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 PREFACE      

    Monoclonal antibodies are an important component of the biopharmaceutical 
industry. Within the burgeoning market of protein - based therapeutics, they are 
the market leaders in terms of volume sales and the most common class of 
product. Almost all commercial antibodies are produced in cultured mamma-
lian cells, and an entire subindustry has grown up around downstream process-
ing to ensure that manufacturing processes generate safe and pure products 
suitable for administration to humans. This is an industry in which I have been 
involved for many years, and one that is facing exciting and diffi cult 
challenges. 

 I fi rst came into contact with the world of monoclonal antibodies in 1986, 
when their production in cultured mammalian cells was still in its infancy. This 
was at the Cancer Research Campaign Laboratories in Nottingham, UK. I was 
a PhD student from Germany, and one of my main tasks was to purify anti-
bodies from mouse ascites, a horrible process for obvious reasons. A milligram 
of antibodies was worth far, far more than its weight in gold. 

 At the time, my colleagues and I had visions of curing cancer by drug tar-
geting, and we linked all sorts of cytotoxic agents to the antibodies we pro-
duced. Unfortunately, some of the expectations surrounding the medical use 
of antibodies turned out to be premature and unrealistic. Our awareness of 
this coincided with the fi rst real downturn in the biotechnology sector, but 
antibodies survived in niche markets for diagnostics and research reagents. 
Years later, new life has been breathed into therapeutic antibodies and they 
are now back, stronger than ever. Indeed, they represent the fastest - growing 
area in biotherapeutics with 21 products on the US market (as of 2007) and 
hundreds in clinical and preclinical development  (1) . 

 At the end of the 1980s, antibodies were produced commercially using 
mammalian cells cultured in perfusion fermenters, but yields rarely exceeded 
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100   mg/L. Huge volumes of culture broth needed to be processed, and 
the easiest way to bring the volume down was polyethylene glycol (PEG) 
  precipitation with tons of material and endless centrifugation cycles. The 
yields were poor and diffi cult to reproduce, but there were no alternatives. 
Since that time, the productivity of cell cultures has increased signifi cantly, 
with 1 – 5   g/L titers now routine and the real prospect of 10 – 20   g/L yields in 
the next decade. How far we have come since the early days of 
biomanufacturing!

 The increase in titers has heaped pressure on the downstream processes 
that we use to extract and purify antibodies from cell culture broth, and the 
technologies used in downstream processing have been forced to modernize 
and improve in the face of this increasing challenge. There is little doubt that 
packed - bed chromatography is the workhorse of current downstream process-
ing, its high resolution and relative simplicity making it the central enabling 
technology in modern bioseparation processes  (2) . As productivity increases, 
however, doubts have been cast on the ability of column chromatography to 
cope with the dramatically increasing product titers in fermentation  (3) . Unlike 
fermentation, capturing steps in downstream processing have hardly any 
economy of scale. Bind - and - elute cycles in chromatography are driven by mass 
rather than by volume, and this means that increasing batch sizes translate into 
increasing costs in a near linear fashion. This phenomenon particularly affects 
the fi rst column, where all of the product must be captured. This initial recov-
ery step has therefore been identifi ed as the most serious potential bottleneck, 
with knock - on effects throughout the processing facility, e.g., in terms of 
column sizes, buffer preparation, and hold. However, this opinion is not shared 
by everyone, and debate continues as to whether or not packed - bed chroma-
tography is here to stay  (4, 5) . 

 These challenges and their surrounding issues set the scene for this exciting 
book, in which I have compiled a selection of chapters from top - tier industrial 
and academic experts providing up - to - date accounts of current best practice 
in the manufacture of monoclonal antibodies. Opinions on the suitability 
of packed - bed chromatography in today ’ s manufacturing environment differ, 
particularly in the light of emerging competitive technologies, and the fi rst 
chapter by Ann Lee and colleagues captures that debate and puts the case for 
and against the continuing reliance on traditional chromatography methods. 
The second chapter by John Curling provides an informative historical over-
view of the development of antibody purifi cation technologies, providing the 
basis for the next fi ve chapters, which consider some of today ’ s major steps in 
antibody processing — harvesting and recovery (Abhinav Shukla and col-
leagues  ), Protein A chromatography (Suresh Vunnum and colleagues), non -
 Protein A strategies (Alahari Arunakumari and Jue Wang),   mixed mode 
chromatography (Pete Gagnon), and integrated polishing (Sanchayita Ghose 
and colleagues). 

 Looking closer, the pace at which fermentation is guiding the way is not 
the only challenge for modern downstream processing. The regulatory frame-
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work, particularly current good manufacturing practice (cGMP) is a moving 
target, and quality requirements are constantly leading to tighter specifi cations 
and higher safety margins, e.g., with regard to small, nonenveloped viruses. The 
chapter by Joe Zhou therefore deals with orthogonal methods for virus 
removal, before we consider platform technologies that integrate virus clear-
ance with capture and purifi cation (Yuling Li and colleagues). Nuno Fontes 
and Robert van Reis then consider the important aspects of scaling up anti-
body purifi cation to industrial levels with a platform of methods that offer the 
potential to set a new standard in antibody manufacture. Finally in this section, 
Thomas M ü ller - Sp ä th and Massimo Morbidelli consider the use of continuous 
chromatography for the high - resolution separation of antibodies, based on a 
laboratory - scale strategy they developed. 

 The next two chapters look at the economic perspectives of antibody manu-
facture, one from the standpoint of process economics (Suzanne Farid) and 
the other from the standpoint of process design and optimization (Andrew 
Sinclair). We then turn to the consideration of emerging technologies, which 
may replace, augment, or supplement traditional chromatography: fl occula-
tion, precipitation, and membrane adsorbers for antibody purifi cation (J ö rg 
Th ö mmes and Uwe Gottschalk); precipitation for the elimination of impurities 
(Judy Glynn); and charged fi ltration membranes (Mark Etzel). 

 While most of the book focuses on the purifi cation of typical, full - size IgG 
molecules produced in fermenters, the fi nal section deals with noncanonical 
antibody varieties and novel sources. There are chapters dealing with the 
purifi cation of antibody fragments (Mariangela Spitali  ) and non - IgG mono-
clonals (IgM and IgA; Charlotte Cabanne and Xavier Santarelli), followed by 
a chapter considering the promising use of plant - based systems for antibody 
manufacture, and the particular challenges faced when isolating antibodies 
and other biopharmaceuticals from plant sources (Zivko Nikolov and 
colleagues). 

 The fi nal chapter wraps up the book by looking to the future and consider-
ing what drives change in the industry, particularly what factors are likely to 
infl uence the techniques and technologies that will be adopted for antibody 
purifi cation in the decade to come. This concluding chapter is written by Hari 
Pujar  , Duncan Low, and Rhona O ’ Leary, three distinguished authors repre-
senting the top - tier companies in the sector. 

 In all likelihood, we will not see a revolution in downstream processing like 
the one that has galvanized upstream process development over the last 20 
years. The chapters in this book are, however, evidence that the future of 
antibody purifi cation holds great promise, underlining the progress that has 
been made in closing the performance gap between upstream production and 
downstream processing. 

 All the contributors to this book live and die for the production of anti-
bodies. Some of us have been there from the very fi rst day, while others have 
joined more recently, but we all passionately believe that technological 
advances and innovation can help to break through the current ceiling in 
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antibody processing and can lead to affordable, high - quality pharmaceutical 
products in the future. 

   U we  G ottschalk
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 DOWNSTREAM PROCESSING OF 
MONOCLONAL ANTIBODIES: 
CURRENT PRACTICES AND 
FUTURE OPPORTUNITIES  

  Brian   Kelley  ,   Greg   Blank  , and   Ann   Lee       

   1.1   INTRODUCTION 

 Monoclonal antibodies (mAbs) are now established as the most prevalent 
class of recombinant protein therapeutics. They can be expressed at high levels 
in cell culture, are typically very soluble, and are relatively stable during pro-
cessing. The nearly universal use of mammalian cell expression systems for 
mAb synthesis, combined with the selection of homologous, humanized mAb 
framework protein sequences, provides opportunities to harmonize manufac-
turing processes around base platforms that can then be used with only slight 
variations from product to product. In addition, by using a platform process, 
manufacturing plants designed for the production of one mAb can usually be 
readily adapted to produce others. 

 For these reasons, mAbs represent a unique group of biological products. 
They accommodate rapid process development time lines, can be produced in 
large quantities, and may be manufactured in multiple facilities during their 
lifecycle as a result of their common process fl owsheets. As a result, they have 
relatively low manufacturing costs and benefi t from the fl exibility of produc-
tion at either in - house or contract production facilities. Although mAbs are 
not commodity products that are substitutable in the clinical setting, they have 
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distinct advantages in production scale and cost, as well as in product develop-
ment speed and convenience, when compared to other recombinant protein 
therapeutics. 

 This introductory chapter attempts to set the context for the following 
chapters, which cover many aspects of mAb purifi cation in detail. A typical 
mAb purifi cation process fl ow sheet is described and used to illustrate the 
impact of purifi cation platforms on mAb production. Factors to consider with 
respect to the various process alternatives or new technologies described in 
upcoming chapters are addressed, emphasizing the integration of unit opera-
tions and process design principles into an optimized, holistic process. Both 
current practices and controversial topics are introduced, among them the 
challenges of very large - scale (VLS) production, issues related to facility fi t, 
the maturation of process purifi cation technology for mAb processing, the 
need for innovations in mAb downstream processing, and the impact of the 
evolving regulatory environment. It is hoped that this backdrop will stimulate 
critical thinking and comprehensive analysis when the processing options 
described in the following chapters are being considered.  

  1.2   A BRIEF HISTORY OF  c  GMP   m  A  b  AND INTRAVENOUS 
IMMUNOGLOBULIN ( I  g  IV ) PURIFICATION 

 The processes used for production of IgIV from human plasma differ from 
those used for recombinant mAbs. Figure  1.1  shows a consensus processing 
scheme, based on many published process fl ow sheets, for the purifi cation of 
IgIV. Most IgIV processes lack chromatographic steps and instead rely on 
multiple fractional precipitation steps based on the Cohn process developed 
in the 1950s  (1) . Some recently developed processes include chromatographic 

    FIGURE 1.1     Cohn - based IgIV consensus process.  
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