid (SCF), 167–168
Svedberg equation, 212
Synagis®, 110
Systemic lupus erythematosus (SLE), 108

T
Tangential flow filtration (TFF), 77

mass-transfer, 138
membrane flux, 137
viscosity, 138

T-cell dependant immunogenicity assessment
in silico method

structure, 284
types, 283–284

in vitro method
PBMC, 284
structure, 284–285

Technology transfer
Malvern process, comparability, 78–79
process changes

downstream purification process, 77–78

infliximab purification, 77
spin filters, 78

process improvement
definition, 84
feed stream precipitation, 81–82
product breakthrough investigation, 80–81

product breakthrough and feed stream precipitate 
impact, 83

Technospheres, 166
Th epitopes

cell types, 282
HLA Class-II receptor, 282–283

Thermodynamic theory, 213
Time derivative method, 212
Translation initiation region (TIR), 298

V
Vesicular stomatitis virus glycoprotein (VSV-G), 51
Vinca alkaloids, 310
VitriLife®, 152–153

W
Water-for-injection (WFI), 89

X
XenoMouse® strains, 181
Xolair® anti-IgE antibody, 18
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