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Preface

Over the past 25 years, biotechnologically derived drug products have become a
major share of the therapeutically used pharmaceuticals. These drug products include
proteins, including monoclonal antibodies and antibody fragments, as well as anti-
sense oligonucleotides and DNA preparations for gene therapy. In 2001 already, bio-
tech products accounted for more than 35 % of the New Active Substances that were
launched in the USA. Twelve out of the twenty-nine approved marketing authoriza-
tion applications at the European Medicines Agency (EMA) in 2009 were biotech
products. Drug products such as epoetin-a (Epogen®, Eprex®, Procrit®), abciximab
(ReoPro®), interferons-a (Intron®A, Roferon®A) and interferons-f (Avonex®, Rebif®,
Betaseron®), anti-TNF-a agents (Enbrel®, Remicade®, Humira®), bevacizumab
(Avastin®), and trastuzumab (Herceptin®) are all examples of highly successful bio-
tech drugs that have revolutionized the pharmacotherapy of previously unmet medi-
cal needs. And last but not least, biotech drugs also have a major socioeconomic
impact. In 2010, five of the ten top selling drugs in the world were biotechnologically
derived drug products, with sales varying between five and eight billion US dollars.

The techniques of biotechnology are a driving force of modern drug discovery
as well. Due to the rapid growth in the importance of biopharmaceuticals and the
techniques of biotechnologies to modern medicine and the life sciences, the field of
pharmaceutical biotechnology has become an increasingly important component in
the education of today’s and tomorrow’s pharmacists and pharmaceutical scientists.
We believe that there is a critical need for an introductory textbook on Pharmaceutical
Biotechnology that provides well-integrated, detailed coverage of both the relevant
science and clinical application of pharmaceuticals derived by biotechnology.

Previous editions of the textbook Pharmaceutical Biotechnology: Fundamentals and
Applications have provided a well-balanced framework for education in various
aspects of pharmaceutical biotechnology, including production, dosage forms,
administration, economic and regulatory aspects, and therapeutic applications. Rapid
growth and advances in the field of pharmaceutical biotechnology, however, made it
necessary to revise this textbook in order to provide up-to-date information and
introduce readers to the cutting-edge knowledge and technology of this field.

This fourth edition of the textbook Pharmaceutical Biotechnology: Fundamentals
and Applications builds on the successful concept used in the preceding editions and
further expands its availability as electronic versions of the full book as well as indi-
vidual chapters are now readily available and downloadable though online
platforms.

The textbook is structured into two sections. An initial basic science and general
features section comprises chapters introducing the reader to key concepts at the
foundation of the technology relevant for protein therapeutics including molecular
biology, production and analytical procedures, formulation development, pharmaco-
kinetics and pharmacodynamics, and immunogenicity and chapters dealing with
regulatory, economic and pharmacy practice considerations, and with evolving new
technologies and applications. The second section discusses the various therapeutic
classes of protein biologics and nucleotide-based therapeutics.
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PREFACE

All chapters of the previous edition were revised and regrouped according to
therapeutic application. The section on Monoclonal Antibodies was differentiated
into a section on general considerations for this important class of biologics as well as
sections focused on their application in oncology, inflammation, and transplantation
in order to allow for a comprehensive discussion of the substantial number of
approved antibody drugs. A chapter on stem cell technologies was newly added to
give greater depth to the area of cell-based technologies.

In accordance with previous editions, the new edition of Pharmaceutical
Biotechnology: Fundamentals and Applications will have as a primary target students in
undergraduate and professional pharmacy programs as well as graduate students in
the pharmaceutical sciences. An additional important audience is pharmaceutical sci-
entists in industry and academia, particularly those that have not received formal
training in pharmaceutical biotechnology and are inexperienced in this field.

We are convinced that this fourth edition of Pharmaceutical Biotechnology:
Fundamentals and Applications makes an important contribution to the education of
pharmaceutical scientists, pharmacists, and other healthcare professionals as well as
serving as a ready resource on biotechnology. By increasing the knowledge and
expertise in the development, application, and therapeutic use of “biotech” drugs, we
hope to help facilitate a widespread, rational, and safe application of this important
and rapidly evolving class of therapeutics.

Utrecht, The Netherlands Daan ].A. Crommelin
Vancouver, BC, Canada Robert D. Sindelar
Memphis, TN, USA Bernd Meibohm
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Molecular Biotechnology: From DNA
Sequence to Therapeutic Protein

Ronald S. Oosting

INTRODUCTION

Proteins are already used for more than 100 years to treat
or prevent diseases in humans. It started in the early
1890s with “serum therapy” for the treatment of diph-
theria and tetanus by Emile von Behring and others. The
antiserum was obtained from immunized rabbits and
horses. Behring received the Nobel Prize for Medicine in
1901 for this pioneering work on passive immunization.
A next big step in the development of therapeutic pro-
teins was the use of purified insulin isolated from pig or
cow pancreas for the treatment of diabetes type I in the
early 1920s by Banting and Best (in 1923 Banting received
the Nobel Prize for this work). Soon after the discovery
of insulin, the pharmaceutical company Eli Lilly started
large-scale production of the pancreatic extracts for the
treatment of diabetes. Within 3 years after the start of the
experiments by Banting, already enough animal-derived
insulin was produced to supply the entire North
American continent. Compare this to the present aver-
age time-to-market of a new drug (from discovery to
approval) of 13.5 years (Paul et al. 2010).

Thanks to advances in biotechnology (e.g., recom-
binant DNA technology, hybridoma technology), we
have moved almost entirely away from animal-derived
proteins to proteins with the complete human amino
acid sequence.

Such therapeutic human proteins are less likely to
cause side effects and to elicit immune responses.
Banting and Best were very lucky. They had no idea
about possible sequence or structural differences
between human and porcine/bovine insulin.
Nowadays, we know that porcine insulin differs only
with one amino acid from the human sequence and
bovine insulin differs by three amino acids (see Fig. 1.1).

R.S. Oosting, Ph.D.

Division of Pharmacology, Utrecht Institute for
Pharmaceutical Sciences, Utrecht University,
Universiteitsweg 99, 3584 CG Utrecht, The Netherlands
e-mail: r.s.0osting@uu.nl

Thanks to this high degree of sequence conservation,
porcine/bovine insulin can be used to treat human
patients. In 1982, human insulin became the first
recombinant human protein approved for sale in the
USA (also produced by Eli Lilly) (cf. Chap. 12). Since
then a large number of biopharmaceuticals have been
developed. There are now almost 200 human proteins
marketed for a wide range of therapeutic areas.

PHARMACEUTICAL BIOTECHNOLOGY, WHY THIS
BOOK, WHY THIS CHAPTER?

In this book we define pharmaceutical biotechnology
as all technologies needed to produce biopharmaceuti-
cals (other than (nongenetically modified) animal- or
human blood-derived medicines). Attention is paid
both to these technologies and the products thereof.
Biotechnology makes use of findings from various
research areas, such as molecular biology, biochemistry,
cell biology, genetics, bioinformatics, microbiology,
bioprocess engineering, and separation technologies.
Progress in these fields has been and will remain a
major driver for the development of new biopharma-
ceuticals. Biopharmaceuticals form a fast-growing seg-
mentin the world of medicines opening new therapeutic
options for patients with severe diseases. This success
is also reflected by the fast growth in global sales.
Double-digit growth numbers were reported over the
last 25 years, reaching $80 billion in 2012. Five drugs in
the top ten of drugs with the highest sales are biophar-
maceuticals (2010), clearly showing the therapeutic and
economic importance of this class of drugs.

Until now biopharmaceuticals are primarily pro-
teins, but therapeutic DNA or RNA molecules (think
about gene therapy products, DNA vaccines, and RNA
interference-based products; Chaps. 22, 23, and 24,
respectively) may soon become part of our therapeutic
arsenal.

Therapeutic proteins differ in many aspects from
classical, small molecule drugs. They differ in size, com-
position, production, purification, contaminations, side

D.J.A. Crommelin, R.D. Sindelar, and B. Meibohm (eds.), Pharmaceutical Biotechnology,
DOI 10.1007 /978-1-4614-6486-0_1, © Springer Science+Business Media New York 2013
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a signal peptide beta chain
human MALWMRLLPLLALLALWGPDPAAAFVNQHLCGSHLVEALYLVCGERGFFYTPKTRREAED
porcine MALWTRLLPLLALLALWAPAPAQAFVNQHLCGSHLVEALYLVCGERGFFYTPKARREAEN
bovine MALWTRLAPLLALLALWAPAPARAFVNQHLCGSHLVEALYLVCGERGFFYTPKARREVEG
Tkt Tk Thhkxhkkhkk*% 7 * At KREEXEAXAEEARER TR TR AT AT htx%k H *kh 5 *
alpha chain
human LOVGQVELGGGPGAGSLQPLALEGSLOQKRGIVEQCCTSICSLYQLENYCN
porcine POAGAVELGGGLG-~-GLQALALEGPPQKRGIVEQCCTSICSLYQLENYCN
bovine PQVGALELAGGPG=====~ AGGLEGPPQKRGIVEQCCASVCSLYQLENYCN
* k skk Kk K JEEKE KRR RRAKAIR K R RR AR A AATRN
b
A chain intra-chain
disulfide
o
e ‘0‘ Sy
Cys
S intra-chain
intra-chain ’ disulfide
B chain disulfide ” bridge ..
@@@ | g, T GREe®
@@ Cys@@ @
Figure 1.1 (a) Multiple alignment (http://www.ebi.ac.uk/Tools/msa/clustalw2) of the amino acid sequences of human, porcine, and

bovine preproinsulin. (*): identical residue. (b) Schematic drawing of the structure of insulin. The alpha and beta chain are linked by two
disulphide bridges. Both the one-letter and three-letter codes for the amino acids are used in this figure: alanine (ala, A), arginine (arg,

R), asparagine (asn, N), aspartic acid (asp,

D), cysteine (cys, C), glutamic acid (glu, E), glutamine (gin, Q), glycine (gly,

H), histidine

(his, H), isoleucine (ile, 1), leucine (leu, L), lysine (Lys, K), methionine (met, M), phenylalanine (phe, F), proline (pro, P), serine (ser, S),

threonine (thr, T), tryptophan (trp,

effects, stability, formulation, regulatory aspects, etc.
These fundamental differences justify paying attention to
therapeutic proteins as a family of medicines, with many
general properties different from small molecules. These
general aspects are discussed in the first set of chapters of
this book (“General Topics”). After those general topics,
the different families of biopharmaceuticals are dealt with
in detail. This first chapter should be seen as a chapter
where many of the basic elements of the selection, design,
and production of biopharmaceuticals are touched upon.
For in detail information the reader is referred to relevant
literature and other chapters in this book.

ECONOMICS AND USE

Newly introduced biopharmaceuticals are very expen-
sive. This is partly due to the high development cost
(~$1.5 billion), but this is not different from the development
costs of small molecule drugs (Paul et al. 2010), com-
bined with high production costs and, for many thera-
peutic proteins, a relatively low number of patients. In

W), tyrosine (tyr, Y), and valine (val, V) (Figure b is taken from Wikipedia).

addition, the relatively high price of (bio) pharmaceuti-
cals is also due to too many failures in the drug discov-
ery and development process. The few products that
actually reach the market have to compensate for all
the expenses made for failed products. For a monoclo-
nal antibody, the probability to proceed from the pre-
clinical discovery stage into the market is around 17 %
(for small molecule drugs the probability of success is
even lower, ~7 %). Economic aspects of biopharmaceu-
ticals are discussed in Chap. 10.

As mentioned above, the number of patients for
many marketed therapeutic proteins is relatively small.
This has several reasons. The high price of therapeutic
proteins makes that they are used primarily for the
treatment of the relative severe cases. The specificity of
many therapeutic proteins makes that they are only
effective in subgroups of patients (personalized medi-
cine). This is in particular true for the monoclonal anti-
bodies used to treat cancer patients. For instance, the
antibody trastuzumab (Herceptin) is only approved
for breast cancer patients with high expression levels of
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the HER2 receptor on the tumor cells (+20 % of breast
cancer cases). Other examples from the cancer field are
the monoclonal antibodies cetuximab and panitu-
mumab for the treatment of metastatic colorectal can-
cer. Both antibodies target the EGF receptor. Successful
treatment of a patient with one of these monoclonal
antibodies depends on (1) the presence of the EGF
receptor on the tumor and (2) the absence of mutations
in signaling proteins downstream of the EGF receptor
(KRAS and BRAF). Mutations in downstream signal-
ing proteins cause the tumor to grow independently
from the EGF receptor and make the tumor nonrespon-
sive to the antagonistic monoclonal antibodies.

Some diseases are very rare and thus the number
of patients is very small. Most of these rare diseases are
due to a genetic defect. Examples are cystic fibrosis (CF)
and glycogen storage disease II (GSD II or Pompe dis-
ease). CF is most common in Caucasians. In Europe
1:2,000-3,000 babies are affected annually. GSD Il is even
rarer. It affects 1:140,000 newborns. The effects of GSD II
can be reduced by giving the patients recombinant myo-
zyme. It is clear that developing a drug for such a small
patient population is commercially not very interesting.

MOLECULAR BIOTECHNOLOGY: FROM DNA SEQUENCE TO THERAPEUTIC PROTEIN
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To booster drug development for the rare diseases
(known as orphan drugs and orphan diseases), in the
USA, Europe, and Japan, specific legislation exists.

FROM AN IN SILICO DNA SEQUENCE
TO A THERAPEUTIC PROTEIN

We will discuss now the steps and methods needed to
select, design, and produce a recombinant therapeutic
protein (see also Fig. 1.2). We will not discuss in detail
the underlying biological mechanisms. We will limit
ourselves, in Box 1.1, to a short description of the cen-
tral dogma of molecular biology, which describes the
flow of information from DNA via RNA into a protein.
For detailed information, the reader is referred to more
specialized molecular biology and cell biology books
(see “Recommended Reading” at the end of this
chapter).

M Selection of a Therapeutic Protein

The selection of what protein should be developed for
a treatment of a particular disease is often challenging,
with lots of uncertainties. This is why most big phar-

Cloning into suitable expression vector

Target selection

|
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~
Q.

Transformation of E.coli and
selection for ampicillin resistance

>gi1109148525|ref [NM_000207.2|
AGCCCTCCAGGACAGGCTGCATCAGAAGAGGCCATCA

Selection of cells with the highest
expression level

|

Upscaling of cell culture

Recombinant DNA
molecule

ligation

—_—

=

/

SO Y9))CYe)

|

|

Quality cl

Isolation mRNA from cells that express the gene of interest

l reverse transcriptase reaction
Micture of cDNAs

Amplify selected cDNA using PCR

|

sequence, orientation

Purification of the
recombinant protein
(Down stream processing)

heck:

Quality check:

1) Process validation (removal of host DNA and
proteins, viral clearance, etc)

2) Consistancy of the manufacturing process

3) Consistancy of the drug substance (glycosylation,

Transfection of mammalian cells

Q

folding, etc)
l Formulation

(n]

Q

Stable expression is obtained by

ot
el

selection for G418 resistance N

D!

Therapeutic protein suitable for human use.
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Figure 1.2 m Schematic representation of all the steps required to produce a therapeutic protein.
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a

>gi|109148525|ref|NM_000207.2| Homo sapiens insulin (INS), transeript

variant 1, mRNA

5'AGCCCTCCAGGACAGGCTGCATCAGAAGAGGCCATCAAGCAGATCACTGTCCTTCTGCCATGGCCCTGT

GGATGCGCCTCCTGCCCCTGCTGGCGCTGCTGGCCCTCTGGGGACCTGACCCAGCCGCAGCCTTTGTGAAC
CAACACCTGTGCGGCTCACACCTGGTGGAAGCTCTCTACCTAGTGTGCGCGGGAACGAGGCTTCTTCTACAC

Figure 1.3 m DNA seque-
nces are always written from
the 5° — 3’ direction and pro-
teins sequences from the
amino-terminal to the carboxy-
terminal.

ACCCAAGACCCGCCGGGAGGCAGAGGACCTGCAGGTGGGGCAGGTGGAGCTGGGCGGGGGCCCTGGTGCAG

GCAGCCTGCAGCCCTTGGCCCTGGAGGGGTCCCTGCAGAAGCGTGGCATTGTGGAACAATGCTGTACCAGC
ATCTGCTCCCTCTACCAGCTGGAGAACTACTGCAACTAGACGCAGCCCGCAGGCAGCCCCACACCCGCCGL

CTCCTGCACCGAGAGAGATGGAATAAAGCCCTTGAACCAGCAAAA 3

b

>gi|4557671|ref |[NP_000198.1| insulin preproprotein [Homo sapiens]
(NH, )MALWMRLLPLLALLALWGPDPAAAFVNQELCGSELVEALYLVCGERGFFYTPKTRREAEDLQVGQV
ELGGGPGAGSLOPLALEGSLOQKRGIVEQCCTSICSLYQLENYCN-(COOH)

maceutical companies only become interested in a cer-
tain product when there is some clinical evidence that
the new product actually works and that it is safe. This
business model gives opportunities for startup biotech
companies and venture capitalists to engage in this
important early development process.

Sometimes the choice for a certain protein as a ther-
apeutic drug is very simple. Think, for instance, about
replacement of endogenous proteins such as insulin and
erythropoietin for the treatment of diabetes type I and
anemia, respectively. For many other diseases it is much
more difficult to identify an effective therapeutic protein
or target. For instance, an antibody directed against a
growth factor receptor on a tumor cell may look promis-
ing based on in vitro and animal research but may be
largely ineffective in (most) human cancer patients.

It is beyond the scope of this chapter to go further
into the topic of therapeutic protein and target discov-
ery. For further information the reader is referred to the
large number of scientific papers on this topic, as can
be searched using PubMed (http://www.ncbinlm.
nih.gov/pubmed).

In the rest of this chapter, we will mainly focus on
a typical example of the steps in the molecular cloning
process and production of a therapeutic protein. At the
end of this chapter, we will shortly discuss the cloning
and large-scale production of monoclonal antibodies
(see also Chap. 7).

Molecular cloning is defined as the assembly of
recombinant DN A molecules (most often from two dif-
ferent organisms) and their replication within host cells.

W DNA Sequence
The DNA, mRNA, and amino acid sequence of every
protein in the human genome can be obtained from
publicly available gene and protein databases, like
those present at the National Center for Biotechnology
Information (NCBI) in the USA and the European
Molecular Biology Laboratory (EMBL). Their websites
are http:/ /www.ncbinlm.nih.gov/ and http://www.
ebi.ac.uk/Databases/, respectively.

DNA sequences in these databases are always
given from the 5" end to the 3’ end and protein sequences

from the amino- to the carboxy-terminal end (see
Fig. 1.3). These databases also contain information
about the gene (e.g., exons, introns, and regulatory
sequences. See Box 1.1 for explanations of these terms)
and protein structure (domains, specific sites, post-
translation modifications, etc.). The presence or absence
of certain posttranslation modifications determines
what expression hosts (e.g., Escherichia coli (E. coli),
yeast, or a mammalian cell line) can be used (see below).

W Selection of Expression Host

Recombinant proteins can be produced in E. coli, yeast,
plants (e.g., rice and tomato), mammalian cells, and
even by transgenic animals. All these expression hosts
have different pros and cons.

Most marketed therapeutic proteins are produced
in cultured mammalian cells. In particular Chinese
hamster ovary (CHO) cells are used. On first sight,
mammalian cells are not a logical choice. They are
much more difficult to culture than, for instance, bacte-
ria or yeast. On average, mammalian cells divide only
once every 24 h, while cell division in E. coli takes ~
30 min and in yeast ~ 1 h. In addition, mammalian cells
need expensive growth media and in many cases
bovine (fetal) serum as a source of growth factors (see
Table 1.1 for a comparison of the various expression
systems). Since the outbreak of the bovine or transmis-
sible spongiform encephalopathy epidemic (BSE/TSE,
better known as mad cow disease) under cattle in the
United Kingdom, the use of bovine serum for the pro-
duction of therapeutic proteins is considered a safety
risk by the regulatory authorities (like the EMA in
Europe and the FDA in the USA). To minimize the risk
of transmitting TSE via a medicinal product, bovine
serum has to be obtained from animals in countries
with the lowest possible TSE risk, e.g., the USA,
Australia, and New Zealand.

The main reason why mammalian cells are used
as production platform for therapeutic proteins is that
in these cells posttranslational modification (PTM) of
the synthesized proteins resembles most closely the
human situation. An important PTM is the formation
of disulfide bonds between two cysteine moieties.
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Prokaryotes Yeast
E. coli Pichia pastoris Saccharomyces
cerevisiae
+ Easy manipulation Grows relatively rapidly

Rapid growth
Large-scale fermentation
Simple media

High yield

modifications

Large-scale fermentation
Performs some posttranslational

Mammalian cells
(e.g., CHO or HEK293 cells)

May grow in suspension, perform
all required posttranslational
modifications

- Proteins may not fold correctly or may
even aggregate (inclusion bodies)
Almost no posttranslational

modifications
Table 1.1
(W-linkage) Asparagine
CH,OH HlN
|
O\ N—C—CH,—C
I |
(0] cC=0
HO OH |
NH
\ N-acetylglucosamine
(0] :C‘i linked to asparagine
CH,
Figure 1.4

Posttranslational modifications may differ
from humans (especially glycosylation)

Slow growth

Expensive media

Difficult to scale up
Dependence of serum (BSE)

Pros and cons of different expression hosts

(O-linkage) Serine
CH,OH H‘N
\
HO O\ 0 — CH,—CH
|
OH C=0
|
NH
\ N-acetylgalactosamine
O0=C linked to serine

\
CH,

Glycosylation takes place either at the nitrogen atom in the side chain of asparagine (N-linked) or at the oxygen atom in

the side chain of serine or threonine. Glycosylation of asparagine takes place only when this residue is part of an Asn-X-Ser or Ans-X-Thr
(X can be any residue except proline). Not all potential sites are glycosylated. Which sites become glycosylated depend also on the
protein structure and on the cell type in which the protein is expressed.

Disulfide bonds are crucial for stabilizing the tertiary
structure of a protein. E. coli is not able to make disul-
fide bonds in a protein, and already for this reason, E.
coli is not very suitable for producing most of the mar-
keted therapeutic proteins.

Another important PTM of therapeutic proteins is
glycosylation. Around 70 % of all marketed therapeutic
proteins, including monoclonal antibodies, are glyco-
sylated. Glycosylation is the covalent attachment of oli-
gosaccharides to either asparagine (N-linked) or serine/
threonine (O-linked) (see Fig. 1.4). The oligosaccharide
moiety of a therapeutic protein affects many of its phar-
macological properties, including stability, solubility,
bioavailability, in vivo activity, pharmacokinetics, and
immunogenicity. Glycosylation differs between species,
between different cell types within a species, and even
between batches of in cell culture-produced therapeutic
proteins. N-linked glycosylation is found in all eukary-
otes (and also in some bacteria, but not in E. coli; see
Nothaft and Szymanski 2010) and takes place in the
lumen of the endoplasmatic reticulum and the Golgi
system (see Fig. 1.5). All N-linked oligosaccharides
have a common pentasaccharide core containing three
mannose and two N-acetylglucosamine (GlcNAc) resi-
dues. Additional sugars are attached to this core. These

maturation reactions take place in the Golgi system and
differ between expression hosts. In yeast, the mature
glycoproteins are rich in mannose, while in mammalian
cells much more complex oligosaccharide structures are
possible. O-linked glycosylation takes place solely in
the Golgi system.

In Chap. 3 more details can be found regarding
the selection of the expression system.

H CopyDNA

The next step is to obtain the actual DNA that codes
for the protein. This DNA is obtained by reverse-
transcribing the mRNA sequence into copyDNA
(cDNA). To explain this process, it is important to dis-
cuss first the structure of a mammalian gene and
mRNA.

Most mammalian genes contain fragments of
coding DNA (exons) interspersed by stretches of
DNA that do not contain protein-coding information
(introns). Messenger RNA synthesis starts with the
making of a large primary transcript. Then, the
introns are removed via a regulated process, called
splicing. The mature mRNA contains only the exon
sequences. Most mammalian mRNAs contain also a
so-called poly-A “tail,” a string of 100-300 adenosine
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Figure 1.5 m Schematic drawing of the N-linked glycosylation process as occurs in the endoplasmic reticulum (ER) and Golgi
system of a eukaryotic cell. (1) The ribozyme binds to the mRNA and translation starts at the AUG. The first ~ 20 amino acids form
the signal peptide. (2) The signal recognition particle (SRP) binds the signal peptide. (3) Next, the SRP docks with the SRP receptor
to the cytosolic side of the ER membrane. (4) The SRP is released and (5) the ribosomes dock onto the ER membrane. (6)
Translation continues until the protein is complete. (7) A large oligosaccharide (activated by coupling to dolichol phosphate) is trans-
ferred to the specific asparagine (N) residue of the growing polypeptide chain. (8) Proteins in the lumen of the ER are transported
to the Golgi system. (9) The outer carbohydrate residues are removed by glycosidases. Next, glycosyltransferases add different
carbohydrates to the core structure. The complex type carbohydrate structure shown is just an example out of many possible variet-
ies. The exact structure of the oligosaccharide attached to the peptide chain differs between cell types and even between different
batches of in cell culture-produced therapeutic proteins. (70) Finally, secretory vesicles containing the glycoproteins are budded
from the Golgi. After fusion of these vesicles with the plasma membrane, their content is released into the extracellular space.

nucleotides. These adenines are coupled to the
mRNA molecule in a process called polyadenylation.
Polyadenylation is initiated by binding of a specific set
of proteins at the polyadenylation site at the end of the
mRNA. The poly-A tail is important for transport of
the mRNA from the nucleus into the cytosol, for trans-
lation, and it protects the mRNA from degradation.

An essential tool in cDNA formation is reverse
transcriptase (RT). This enzyme was originally found
in retroviruses. These viruses contain an RNA genome.
After infecting a host cell, their RNA genome is reverse-
transcribed first into DNA. The finding that RNA can
be reverse-transcribed into DNA by RT is an important
exception of the central dogma of molecular biology
(as discussed in Box 1.1).

To obtain the coding DNA of the protein, one
starts by isolating (m)RNA from cells/tissue that
expresses the protein. Next, the mRNA is reverse-

transcribed into copyDNA (cDNA) (see Fig. 1.6). The
RT reaction is performed in the presence of an oligo-dT
(a single-stranded oligonucleotide containing ~20 thy-
midines). The oligo-dT binds to the poly-A tail and
reverse transcriptase couples deoxyribonucleotides
complementary to the mRNA template, to the 3’end of
the growing cDNA. In this way a so-called library of
cDNAs is obtained, representing all the mRNAs
expressed in the starting cells or tissue.

The next step is to amplify specifically the cDNA
for the protein of interest using the polymerase chain
reaction (PCR, see Fig. 1.7). A PCR reaction uses a (c)
DNA template, a forward primer, a reverse primer,
deoxyribonucleotides (dATP, dCTP, dGTP, and dTTP),
Mg?, and a thermostable DNA polymerase. DNA
polymerase adds free nucleotides only to the 3’ end of
the newly forming strand. This results in elongation of
the new strand in a 5'— 3’ direction. DNA polymerase
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Box 1.1 = The Central Dogma of Molecular Biology

The central dogma of molecular biology was first stated by
Francis Crick in 1958 and deals with the information flow in
biological systems and can best be summarized as “DNA
makes RNA makes protein” (this quote is from Marshall
Nirenberg who received the Nobel Prize in 1968 for decipher-
ing the genetic code). The basis of the information flow from
DNA via RNA into a protein is pairing of complementary
bases; thus, adenine (A) forms a base pair with thymidine (T)
in DNA or uracil in RNA and guanine (G) forms a base pair
with cytosine (C).

To make a protein, the information contained in a
gene is first transferred into a RNA molecule. RNA polymer-
ases and transcription factors (these proteins bind to regu-
latory sequences on the DNA, like promoters and
enhancers) are needed for this process. In eukaryotic cells,
genes are built of exons and introns. Intron sequences
(intron is derived from intragenic region) are removed from
the primary transcript by a highly regulated process which
is called splicing. The remaining mRNA is built solely of
exon sequences and contains the coding sequence or
sense sequence. In eukaryotic cells, transcription and splic-
ing take place in the nucleus.

The next step is translation of the mRNA molecule into
a protein. This process starts by binding of the mRNA to a
ribosome. The mRNA is read by the ribosome as a string of
adjacent 3-nucleotide-long sequences, called codons.
Complexes of specific proteins (initiation and elongation fac-
tors) bring aminoacylated transfer RNAs (tRNAs) into the
ribosome-mRNA complex. Each tRNAs (via its anticodon
sequence) base pairs with its specific codon in the mRNA,
thereby adding the correct amino acid in the sequence
encoded by the gene. There are 64 possible codon sequences.
Sixty-one of those encode for the 20 possible amino acids.
This means that the genetic code is redundant (see Table 1.2).
Translation starts at the start codon AUG, which codes for
methionine and ends at one of the three possible stop codons:

UAA, UGA, or UAG. The nascent polypeptide chain is then
released from the ribosome as a mature protein. In some
cases the new polypeptide chain requires additional process-
ing to make a mature protein.

UAA /

2nd Base
U Cc A G
U Phe Ser Tyr Cys U
Phe Ser Tyr Cys (&
Leu Ser Stop Stop A
1 Leu Ser Stop Trp G 3
s C Leu Pro His Arg U r
t Leu Pro His Arg C d
Leu Pro Gin Arg A
b Leu Pro Gin Arg G b
a A e Thr Asn Ser U a
s lle Thr Asn Ser C S
e lle Thr Lys Arg A e
Met Thr Lys Arg G
G \Val Ala Asp Gly U
Val Ala Asp Gly Cc
Val Ala Glu Gly A
Val Ala Glu Gly G
Table 1.2 = The genetic code.
stopcodon Figure 1.6 W Reverse

transcriptase reaction.
PolyA tail

/

AAAAA

Reverse transcriptase

Oligo-dT (TTTTTTTTTT)

mRNA
Cells
i AUG

Isolate 5’ ca
mRNA

Start

codon

+
TAC ATT

TTTTTTTTTT

cDNA

7
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can add a nucleotide only to a preexisting 3'-OH end,
and therefore it needs a primer at which it can add the
first nucleotide. PCR primers are single-stranded oli-
gonucleotides around 20 to 30 nucleotides long, flank-
ing opposite ends of the target DNA (see Fig. 1.8). The
PCRis usually carried out for 30 cycles. Each cycle con-
sists of three stages: a denaturing stage at ~94 °C (the
double-stranded DNA is converted into single-
stranded DNA), a primer annealing stage at ~60 °C
(the optimal anneal temperature depends on sequences
of the primers and template), and an extension stage at
72 °C. Theoretically, the amount of DNA should double
during each cycle. A 30-cycle-long PCR should there-
fore result in a 2% fold (~10°) increase in the amount of
DNA. In practice this is never reached. In particular at
later cycles, the efficiency of the PCR reaction reduces.

PCR makes use of a thermostable DNA poly-
merase. These polymerases were obtained from
Archaea living in hot springs such as those occurring
in Yellowstone National Park (see Fig. 1.9) and at the
ocean bottom. DNA polymerases make mistakes.
When the aim is to clone and express a PCR product, a
thermostable DNA polymerase should be used with
3'=5" exonuclease “proofreading activity.” One such
enzyme is Pfu polymerase. This enzyme makes 1 mis-
take per every 10° base pairs, while the well-known
Taq polymerase, an enzyme without proofreading
activity, makes on average ten times more mistakes.
As a trade-off, Pfu is much slower than Taq polymerase
(Pfu adds+1,000 nucleotides per minute to the grow-
ing DNA chain and Taq 6,000 nucleotides/min).

M Cloning PCR Products into an Expression Vector

There are several ways to clone a PCR product. One of
the easiest ways is known as TA cloning (see
Fig. 1.10). TA cloning makes use of the property of Taq
polymerase to add a single adenosine to the 3’end of a
PCR product. Such a PCR product can subsequently be
ligated (using DNA ligase, see Molecular Biology tool-
box) into a plasmid with a 5" thymidine overhang (see
Box 1.2 for a general description of expression plasmids).
PCR products obtained with a DNA polymerase with
proofreading activity have a blunt end, and thus they
do not contain the 3" A overhang. However, such PCR
fragments can easily be A-tailed by incubating for a
short period with Taq polymerase and dATP. Blunt PCR
products can also directly be cloned into a linearized
plasmid with 2 blunt ends. However, the efficiency of
blunt-end PCR cloning is much lower than that of TA
cloning. A disadvantage of TA and blunt-end cloning is
that directional cloning is not possible, so the PCR
fragment can be cloned either in the sense or antisense
direction (see Fig. 1.10). PCR products can also be
cloned by adding unique recognition sites of restriction
enzymes to both ends of the PCR product. This can be
done by incorporating these sites at the 5'end of the

@ Denaturation
v
A\
5' 3

3' 5'

@ Annealing
\4 U

5' 3 5—»3' ,
35 3 5
RP
@ Elongation
v v
5. 3 >
3 <5
v
5' 3
+ +
3 5
®:®
A\
5 3 95 3
3 <5 3 <5
FP
5'—p—3'
3 5'

Wi

v

Exponential growth of short product, while the longer
products under go lineair amplification

Figure 1.7 m The PCR process. (7) DNA is denatured at
94-96 °C. (2) The temperature is lowered to + 60 °C. At this tem-
perature the primers bind (anneal) to their target sequence in the
DNA. (3) Next, the temperature is raised to 72 °C, the optimal
temperature for Taq polymerase. Four cycles are shown here. A
typical PCR reaction runs for 30 cycles. The arrows point to the
desired PCR product.

PCR primers. Although this strategy looks very
straightforward, it is also not very efficient.

After ligation, the plasmid is introduced into
E. coliby a process called transformation. There are sev-
eral ways to transform E. coli. Most used are the calcium
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Forward primer (sequence is similar as the published data base)

5'ATGCAGGGGCCCTCEETGCTECTGCTGCTGGGCCTGAGGCTACAGCTCTCCCTGGGCGTCA
TCCCAGCTGAGGAGGAGAACCCGGCCTTCTGGAACCGCCAGGCAGCTGAGGCCCTGGATGCT
GCCAAGAAGCTGCAGCCCATCCAGAAGGTCGCCAAGAACCTCATCCTCTTCCTGGGCGATGG
GTTGGGGGTGCCCACGGTGACA . c et tevevsessevscsessssosssssscssssossnsans
CCAGCAGCAGGCGGCGGTGCCCCTGTCGTCCGAGACCCACGGAGGCGARGACGTGGCGGTGT
TTGCGCGCGGCCCGCAGGCGCACCTGGTGCATGGTGTGCAGGAGCAGAGCTTCGTAGCGCAT
GTCATGGCCTTCGCTGCCTGTCTGGAGCTCCAGACAGGCAGCGAAGGCCTACCCTACACGGC
CTGCGACCTGGCGCCTCOCGCCTGCACCACCGACGCCGCGCACCCAGTTGCCGCGTCGCTGC
CACTGCTGGCCGGGACCCNGCTGCTGCTGGGGGCGTCCGCTGCTCCCTGA

5' CTCCCAGACAGGCAGCGAAGGCCAT
Reverse primer (complementary and reverse)

w

Figure 1.9 m A hot spring in Yellowstone National Park. In hot
spring like this one, Archaea, the bacterial source of thermosta-
ble polymerases, live.

chloride method (better known as heat shock) and elec-
troporation (the bacteria are exposed to a very high
electric pulse). Whatever the transformation method,
channels in the membrane are opened through which
the plasmid can enter the cell. Next, the bacteria are
plated onto an agar plate with an antibiotic. Only bac-
teria that have taken up the plasmid with an antibiotic-
resistant gene and thus produce a protein that degrades
the antibiotic will survive. After an overnight incuba-
tion at 37 °C, the agar plate will contain a number of
clones. The bacteria in each colony are the descendants
of one bacterium. Subsequently, aliquots of a number
of these colonies are grown overnight in liquid medium
at 37 °C. From these cultures, plasmids can be isolated
(this is known as a miniprep). The next steps will be to
determine whether the obtained plasmid preparations

Figure 1.8 m PCR primer
design.

contain an insert, and if so, to determine what the ori-
entation is of the insert relative to the promoter that
will drive the recombinant protein expression. The ori-
entation can, for instance, be determined by cutting the
obtained plasmids with a restriction enzyme that cuts
only once somewhere in the plasmid and with another
enzyme that cuts once somewhere in the insert. On the
basis of the obtained fragment sizes (determined via
agarose gel electrophoresis using appropriate molecu-
lar weight standards), the orientation of the insert in
the plasmid can be determined (see Fig. 1.10).

As already discussed above, DNA polymerases
make mistakes, and therefore, it is crucial to determine
the nucleotide sequence of the cloned PCR fragment.
DNA sequencing is a very important method in bio-
technology (the developments in high-throughput
sequencing have enabled the sequencing of many dif-
ferent genomes, including that of humans) and is
therefore further explained in Box 1.3.

W Transfection of Host Cells and Recombinant
Protein Production

Introducing DNA into a mammalian cell is called
transfection (and as already mentioned above, trans-
formation in E. coli). There are several methods to
introduce DNA into a mammalian cell line. Most often,
the plasmid DNA is complexed to cationic lipids (like
Lipofectamine) or polymers (like polyethyleneimines
or PEI) and then pipetted to the cells. Next, the posi-
tively charged aggregates bind to the negatively
charged cell membrane and are subsequently endocy-
tosized (see Fig. 1.11). Then, the plasmid DNA has to
escape from the endosome and has to find its way into
the nucleus where mRNA synthesis can take place.
This is actually achieved during cell division when the
nuclear membrane is absent. Another way to introduce
DNA into the cytosol is through electroporation.
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Plasmids.

Schematic drawing of an expression plasmid for
a mammalian cell line

Recombinant DNA fragment

L J

Promoter l pA
Tcs\

pA
ORi
promoter
(active in Neomycin
E.coli) resistance
Ampicilin
resistance L _
(Active in mammalian
cell line)

Plasmids are self-replicating circular extrachromo-

somal DNA molecules. The plasmids used nowadays in bio-
technology are constructed partly from naturally occurring
plasmids and partly from synthetic DNA. The figure above
shows a schematic representation of a plasmid suitable for
driving protein expression in a mammalian cell. The most
important features of this plasmid are:

1.

2.

An origin of replication. The ori allows plasmids to replicate
separately from the host cell’'s chromosome.

A multiple cloning site. The MCS contains recognition sites
for a number of restriction enzymes. The presence of the
MCS in plasmids makes it relatively easy to transfer a DNA
fragment from one plasmid into another.
Antibiotic-resistant genes. All plasmids contain a gene that
makes the recipient E. coli resistant to an antibiotic, in this
case resistant to ampicillin. Other antibiotic-resistant
genes that are often used confer resistance to tetracycline
and Zeocin. The expression plasmid contains also the
neomycin resistance gene. This selection marker enables
selection of those mammalian cells that have integrated
the plasmid DNA in their chromosome. The protein product
of the neomycin resistance gene inactivates the toxin
Geneticin.

Promoter to drive gene expression. Many expression vec-
tors for mammalian cells contain the CMV promoter, which
is taken from the cytomegaloma virus and is constitutively

active. To drive recombinant protein expression in other
expression hosts, other plasmids with other promoter
sequences have to be used.

. Poly (A) recognition site. This site becomes part of the

newly produced mRNA and binds a protein complex that
adds subsequently a poly (A) tail to the 3’ end of the mRNA.
Expression vectors that are used to drive protein expres-
sion in E. coli do not contain a poly(A) recognition site.

Molecular biology enzyme toolbox

DNA polymerase produces a polynucleotide sequence
against a nucleotide template strand using base pairing
interactions (G against C and A against T). It adds nucleo-
tides to a free 3'OH, and thus it acts in a 5’ — 3’ direction.
Some polymerases have also 3’ — 5’ exonuclease activity
(see below), which mediates proofreading.

Reverse transcriptase (RT) is a special kind of DNA
polymerase, since it requires an RNA template instead of
a DNA template.

Restriction enzymes are endonucleases that bind spe-
cific recognition sites on DNA and cut both strands.
Restriction enzymes can either cut both DNA strands at
the same location (blunt end) or they can cut at different
sites on each strand, generating a single-stranded end
(better known as a sticky end).

Examples:
Hindlll  5’A*AGCTT Xhol 5'C*TCGAG
3'TTCGA®A 3'GAGCT:C
Kpnl  5'GGTAC*C EcoRV  5'GATPATC
3'CACATGG 3'CTA*TAG
Notl 5'GC*GGCCGC  Pacl 5'TTAATRTAA
3'CGCCGGCG 3'AATFTAATT

alocation where the enzyme cuts

DNA ligase joints two DNA fragments. It links covalently
the 3’-OH of one strand with the 5’-PO4 of the other DNA
strand. The linkage of two DNA molecules with comple-
mentary sticky ends by ligase is much more efficient than
blunt-end ligation.

Alkaline phosphatase. A ligation reaction of a blunt-end
DNA fragment into a plasmid also with blunt ends will
result primarily in empty plasmids, being the result of self-
ligation. Treatment of a plasmid with blunt ends with alka-
line phosphatase, which removes the 5'PO4 groups,
prevents self-ligation.

Exonucleases remove nucleotides one at a time from
the end (exo) of a DNA molecule. They act, depending on
the type of enzyme, either in a 5’ — 3’ or 3— 5’ direction
and on single- or double-stranded DNA. Some polymer-
ases have also exonuclease activity (required for proof-
reading). Exonucleases are used, for instance, to generate
blunt ends on a DNA molecule with either a 3’ or 5’
extension.



1 MOLECULAR BIOTECHNOLOGY: FROM DNA SEQUENCE TO THERAPEUTIC PROTEIN 11

1000 bp

~ 800 200"

5 ATG TAA A
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Figure 1.10 m Cloning of a PCR product via TA cloning (a).
This cloning strategy makes use of the property of Taq poly-
merase to add an extra A to the 3’ end of the PCR product. To
determine the orientation of the insert, the plasmid is cut by
enzymes | and 2 (enzyme 1 cuts in the insert and enzyme 2 cuts
in the plasmid). On the basis of the obtained fragment size (as
determined by agarose electrophoresis), the orientation of the
insert can be deduced (b).

During electroporation, an electric pulse is applied to
the cells, which results in the formation of small pores
in the plasma membrane. Through these pores the
plasmid DNA can enter the cells.

Transfection leads to transient expression of the
introduced gene. The introduced plasmids are rapidly
diluted as a consequence of cell division or even

degraded. However, it is possible to stably transfect
cells leading to long expression periods. Then, the plas-
mid DNA has to integrate into the chromosomal DNA
of the host cell. To accomplish this, a selection gene is
normally included into the expression vector, which
gives the transfected cells a selectable growth advan-
tage. Only those cells that have integrated the selection

Box 1.3 = DNA Sequencing.

Technical breakthroughs in DNA sequencing, the determi-
nation of the nucleotide sequence, permit the sequencing of
entire genomes, including the human genome. It all started
with the sequencing in 1977 of the 5,386-nucleotide-long
single-stranded genome of the bacteriophage ¢X174.

Chain-termination method
sequencing
The most used method for DNA sequencing is the chain-
termination method, also known as the dideoxynucleotide
method, as developed by Frederick Sanger in the 1970s.
The method starts by creating millions of copies of the
DNA to be sequenced. This can be done by isolating plas-
mids with the DNA inserted from bacterial cultures or by
PCR. Next, the obtained double-stranded DNA molecules
are denatured, and the reverse strand of one of the two
original DNA strands is synthesized using DNA poly-
merase, a DNA primer complementary to a sequence
upstream of the sequence to be determined, normal
deoxynucleotidetriphosphates (dNTPs), and dideoxyNTPs
(ddNTPs) that terminate DNA strand elongation. The four
different ddNTPs (ddATP, ddGTP, ddCTP, or ddTTP) miss
the 3'OH group required for the formation of a phosphodi-
ester bond between two nucleotides and are each labeled
with a different fluorescent dye, each emits light at different
wavelengths. This reaction results in different reverse
strand DNA molecules extended to different lengths.
Following denaturation and removal of the free nucleo-
tides, primers, and the enzyme, the resulting DNA mole-
cules are separated on the basis of their molecular weight
with a resolution of just one nucleotide (corresponding to
the point of termination). The presence of the fluorescent
label attached to the terminating ddNTPs makes a sequen-
tially read out in the order created by the separation pro-
cess possible. See also the figures below. The separation
of the DNA molecules is nowadays carried out by capillary
electrophoresis. The available capillary sequencing sys-
tems are able to run in parallel 96 or 384 samples with a
length of 600 to 1,000 nucleotides. With the more common
96 capillary systems, it is possible to obtain around 6 mil-
lion bases (Mb) of sequence per day.

and high-throughput

Next-generation sequencing

The capillary sequencing systems are still used a lot, but
they will be replaced in the future by alternative systems
with a much higher output (100—1,000 times more) and at
the same time a strong reduction in the costs.

The description of these really high-throughput sys-
tems is beyond the purpose of this book. An excellent
review about this topic is written by Kirchner and Kelso
(2010).

(continued)
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Box 1.3 ™ (continued)

Schematic representation of the DNA
sequencing process

a DNA synthesis in the presence of dNTPs and fluorescently
labeled ddNTPs (T,C,A,orG)

Target sequence
3 --GGGTCCAGTGGCAGAGGATTCCGCC
--CCCAGG —

--CCCAGGT
--CCCAGGTC
--CCCAGGTCA
--CCCAGGTCAC
--CCCAGGTCACC
--CCCAGGTCACCG

@

primer extension

b Separation of the synthesized DNA molecules by capillary
electrophoresis and In’-}ad out of fluorescence

GGGGACCCAGGTCACCGTCTCCTCAGGCGG
Schematic representation of the DNA sequencing process

[ 1]

marker (and most likely, but not necessary, also the
gene of interest) into their genome will survive. Most
expression plasmids for mammalian cells contain as
selection marker the neomycin resistance gene (Neo").
This gene codes for a protein that neutralizes the toxic
drug Geneticin, also known as G418. The entire selec-
tion process takes around 2 weeks and results in a tissue
culture dish with several colonies. Each colony contains
the descendants of 1 stably transfected cell. Then, the
cells from individual colonies have to be isolated and
further expanded. The next step will be to quantify the
recombinant protein production of the obtained cell
cultures and to select those with the highest yields.

Transfection of mammalian cells is a very ineffi-
cient process (compared to transformation of E. coli)
and needs relative large amounts of plasmid DNA.
Integration of the transfected plasmid DNA into the
genome is a very rare event. As a typical example,
starting with 107 mammalian cells, one obtains usually
not more than 10? stably expressing clones.

W Cell Culture

A big challenge is to scale up cell cultures from lab
scale (e.g., a 75 cm? tissue culture bottle) to a large-scale
production platform (like a bioreactor). Mammalian
cells are relatively weak and may easily become dam-
aged by stirring or pumping liquid in or out a fermen-
ter (shear stress). In this respect, E. coli is much sturdy,
and thus this bacterium can therefore be grown in
much larger fermenters.

A particular problem is the large-scale culturing of
adherent (versus suspended) mammalian cells. One way
to grow adherent cells in large amounts is on the surface
of small beads. After a while the surface of the beads will

be completely covered (confluent) with cells, and then, it
is necessary to detach the cells from the beads and to re-
divide the cells over more (empty) beads and to transfer
them to a bioreactor compatible with higher working
volumes. To loosen the cells from the beads, usually the
protease trypsin is used. It is very important that the
trypsinization process is well timed: if it is too short,
many cells are still on the beads, and if it is too long, the
cells will lose their integrity and will not survive this.

Some companies have tackled the scale-up prob-
lem by “simply” culturing and expanding their adher-
ent cells in increasing amounts of roller bottles. These
bottles revolve slowly (between 5 and 60 revolutions
per hour), which bathes the cells that are attached to
the inner surface with medium (see Fig. 1.12). See
Chap. 3 for more in-depth information.

M Purification; Downstream Processing

Recombinant proteins are usually purified from cell
culture supernatants or cell extracts by filtration and
conventional column chromatography, including affin-
ity chromatography (see Chap. 3).

The aim of the downstream processing (DSP) is
to purify the therapeutic protein from (potential)
endogenous and extraneous contaminants, like host
cell proteins, DNA, and viruses.

Itis important to mention here that slight changes
in the purification process of a therapeutic protein may
affect its activity and the amount and nature of the
co-purified impurities. This is one of the main reasons
(in addition to differences in expression host and cul-
ture conditions) why follow-on products (after expira-
tion of the patent) made by a different company will
never be identical to the original preparation and that
is why they are not considered a true generic product
(see also Chap. 11). A generic drug must contain the
same active ingredient as the original drug, and in the
case of a therapeutic protein, this is almost impossible
and that is why the term “biosimilar” was invented.

Although not often used for the production of
therapeutic proteins, recombinant protein purification
may be simplified by linking it with an affinity tag,
such as the his-tag (6 histidines). His-tagged proteins
have a high affinity for Ni*-containing resins. There
are two ways to add the 6 histidine residues. The DNA
encoding the protein may be inserted into a plasmid
encoding already a his-tag. Another possibility is to
perform a PCR reaction with a regular primer and a
primer with at its 5’end 6 histidine codons (CAT or
CAC) (see Fig. 1.13). To enable easy removal of the his-
tag from the recombinant protein, the tag may be fol-
lowed by a suitable amino acid sequence that is
recognized by an endopeptidase.

In E. coli, recombinant proteins are often pro-
duced as a fusion protein with another protein such as
thioredoxin, beta-galactosidase, and glutathione


http://dx.doi.org/10.1007/978-1-4614-6486-0_3
http://dx.doi.org/10.1007/978-1-4614-6486-0_3
http://dx.doi.org/10.1007/978-1-4614-6486-0_11
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S-transferase (GST). These fusion partners may
improve the proper folding of the recombinant protein
and may be used as affinity tag for purification.

MONOCLONAL ANTIBODIES

So far, we discussed the selection, design, and produc-
tion of a protein starting from a DNA sequence in a
genomic database. There is no database available of the
entire repertoire of human antibodies. Potentially there
are millions of different antibodies possible, and our

Driven
Roller
Figure 1.12 m Cell culturing in

roller bottles.

knowledge about antibody-antigen interactions is not
large enough to design a specific antibody from scratch.

Many marketed therapeutic proteins are monoclo-
nal antibodies (cf. Chaps. 7, 17, 19, and 20). We will focus
here on the molecular biological aspects of the design
and production of (humanized) monoclonal antibodies
in cell culture (primarily CHO cells are used). For a
description of the structural elements of monoclonal
antibodies, we refer to Chapter 7, Figs. 1.1 and 1.2.

The classic way to make a monoclonal antibody
starts by immunizing a laboratory animal with a puri-


http://dx.doi.org/10.1007/978-1-4614-6486-0_7
http://dx.doi.org/10.1007/978-1-4614-6486-0_17
http://dx.doi.org/10.1007/978-1-4614-6486-0_19
http://dx.doi.org/10.1007/978-1-4614-6486-0_20
http://dx.doi.org/10.1007/978-1-4614-6486-0_7
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Arg-Gly-Glu-Ile-His-His-His-His-His-His

Recognition site for the protease Factor Xa

g’ Forward primer

His-tag binds to Ni?*

5!

NNNNNNNNNNNNNNNNNN

5!

5

Reverse primer

XXX XXX XXX XXX XXX XXX ILE GLU GLY ARG HIS HIS HIS HIS HIS HIS stop
5'NNN NNN NNN NNN NNN NNN ATT GAA GGA CGT CAT CAT CAT CAT CAT CAT TAA

REVERSE PRIMER:
5" TTA ATG ATG ATG ATG ATG ATG ACG TCC TTC AAT NNN NNN NNN NNN NNN NNN

Figure 1.13 m (a) Schematic drawing of a his-tagged fusion protein. (b) Design of the primers needed to generate a his-tag at the

carboxy-terminal end of a protein.

fied human protein against which the antibody should
be directed (see Fig. 1.14). In most cases, mice are used.
The immunization process (a number of injections with
the antigens and an adjuvant) will take several weeks.
Then the spleens of these mice are removed and lym-
phocytes are isolated. Subsequently, the lymphocytes
are fused using polyethylene glycol (PEG) with a
myeloma cell. The resulting hybridoma cell inherited
from the lymphocytes the ability to produce antibodies
and from the myeloma cell line the ability to divide
indefinitely. To select hybridoma cells from the excess of
non-fused lymphocytes and myeloma cells, the cells are
grown in HAT selection medium. This culture medium
contains hypoxanthine, aminopterin, and thymidine.
The myeloma cell lines used for the production of mono-
clonal antibodies contain an inactive hypoxanthine-
guanine phosphoribosyltransferase (HGPRT), an
enzyme necessary for the salvage synthesis of nucleic
acids. The lack of HGPRT activity is not a problem for
the myeloma cells because they can still synthesize
purines de novo. By exposing the myeloma cells to the
drug aminopterin also de novo synthesis of purines is
blocked and these cells will not survive anymore.
Selection against the unfused lymphocytes is not neces-
sary, since these cells, like most primary cells, do not sur-

vive for a long time in cell culture. After PEG treatment,
the cells are diluted and divided over several dishes.
After approximately 2 weeks, individual clones are vis-
ible. Each clone contains the descendants of one hybrid-
oma cell and will produce one particular type of
antibody (that is why they are called monoclonal anti-
bodies). The next step is to isolate hybridoma cells from
individual clones and grow them in separate wells of a
96-well plate. The hybridomas secrete antibodies into
the culture medium. Using a suitable test (e.g., an
ELISA), the obtained culture media can be screened for
antibody binding to the antigen. The obtained antibod-
ies can then be further characterized using other tests. In
this way a mouse monoclonal antibody is generated.
These mouse monoclonal antibodies cannot be
used directly for the treatment of human patients. The
amino acid sequence of a mouse antibody is too differ-
ent from the sequence of an antibody in humans and
thus will elicit an immune response. To make a mouse
antibody less immunogenic, the main part of its
sequence must be replaced by the corresponding
human sequence. Initially, human-mouse chimeric
antibodies were made. These antibodies consisted of
the constant regions of the human heavy and light
chain and the variable regions of the mouse antibody.
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Figure 1.14

Later, so-called humanized antibodies were generated
by grafting only the complementarity-determining
regions (CDRs), which are responsible for the antigen-
binding properties, of the selected mouse antibody
onto a human framework of the variable light (V) and
heavy (Vy) domains. The humanized antibodies are
much less immunogenic than the previously used chi-
meric antibodies. To even further reduce immunoge-
nicity, SDR grafting is used nowadays (Kashmiri et al.
2005). SDR stands for 'specificity determining residues'.
From the analysis of the 3-D structure of antibodies, it
appeared that only~30 % of the amino acid residues
present in the CDRs are critical for antigen binding.
These residues, which form the SDR, are thought to be
unique for a given antibody.

Humanization of a mouse antibody is a difficult
and tricky process. It results usually in a reduction of
the affinity of the antibody for its antigen. One of the
challenges is the selection of the most appropriate
human antibody framework. This framework deter-
mines basically the structure of the antibody and thus
the orientation of the antigen recognition domains in
space. Sometimes it is necessary to change some of the
residues in the human antibody framework to restore
antigen binding. To further enhance the affinity of the
humanized antibody for its antigen, mutations within
the CDR/SDR sequences are introduced. How this in
vitro affinity maturation is done is beyond the scope of
this chapter.

So far the generation of a humanized antibody
has been described in a rather abstract way. How is it
done in practice? First, the nucleotide sequence of each
of the V| and Vy regions is deduced (contains either
the murine CDRs or SDRs). Next, the entire sequence
is divided over four or more alternating oligonucle-
otides with overlapping flanks (see Fig. 1.15). These

Isolation of B-lymphocytes
from the spleen

Picking and expanding
of individual clones

a PEG-mediated fusion

of the lymphocytes with myeloma cells

Selection in HAT medium
Hybridomas survive

Selection and further expanding of those hybridomas
that produce antibodies with the desired charcteristics

The making of a mouse monoclonal antibody.

relatively long oligonucleotides are made syntheti-
cally. The reason why the entire sequence is divided
over four nucleotides instead of over two or even one
is that there is a limitation to the length of an oligo-
nucleotide that can be synthesized reliably (a less than
100 % yield of each coupling step (nucleotides are
added one at the time) and the occurrence of side reac-
tions make that oligonucleotides hardly exceed 200
nucleotide residues).

To the four oligonucleotides, a heat-stable DNA
polymerase and the 4 deoxyribonucleotides (dATP,
dCTP, dGTP, and dTTP) are added, and the mixture is
incubated at an appropriate temperature. Finally 2
primers, complementary to both ends of the fragment,
are added, which enable the amplification of the entire
sequence. The strategy to fuse overlapping oligonucle-
otides by PCR is called PCR sewing.

Finally, the PCR product encoding the human-
ized V; and Vy region is cloned into an expression vec-
tors carrying the respective constant regions and a
signal peptide. The signal peptide is required for glyco-
sylation. Subsequently, the expression constructs will
be used to stably transfect CHO cells. The obtained
clones will be tested for antibody production, and
clones with the highest antibody production capacity
will be selected for further use.

YIELDS

To give an idea about the production capacity needed
to produce a monoclonal antibody, we will do now
some calculations. The annual production of the most
successful therapeutic monoclonal antibodies is around
1,000 kg (in 2009). In cell culture, titers of 2-6 g/L are
routinely reached and the yield of the DSP is around
80 %. Thus, to produce 1,000 kg monoclonal antibody,
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Next, the entire sequence is
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reverse primer). The resulting
PCR fragments will be around

330 base pair in size

one needs 200,000-600,000 L of cell culture superna-
tant. In Chap. 3 more details can be found.

CONCLUSION

Thanks to advances in many different areas, includ-
ing molecular biology, bioinformatics, and bioprocess
engineering, we have moved from an animal-/
human-derived therapeutic protein product towards
in vitro-produced therapeutic proteins with the fully
human sequence and structure. Importantly, we have
now access to potentially unlimited amounts of high-
quality therapeutic proteins. Of course, there will
always be a risk for (viral) contaminations in the in
vitro-produced therapeutic protein preparation, but
this risk is much smaller than when the protein has to
be isolated from a human source (examples from the
past include the transmission of hepatitis B and C and
HIV via blood-derived products and the transmission
of Creutzfeldt-Jakob disease from human growth hor-
mone preparations from human pituitaries).

As basic knowledge in molecular biology and
engineering keeps on growing, the efficiency of the clon-
ing and production process will increase in parallel.

SELF-ASSESSMENT QUESTIONS

M Questions
1. A researcher wanted to clone and subsequently
express the human histone H4 protein in E. coli.

She obtained the sequence below from the NCBI,
as shown below. The start and stop codons are
underlined.

>gi | 29553982 | ref | NM_003548.2 | Homo sapiens
histone cluster 2, H4a (HIST2H4A), mRNA

AGAAGCTGTCTATCGGGCTCCAGCGGTCATGTCCG
GCAGAGGAAAGGGCGGAAAAGGCTTAGGCAA
AGGG

GGCGCTAAGCGCCACCGCAAGGTCTTGAGAGAC
AACATTCAGGGCATCACCAAGCCTGCCATTCG
GCGTC
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TAGCTCGGCGTGGCGGCGTTAAGCGGATCTCTGG
CCTCATTTACGAGGAGACCCGCGGTGTGCTGA
AGGT

GTTCCTGGAGAATGTGATTCGGGACGCAGTCACC
TACACCGAGCACGCCAAGCGCAAGACCGTCAC
AGCC

ATGGATGTGGTGTACGCGCTCAAGCGCCAGGGGC
GCACCCTGTACGGCTTCGGAGGCTAGGCCGCC
GCTC

CAGCTTTGCACGTTTCGATCCCAAAGGCCCTTTT
TAGGGCCGACCA.

(i) Is E. coli a suitable expression host for the H4
protein?

(ii) Design primers for the amplification of the cod-
ing sequence of the H4 protein by PCR.

(iif) To ease purification the researcher decided to
add an affinity tag (Trp-Ser-His-Pro-Gln-Phe-
Glu-Lys) to the carboxy-terminal end of the H4
protein. PCR was used to clone this tag in frame
with the H4 protein. What was the sequence of
the primers she probably used?

To answer this question, make use of the table below.

2nd Base

u C A G

U Phe  Ser Tyr Cys

Phe  Ser Tyr Cys

Leu Ser Stop Stop

1 Leu Ser Stop Trp 3
s C Leu Pro His Arg r
t Leu Pro His Arg d

Leu Pro Gin Arg

b Leu Pro Gin Arg b
a A lle Thr Asn Ser

S lle Thr Asn Ser s
e lle Thr Lys Arg e

Met Thr Lys Arg

G Val Ala Asp Gly

Val Ala Asp Gly

val Ala Glu Gly

O > 0 CcC O > 0 C o > 0 C o > 0 C
[V

val Ala Glu Gly

(iv) And finally, she decided to optimize the codon
usage for expression in E. coli.

What is coding optimalization? What is its
purpose?

(v) Design a strategy/method to optimize the
codon usage of the H4 protein.

(vi) The human H4 mRNA differs from most other
human mRNAs by lacking a poly-A tail (instead
the H4 mRNA is protected by a palindromic
termination element), and thus the cDNA
encoding this protein cannot be obtained by a
reverse transcriptase reaction using an oligo-dT
as primer. Describe a method to obtain the H4
cDNA.

. Ampicillin, G418, and HAT medium are used to
select for transformed E. coli, transfected mamma-
lian cells, and hybridomas, respectively. Describe
shortly the mechanism underlying the three men-
tioned selection strategies.

. E. coli does not take up plasmid DNA spontaneously.
However, the so-called chemical competent E. coli is
able to take up plasmids following a heat shock (30 s
42 °C, followed by an immediate transfer to 0 °C).
These competent bacteria can be obtained by exten-
sive washing with a 100 mM CaCl, solution.

Transformation of competent E. coli of good qual-
ity results in + 10® colonies/pg of supercoiled plas-
mid DNA. The bacteria in each colony are the
descendants of one bacterium that had initially
taken up one plasmid molecule.

Calculate the transformation efficiency defined as
the number of plasmids taken up by the competent
bacteria divided by the total number of plasmids
added. Make the calculation for a plasmid of 3,333
base pairs (the MW of a nucleotide is 300 g/mol and
the Avogadro constant is 6 x 10 molecules/mol).

M Answers
1. (i) Information about the protein structure can be

obtained from http://www.expasy.org/. The H4
protein does not contain disulfide bridges and is
unglycosylated. It is therefore likely that E. coli is
able to produce a correctly folded H4 protein.

(i) PCR primers are usually around 18-20 nucleo-
tides long. The sequences of the forward and
reverse primer are ATG TCC GGC AGA GGA
AAG (identical to the published sequence) and
CTA GCC TCC GAA GCC GTA (complementary
and reverse), respectively.

(iif) The forward primer will be as above. At the 5’
end of the reverse primer, additional sequences
must be added. First, the DNA sequence encod-
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(iv)

v)

(vi)

2. (a)

(b)

(©
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ing the affinity tag Trp-Ser-His-Pro-Gln-Phe-
Glu-Lys must be determined using the codon
usage table: TCG CAC CCA CAG TTC GAA
AAG. It is important to place the tag in front of
the stop codon (TAG). The sequence of the
reverse primer will then be 5'- CTA CTT TTC
GAACTGTGG GTG CGACCAGCCTCCGAA
GCC GTA CAG-3".

For most amino acids more than one codon exist
(see the codon usage table).

Differences in preferences for one of the several
codons that encode the same amino acid exist
between organisms. In particular in fast-grow-
ing organisms, like E. coli, the optimal codons
reflect the composition of their transfer RNA
(tRNA) pool. By changing the native codons
into those codons preferred by E. coli, the level
of heterologous protein expression may
increase. Alternatively, and much easier, one
could use as expression host an E. coli with plas-
mids encoding extra copies of rare tRNAs.

The H4 protein is 103 amino acids long. The eas-
iest way to change the sequence at many places
along the entire length of the coding sequence/
mRNA is by designing four overlapping
oligonucleotides.

Next, the four overlapping oligonucleotides
must be “sewed” together by a DNA poly-
merase in the presence of dNTPs. Finally, by the
addition of two flanking primers, the entire,
now optimized sequence can be amplified.

An oligo-dT will not bind to the mRNA of H4,
and therefore one has to use a H4-specific
primer. One could use for instance the reverse
primer as designed by question 1.ii

Selection of transformed bacteria using ampicillin.
The antibiotic ampicillin is an inhibitor of trans-
peptidase. This enzyme is required for the mak-
ing of the bacterial cell wall. The ampicillin
resistance gene encodes for the enzyme beta-
lactamase, which degrades ampicillin.

Selection of stably transfected mammalian cells using
G418. Most expression plasmids for mammalian
cells contain as selection marker the neomycin
resistance gene (Neo"). This gene codes for a pro-
tein that neutralizes the toxic drug Geneticin, also
known as G418. G418 blocks protein synthesis
both in prokaryotic and eukaryotic cells. Only cells
that have incorporated the plasmid with the Neo*
gene into their chromosomal DNA will survive.
Selection of hybridomas using HAT medium. HAT
medium contains hypoxanthine, aminopterin,

and thymidine. The myeloma cell lines used for
the production of monoclonal antibodies contain
an inactive hypoxanthine-guanine phosphoribo-
syltransferase (HGPRT), an enzyme necessary
for the salvage synthesis of nucleic acids. The
lack of HGPRT activity is not a problem for the
myeloma cells because they can still synthesize
purines de novo. By exposing the myeloma cells
to the drug aminopterin also de novo synthesis
of purines is blocked and these cells will not sur-
vive anymore. Selection against the unfused
lymphocytes is not necessary, since these cells,
like most primary cells, do not survive for a long
time in cell culture.

3. First, calculate the molecular weight of the plasmid:
333x2x300=2x10° g/mol. — 2x10° g plas-
mid=6x10*® molecules. - 1 g plasmid=3x10"
molecules. -1 pg (1x107° g) =3 x 10" molecules.

1 pg gram plasmid results in 10® colonies. Thus,
only one in 3,000 plasmids is taken up by the
bacteria.
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Biophysical and Biochemical Analysis

of Recombinant Proteins

Tsutomu Arakawa and John S. Philo

INTRODUCTION

For a recombinant protein to become a human thera-
peutic, its biophysical and biochemical characteristics
must be well understood. These properties serve as a
basis for comparison of lot-to-lot reproducibility; for
establishing the range of conditions to stabilize the pro-
tein during production, storage, and shipping; and for
identifying characteristics useful for monitoring stabil-
ity during long-term storage.

A number of techniques can be used to determine
the biophysical properties of proteins and to examine
their biochemical and biological integrity. Where possi-
ble, the results of these experiments are compared with
those obtained using naturally occurring proteins in
order to be confident that the recombinant protein has
the desired characteristics of the naturally occurring one.

PROTEIN STRUCTURE

m Primary Structure

Most proteins which are developed for therapy per-
form specific functions by interacting with other small
and large molecules, e.g., cell-surface receptors, bind-
ing proteins, nucleic acids, carbohydrates, and lipids.
The functional properties of proteins are derived from
their folding into distinct three-dimensional structures.
Each protein fold is based on its specific polypeptide
sequence in which different amino acids are connected
through peptide bonds in a specific way. This align-
ment of the 20 amino acids, called a primary sequence,
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has in general all the information necessary for folding
into a distinct tertiary structure comprising different
secondary structures such as o-helices and p-sheets
(see below). Because the 20 amino acids possess differ-
ent side chains, polypeptides with widely diverse
properties are obtained.

All of the 20 amino acids consist of a C, carbon to
which an amino group, a carboxyl group, a hydrogen,
and a side chain bind in L configuration (Fig. 2.1).
These amino acids are joined by condensation to yield
a peptide bond consisting of a carboxyl group of an
amino acid joined with the amino group of the next
amino acid (Fig. 2.2).

The condensation gives an amide group, NH, at
the N-terminal side of C, and a carbonyl group, C=0,
at the C-terminal side. These groups, as well as the
amino acyl side chains, play important roles in protein
folding. Due to their ability to form hydrogen bonds,
they make major energetic contributions to the forma-
tion of two important secondary structures, a-helix and
B-sheet. The peptide bonds between various amino
acids are very much equivalent, however, so that they
do not determine which part of a sequence should form
an a-helix or p-sheet. Sequence-dependent secondary
structure formation is determined by the side chains.

The 20 amino acids commonly found in proteins
are shown in Fig. 2.3. They are described by their full
names and three- and one-letter codes. Their side chains
are structurally different in such a way that at neutral
pH, aspartic and glutamic acid are negatively charged
and lysine and arginine are positively charged. Histidine
is positively charged to an extent that depends on the
pH. At pH 7.0, on average, about half of the histidine
side chains are positively charged. Tyrosine and cysteine
are protonated and uncharged at neutral pH, but become
negatively charged above pH 10 and 8, respectively.

Polar amino acids consist of serine, threonine,
asparagine, and glutamine, as well as cysteine, while
nonpolar amino acids consist of alanine, valine, phe-
nylalanine, proline, methionine, leucine, and isoleu-
cine. Glycine behaves neutrally while cystine, the

D.J.A. Crommelin, R.D. Sindelar, and B. Meibohm (eds.), Pharmaceutical Biotechnology,
DOI 10.1007 /978-1-4614-6486-0_2, © Springer Science+Business Media New York 2013



20 T. ARAKAWA AND J.S. PHILO

Structure of L-amino acids
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R: side chain

Figure 2.1 Structure of L-amino acids.

Structure of peptide bond
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S — | S
Peptide bond
R: side chain
Figure 2.2 Structure of peptide bond.

oxidized form of cysteine, is characterized as
hydrophobic. Although tyrosine and tryptophan often
enter into polar interactions, they are better character-
ized as nonpolar, or hydrophobic, as described later.
These 20 amino acids are incorporated into a
unique sequence based on the genetic code, as the exam-
ple in Fig. 2.4 shows. This is an amino acid sequence of
granulocyte-colony-stimulating factor (G-CSF), which
selectively regulates proliferation and maturation of
neutrophils. Although the exact properties of this

protein depend on the location of each amino acid and
hence the location of each side chain in the three-dimen-
sional structure, the average properties can be estimated
simply from the amino acid composition, as shown in
Table 2.1, i.e., a list of the total number of each type of
amino acid contained in this protein molecule.

Using the pK, values of these side chains and
one amino and carboxyl terminus, one can calculate
total charges (positive plus negative charges) and net
charges (positive minus negative charges) of a pro-
tein as a function of pH, i.e, a titration curve. Since
cysteine can be oxidized to form a disulfide bond or
can be in a free form, accurate calculation above pH 8
requires knowledge of the status of cysteinyl residues
in the protein. The titration curve thus obtained is only
an approximation, since some charged residues may
be buried and the effective pKa values depend on the
local environment of each residue. Nevertheless, the
calculated titration curve gives a first approximation of
the overall charged state of a protein at a given pH and
hence its solution property. Other molecular param-
eters, such as isoelectric point (pI, where the net charge
of a protein becomes zero), molecular weight, extinc-
tion coefficient, partial specific volume, and hydro-
phobicity, can also be estimated from the amino acid
composition, as shown in Table 2.1.

The primary structure of a protein, ie., the
sequence of the 20 amino acids, can lead to the three-
dimensional structure because the amino acids have
diverse physical properties. First, each type of amino
acid has the tendency to be more preferentially incor-
porated into certain secondary structures. The frequen-
cies with which each amino acid is found in o-helix,
B-sheet, and B-turn, secondary structures that are dis-
cussed later in this chapter, can be calculated as an
average over a number of proteins whose three-
dimensional structures have been solved. These fre-
quencies are listed in Table 2.2. The p-turn has a distinct
configuration consisting of four sequential amino acids
and there is a strong preference for specific amino acids
in these four positions. For example, asparagine has an
overall high frequency of occurrence in a f-turn and is
most frequently observed in the first and third position
of a p-turn. This characteristic of asparagine is consis-
tent with its side chain being a potential site of N-linked
glycosylation. Effects of glycosylation on the biological
and physicochemical properties of proteins are
extremely important. However, their contribution to
structure is not readily predictable based on the amino
acid composition.

Based on these frequencies, one can predict for
particular polypeptide segments which type of second-
ary structure they are likely to form. As shown in
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Fig. 2.5a, there are a number of methods developed to
predict the secondary structure from the primary
sequence of the proteins. Using G-CSF (Fig. 2.5b) as an
example, regions of a-helix, f-sheets, turns, hydrophi-
licity, and antigen sites can be suggested.

Another property of amino acids, which impacts
on protein folding, is the hydrophobicity of their side

chains. Although nonpolar amino acids are basically
hydrophobic, it is important to know how hydropho-
bic they are. This property has been determined by
measuring the partition coefficient or solubility of
amino acids in water and organic solvents and nor-
malizing such parameters relative to glycine. Relative
to the side chain of glycine, a single hydrogen, such

Structure of 20 amino acids
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Figure 2.3 NB (a and b) Structure of 20 amino acids.
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Structure of 20 amino acids
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Parameter Value
Molecular weight 18,673
Total number of amino acids 174

1 g 53.5 picomoles
Molar extinction coefficient 15,820
1 A (280) 1.18 mg/ml
Isoelectric point 5.86
Charge at pH 7 -3.39

Amino acid Number % By weight % By frequency
A Ala 19 7.23 10.92
C Cys 5 2.76 2.87
D Asp 4 2.47 2.30
E Glu 9 6.22 517
F Phe 6 4.73 3.45
G Gly 14 4.28 8.05
H His 5 3.67 2.87
1 Me 4 2.42 2.30
K Lys 4 2.75 2.30
L Leu 33 20.00 18.97
M Met 3 2.1 1.72
N Asn 0 0.00 0.00
P Pro 13 6.76 7.47
QGin 17 11.66 9.77
R Arg 5 4.18 2.87
S Ser 14 6.53 8.05
T Thr 7 3.79 4.02
V Val 7 3.71 4.02
W Trp 2 1.99 1.15
Y Tyr 3 2.62 1.72

Table 2.1 Amino acid composition and structural parameters of granulocyte-colony-stimulating factor.

normalization shows how strongly the side chains of
nonpolar amino acids prefer the organic phase to the
aqueous phase. A representation of such measure-
ments is shown in Table 2.3. The values indicate that
the free energy increases as the side chain of trypto-
phan and tyrosine are transferred from an organic
solvent to water and that such transfer is thermody-
namically unfavorable. Although it is unclear how
comparable the hydrophobic property is between an

organic solvent and the interior of protein molecules,
the hydrophobic side chains favor clustering
together, resulting in a core structure with properties
similar to an organic solvent. These hydrophobic
characteristics of nonpolar amino acids and hydro-
philic characteristics of polar amino acids generate a
partition of amino acyl residues into a hydrophobic
core and hydrophilic surface, resulting in overall
folding.
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a-Helix p-Sheet p-Turn p-Turn position 1  p-Turn position 2 B-Turn position 3  p-Turn position 4
Glu 1.51 Val 1.70  Asn 1.56 Asn 0.161 Pro 0.301 Asn 0.191 Trp 0.167
Met 145 Lie 160 Gly 1.56 Cys 0.149 Ser 0.139 Gly 0.190 Gly 0.152
Ala 142 Tyr 147 Pro 1.52 Asp 0.147 Lys 0.115 Asp 0.179 Cys 0.128
Leu 1.21 Phe 138 Asp 1.46 His 0.140 Asp 0.110 Ser 0.125 Tyr 0.125
Lys 116 Trp 1.37 Ser 1.43 Ser 0.120 Thr 0.108 Cys 0.117 Ser 0.106
Phe 113 Leu 130 Cys 1.19 Pro 0.102 Arg 0.106 Tyr 0.114 Gin 0.098
Gin 111 Cys 119 Tyr 1.14 Gly 0.102 Gin 0.098 Arg 0.099 Lys 0.095
Trp 1.08 Thr 1.19 Lys 1.01 Thr 0.086 Gly 0.085 His 0.093 Asn 0.091
lle 1.08 Gin 1.10 Gin 0.98 Tyr 0.082 Asn 0.083 Glu 0.077 Arg 0.085
Val 106 Met 1.05 Thr 0.96 Trp 0.077 Met 0.082 Lys 0.072 Asp 0.081
Asp 1.01 Arg 0.93 Trp 0.96 Gin 0.074 Ala 0.076 Tyr 0.065 Thr 0.079
His 100 Asn 089 Arg 0.95 Arg 0.070 Tyr 0.065 Phe 0.065 Leu 0.070
Arg 098 His 0.87 His 0.95 Met 0.068 Glu 0.060 Trp 0.064 Pro 0.068
Thr 083 Ala 083 Glu 074 Val 0.062 Cys 0.053 Gin 0.037 Phe 0.065
Ser 0.77 Ser 075 Ala 0.66 Leu 0.061 Val 0.048 Leu 0.036 Glu 0.064
Cys 070 Gly 075 Met 0.60 Ala 0.060 His 0.047 Ala 0.035 Ala 0.058
Tyr 069 Lys 0.74 Phe 0.60 Phe 0.059 Phe 0.041 Pro 0.034 lle 0.056
Asn 067 Pro 055 Leu 0.59 Glu 0.056 lle 0.034 Val 0.028 Met 0.055
Pro 057 Asp 054 Val 050 Lys 0.055 Leu 0.025 Met 0.014 His 0.054
Gly 057 Glu 0.37 lle 047 lle 0.043 Trp 0.013 lle 0.013 Val 0.053

Taken and edited from Chou PY, Fasman GD (1978) Empirical predictions of protein conformation. Ann Rev Biochem 47: 251-276 with permission from

Annual Reviews, Inc.

Table 2.2

m Secondary Structure

a-Helix

Immediately evident in the primary structure of a pro-
tein is that each amino acid is linked by a peptide
bond. The amide, NH, is a hydrogen donor and the
carbonyl, C=0, is a hydrogen acceptor, and they can
form a stable hydrogen bond when they are positioned
in an appropriate configuration of the polypeptide
chain. Such structures of the polypeptide chain are
called secondary structure. Two main structures,
a-helix and p-sheet, accommodate such stable hydro-
gen bonds. The main chain forms a right-handed helix,
because only the L-form of amino acids is in proteins
and makes one turn per 3.6 residues. The overall
length of a-helices can vary widely. Figure 2.6 shows
an example of a short a-helix. In this case, the C=0
group of residue 1 forms a hydrogen bond to the NH
group of residue 5 and C=0 group of residue 2 forms
a hydrogen bond with the NH group of residue 6.

Frequency of occurrence of 20 amino acids in a-helix, p-sheet, and p-turn.

Thus, at the start of an a-helix, four amide groups are
always free, and at the end of an a-helix, four carboxyl
groups are also free. As a result, both ends of an a-helix
are highly polar.

Moreover, all the hydrogen bonds are aligned
along the helical axis. Since both peptide NH and C=0
groups have electric dipole moments pointing in the
same direction, they will add to a substantial dipole
moment throughout the entire a-helix, with the nega-
tive partial charge at the C-terminal side and the posi-
tive partial charge at the N-terminal side.

The side chains project outward from the a-helix.
This projection means that all the side chains sur-
round the outer surface of an a-helix and interact both
with each other and with side chains of other regions
which come in contact with these side chains. These
interactions, so-called long-range interactions, can
stabilize the a-helical structure and help it to act as a
folding unit. Often an a-helix serves as a building
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block for the three-dimensional structure of globular
proteins by bringing hydrophobic side chains to one
side of a helix and hydrophilic side chains to the
opposite side of the same helix. Distribution of side
chains along the a-helical axis can be viewed using
the helical wheel. Since one turn in an o-helix is 3.6
residues long, each residue can be plotted every
360°/3.6=100° around a circle (viewed from the top
of a-helix), as shown in Fig. 2.7. Such a plot shows the
projection of the position of the residues onto a plane
perpendicular to the helical axis. One of the predicted
helices in erythropoietin is shown in Fig. 2.7, using an
open circle for hydrophobic side chains and an open

25

rectangle for hydrophilic side chains. It becomes
immediately obvious that one side of the a-helix is
highly hydrophobic, suggesting that this side forms
an internal core, while the other side is relatively
hydrophilic and is hence most likely exposed to the
surface. Since many biologically important proteins
function by interacting with other macromolecules,
the information obtained from the helical wheel is
extremely useful. For example, mutations of amino
acids in the solvent-exposed side may lead to identifi-
cation of regions responsible for biological activity,
while mutations in the internal core may lead to
altered protein stability.
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Figure 2.5

(a) Predicted secondary structure of granulocyte-
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colony-stimulating factor. Obtained using a program “DNASTAR”

(DNASTAR Inc., Madison, WI). (b) Secondary structure of Filgrastim (recombinant G-CSF). Filgrastim is a 175-amino acid polypeptide.
Its four antiparallel alpha helices (A, B, C, and D) and short 3-to-10 type helix (3;,) form a helical bundle. The two biologically active

sites (a and o) are remote from modifications at the N-terminus
Filgrastim is not glycosylated; the sugar chain is included to illustrat

of the a-helix and the sugar chain attached to loops C-D. Note:
e its location in endogenous G-CSF.
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N-terminus

Figure 2.5 (continued)

Amino acid side chain Cal/mol
Tryptophan 3,400
Norleucine 2,600
Phenylalanine 2,500
Tyrosine 2,300
Dihydroxyphenylalanine 1,800
Leucine 1,800
Valine 1,500
Methionine 1,300
Histidine 500
Alanine 500
Threonine 400

Serine -300

Taken from Nozaki Y, Tanford C (1971) The solubility of amino acids and
two glycine peptides in aqueous ethanol and dioxane solutions.
Establishment of a hydrophobicity scale. J Biol Chem 246:2211-2217
with permission from American Society of Biological Chemists

Table 2.3 Hydrophobicity scale: transfer free energies of
amino acid side chains from organic solvent to water.

B-Sheet

The second major secondary structural element found
in proteins is the p-sheet. In contrast to the a-helix,
which is built up from a continuous region with a pep-
tide hydrogen bond linking every fourth amino acid,
the p-sheet is comprised of peptide hydrogen bonds
between different regions of the polypeptide that may
be far apart in sequence. p-strands can interact with
each other in one of the two ways shown in Fig. 2.8, i.e.,
either parallel or antiparallel. In a parallel p-sheet, each
strand is oriented in the same direction with peptide
hydrogen bonds formed between the strands, while in
antiparallel pB-sheets, the polypeptide sequences are
oriented in the opposite direction. In both structures,
the C=0 and NH groups project into opposite sides of
the polypeptide chain, and hence, a f-strand can inter-
act from either side of that particular chain to form
peptide hydrogen bonds with adjacent strands. Thus,
more than two f-strands can contact each other either
in a parallel or in an antiparallel manner, or even in
combination. Such clustering can result in all the
p-strands lying in a plane as a sheet. The p-strands
which are at the edges of the sheet have unpaired alter-
nating C=0 and NH groups.

Side chains project perpendicularly to this plane
in opposite directions and can interact with other
side chains within the same p-sheet or with other
regions of the molecule, or may be exposed to the
solvent.

In almost all known protein structures, f-strands
are right-handed twisted. This way, the p-strands adapt
into widely different conformations. Depending on
how they are twisted, all the side chains in the same
strand or in different strands do not necessarily project
in the same direction.

Loops and Turns

Loops and turns form more or less linear structures
and interact with each other to form a folded three-
dimensional structure. They are comprised of an amino
acid sequence which is usually hydrophilic and
exposed to the solvent. These regions consist of f-turns
(reverse turns), short hairpin loops, and long loops.
Many hairpin loops are formed to connect two antipar-
allel p-strands.

As shown in Fig. 2.5a, the amino acid sequences
which form f-turns are relatively easy to predict,
since turns must be present periodically to fold a lin-
ear sequence into a globular structure. Amino acids
found most frequently in the p-turn are usually not
found in a-helical or p-sheet structures. Thus, proline
and glycine represent the least-observed amino acids
in these typical secondary structures. However, pro-
line has an extremely high frequency of occurrence at
the second position in the p-turn, while glycine has a
high preference at the third and fourth position of a
p-turn.



2 BIOPHYSICAL AND BIOCHEMICAL ANALYSIS OF RECOMBINANT PROTEINS 27

Figure 2.6 I Schematic

illustration of the structure of
<«—— 3.6 residues ——— > o-helix.

Helix C

94

101 H 105
G

Buried
Surface
Figure 2.7 W Helical wheel
IEl analysis of erythropoietin
E 110 sequence, from His94 to
Ala111 (Elliott S, personal
103 communication, 1990).

Although loops are not as predictable as f-turns, m Tertiary Structure
amino acids with high frequency for p-turns also can Combination of the various secondary structures in a
form a long loop. Even though difficult to predict, protein results in its three-dimensional structure. Many
loops are an important secondary structure, since they  proteins fold into a fairly compact, globular structure.
form a highly solvent-exposed region of the protein The folding of a protein molecule into a distinct
molecules and allow the protein to fold onto itself. three-dimensional structure determines its function.
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Antiparallel

Figure 2.8

Parallel

Schematic illustration of the structure of antiparallel (left side) and parallel (right side) B-sheet. Arrow indicates the

direction of amino acid sequence from the N-terminus to C-terminus.

Enzyme activity requires the exact coordination of cat-
alytically important residues in the three-dimensional
space. Binding of antibody to antigen and binding of
growth factors and cytokines to their receptors all
require a distinct, specific surface for high-affinity
binding. These interactions do not occur if the tertiary
structures of antibodies, growth factors, and cytokines
are altered.

A unique tertiary structure of a protein can often
result in the assembly of the protein into a distinct qua-
ternary structure consisting of a fixed stoichiometry of
protein chains within the complex. Assembly can occur
between the same proteins or between different poly-
peptide chains. Each molecule in the complex is called

a subunit. Actin and tubulin self-associate into F-actin
and microtubule, while hemoglobin is a tetramer con-
sisting of two a- and two p-subunits. Among the cyto-
kines and growth factors, interferon-y is a homodimer,
while platelet-derived growth factor is a homodimer of
either A or B chains or a heterodimer of the A and B
chain. The formation of a quaternary structure occurs
via non-covalent interactions or through disulfide
bonds between the subunits.

m Forces

Interactions occurring between chemical groups in
proteins are responsible for formation of their specific
secondary, tertiary, and quaternary structures. Either
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repulsive or attractive interactions can occur between
different groups. Repulsive interactions consist of ste-
ric hindrance and electrostatic effects. Like charges
repel each other and bulky side chains, although they
do not repel each other, cannot occupy the same space.
Folding is also against the natural tendency to move
toward randomness, i.e., increasing entropy. Folding
leads to a fixed position of each atom and hence a
decrease in entropy. For folding to occur, this decrease
in entropy, as well as the repulsive interactions, must
be overcome by attractive interactions, i.e., hydropho-
bic interactions, hydrogen bonds, electrostatic attrac-
tion, and van der Waals interactions. Hydration of
proteins, discussed in the next section, also plays an
important role in protein folding.

These interactions are all relatively weak and can
be easily broken and formed. Hence, each folded pro-
tein structure arises from a fine balance between these
repulsive and attractive interactions. The stability of
the folded structure is a fundamental concern in devel-
oping protein therapeutics.

Hydrophobic Interactions

The hydrophobic interaction reflects a summation of
the van der Waals attractive forces among nonpolar
groups in the protein interior, which change the sur-
rounding water structure necessary to accommodate
these groups if they become exposed. The transfer of
nonpolar groups from the interior to the surface
requires a large decrease in entropy so that hydropho-
bic interactions are essentially entropically driven. The
resulting large positive free energy change prevents
the transfer of nonpolar groups from the largely shel-
tered interior to the more solvent-exposed exterior of
the protein molecule. Thus, nonpolar groups preferen-
tially reside in the protein interior, while the more polar
groups are exposed to the surface and surrounding
environment. The partitioning of different amino acyl
residues between the inside and outside of a protein
correlates well with the hydration energy of their side
chains, that is, their relative affinity for water.

Hydrogen Bonds

The hydrogen bond is ionic in character since it
depends strongly on the sharing of a proton between
two electronegative atoms (generally oxygen and
nitrogen atoms). Hydrogen bonds may form either
between a protein atom and a water molecule or exclu-
sively as protein intramolecular hydrogen bonds.
Intramolecular interactions can have significantly more
favorable free energies (because of entropic consider-
ations) than intermolecular hydrogen bonds, so the
contribution of all hydrogen bonds in the protein mol-
ecule to the stability of protein structures can be sub-
stantial. In addition, when the hydrogen bonds occur

in the interior of protein molecules, the bonds become
stronger due to the hydrophobic environment.

Electrostatic Interactions

Electrostatic interactions occur between any two
charged groups. According to Coulomb’s law, if the
charges are of the same sign, the interaction is repul-
sive with an increase in energy, but if they are opposite
in sign, it is attractive, with a lowering of energy.
Electrostatic interactions are strongly dependent upon
distance, according to Coulomb’s law, and inversely
related to the dielectric constant of the medium.
Electrostatic interactions are much stronger in the inte-
rior of the protein molecule because of a lower dielec-
tric constant. The numerous charged groups present on
protein molecules can provide overall stability by the
electrostatic attraction of opposite charges, for exam-
ple, between negatively charged carboxyl groups and
positively charged amino groups. However, the net
effects of all possible pairs of charged groups must be
considered. Thus, the free energy derived from electro-
static interactions is actually a property of the whole
structure, not just of any single amino acid residue or
cluster.

Van der Waals Interactions

Weak van der Waals interactions exist between atoms
(except the bare proton), whether they are polar or
nonpolar. They arise from net attractive interactions
between permanent dipoles and/or induced (tempo-
rary and fluctuating) dipoles. However, when two
atoms approach each other too closely, the repulsion
between their electron clouds becomes strong and
counterbalances the attractive forces.

m Hydration

Water molecules are bound to proteins internally and
externally. Some water molecules occasionally occupy
small internal cavities in the protein structure and are
hydrogen bonded to peptide bonds and side chains of
the protein and often to a prosthetic group, or cofactor,
within the protein. The protein surface is large and
consists of a mosaic of polar and nonpolar amino acids,
and it binds a large number of water molecules, i.e., it
is hydrated, from the surrounding environment. As
described in the previous section, water molecules
trapped in the interior of protein molecules are bound
more tightly to hydrogen-bonding donors and accep-
tors because of a lower dielectric constant.

Solvent around the protein surface clearly has a
general role in hydrating peptide and side chains but
might be expected to be rather mobile and nonspecific
in its interactions. Well-ordered water molecules can
make significant contributions to protein stability. One
water molecule can hydrogen bond to two groups dis-
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tant in the primary structure on a protein molecule, act-
ing as a bridge between these groups. Such a water
molecule may be highly restricted in motion and can
contribute to the stability, at least locally, of the protein,
since such tight binding may exist only when these
groups assume the proper configuration to accommo-
date a water molecule that is present only in the native
state of the protein. Such hydration can also decrease
the flexibility of the groups involved.

There is also evidence for solvation over hydro-
phobic groups on the protein surface. So-called hydro-
phobic hydration occurs because of the unfavorable
nature of the interaction between water molecules and
hydrophobic surfaces, resulting in the clustering of
water molecules. Since this clustering is energetically
unfavorable, such hydrophobic hydration does not
contribute to the protein stability. However, this hydro-
phobic hydration facilitates hydrophobic interaction.
This unfavorable hydration is diminished as the vari-
ous hydrophobic groups come in contact either intra-
molecularly or intermolecularly, leading to the folding
of intrachain structures or to protein-protein
interactions.

Both the loosely and strongly bound water mol-
ecules can have an important impact, not only on pro-
tein stability but also on protein function. For example,
certain enzymes function in nonaqueous solvent pro-
vided that a small amount of water, just enough to
cover the protein surface, is present. Bound water can
modulate the dynamics of surface groups, and such
dynamics may be critical for enzyme function. Dried
enzymes are, in general, inactive and become active
after they absorb 0.2 g water per g protein. This
amount of water is only sufficient to cover surface
polar groups, yet may give sufficient flexibility for
function.

Evidence that water bound to protein molecules
has a different property from bulk water can be dem-
onstrated by the presence of non-freezable water. Thus,
when a protein solution is cooled below —40 °C, a frac-
tion of water, ~0.3 g water/g protein, does not freeze
and can be detected by high-resolution NMR. Several
other techniques also detect a similar amount of bound
water. This unfreezable water reflects the unique prop-
erty of bound water that prevents it from adopting an
ice structure.

Proteins are immersed under physiological con-
ditions or in test tubes in aqueous solutions containing
not only water but also other solution components,
e.g., salts, metals, amino acids, sugars, and many other
minor components. These components also interact
with the protein surface and affect protein folding and
stability. For examples, sugars and amino acids are
known to enhance folding and stability of the proteins,
as described below.

PROTEIN FOLDING

Proteins become functional only when they assume a
distinct tertiary structure. Many physiologically and
therapeutically important proteins present their sur-
face for recognition by interacting with molecules such
as substrates, receptors, signaling proteins, and cell-
surface adhesion macromolecules. When recombinant
proteins are produced in Escherichia coli, they often
form inclusion bodies into which they are deposited as
insoluble proteins. Formation of such insoluble states
does not naturally occur in cells where they are nor-
mally synthesized and transported. Therefore, an in
vitro process is required to refold insoluble recombi-
nant proteins into their native, physiologically active
state. This is usually accomplished by solubilizing the
insoluble proteins with detergents or denaturants, fol-
lowed by the purification and removal of these reagents
concurrent with refolding the proteins (see Chap. 3).

Unfolded states of proteins are usually highly
stable and soluble in the presence of denaturing agents.
Once the proteins are folded correctly, they are also
relatively stable. During the transition from the
unfolded form to the native state, the protein must go
through a multitude of other transition states in which
it is not fully folded, and denaturants or solubilizing
agents are at low concentrations or even absent.

The refolding of proteins can be achieved in vari-
ous ways. The dilution of proteins at high denaturant
concentration into aqueous buffer will decrease both
denaturant and protein concentration simultaneously.
The addition of an aqueous buffer to a protein-
denaturant solution also causes a decrease in concen-
trations of both denaturant and protein. The difference
in these procedures is that, in the first case, both dena-
turant and protein concentrations are the lowest at the
beginning of dilution and gradually increase as the
process continues. In the second case, both denaturant
and protein concentrations are highest at the beginning
of dilution and gradually decrease as the dilution pro-
ceeds. Dialysis or the diafiltration of protein in the
denaturant against an aqueous buffer resembles the
second case, since the denaturant concentration
decreases as the procedure continues. In this case,
however, the protein concentration remains unchanged.
Refolding can also be achieved by first binding the pro-
tein in denaturants to a solid phase, i.e., to a column
matrix, and then equilibrating it with an aqueous buf-
fer. In this case, protein concentrations are not well
defined. Each procedure has advantages and disad-
vantages and may be applicable for one protein, but
not to another.

If proteins in the native state have disulfide
bonds, cysteines must be correctly oxidized. Such oxi-
dation may be done in various ways, e.g., air oxidation,
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glutathione-catalyzed disulfide exchange, or mixed-
disulfide formation followed by reduction and oxida-
tion or by disulfide reshuffling.

Protein folding has been a topic of intensive
research since Anfinsen’s demonstration that ribonu-
clease can be refolded from the fully reduced and dena-
tured state in in vitro experiments. This folding can be
achieved only if the amino acid sequence itself contains
all information necessary for folding into the native
structure. This is the case, at least partially, for many
proteins. However, a lot of other proteins do not refold
in a simple one-step process. Rather, they refold via
various intermediates which are relatively compact
and possess varying degrees of secondary structures,
but which lack a rigid tertiary structure. Intrachain
interactions of these preformed secondary structures
eventually lead to the native state. However, the
absence of a rigid structure in these preformed second-
ary structures can also expose a cluster of hydrophobic
groups to those of other polypeptide chains, rather
than to their own polypeptide segments, resulting in
intermolecular aggregation. High efficiency in the
recovery of native protein depends to a large extent on
how this aggregation of intermediate forms is mini-
mized. The use of chaperones or polyethylene glycol
has been found quite effective for this purpose. The
former are proteins, which aid in the proper folding of
other proteins by stabilizing intermediates in the fold-
ing process and the latter serves to solvate the protein
during folding and diminishes interchain aggregation
events.

Protein folding is often facilitated by cosolvents,
such as polyethylene glycol. As described above, pro-
teins are functional and highly hydrated in aqueous
solutions. True physiological solutions, however, con-
tain not only water but also various ions and low- and
high-molecular-weight solutes, often at very high con-
centrations. These ions and other solutes play a critical
role in maintaining the functional structure of the pro-
teins. When isolated from their natural environment,
the protein molecules may lose these stabilizing factors
and hence must be stabilized by certain compounds,
often at high concentrations. These solutes are also
used in vitro to assist in protein folding and to help
stabilize proteins during large-scale purification and
production as well as for long-term storage. Such sol-
utes are often called cosolvents when used at high con-
centrations, since at such high concentrations they also
serve as a solvent along with water molecules. These
solutes encompass sugars, amino acids, inorganic and
organic salts, and polyols. They may not strongly bind
to proteins, but instead typically interact weakly with
the protein surface to provide significant stabilizing
energy without interfering with their functional
structure.

When recombinant proteins are expressed in
eukaryotic cells and secreted into media, the proteins
are generally folded into the native conformation. If
the proteins have sites for N-linked or O-linked glyco-
sylation, they undergo varying degrees of glycosyl-
ation depending on the host cells used and level of
expression. For many glycoproteins, glycosylation is
not essential for folding, since they can be refolded into
the native conformation without carbohydrates, nor is
glycosylation often necessary for receptor binding and
hence biological activity. However, glycosylation can
alter important biological and physicochemical prop-
erties of proteins, such as pharmacokinetics, solubility,
and stability.

m Techniques Specifically Suitable
for Characterizing Protein Folding

Conventional spectroscopic techniques used to obtain
information on the folded structure of proteins are
circular dichroism (CD), fluorescence, and Fourier trans-
form infrared spectroscopies (FTIR). CD and FTIR are
widely used to estimate the secondary structure of pro-
teins. The a-helical content of a protein can be readily
estimated by CD in the far-UV region (180-260 nm) and
by FTIR. FTIR signals from loop structures, however,
occasionally overlap with those arising from an a-helix.
The p-sheet gives weak CD signals, which are variable in
peak positions and intensities due to twists of interact-
ing p-strands, making far-UV CD unreliable for evalua-
tion of these structures. On the other hand, FTIR can
reliably estimate the p-structure content as well as dis-
tinguish between parallel and antiparallel forms.

CD in the near-UV region (250-340 nm) reflects
the environment of aromatic amino acids, i.e., trypto-
phan, tyrosine, and phenylalanine, as well as that of
disulfide structures. Fluorescence spectroscopy yields
information on the environment of tyrosine and tryp-
tophan residues. CD and fluorescence signals in many
cases are drastically altered upon refolding and hence
can be used to follow the formation of the tertiary
structure of a protein.

None of these techniques can give the folded
structure at the atomic level, i.e., they give no informa-
tion on the exact location of each amino acyl residue in
the three-dimensional structure of the protein. This
information can only be determined by X-ray crystal-
lography or NMR. However, CD, FTIR, and fluores-
cence spectroscopic methods are fast and require lower
protein concentrations than either NMR or X-ray crys-
tallography and are amenable for the examination of
the protein under widely different conditions. When a
naturally occurring form of the protein is available,
these techniques, in particular near-UV CD and fluores-
cence spectroscopies, can quickly address whether the
refolded protein assumes the native folded structure.
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Temperature dependence of these spectroscopic
properties also provides information about protein
folding. Since the folded structures of proteins are built
upon cooperative interactions of many side chains and
peptide bonds in a protein molecule, elimination of one
interaction by heat can cause cooperative elimination
of other interactions, leading to the unfolding of pro-
tein molecules. Thus, many proteins undergo a coop-
erative thermal transition over a narrow temperature
range. Conversely, if the proteins are not fully folded,
they may undergo noncooperative thermal transitions
as observed by a gradual signal change over a wider
range of temperature.

Such a cooperative structure transition can also
be examined by differential scanning calorimetry.
When the structure unfolds, it requires heat. Such heat
absorption can be determined using this highly sensi-
tive calorimetry technique.

Hydrodynamic properties of proteins change
greatly upon folding, going from elongated and
expanded structures to compact globular ones.
Sedimentation velocity and size-exclusion chromatog-
raphy (see section “Analytical Techniques”) are two
frequently used techniques for the evaluation of hydro-
dynamic properties, although the latter is much more
accessible. The sedimentation coefficient (how fast a
molecule migrates in a centrifugal field) is a function of
both the molecular weight and hydrodynamic size of
the proteins, while elution position in size-exclusion
chromatography (how fast it migrates through pores)
depends only on the hydrodynamic size (see Chap. 3).
In both methods, comparison of the sedimentation
coefficient or elution position with that of a globular
protein with an identical molecular weight (or upon
appropriate molecular-weight normalization) gives
information on how compactly the protein is folded.

For oligomeric proteins, the determination of
molecular weight of the associated states and acquisi-
tion of the quaternary structure can be used to assess
the folded structure. For strong interactions, specific
protein association requires that intersubunit contact
surfaces perfectly match each other. Such an associated
structure, if obtained by covalent bonding, may be
determined simply by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. If protein associa-
tion involves non-covalent interactions, sedimentation
equilibrium or light scattering experiments can assess
this phenomenon. Although these techniques have
been used for many decades with some difficulty,
emerging technologies in analytical ultracentrifugation
and laser light scattering, and appropriate software for
analyzing the results, have greatly facilitated their gen-
eral use, as described in detail below.

Two fundamentally different light scattering
techniques can be used in characterizing recombinant

proteins. “Static” light scattering measures the inten-
sity of the scattered light. “Dynamic” light scattering
measures the fluctuations in the scattered light inten-
sity as molecules diffuse in and out of a very small scat-
tering region (Brownian motion).

Static light scattering is often used online in con-
junction with size-exclusion chromatography (SEC).
The scattering signal is proportional to the product of
molecular mass times weight concentration. Dividing
this signal by one proportional to the concentration,
such as obtained from an UV absorbance or refractive
index detector, then gives a direct and absolute mea-
sure of the mass of each peak eluting from the column,
independent of molecular conformation and elution
position. This SEC-static scattering combination allows
rapid identification of whether the native state of a
protein is a monomer or an oligomer and the stoichi-
ometry of multi-protein complexes. It is also very use-
ful in identifying the mass of aggregates which may be
present and thus is useful for evaluating protein
stability.

Dynamic light scattering (DLS) measures the dif-
fusion rate of the molecules, which can be translated
into the Stokes radius, a measure of hydrodynamic
size. Although the Stokes radius is strongly correlated
with molecular mass, it is also strongly influenced by
molecular shape (conformation), and thus, DLS is far
less accurate than static scattering for measuring
molecular mass. The great strength of DLS is its ability
to cover a very wide size range in one measurement
and to detect very small amounts of large aggregates
(<0.01 % by weight). Other important advantages over
static scattering with SEC are a wide choice of buffer
conditions and no potential loss of species through
sticking to a column.

An analytical ultracentrifuge incorporates an
optical system and special rotors and cells in a high-
speed centrifuge to permit measurement of the concen-
tration of a sample versus position within a spinning
centrifuge cell. There are two primary strategies: ana-
lyzing either the sedimentation velocity or the sedi-
mentation  equilibrium. When analyzing the
sedimentation velocity, the rotor is spun at very high
speed, so the protein sample will completely sediment
and form a pellet. The rate at which the protein pellets
is measured by the optical system to derive the sedi-
mentation coefficient, which depends on both mass
and molecular conformation. When more than one
species is present (e.g.,, a monomer plus a covalent
dimer degradation product), a separation is achieved
based on the relative sedimentation coefficient of each
species.

Proteins form not only small oligomers that can be
measured by the above techniques but also much larger
aggregates, called subvisible and visible particles,
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which are present in minute quantities. As their size
approaches the size of virus, they become highly immu-
nogenic (cf. Chap. 6) and hence determination of their
size and amount becomes critical for developing phar-
maceutical protein products. Such determination
requires imaging of the particles, as the hydrodynamic
techniques such as dynamic light scattering and sedi-
mentation velocity have neither sensitivity nor resolu-
tion for such large aggregates heterogeneous in size
distribution. Normally such particles are present in
minute quantity, but yet cause serious immunogenic
responses due to their large size.

Because the sedimentation coefficient is sensi-
tive to molecular conformation and can be measured
with high precision (~0.5 %), sedimentation velocity
can detect even fairly subtle differences in conforma-
tion. This ability can be used, for example, to confirm
that a recombinant protein has the same conformation
as the natural wild-type protein or to detect small
changes in structure with changes in the pH or salt
concentration that may be too subtle to detect by other
techniques, such as CD or differential scanning
calorimetry.

In sedimentation equilibrium, a much lower
rotor speed and milder centrifugal force is used than
for sedimentation velocity. The protein still accumu-
lates toward the outside of the rotor, but no pellet is
formed. This concentration gradient across the cell is
continuously opposed by diffusion, which tries to
restore a uniform concentration. After spinning for a
long time (usually 12-36 h), an equilibrium is reached
where sedimentation and diffusion are balanced and
the distribution of protein no longer changes with
time. At sedimentation equilibrium, the concentra-
tion distribution depends only on the molecular mass
and is independent of molecular shape. Thus, self-
association for the formation of dimers or higher
oligomers (whether reversible or irreversible) is read-
ily detected, as are binding interactions between dif-
ferent proteins. For reversible association, it is
possible to determine the strength of the binding
interaction by measuring samples over a wide range
of protein concentrations.

In biotechnology applications, sedimentation
equilibrium is often used as the “gold standard” for
confirming that a recombinant protein has the expected
molecular mass and biologically active state of oligo-
merization in solution. It can also be used to determine
the average amount of glycosylation or conjugation of
moieties such as polyethylene glycol. The measure-
ment of binding affinities for receptor-cytokine,
antigen-antibody, or other interaction can also some-
times serve as a functional characterization of recombi-
nant proteins (although some of these interactions are
too strong to be measured by this method).

Site-specific chemical modification and proteo-
lytic digestion are also powerful techniques for study-
ing the folding of proteins. The extent of chemical
modification or proteolytic digestion depends on
whether the specific sites are exposed to the solvent or
are buried in the interior of the protein molecules and
are thus inaccessible to these modifications. For exam-
ple, trypsin cleaves peptide bonds on the C-terminal
side of basic residues. Although most proteins contain
several basic residues, brief exposure of the native
protein to trypsin usually generates only a few pep-
tides, as cleavage occurs only at the accessible basic
residues, whereas the same treatment can generate
many more peptides when done on the denatured
(unfolded) protein, since all the basic residues are now
accessible (see also peptide mapping in section “Mass
Spectrometry”).

PROTEIN STABILITY

Although freshly isolated proteins may be folded into
a distinct three-dimensional structure, this folded
structure is not necessarily retained indefinitely in
aqueous solution. The reason is that proteins are nei-
ther chemically nor physically stable. The protein sur-
face is chemically highly heterogeneous and contains
reactive groups. Long-term exposure of these groups
to environmental stresses causes various chemical
alterations. Many proteins, including growth factors
and cytokines, have cysteine residues. If some of them
are in a free or sulthydryl form, they may undergo oxi-
dation and disulfide exchange. Oxidation can also
occur on methionyl residues. Hydrolysis can occur on
peptide bonds and on amides of asparagine and gluta-
mine residues. Other chemical modifications can occur
on peptide bonds, tryptophan, tyrosine, and amino
and carboxyl groups. Table 2.4 lists both a number of
reactions that can occur during purification and stor-
age of proteins and methods that can be used to detect
such changes.

Physical stability of a protein is expressed as the
difference in free energy, AGy, between the native and
denatured states. Thus, protein molecules are in equi-
librium between the above two states. As long as this
unfolding is reversible and AGy is positive, it does not
matter how small the AGy is. In many cases, this
reversibility does not hold. This is often seen when
AGy is decreased by heating. Most proteins denature
upon heating and subsequent aggregation of the
denatured molecules results in irreversible denatur-
ation. Thus, unfolding is made irreversible by
aggregation:

AGy k
Native state < Denatured state= Aggregated state
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Physical property effected

Method of analysis

Oxidation Hydrophobicity size RP-HPLC, SDS-PAGE, size-exclusion
Cys - ek s chromatography, and mass spectrometry
Disulfide
Intrachain
Interchain
Met, Trp, Tyr
Peptide bond hydrolysis Size Size-exclusion chromatography SDS-PAGE
N to O migration Hydrophobicity RP-HPLC inactive in Edman reaction
Ser, Thr Chemistry
a-carboxy to p-carboxy migration Hydrophobicity RP-HPLC inactive in Edman reaction
Asp, Asn Chemistry
Deamidation Charge lon-exchange chromatography
Asn, GIn
Acylation Charge lon-exchange chromatography Mass spectrometry
a-amino group, e-amino group
Esterification/carboxylation Charge lon-exchange chromatography Mass spectrometry
Glu, Asp, C-terminal
Secondary structure changes Hydrophobicity RP-HPLC
Size Size-exclusion chromatography

Sec/tert structure
Sec/tert structure

Aggregation

Sec/tert structure, Aggregation

Table 2.4

Therefore, any stress that decreases AGy and
increases k will cause the accumulation of irreversibly
inactivated forms of the protein. Such stresses may
include chemical modifications as described above and
physical parameters, such as pH, ionic strength, protein
concentration, and temperature. Development of a
suitable formulation that prolongs the shelf life of a
recombinant protein is essential when it is to be used as
a human therapeutic.

The use of protein stabilizing agents to enhance
storage stability of proteins has become customary.
These compounds affect protein stability by increasing
AGy. These compounds, however, may also increase k
and hence their net effect on long-term storage of pro-
teins may vary among proteins, as well as on the stor-
age conditions.

When unfolding is irreversible due to aggrega-
tion, minimizing the irreversible step should increase
the stability, and often, this may be attained by the
addition of mild detergents. Prior to selecting the
proper detergent concentration and type, however,
their effects on AGy must be carefully evaluated.

Another approach for enhancing storage stability
of proteins is to lyophilize, or freeze-dry, the proteins

CD
FTIR
Light scattering

Analytical ultracentrifugation

Common reactions affecting stability of proteins.

(see Chap. 4). Lyophilization can minimize the aggrega-
tion step during storage, since both chemical modifica-
tion and aggregation are reduced in the absence of water.
The effects of a lyophilization process itself on AGy and
k are not fully understood and hence such a process
must be optimized for each protein therapeutic.

ANALYTICAL TECHNIQUES

In one of the previous sections on “Techniques
Specifically Suitable for Characterizing Folding,” a
number of (spectroscopic) techniques were mentioned
that can be specifically used to monitor protein folding.
These were CD, FTIR, fluorescence spectroscopy, and
DSC. Moreover, analytical ultracentrifugation and light
scattering techniques were discussed in more detail. In
this section, other techniques will be discussed.

m Blotting Techniques

Blotting methods form an important niche in biotech-
nology. They are used to detect very low levels of
unique molecules in a milieu of proteins, nucleic acids,
and other cellular components. They can detect aggre-
gates or breakdown products occurring during long-
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term storage and they can be used to detect components
from the host cells used in producing recombinant
proteins.

Biomolecules are transferred to a membrane
(“blotting”), and this membrane is then probed with
specific reagents to identify the molecule of interest.
Membranes used in protein blots are made of a variety
of materials including nitrocellulose, nylon, and poly-
vinylidene difluoride (PVDE), all of which avidly bind
protein.

Liquid samples can be analyzed by methods
called dot blots or slot blots. A solution containing the
biomolecule of interest is filtered through a membrane
which captures the biomolecule. The difference
between a dot blot and a slot blot is that the former
uses a circular or disk format, while the latter is a rect-
angular configuration. The latter method allows for a
more precise quantification of the desired biomolecule
by scanning methods and relating the integrated
results to that obtained with known amounts of
material.

Often, the sample is subjected to some type of
fractionation, such as polyacrylamide gel electrophore-
sis, prior to the blotting step. An early technique,
Southern blotting, named after the discoverer, E.M.
Southern, is used to detect DNA fragments. When this
procedure was adapted to RNA fragments and to pro-
teins, other compass coordinates were chosen as labels
for these procedures, i.e., northern blots for RNA and
western blots for proteins. Western blots involve the
use of labeled antibodies to detect specific proteins.

Transfer of Proteins
Following polyacrylamide gel electrophoresis, the
transfer of proteins from the gel to the membrane can
be accomplished in a number of ways. Originally, blot-
ting was achieved by capillary action. In this com-
monly used method, the membrane is placed between
the gel and absorbent paper. Fluid from the gel is
drawn toward the absorbent paper and the protein is
captured by the intervening membrane. A blot, or
impression, of the protein within the gel is thus made.
The transfer of proteins to the membrane can
occur under the influence of an electric field, as well.
The electric field is applied perpendicularly to the
original field used in separation so that the maximum
distance the protein needs to migrate is only the thick-
ness of the gel, and hence, the transfer of proteins
can occur very rapidly. This latter method is called
electroblotting.

Detection Systems

Once the transfer has occurred, the next step is to iden-
tify the presence of the desired protein. In addition to
various colorimetric staining methods, the blots can be
probed with reagents specific for certain proteins, as
for example, antibodies to a protein of interest. This

1. Transfer protein to membrane, e.g., by electroblotting

2. Block residual protein binding sites on membrane with
extraneous proteins such as milk proteins

3. Treat membrane with antibody which recognizes the protein
of interest. If this antibody is labeled with a detecting group,
then go to step 5

4. Incubate membrane with secondary antibody which
recognizes primary antibody used in step 3. This antibody
is labeled with a detecting group

5. Treat the membrane with suitable reagents to locate the
site of membrane attachment of the labeled antibody in
step 4 or step 5

Table 2.5 Major steps in blotting proteins to membranes.

1. Antibodies are labeled with radioactive markers such as 29|

2. Antibodies are linked to an enzyme such as horseradish
peroxidase (HRP) or alkaline phosphatase (AP). On
incubation with substrate, an insoluble colored product is
formed at the location of the antibody. Alternatively, the
location of the antibody can be detected using a substrate
which yields a chemiluminescent product, an image of
which is made on photographic film

3. Antibody is labeled with biotin. Streptavidin or avidin is
added to strongly bind to the biotin. Each streptavidin
molecule has four binding sites. The remaining binding
sites can combine with other biotin molecules which are
covalently linked to HRP or to AP

Table 2.6 Detection methods used in blotting techniques.

technique is called immunoblotting. In the biotechnol-
ogy field, immunoblotting is used as an identity test for
the product of interest. An antibody that recognizes the
desired protein is used in this instance. Secondly,
immunoblotting is sometimes used to show the absence
of host proteins. In this instance, the antibodies are
raised against proteins of the organism in which the
recombinant protein has been expressed. This latter
method can attest to the purity of the desired protein.

Table 2.5 lists major steps needed for the blotting
procedure to be successful. Once the transfer of pro-
teins is completed, residual protein binding sites on the
membrane need to be blocked so that antibodies used
for detection react only at the location of the target mol-
ecule, or antigen, and not at some nonspecific location.
After blocking, the specific antibody is incubated with
the membrane.

The antibody reacts with a specific protein on the
membrane only at the location of that protein because
of its specific interaction with its antigen. When immu-
noblotting techniques are used, methods are still
needed to recognize the location of the interaction of
the antibody with its specific protein. A number of pro-
cedures can be used to detect this complex (see
Table 2.6).

The antibody itself can be labeled with a radioac-
tive marker such as '*I and placed in direct contact
with X-ray film. After exposure of the membrane to
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Figure 2.9 Common
immunoblotting detection sys-
tems used to detect antigens,
Ag, on membranes.
Abbreviations used: Ab anti-
body, E enzyme, such as
horseradish peroxidase or
alkaline phosphatase, S sub-

S P
S P
y \SecondaryAb
AN Primary Ab AN _
Ag Ag

strate, P product, either col-

S ored and insoluble  or

P

Membrane support Membrane support

the film for a suitable period, the film is developed and
a photographic negative is made of the location of
radioactivity on the membrane. Alternatively, the anti-
body can be linked to an enzyme which, upon the
addition of appropriate reagents, catalyzes a color or
light reaction at the site of the antibody. These proce-
dures entail purification of the antibody and specifi-
cally label it. More often, “secondary” antibodies are
used. The primary antibody is the one which recog-
nizes the protein of interest. The secondary antibody is
then an antibody that specifically recognizes the pri-
mary antibody. Quite commonly, the primary anti-
body is raised in rabbits. The secondary antibody may
then be an antibody raised in another animal, such as
goat, which recognizes rabbit antibodies. Since this
secondary antibody recognizes rabbit antibodies in
general, it can be used as a generic reagent to detect
rabbit antibodies in a number of different proteins of
interest that have been raised in rabbits. Thus, the pri-
mary antibody specifically recognizes and complexes
a unique protein, and the secondary antibody, suitably
labeled, is used for detection (see also section “ELISA”
and Fig. 2.10).

The secondary antibody can be labeled with a
radioactive or enzymatic marker group and used to
detect several different primary antibodies. Thus,
rather than purifying a number of different primary
antibodies, only one secondary antibody needs to be
purified and labeled for recognition of all the primary
antibodies. Because of their wide use, many common
secondary antibodies are commercially available in
kits containing the detection system and follow rou-
tine, straightforward procedures.

In addition to antibodies raised against the amino
acyl constituents of proteins, specific antibodies can be
used which recognize unique posttranslational compo-
nents in proteins, such as phosphotyrosyl residues,
which are important during signal transduction, and
carbohydrate moieties of glycoproteins.

Membrane support

chemiluminescent, B biotin,
Sa streptavidin.

Figure 2.9 illustrates a number of detection meth-
ods that can be used on immunoblots. The primary
antibody, or if convenient, the secondary antibody, can
have an appropriate label for detection. They may be
labeled with a radioactive tag as mentioned previously.
Secondly, these antibodies can be coupled with an
enzyme such as horseradish peroxidase (HRP) or alka-
line phosphatase (AP). Substrate is added and is con-
verted to an insoluble, colored product at the site of the
protein-primary antibody-secondary antibody-HRP
product. An alternative substrate can be used which
yields a chemiluminescent product. A chemical reac-
tion leads to the production of light which can expose
photographic or X-ray film. The chromogenic and che-
miluminescent detection systems have comparable
sensitivities to radioactive methods. The former detec-
tion methods are displacing the latter method, since
problems associated with handling radioactive mate-
rial and radioactive waste solutions are eliminated.

As illustrated in Fig. 2.9, streptavidin, or alterna-
tively avidin, and biotin can play an important role in
detecting proteins on immunoblots. This is because
biotin forms very tight complexes with streptavidin
and avidin. Secondly, these proteins are multimeric
and contain four binding sites for biotin. When biotin
is covalently linked to proteins such as antibodies and
enzymes, streptavidin binds to the covalently bound
biotin, thus recognizing the site on the membrane
where the protein of interest is located.

m Immunoassays

ELISA

Enzyme-linked immunosorbent assay (ELISA) pro-
vides a means to quantitatively measure extremely
small amounts of proteins in biological fluids and
serves as a tool for analyzing specific proteins during
purification. This procedure takes advantage of the
observation that plastic surfaces are able to adsorb low
but detectable amounts of proteins. This is a solid-
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phase assay. Therefore, antibodies against a certain
desired protein are allowed to adsorb to the surface of
microtitration plates. Each plate may contain up to 96
wells so that multiple samples can be assayed. After
incubating the antibodies in the wells of the plate for a
specific period of time, excess antibody is removed and
residual protein binding sites on the plastic are blocked
by incubation with an inert protein. Several microtitra-
tion plates can be prepared at one time since the anti-
bodies coating the plates retain their binding capacity
for an extended period. During the ELISA, sample
solution containing the protein of interest is incubated
in the wells and the protein (Ag) is captured by the
antibodies coating the well surface. Excess sample is
removed and other antibodies which now have an
enzyme (E) linked to them are added to react with the
bound antigen.

The format described above is called a sandwich
assay since the antigen of interest is located between the
antibody on the titer well surface and the antibody con-
taining the linked enzyme. Figure 2.10 illustrates a
number of formats that can be used in an ELISA. A suit-
able substrate is added and the enzyme linked to the
antibody-antigen-antibody well complex converts this
compound to a colored product. The amount of product
obtained is proportional to the enzyme adsorbed in the
well of the plate. A standard curve can be prepared if
known concentrations of antigen are tested in this sys-
tem and the amount of antigen in unknown samples
can be estimated from this standard curve. A number of
enzymes can be used in ELISAs. However, the most
common ones are horseradish peroxidase and alkaline

Figure 2.10 Examples of
several formats for ELISA in
which the specific antibody is
adsorbed to the surface of a
microtitration ~ plate.  See
Fig. 2.9 for abbreviations used.
The antibody is represented
by the Y-type structure. The
product P is colored and the
amount generated is mea-
sured with a spectrometer or
plate reader.

phosphatase. A variety of substrates for each enzyme
are available which yield colored products when cata-
lyzed by the linked enzyme. Absorbance of the colored
product solutions is measured on plate readers, instru-
ments which rapidly measure the absorbance in all 96
wells of the microtitration plate, and data processing
can be automated for rapid throughput of information.
Note that detection approaches partly parallel those
discussed in the section on “Blotting.” The above ELISA
format is only one of many different methods. For
example, the microtitration wells may be coated directly
with the antigen rather than having a specific antibody
attached to the surface. Quantitation is made by com-
parison with known quantities of antigen used to coat
individual wells.

Another approach, this time subsequent to the
binding of antigen either directly to the surface or to an
antibody on the surface, is to use an antibody specific
to the antibody binding the protein antigen, that is, a
secondary antibody. This latter, secondary, antibody
contains the linked enzyme used for detection. As
already discussed in the section on “Blotting,” the
advantage to this approach is that such antibodies can
be obtained in high purity and with the desired enzyme
linked to them from commercial sources. Thus, a single
source of enzyme-linked antibody can be used in
assays for different protein antigens. Should a sand-
wich assay be used, then antibodies from different spe-
cies need to be used for each side of the sandwich. A
possible scenario is that rabbit antibodies are used to
coat the microtitration wells; mouse antibodies, possi-
bly a monoclonal antibody, are used to complex with
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the antigen; and then, a goat anti-mouse immunoglob-
ulin containing linked HRP or AP is used for detection
purposes.

As with immunoblots discussed above, streptavi-
din or avidin can be used in these assays if biotin is
covalently linked to the antibodies and enzymes
(Fig. 2.10).

If aradioactive label is used in place of the enzyme
in the above procedure, then the assay is a solid-phase
radioimmunoassay (RIA). Assays are moving away
from the use of radioisotopes, because of problems
with safety and disposal of radioactive waste and since
nonradioactive assays have comparable sensitivities.

m Electrophoresis

Analytical methodologies for measuring protein prop-
erties stem from those used in their purification. The
major difference is that systems used for analysis have
a higher resolving power and lower detection limit
than those used in purification. The two major meth-
ods for analysis have their bases in chromatographic or
electrophoretic techniques.

Polyacrylamide Gel Electrophoresis

One of the earliest methods for analysis of proteins is
polyacrylamide gel electrophoresis (PAGE). In this
assay, proteins, being amphoteric molecules with both
positive and negative charge groups in their primary
structure, are separated according to their net electrical
charge. A second factor which is responsible for the
separation is the mass of the protein. Thus, one can
consider more precisely that the charge to mass ratio of
proteins determines how they are separated in an
electrical field. The charge of the protein can be con-
trolled by the pH of the solution in which the protein is
separated. The farther away the protein is from its pl
value, that is, the pH at which it has a net charge of
zero, the greater is the net charge and hence the greater
is its charge to mass ratio. Therefore, the direction and
speed of migration of the protein depend on the pH of
the gel. If the pH of the gel is above its pl value, then
the protein is negatively charged and hence migrates
toward the anode. The higher the pH of the gel, the
faster the migration. This type of electrophoresis is
called native gel electrophoresis.

The major component of polyacrylamide gels is
water. However, they provide a flexible support so that
after a protein has been subjected to an electrical field
for an appropriate period of time, it provides a matrix
to hold the proteins in place until they can be detected
with suitable reagents. By adjusting the amount of
acrylamide that is used in these gels, one can control
the migration of material within the gel. The more
acrylamide, the more hindrance for the protein to
migrate in an electrical field.

The addition of a detergent, sodium dodecyl sul-
fate (SDS), to the electrophoretic separation system
allows for the separation to take place primarily as a
function of the size of the protein. Dodecyl sulfate ions
form complexes with proteins, resulting in an unfold-
ing of the proteins, and the amount of detergent that is
complexed is proportional to the mass of the protein.
The larger the protein, the more detergent that is com-
plexed. Dodecyl sulfate is a negatively charged ion.
When proteins are in a solution of SDS, the net effect is
that the own charge of the protein is overwhelmed by
that of the dodecyl sulfate complexed with it, so that
the proteins take on a net negative charge proportional
to their mass.

Polyacrylamide gel electrophoresis in the pres-
ence of sodium dodecyl sulfates is commonly known
as SDS-PAGE. All the proteins take on a net negative
charge, with larger proteins binding more SDS but
with the charge to mass ratio being fairly constant
among the proteins. An example of SDS-PAGE is
shown in Fig. 2.11. Here, SDS-PAGE is used to monitor
expression of G-CSF receptor and of G-CSF (panel B) in
different culture media.

Since all proteins have essentially the same charge
to mass ratio, how can separation occur? This is done
by controlling the concentration of acrylamide in the
path of proteins migrating in an electrical field. The
greater the acrylamide concentration, the more diffi-
cult it is for large protein molecules to migrate relative
to smaller protein molecules. This is sometimes thought
of as a sieving effect, since the greater the acrylamide
concentration, the smaller the pore size within the
polyacrylamide gel. Indeed, if the acrylamide concen-
tration is sufficiently high, some high-molecular-
weight proteins may not migrate at all within the gel.
Since in SDS-PAGE the proteins are denatured, their
hydrodynamic size, and hence the degree of retarda-
tion by the sieving effects, is directly related to their
mass. Proteins containing disulfide bonds will have a
much more compact structure and higher mobility for
their mass unless the disulfides are reduced prior to
electrophoresis.

As described above, native gel electrophoresis
and SDS-PAGE are quite different in terms of the
mechanism of protein separation. In native gel electro-
phoresis, the proteins are in the native state and
migrate on their own charges. Thus, this electrophore-
sis can be used to characterize proteins in the native
state. In SDS-PAGE, proteins are unfolded and migrate
based on their molecular mass. As an intermediate
case, Blue native electrophoresis is developed, in
which proteins are bound by a dye, Coomassie blue,
used to stain protein bands. This dye is believed to
bind to the hydrophobic surface of the proteins and to
add negative charges to the proteins. The dye-bound
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Figure 2.11 SDS-PAGE of G-CSF receptor, about 35 kDa
(panel a), and G-CSF, about 20 kDa (panel b). These proteins
are expressed in different culture media (lanes 1-9). Positions of
molecular weight standards are given on the left side. The bands
are developed with antibody against G-CSF receptor (panel a) or
G-CSF (panel b) after blotting.

proteins are still in the native state and migrate based
on the net charges, which depend on the intrinsic
charges of the proteins and the amounts of the nega-
tively charged dye. This is particularly useful for ana-
lyzing membrane proteins, which tend to aggregate in
the absence of detergents. The dye prevents the pro-
teins from aggregation by binding to their hydropho-
bic surface.

Isoelectric Focusing (IEF)
Another method to separate proteins based on their
electrophoretic properties is to take advantage of their

isoelectric point. In a first run, a pH gradient is estab-
lished within the gel using a mixture of small-
molecular-weight ampholytes with varying plI values.
The high pH conditions are established at the site of the
cathode. Then, the protein is brought on the gel, e.g., at
the site where the pH is 7. In the electrical field, the
protein will migrate until it reaches the pH on the gel
where its net charge is zero. If the protein were to
migrate away from this pH value, it could gain a charge
and migrate toward its pl value again, leading to a
focusing effect.

2-Dimensional Gel Electrophoresis

The above methods can be combined into a procedure
called 2-D gel electrophoresis. Proteins are first frac-
tionated by isoelectric focusing based upon their pl
values. They are then subjected to SDS-PAGE perpen-
dicular to the first dimension and fractionated based
on the molecular weights of proteins. SDS-PAGE can-
not be performed before isoelectric focusing, since once
SDS binds to and denatures the proteins, they no lon-
ger migrate based on their plI values.

Detection of Proteins Within Polyacrylamide Gels
Although the polyacrylamide gels provide a flexible
support for the proteins, with time, the proteins will
diffuse and spread within the gel. Consequently, the
usual practice is to fix the proteins or trap them at the
location where they migrated to. This is accomplished
by placing the gels in a fixing solution in which the pro-
teins become insoluble.

There are many methods for staining proteins in
gels, but the two most common and well-studied meth-
ods are either staining with Coomassie blue or by a
method using silver. The latter method is used if
increased sensitivity is required. The principle of devel-
oping the Coomassie blue stain is the hydrophobic
interaction of a dye with the protein. Thus, the gel takes
on a color wherever a protein is located. Using stan-
dard amounts of proteins, the amount of protein or
contaminant may be estimated. Quantification using
the silver staining method is less precise. However, due
to the increased sensitivity of this method, very low
levels of contaminants can be detected. These fixing
and staining procedures denature the proteins. Hence,
proteins separated under native conditions, as in native
or Blue native gel electrophoresis, will be denatured.
To maintain the native state, the gels can be stained
with copper or other metal ions.

Capillary Electrophoresis

With recent advances in instrumentation and technol-
ogy, capillary electrophoresis has gained an increased
presence in the analysis of recombinant proteins.
Rather than having a matrix, as in polyacrylamide gel
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Components of a typical chromatography station. The pump combines solvents one and two in appropriate ratios

to generate a pH, salt concentration, or hydrophobic gradient. Proteins that are fractioned on the column pass through a detector
which measures their occurrence. Information from the detector is used to generate chromatograms and the relative amount of each

component.

electrophoresis through which the proteins migrate,
they are free in solution in an electric field within the
confines of a capillary tube with a diameter of 25-50 pm.
The capillary tube passes through an ultraviolet light
or fluorescence detector that measures the presence of
proteins migrating in the electric field. The movement
of one protein relative to another is a function of the
molecular mass and the net charge on the protein. The
latter can be influenced by pH and analytes in the solu-
tion. This technique has only partially gained accep-
tance for routine analysis, because of difficulties in
reproducibility of the capillaries and in validating this
system. Nevertheless, it is a powerful analytical tool
for the characterization of recombinant proteins during
process development and in stability studies.

m Chromatography

Chromatography techniques are used extensively in
biotechnology not only in protein purification proce-
dures (see Chap. 3) but also in assessing the integrity of
the product. Routine procedures are highly automated
so that comparisons of similar samples can be made.
An analytical system consists of an autosampler which
will take a known amount (usually a known volume)
of material for analysis and automatically places it in
the solution stream headed toward a separation col-
umn used to fractionate the sample. Another part of
this system is a pump module which provides a repro-
ducible flow rate. In addition, the pumping system can
provide a gradient which changes properties of the
solution such as pH, ionic strength, and hydrophobicity.
A detection system (or possibly multiple detectors in
series) is located at the outlet of the column. This mea-
sures the relative amount of protein exiting the column.
Coupled to the detector is a data acquisition system
which takes the signal from the detector and integrates

it into a value related to the amount of material (see
Fig. 2.12). When the protein appears, the signal begins
to increase, and as the protein passes through the detec-
tor, the signal subsequently decreases. The area under
the peak of the signal is proportional to the amount of
material which has passed through the detector. By
analyzing known amounts of protein, an area versus
amount of protein plot can be generated and this may
be used to estimate the amount of this protein in the
sample under other circumstances. Another benefit of
this integrated chromatography system is that low lev-
els of components which appear over time can be esti-
mated relative to the major desired protein being
analyzed. This is a particularly useful function when
the long-term stability of the product is under
evaluation.

Chromatographic systems offer a multitude of
different strategies for successfully separating protein
mixtures and for quantifying individual protein com-
ponents (see Chap. 3). The following describes some of
these strategies.

Size-Exclusion Chromatography

As the name implies, this procedure separates proteins
based on their size or molecular weight or shape. The
matrix consists of very fine beads containing cavities
and pores accessible to molecules of a certain size or
smaller, but inaccessible to larger molecules. The prin-
ciple of this technique is the distribution of molecules
between the volume of solution within the beads and
the volume of solution surrounding the beads. Small
molecules have access to a larger volume than do large
molecules. As solution flows through the column, mol-
ecules can diffuse back and forth, depending upon
their size, in and out of the pores of the beads. Smaller
molecules can reside within the pores for a finite period


http://dx.doi.org/10.1007/978-1-4614-6486-0_3
http://dx.doi.org/10.1007/978-1-4614-6486-0_3

2 BIOPHYSICAL AND BIOCHEMICAL ANALYSIS OF RECOMBINANT PROTEINS 41

Absorbance

R

10

VU
20 30
Time

Figure 2.13 Size-exclusion chromatography of a recombi-
nant protein which on storage yields aggregates and smaller
peptides.

of time whereas larger molecules, unable to enter these
spaces, continue along in the fluid stream. Intermediate-
sized molecules spend an intermediate amount of time
within the pores. They can be fractionated from large
molecules that cannot access the matrix space at all and
from small molecules that have free access to this vol-
ume and spend most of the time within the beads.
Protein molecules can distribute between the volume
within these beads and the excluded volume based on
the mass and shape of the molecule. This distribution is
based on the relative concentration of the protein in the
beads versus the excluded volume.

Size-exclusion chromatography can be used to
estimate the mass of proteins by calibrating the column
with a series of globular proteins of known mass.
However, the separation depends on molecular shape
(conformation) as well as mass and highly elongated
proteins—proteins containing flexible, disordered
regions— and glycoproteins will often appear to have
masses as much as two to three times the true value.
Other proteins may interact weakly with the column
matrix and be retarded, thereby appearing to have a
smaller mass. Thus, sedimentation or light scattering
methods are preferred for accurate mass measurement
(see section “Techniques Specifically Suitable for
Characterizing Protein Folding”). Over time, proteins
can undergo a number of changes that affect their
mass. A peptide bond within the protein can hydro-
lyze, yielding two smaller polypeptide chains. More
commonly, size-exclusion chromatography is used to
assess aggregated forms of the protein. Figure 2.13
shows an example of this. The peak at 22 min repre-
sents the native protein. The peak at 15 min is aggre-
gated protein and that at 28 min depicts degraded

protein, yielding smaller polypeptide chains.
Aggregation can occur when a protein molecule
unfolds to a slight extent and exposes surfaces that are
attracted to complementary surfaces on adjacent mol-
ecules. This interaction can lead to dimerization or
doubling of molecular weight or to higher-molecular-
weight oligomers. From the chromatographic profile,
the mechanism of aggregation can often be implicated.
If dimers, trimers, tetramers, etc., are observed, then
aggregation occurs by stepwise interaction of a mono-
mer with a dimer, trimer, etc. If dimers, tetramers,
octamers, etc., are observed, then aggregates can inter-
act with each other. Sometimes, only monomers and
high-molecular-weight aggregates are observed, sug-
gesting that intermediate species are kinetically of
short duration and protein molecules susceptible to
aggregation combine into very large-molecular-weight
complexes.

Reversed-Phase High-Performance Liquid
Chromatography

Reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC) takes advantage of the hydrophobic
properties of proteins. The functional groups on the
column matrix contain from one to up to 18 carbon
atoms in a hydrocarbon chain. The longer this chain,
the more hydrophobic is the matrix. The hydrophobic
patches of proteins interact with the hydrophobic chro-
matographic matrix. Proteins are then eluted from the
matrix by increasing the hydrophobic nature of the sol-
vent passing through the column. Acetonitrile is a
common solvent used, although other organic solvents
such as ethanol also may be employed. The solvent is
made acidic by the addition of trifluoroacetic acid,
since proteins have increased solubility at pH values
further removed from their pl. A gradient with increas-
ing concentration of hydrophobic solvent is passed
through the column. Different proteins have different
hydrophobicities and are eluted from the column
depending on the “hydrophobic potential” of the
solvent.

This technique can be very powerful. It may
detect the addition of a single oxygen atom to the pro-
tein, as when a methionyl residue is oxidized or when
the hydrolysis of an amide moiety on a glutamyl or
asparaginyl residue occurs. Disulfide bond formation
or shuffling also changes the hydrophobic characteris-
tic of the protein. Hence, RP-HPLC can be used not
only to assess the homogeneity of the protein but also
to follow degradation pathways occurring during
long-term storage.

Reversed-phase chromatography of proteolytic
digests of recombinant proteins may serve to identify
this protein. Enzymatic digestion yields unique pep-
tides that elute at different retention times or at differ-
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ent organic solvent concentrations. Moreover, the map,
or chromatogram, of peptides arising from enzymatic
digestion of one protein is quite different from the map
obtained from another protein. Several different prote-
ases, such as trypsin, chymotrypsin, and other endo-
proteinases, are used for these identity tests (see below
under “Mass Spectrometry”).

Hydrophobic Interaction Chromatography

A companion to RP-HPLC is hydrophobic interaction
chromatography (HIC), although in principle, this lat-
ter method is normal-phase chromatography, i.e., here
an aqueous solvent system rather than an organic one is
used to fractionate proteins. The hydrophobic charac-
teristics of the solution are modulated by inorganic salt
concentrations. Ammonium sulfate and sodium chlo-
ride are often used since these compounds are highly
soluble in water. In the presence of high salt concentra-
tions (up to several molar), proteins are attracted to
hydrophobic surfaces on the matrix of resins used in
this technique. As the salt concentration decreases, pro-
teins have less affinity for the matrix and eventually
elute from the column. This method lacks the resolving
power of RP-HPLC, but is a more gentle method, since
low pH values or organic solvents as used in RP-HPLC
can be detrimental to some proteins.

lon-Exchange Chromatography

This technique takes advantage of the electronic charge
properties of proteins. Some of the amino acyl residues
are negatively charged and others are positively charged.
The net charge of the protein can be modulated by the
pH of its environment relative to the pI value of the pro-
tein. At a pH value lower than the pl, the protein has a
net positive charge, whereas at a pH value greater than
the pl, the protein has a net negative charge. Opposites
attract in ion-exchange chromatography. The resins in
this procedure can contain functional groups with posi-
tive or negative charges. Thus, positively charged pro-
teins bind to negatively charged matrices and negatively
charged proteins bind to positively charged matrices.
Proteins are displaced from the resin by increasing salt,
e.g., sodium chloride, concentrations. Proteins with dif-
ferent net charges can be separated from one another
during elution with an increasing salt gradient. The
choice of charged resin and elution conditions are
dependent upon the protein of interest.

In lieu of changing the ionic strength of the solu-
tion, proteins can be eluted by changing the pH of the
medium, ie., with the use of a pH gradient. This
method is called chromatofocusing and proteins are
separated based on their pl values. When the solvent
pH reaches the pl value of a specific protein, the pro-
tein has a zero net charge and is no longer attracted to
the charged matrix and hence is eluted.

Other Chromatographic Techniques
Other functional groups may be attached to chromato-
graphic matrices to take advantage of unique proper-
ties of certain proteins. These affinity methodologies,
however, are more often used in the manufacturing
process than in analytical techniques (see Chap. 3). For
example, conventional affinity purification schemes of
antibodies use protein A or G columns. Protein A or G
specifically binds antibodies. Antibodies consist of
variable regions and constant regions (see Chap. 7).
The variable regions are antigen specific and hence
vary in sequence from one antibody to another, while
the constant regions are common to each subgroup of
antibodies. The constant region binds to protein A or G.
Mixed-mode chromatography uses columns hav-
ing both hydrophobic and charged groups, i.e., combina-
tion of ion-exchange and hydrophobic interaction
chromatography. Mixed-mode columns confer protein
binding under conditions at which protein binding nor-
mally does not occur. For example, protein binding to an
ion-exchange column requires low ionic strength. Under
identical conditions, mixed-mode columns can bind pro-
teins through both ionic and hydrophobic interactions.

m Bioassays

Paramount to the development of a protein therapeutic
is to have an assay that identifies its biological func-
tion. Chromatographic and electrophoretic methodolo-
gies can address the homogeneity of a biotherapeutic
and be useful in investigating stability parameters.
However, it is also necessary to ascertain whether the
protein has acceptable bioactivity. Bioactivity can be
determined either in vivo, i.e., by administering the
protein to an animal and ascertaining some change
within its body (function), or in vitro. Bioassays in vitro
monitor the response of a specific receptor or microbio-
logical or tissue cell line when the therapeutic protein
is added to the system. An example of an in vitro bioas-
say is the increase in DNA synthesis in the presence of
the therapeutic protein as measured by the incorpora-
tion of radioactively labeled thymidine. The protein
factor binds to receptors on the cell surface that trig-
gers secondary messengers to send signals to the cell
nucleus to synthesize DNA. The binding of the protein
factor to the cell surface is dependent upon the amount
of factor present. Figure 2.14 presents a dose-response
curve of thymidine incorporation as a function of con-
centration of the factor. At low concentrations, the fac-
tor is too low to trigger a response. As the concentration
increases, the incorporation of thymidine occurs, and
at higher concentrations, the amount of thymidine
incorporation ceases to increase as DNA synthesis is
occurring at the maximum rate. A standard curve can
be obtained using known quantities of the protein fac-
tor. Comparison of other solutions containing unknown


http://dx.doi.org/10.1007/978-1-4614-6486-0_3
http://dx.doi.org/10.1007/978-1-4614-6486-0_7

2 BIOPHYSICAL AND BIOCHEMICAL ANALYSIS OF RECOMBINANT PROTEINS

amounts of the factor with this standard curve will
then yield quantitative estimates of the factor
concentration. Through experience during the devel-
opment of the protein therapeutic, a value is obtained
for a fully functional protein. Subsequent comparisons
to this value can be used to ascertain any loss in activ-

/‘

3H- thymidine uptake
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Figure 2.14 An in vitro bioassay showing a mitogenic
response in which radioactive thymidine is incorporated into DNA
in the presence of an increasing amount of a protein factor.
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ity during stability studies or changes in activity when
amino acyl residues of the protein are modified.

Other in vitro bioassays can measure changes in
cell number or production of another protein factor in
response to the stimulation of cells by the protein ther-
apeutic. The amount of the secondary protein pro-
duced can be estimated by using an ELISA.

m Mass Spectrometry

Recent advances in the measurement of the molecular
masses of proteins have made this technique an impor-
tant analytical tool. While this method was used in the
past to analyze small volatile molecules, the molecular
weights of highly charged proteins with masses of over
100 kilodaltons (kDa) can now be accurately
determined.

Because of the precision of this method, post-
translational modifications such as acetylation or gly-
cosylation can be predicted. The masses of new protein
forms that arise during stability studies provide infor-
mation on the nature of this form. For example, an
increase in mass of 16 Da suggests that an oxygen atom
has been added to the protein as happens when a
methionyl residue is oxidized to a methionyl sulfoxide
residue. The molecular mass of peptides obtained after
proteolytic digestion and separation by HPLC indi-
cates from which region of the primary structure they
are derived. Such HPLC chromatogram is called a
“peptide map.” An example is shown in Fig. 2.15. This
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Figure 2.15 Peptide
map of pepsin digest of recom-

20 25

Time, min

30

binant human p-secretase.
Each peptide is labeled by elu-
tion time in HPLC.

35



44 T. ARAKAWA AND J.S. PHILO

is obtained by digesting a protein with pepsin and by
subsequently separating the digested peptides by
reverse HPLC. This highly characteristic pattern for a
protein is called a “protein fingerprint.” Peaks are
identified by elution times on HPLC. If peptides have
molecular masses differing from those expected from
the primary sequence, the nature of the modification to
that peptide can be implicated. Moreover, molecular
mass estimates can be made for peptides obtained from
unfractionated proteolytic digests. Molecular masses
that differ from expected values indicate that a part of
the protein molecule has been altered, that glycosyl-
ation or another modification has been altered, or that
the protein under investigation still contains
contaminants.

Another way that mass spectrometry can be used
as an analytical tool is in the sequencing of peptides. A
recurring structure, the peptide bond, in peptides tends
to yield fragments of the mature peptide which differ
stepwise by an amino acyl residue. The difference in
mass between two fragments indicates the amino acid
removed from one fragment to generate the other.
Except for leucine and isoleucine, each amino acid has
a different mass and hence a sequence can be read from
the mass spectrograph. Stepwise removal can occur
from either the amino terminus or carboxy terminus.

By changing three basic components of the mass
spectrometer, the ion source, the analyzer, and the
detector, different types of measurement may be under-
taken. Typical ion sources which volatilize the proteins
are electrospray ionization, fast atom bombardment,
and liquid secondary ion. Common analyzers include
quadrupole, magnetic sector, and time-of-flight instru-
ments. The function of the analyzer is to separate the
ionized biomolecules based on their mass-to-charge
ratio. The detector measures a current whenever
impinged upon by charged particles. Electrospray ion-
ization (El) and matrix-assisted laser desorption
(MALDI) are two sources that can generate high-
molecular-weight volatile proteins. In the former
method, droplets are generated by spraying or nebuliz-
ing the protein solution into the source of the mass
spectrometer. As the solvent evaporates, the protein
remains behind in the gas phase and passes through
the analyzer to the detector. In MALDI, proteins are
mixed with a matrix which vaporizes when exposed to
laser light, thus carrying the protein into the gas phase.
An example of MALDI-mass analysis is shown in
Fig. 2.16, indicating the singly charged ion (116,118 Da)
and the doubly charged ion (5,8036.2) for a purified
protein. Since proteins are multi-charge compounds, a
number of components are observed representing
mass-to-charge forms, each differing from the next by
one charge. By imputing various charges to the mass-
to-charge values, a molecular mass of the protein can
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Figure 2.16 MALDI-mass analysis of a purified recombi-

nant human p-secretase. Numbers correspond to the singly
charged and doubly charged ions.

be estimated. The latter step is empirical since only the
mass-to-charge ratio is detected and not the net charge
for that particular particle.

CONCLUDING REMARKS

With the advent of recombinant proteins as human
therapeutics, the need for methods to evaluate their
structure, function, and homogeneity has become par-
amount. Various analytical techniques are used to
characterize the primary, secondary, and tertiary struc-
ture of the protein and to determine the quality, purity,
and stability of the recombinant product. Bioassays
establish its activity.

SELF-ASSESSMENT QUESTIONS

m Questions

1. What is the net charge of granulocyte-colony-
stimulating factor at pH 2.0, assuming that all the
carboxyl groups are protonated?

2. Based on the above calculation, do you expect the
protein to unfold at pH 2.0?

3. Design an experiment using blotting techniques to
ascertain the presence of a ligand to a particular
receptor.

4. What is the transfer of proteins to a membrane such
as nitrocellulose or PDVF called?

5. What is the assay in which the antibody is adsorbed
to a plastic microtitration plate and then is used to
quantify the amount of a protein using a secondary
antibody conjugated with horseradish peroxidase
named?

6. In 2-dimensional electrophoresis, what is the first
method of separation?
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7. What is the method for separating proteins in solu-
tion based on molecular size called?

8. Why are large protein particles
immunogenic?

more

m Answers

1. Based on the assumption that glutamyl and aspartyl
residues are uncharged at this pH, all the charges
come from protonated histidyl, lysyl, arginyl resi-
dues, and the amino terminus, i.e., 5 His + 4 Lys + 5
Arg + N-terminal =15.

2. Whether a protein unfolds or remains folded
depends on the balance between the stabilizing and
destabilizing forces. At pH 2.0, extensive positive
charges destabilize the protein, but whether such
destabilization is sufficient or insufficient to unfold
the protein depends on how stable the protein is in
the native state. The charged state alone cannot pre-
dict whether a protein will unfold.

3. A solution containing the putative ligand is sub-
jected to SDS-PAGE. After blotting the proteins in
the gel to a membrane, it is probed with a solution
containing the receptor. The receptor, which binds
the ligand, may be labeled with agents suitable for
detection or, alternatively, the complex can subse-
quently be probed with an antibody to the receptor
and developed as for an immunoblot. Note that the
reciprocal of this can be done as well, in which the
receptor is subjected to SDS-PAGE and the blot is
probed with the ligand.

4. This method is called blotting. If an electric current
is used, then the method is called electroblotting.

5. This assay is called an ELISA, enzyme-linked immu-
nosorbent assay.

6. Either isoelectric focusing or native polyacrylamide
electrophoresis. The second dimension is performed
in the presence of the detergent sodium dodecyl
sulfate.

7. Size-exclusion chromatography.

8. The immune systems are designed to fight against
virus infections and hence generate antibodies
against foreign particles with the size of the virus.
When pharmaceutical proteins aggregate into the
particle size, the immune system recognizes them as
viruslike (cf. Chap. 6).
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Production and Purification of Recombinant Proteins

Farida Kadir, Paul Ives, Alfred Luitjens, and Emile van Corven

INTRODUCTION

The growing therapeutic use of proteins has created an
increasing need for practical and economical process-
ing techniques. As a result, biotechnological produc-
tion methods have advanced significantly over the last
decade. Also, single-use production technology which
has the potential to mitigate many of the economic and
quality issues arising from manufacturing these prod-
ucts has evolved rapidly (Hodge 2004).

When producing proteins for therapeutic use, a
number of issues must be considered related to the
manufacturing, purification, and characterization of
the products. Biotechnological products for therapeutic
use have to meet strict specifications especially when
used via the parenteral route (Walter and Werner 1993).

In this chapter several aspects of production
(upstream processing) and purification (downstream
processing) will be dealt with briefly. For further details,
the reader is referred to the literature mentioned.

UPSTREAM PROCESSING
m Expression Systems

General Considerations

Expression systems for proteins of therapeutic interest
include both pro- and eukaryotic cells (bacteria, yeast,
fungi, plants, insect cells, mammalian cells) and trans-

F. Kadir, Ph.D.
Postacamedic Education Pharmacists (POA),
Bunnik, The Netherlands

P. Ives, Ph.D.
Manufacturing Department,
SynCo Bio Partners BV, Amsterdam, The Netherlands

Department of Process Development,
Crucell, Leiden, The Netherlands

A. Luitjens e E. van Corven, Ph.D. (><)
Department of Process Development,
Crucell, Leiden, The Netherlands
e-mail: emile.vancorven@crucell.com

genic animals. The choice of a particular system will be
determined to a large extent by the nature and origin of
the desired protein, the intended use of the product,
the amount needed, and the cost.

In principle, any protein can be produced using
genetically engineered organisms, but not every type
of protein can be produced by every type of cell. In the
majority of cases, the protein is foreign to the host cells
that have to produce it, and although the translation of
the genetic code can be performed by the cells, the
posttranslation modifications of the protein might be
different as compared to the original product.

About 5 % of the proteome are thought to com-
prise enzymes performing over 200 types of posttrans-
lation modifications of proteins (Walsh 2006). These
modifications are species and/or cell-type specific.
The metabolic pathways that lead to these modifica-
tions are genetically determined by the host cell. Thus,
even if the cells are capable of producing the desired
posttranslation modification, like glycosylation, still
the resulting glycosylation pattern might be different
from that of the native protein. Correct N-linked gly-
cosylation of therapeutically relevant proteins is
important for full biological activity, immunogenicity,
stability, targeting, and pharmacokinetics. Prokaryotic
cells, like bacteria, are sometimes capable of produc-
ing N-linked glycoproteins. However, the N-linked
structures found differ from the structures found in
eukaryotes (Dell et al. 2011). Yeast cells are able to pro-
duce recombinant proteins like albumin, and yeast has
been engineered to produce glycoproteins with
humanlike glycan structures including terminal
sialylation (reviewed by Celik and Calik 2011). Still
most products on the market and currently in devel-
opment use cell types that are as closely related to the
original protein-producing cell type as possible.
Therefore, human-derived proteins, especially mam-
malian cells, are chosen for production. Further devel-
opments in the field of engineering (e.g., glycosylation)
may allow bacteria to reproduce some of the post-
translation modification steps common to eukaryotic
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cells (Borman 2006). Although still to be further devel-
oped, bacteria and yeast may play a role as future pro-
duction systems given their ease and low cost of
large-scale manufacturing.

Generalized features of proteins expressed in dif-
ferent biological systems are listed in Table 3.1 (see also
Walter et al. 1992). However, it should be kept in mind
that there are exceptions to this table for specific prod-
uct/expression systems.

Transgenic Animals

Foreign genes can be introduced into animals like mice,
rabbits, pigs, sheep, goats, and cows through nuclear
transfer and cloning techniques. Using milk-specific
promoters, the desired protein can be expressed in the
milk of the female offspring. During lactation the milk
is collected, the milk fats are removed, and the skimmed
milk is used as the starting material for the purification
of the protein.

The advantage of this technology is the relatively
cheap method to produce the desired proteins in vast
quantities when using larger animals like cows.
Disadvantages are the long lead time to generate a
herd of transgenic animals and concerns about
the health of the animal. Some proteins expressed in
the mammary gland leak back into the circulation and
cause serious negative health effects. An example is
the expression of erythropoietin in cows. Although the
protein was well expressed in the milk, it caused
severe health effects and these experiments were
stopped.

The purification strategies and purity require-
ments for proteins from milk can be different from
those derived from bacterial or mammalian cell sys-
tems. Often the transgenic milk containing the recom-
binant protein also contains significant amounts of the
nonrecombinant counterpart. To separate these closely

Protein feature Prokaryotic bacteria

related proteins poses a purification challenge. The
“contaminants” in proteins for oral use expressed in
milk that is otherwise consumed by humans are known
to be safe for consumption.

The transgenic animal technology for the produc-
tion of pharmaceutical proteins has progressed within
the last few years. The US and EU authorities approved
recombinant antithrombin III (ATryn®, GTC
Biotherapeutics) produced in the milk of transgenic
goats. More details about this technology are presented
in Chap. 8.

Plants

Therapeutic proteins can also be expressed in plants
and plant cell cultures (see also Chap. 1). For instance,
human albumin has been expressed in potatoes and
tobacco. Whether these production vehicles are eco-
nomically feasible has yet to be established. The lack of
genetic stability of plants was sometimes a drawback.
Stable expression of proteins in edible seeds has been
obtained. For instance, rice and barley can be harvested
and easily kept for a prolonged period of time as raw
material sources. Especially for oral therapeutics or
vaccines, this might be the ideal solution to produce
large amounts of cheap therapeutics, because the “con-
taminants” are known to be safe for consumption (see
also Chap. 21). A better understanding of the plant
molecular biology together with more sophisticated
genetic engineering techniques and strategies to
increase yields and optimize glycan structures resulted
in an increase in the number of products in develop-
ment including late-stage clinical trials (reviewed by
Orzaezetal. 2009, and Peters and Stoger 2011). Removal
of most early bottlenecks together with the regulatory
acceptance of plants as platforms to produce therapeu-
tic proteins has resulted in a renewed interest by the
industry.

Eukaryotic yeast Eukaryotic mammalian cells

Concentration High High High
Molecular weight Low High High

S-S bridges Limitation No limitation No limitation
Secretion No Yes/no Yes

Aggregation state Inclusion body

Singular, native Singular, native

Folding Risk of misfolding Correct folding Correct folding
Glycosylation Limited Possible Possible
Impurities: retrovirus No No Possible
Impurities: pyrogen Possible No No
Cost to manufacture Low Low High

Table 3.1 m Generalized features of proteins of different biological origin.
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More details about the use of plant systems for
the production of pharmaceutical proteins are pre-
sented in Chap. 7.

m Cultivation Systems

General

In general, cells can be cultivated in vessels containing
an appropriate liquid growth medium in which the
cells are either immobilized and grow as a monolayer,
attached to microcarriers, free in suspension, or
entrapped in matrices (usually solidified with agar).
The culture method will determine the scale of the sep-
aration and purification methods. Production-scale
cultivation is commonly performed in fermentors,
used for bacterial and fungal cells, or bioreactors, used
for mammalian and insect cells. Bioreactor systems can
be classified into four different types:

¢ Stirred tank (Fig. 3.1a)

e Airlift (Fig. 3.1b)
¢ Fixed bed (Fig. 3.1¢)
* Membrane bioreactors (Fig. 3.1d)

Because of its reliability and experience with the
design and scaling up potential, the stirred tank is still
the most commonly used bioreactor. This type of biore-
actor is not only used for suspension cells like CHO,
HEK293, and PER.C6° cells, it is also used for produc-
tion with adherent cells like Vero and MDCK cells. In
the latter case the production is performed on micro-
carriers (Van Wezel et al. 1985).

Single-Use Systems
In the last decade the development of single-use pro-
duction systems was boosted. Wave Biotech AG in
Switzerland (now Sartorius Stedim Biotech) is regarded
as a visionary player in the nurture of single-use tech-
nologies for mammalian cell culture. With the develop-
ment of 3D single-use bags by companies like Hyclone,
Xcellerex, and Sartorius, the number of single-use sys-
tems used has increased. Single-use bioreactors are
nowadays used for the manufacturing of products in
development and on the market. Shire (Dublin, Ireland)
was the first company that used single-use bioreactors
up to 2,000 L for the manufacturing of one of their prod-
ucts. The advantages of the single-use technology are:
¢ Cost-effective manufacturing technology
By introducing single-use systems, the design is
such that all items not directly related to the process
can be removed from the culture system, like clean-
in-place (CIP) and steam-in-place (SIP) systems.
Furthermore, a reduction in capital costs is achieved
by introducing single-use systems.
¢ Increasing number of batches
By introduction of single-use systems, it is possible
to increase the number of batches that can be

produced in 1 year, due to the fact that cleaning and
sterilization is not needed anymore. The turnover
time needed from batch to batch is shortened.

¢ Provides flexibility in facility design
When stainless steel systems are used, changes to
the process equipment might impact the design of
the stainless steel tanks, piping, etc. These changes
will directly influence the CIP and SIP validation
status of the facility. By using single-use systems,
process changes can easily be incorporated as the
setup of the single-use process is flexible, and CIP
and SIP validation are not needed. However, in case
a change will influence the process, the validated
status of the process must be reconsidered and a
revalidation might be needed.

* Speedup implementation and time to market
Due to the great flexibility of the single-use systems,
the speed of product to market is not influenced by
process changes that might be introduced during
the development process. However, the process
needs to be validated during Phase 3 development.
When changes are introduced after the process is
validated, a revalidation might be needed. There is
no difference in this respect to the traditional stain-
less steel setup.

¢ Reduction in water and wastewater costs
Due to the fact that the systems are single use, there
will be a great reduction in the total costs for clean-
ing, not only a water reduction but also a reduction
in the number of hours needed to clean systems and
setup for the next batch of product.

* Reduction in validation costs
No yearly validation costs for cleaning and steriliza-
tion are needed anymore when single-use systems
are used.

A disadvantage of the single-use system is that
the operational expenses will increase, storage location
for single-use bags and tubing will increase, and the
dependence of the company to one supplier of single-
use systems will increase. Furthermore, there is not yet
a standard set in single-use systems like it is with stain-
less steel bioreactor systems. Suppliers are still devel-
oping their own systems.

The advantages of the stainless steel bioreactors
are obvious as this traditional technology is well under-
stood and controlled, although the stainless steel path-
way had major disadvantages such as expensive
design, installation, and maintenance costs combined
with significant expenditures of time in facilities and
equipment qualification and validation efforts.

Fermentation Protocols

The kinetics of cell growth and product formation will not
only dictate the type of bioreactor used but also how the
growth process is performed. Three types of fermentation
protocols are commonly employed and discussed below:
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Figure 3.1 B (a) Schematic representation of stirred-tank bioreactor (Adapted from Klegerman and Groves 1992). (b) Schematic
representation of airlift bioreactor (Adapted from Klegerman and Groves 1992). (c) Schematic representation of fixed-bed stirred-tank
bioreactor (Adapted from Klegerman and Groves 1992). (d) Schematic representation of hollow fiber perfusion bioreactor (Adapted
from Klegerman and Groves 1992)



3 PRODUCTION AND PURIFICATION OF RECOMBINANT PROTEINS 51

d Inoculation port Waterjacket

l

Product

y
Ee——
4 4

—_—>

Nutrients ——> ’

‘ —> Product

T |

Nutrient T

Cells in
annular
space

Lumen

inner membrane

outer membrane

Figure 3.1 m (continued)

e Batch
In a batch process, the bioreactor is filled with the
entire volume of medium needed during the cell
growth and/or production phase. No additional
supplements are added to increase the cell growth
or production during the process. Waste products,
such as lactate and ammonium, and the product

itself accumulate in the bioreactor. The product is e

harvested at the end of the process. Maximum cell
density and product yields will be lower compared
to a fed-batch process.
¢ Fed-batch

In a fed-batch process, a substrate is supplemented
to the bioreactor. The substrate consists of the
growth-limiting nutrients that are needed during
the cell growth phase and/or during the production
phase of the process. Like the batch process, waste
products accumulate in the bioreactor. The product
is harvested at the end of the process. With the fed-
batch process, higher cell densities and product
yields can be reached compared to the batch process

due to the extension of production time that can be
achieved compared to a batch process. The substrate
used is highly concentrated and can be added to the
bioreactor on a daily basis or as a continuous feed.
The fed-batch mode is currently widely used for the
production of proteins. The process is well under-
stood and characterized.

Perfusion

In a perfusion process, the media and waste products
are continuously exchanged and the product is har-
vested throughout the culture period. A membrane
device is used to retain the cells in the bioreactor, and
waste medium is removed from the bioreactor by
this device (Fig. 3.2). To keep the level medium con-
stant in the bioreactor, fresh medium is supple-
mented to the bioreactor. By operating in perfusion
mode, the level of waste products will be kept con-
stant and generates a stable environment for the cells
to grow or to produce. With the perfusion process,
much higher cell densities can be reached and there-
fore higher productivity (Compton and Jensen 2007).
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In all these three protocols, the cells go through

four distinctive phases (see also Chap. 1):

1. Lag phase
In this phase the cells are adapting to the conditions
in the bioreactor and do not yet grow.

2. Exponential growth phase
During this phase, cells grow in a more or less con-
stant doubling time for a fixed period. The mamma-
lian cell doubling time is cell-type dependent and
usually varies between 20 and 40 h. Plotting the
natural logarithm of cell number against time pro-
duces a straight line. Therefore, the exponential
growth phase is also called the log phase. The
growth phase will be affected by growth conditions
like temperature, pH, oxygen pressure, and external
forces like stirring and baffles that are inserted into
the bioreactor. Furthermore, the growth rate is
affected by the supply of sufficient nutrients,
buildup of waste nutrients, etc.

3. Stationary phase
In the stationary phase, the growth rate of the cells
slows down due to the fact that nutrients are
depleted and/or build up of toxic waste products
like lactate and ammonium. In this phase, constant
cell numbers are found due to equal cell growth and
cell death.

4. Death phase
Cells die due to depletion of nutrients and/or pres-
ence of high concentrations of toxic products like
lactate and ammonium.

Examples of animal cells that are commonly used
to produce proteins of clinical interest are Chinese

%// ATF

FILTRATE

FILTRATE

HF MODULE OR
SCREEN MODULE

HOUSING

DIAPHRAGM Figure 3.2 m Schematic
representation of perfusion
device coupled to a stirred-

CONTROLLER tank bioreactor. ATF alternat-
ing tangential flow.

hamster ovary cells (CHO), immortalized human
embryonic retinal cells (PER.C6® cells), baby hamster
kidney cells (BHK), lymphoblastoid tumor cells (inter-
feron production), melanoma cells (plasminogen acti-
vator), and hybridized tumor cells (monoclonal
antibodies).

The cell culture has to be free from undesired
microorganisms that may destroy the cell culture or
present hazards to the patient by producing endo-
toxins. Therefore, strict measures are required for
both the production procedures and materials used
(WHO 2010; Berthold and Walter 1994) to prevent a
possible contamination with extraneous agents like
viruses, bacteria, and mycoplasma. Furthermore,
strict measures are needed, especially with regard to
the raw materials used, to prevent contaminations
with transmissible spongiform encephalopathies
(TSEs).

m Cultivation Medium

In order to achieve optimal growth of cells and optimal
production of recombinant proteins, it is of great
importance not only that conditions such as stirring,
pH, oxygen pressure, and temperature are chosen and
controlled appropriately but also that a cell growth
and protein production medium with the proper nutri-
ents are provided for each stage of the production
process.

The media used for mammalian cell culture are
complex and consist of a mixture of diverse compo-
nents, such as sugars, amino acids, electrolytes, vita-
mins, fetal calf serum, and/or a mixture of peptones,
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Type of nutrient

Example(s)

Sugars

Glucose, lactose, sucrose, maltose, dextrins

Fat Fatty acids, triglycerides

Water (high quality, sterilized)

Water for injection

Amino acids

Glutamine

Electrolytes

Calcium, sodium, potassium, phosphate

Vitamins

Ascorbic acid, -tocopherol, thiamine, riboflavine, folic acid, pyridoxin

Serum (fetal calf serum, synthetic serum)

Albumin, transferrin

Trace minerals

Iron, manganese, copper, cobalt, zinc

Hormones

Table 3.2

growth factors, hormones, and other proteins (see
Table 3.2). Many of these ingredients are pre-blended
either as concentrate or as homogeneous mixtures of
powders. To prepare the final medium, components
are dissolved in purified water before filtration. The
final medium is filtrated through 0.2 pm filters or
through 0.1 pm filters to prevent possible mycoplasma
contamination. Some supplements, especially fetal calf
serum, contribute considerably to the presence of
contaminating proteins and may seriously complicate
purification procedures. Moreover, the composition of
serum is variable. It depends on the individual animal,
season of the year, suppliers’ treatment, etc. The use of
serum may introduce adventitious material such as
viruses, mycoplasma, bacteria, and fungi into the cul-
ture system (Berthold and Walter 1994). Furthermore,
the possible presence of prions that can cause transmis-
sible spongiform encephalitis almost precludes the use
of materials from animal origin. However, if use of this
material is inevitable, one must follow the relevant
guidelines in which selective sourcing of the material is
the key measure to safety (EMA 2011). Many of these
potential problems when using serum in cell culture
media led to the development of fully defined, free
from animal-derived material. These medium formula-
tions were not only developed by the suppliers, there is
the trend that the key players in the biotech industry
develop their own fully defined medium for their spe-
cific production platforms. The advantage of this is
that the industry is less dependent on medium suppli-
ers. The fully defined media have been shown to give
satisfactory results in large-scale production settings
for monoclonal antibody processes. However, hydroly-
sates from nonanimal origin, like yeast and plant
sources, are more and more used for optimal cell
growth and product secretion (reviewed by Shukla and
Thémmes 2010).

Growth factors

Major components of growth media for mammalian cell structures.

DOWNSTREAM PROCESSING

m Introduction

Recovering a biological reagent from a cell culture
supernatant is one of the critical parts of the manufac-
turing procedure for biotech products, and purification
costs typically outweigh those of the upstream part of
the production process. For the production of mono-
clonal antibodies, protein A resin accounts for some
10 % of the cost, while virus removal by filtration can
account for 40 % of the cost (Gottschalk 2006).

More than a decade ago, the protein product was
available in a very dilute form, e.g., 10-200 mg/L. At
the most concentrations, up to 500-800 mg/L could be
reached (Berthold and Walter 1994). Developments in
cell culture technology through application of genetics
and proteomics resulted in product titers well above
1 g/L. Product titers above 20 g/L are also reported
(Monteclaro 2010). These high product titers pose a
challenge to the downstream processing unit opera-
tions (Shukla and Thommes 2010). With the low-yield
processes, a concentration step is often required to
reduce handling volumes for further purification.
Usually, the product subsequently undergoes a series
of purification steps. The first step in a purification pro-
cess is to remove cells and cell debris from the process
fluids. This process step is normally performed using
centrifugation and/or depth filters. Depth filters are
often used in combination with filter aid or diatoma-
ceous earth. Often the clarification step is regarded as a
part of the upstream process. Therefore, the first actual
step in the purification process is a capture step.
Subsequent steps remove the residual bulk contami-
nants, and a final step removes trace contaminants and
sometimes variant forms of the molecule. Alternatively,
the reverse strategy, where the main contaminants are
captured and the product is purified in subsequent
steps, might result in a more economic process,



M F. KADIR ET AL.

especially if the product is not excreted from the cells.
In the case where the product is excreted into the cell
culture medium, the product will not represent more
than 1-5 % of total cellular protein, and a specific bind-
ing of the cellular proteins in a product-specific capture
step will have a high impact on the efficiency of that
step. If the bulk of the contaminants can be removed
first, the specific capture step will be more efficient and
smaller in size and therefore more economic.
Furthermore, smaller subsequent unit operation steps
(e.g., chromatography columns) could be used.

After purification, additional steps are performed
to bring the desired product into a formulation buffer
in which the product is stabilized and can be stored for
the desired time until further process steps are per-
formed. Before storage of the final bulk drug substance,
the product will be sterilized. Normally this will be
performed by a 0.2 pum filtration step. Formulation
aspects will be dealt with in Chap. 4.

When designing an upstream and purification
protocol, the possibility for scaling up should be con-
sidered carefully. A process that has been designed for
small quantities is most often not suitable for large
quantities for technical, economic, and safety reasons.
Developing a purification process, i.e., the isolation
and purification of the desired product also called the
downstream process (DSP), to recover a recombinant
protein in large quantities occurs in two stages: design
and scale-up.

Separating the impurities from the product pro-
tein requires a series of purification steps (process
design), each removing some of the impurities and
bringing the product closer to its final specification. In
general, the starting feedstock contains cell debris
and/or whole-cell particulate material that must be
removed. Defining the major contaminants in the start-
ing material is helpful in the downstream process
design. This includes detailed information on the
source of the material (e.g., bacterial or mammalian cell
culture) and major contaminants that are used or pro-
duced in the upstream process (e.g., albumin, serum,
or product analogs). Moreover, the physical character-
istics of the product versus the known contaminants
(thermal stability, isoelectric point, molecular weight,
hydrophobicity, density, specific binding properties)
largely determine the process design. Processes used
for production of therapeutics in humans should be
safe, reproducible, robust, and produced at the desired
cost of goods. The DSP steps may expose the protein
molecules to high physical stress (e.g., high tempera-
tures and extreme pH) which can alter the protein
properties possibly leading to loss in efficacy. Any sub-
stance that is used by injection must be sterile.

Furthermore, the endotoxin concentration must be
below a certain level depending on the product. Limits
are stated in the individual monographs which are to
be consulted (e.g., European Pharmacopoeia: less than
0.2 endotoxin units per kg body mass for intrathecal
application). Aseptic techniques have to be used wher-
ever possible and necessitate procedures throughout
with clean air and microbial control of all materials and
equipment used. During validation of the purification
process, one must also demonstrate that potential viral
contaminants are inactivated and removed (Walter
et al. 1992). The purification matrices should be at least
sanitizable or, if possible, steam-sterilizable. For depy-
rogenation, the purification material must withstand
either extended dry heat at 2180 °C or treatment with
1-2 M sodium hydroxide (for further information, see
Chap. 4). If any material in contact with the product
inadvertently releases compounds, these leachables
must be analyzed and their removal by subsequent
purification steps must be demonstrated during pro-
cess validation, or it must be demonstrated that the
leachables are below a toxic level. The increased use of
plastic film-based single-use production technology
(e.g., sterile single-use bioreactor bags, bags to store
liquids and filter housings) has made these aspects
more significant in the last decade. Suppliers have
reacted by providing a significant body of information
regarding leachables and biocompatibility for typical
solutions used during processing. The problem of
leachables is especially hampering the use of affinity
chromatography (see below) in the production of phar-
maceuticals for human use. On small-scale affinity,
chromatography is an important tool for purification
and the resulting product might be used for (animal)
toxicity studies, but for human use the removal of any
leached ligands below a toxic level has to be demon-
strated. Because free affinity ligands will bind to the
product, the removal might be cumbersome.

Scale-up is the term used to describe a number of
processes employed in converting a laboratory proce-
dure into an economical, industrial process. During the
scale-up phase, the process moves from the laboratory
scale to the pilot plant and finally to the production
plant. The objective of scale-up is to produce a product
of high quality at a competitive price. Since the costs of
downstream processing can be as high as 50-80 % of
the total cost of the bulk product, practical and eco-
nomical ways of purifying the product should be used.
Superior protein purification methods hold the key to a
strong market position (Wheelwright 1993).

Basic operations required for a downstream puri-
fication process used for macromolecules from biologi-
cal sources are shown in Fig. 3.3.
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Figure 3.3 m Basic operations required for the purification of a
biopharmaceutical macromolecule.

As mentioned before, the design of downstream
processing is highly product dependent. Therefore,
each product requires a specific multistage purification
procedure (Sadana 1989). The basic scheme as
represented in Fig. 3.3 becomes complex. A typical
example of a process flow for the downstream process-
ing is shown in Fig. 3.4. This scheme represents the
processing of a glycosylated recombinant interferon
(about 28 kDa) produced in mammalian cells. The aims
of the individual unit operations are described.

Once the harvest volume and product concen-
tration can be managed, the main purification phase
can start. A number of purification methods are avail-
able to separate proteins on the basis of a wide variety
of different physicochemical criteria such as size,
charge, hydrophobicity, and solubility. Detailed infor-
mation about some separation and purification meth-
ods commonly used in purification schemes is
provided below.

m Filtration/Centrifugation

Products from biotechnological industry must be sepa-
rated from biological systems that contain suspended
particulate material, including whole cells, lysed cell
material, and fragments of broken cells generated
when cell breakage has been necessary to release intra-
cellular products. Most downstream processing flow
sheets will, therefore, include at least one unit operation
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Figure 3.4 m Downstream processing of a glycosylated
recombinant interferon, describing the purpose of the inclusion of
the individual unit operations. F filtration, TFF tangential flow fil-
tration, UF ultrafiltration, DF diafiltration, A adsorption (Adapted
from Berthold and Walter 1994).
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for the removal (“clarification”) or concentration, just
the opposite, of particulates. Most frequently used
methods are centrifugation and filtration techniques
(e.g., ultrafiltration, diafiltration, and microfiltration).
However, the expense and effectiveness of such meth-
ods is highly dependent on the physical nature of the
particulate material and of the product.

Filtration

Several filtration systems have been developed for sep-
aration of cells from media, the most successful being
depth filtration and tangential flow systems (also
referred to as “cross flow”). In the latter system, high
shear across the membrane surface limits fouling, gel
layer formation, and concentration polarization. In
ultrafiltration, mixtures of molecules of different
molecular dimensions are separated by passage of a
dispersion under pressure across a membrane with a
defined pore size. In general, ultrafiltration achieves
little purification of protein product from other mole-
cules with a comparable size, because of the relatively
large pore-size distribution of the membranes.
However, this technique is widely used to concentrate
macromolecules and also to change the aqueous phase
in which the particles are dispersed or in which mole-
cules are dissolved (diafiltration) to one required for
the subsequent purification steps.

Centrifugation

Subcellular particles and organelles, suspended in a
viscous liquid (e.g., the particles produced when cells
are disrupted by mechanical procedures), are difficult
to separate either by using one fixed centrifugation
step or by filtration. But, they can be isolated efficiently
by centrifugation at different speeds. For instance,
nuclei can be obtained by centrifugation at 400x g for
20 min, while plasma membrane vesicles are pelleted
at higher centrifugation rates and longer centrifuga-
tion times (fractional centrifugation). In many cases,
however, total biomass can easily be separated from
the medium by centrifugation (e.g., continuous disc-
stack centrifuge). Buoyant density centrifugation can
be useful for separation of particles as well. This tech-
nique uses a viscous fluid with a continuous gradient
of density in a centrifuge tube. Particles and molecules
of various densities within the density range in the
tube will cease to move when the isopycnic region has
been reached. Both techniques of continuous (fluid
densities within a range) and discontinuous (blocks of
fluid with different density) density gradient centrifu-
gation are used in buoyant density centrifugation on a
laboratory scale. However, for application on an indus-
trial scale, continuous centrifuges (e.g., tubular bowl
centrifuges) are only used for discontinuous buoyant
density centrifugation of protein products. This type of
industrial centrifuge is mainly applied to recover

precipitated proteins or contaminants. For influenza
vaccines, continuous centrifugation is already for
decades the workhorse to purify influenza viruses on
an industrial scale.

m Precipitation

The solubility of a particular protein depends on the
physicochemical environment, for example, pH, ionic
species, and ionic strength of the solution (see also
Chap. 4). A slow continuous increase of the ionic
strength (of a protein mixture) will selectively drive
proteins out of solution. This phenomenon is known as
“salting out.” A wide variety of agents, with different
“salting-out” potencies are available. Chaotropic series
with increasing “salting-out” effects of negatively (I)
and positively (II) charged molecules are given below:
L. SCN-, I, CLO4-, NO3-, Br-, Cl-, CH3COO-,

PO43-, SO42-

II. Ba2+, Ca2+, Mg2+, Li+, Cs+, Na+, K+, Rb+, NH4+

Ammonium sulfate is highly soluble in cold
aqueous solutions and is frequently used in “salting-
out” purification.

Another method to precipitate proteins is to use
water-miscible organic solvents (change in the dielec-
tric constant). Examples of precipitating agents are
polyethylene glycol and trichloroacetic acid. Under
certain conditions, chitosan and nonionic polyoxyeth-
ylene detergents also induce precipitation (Cartwright
1987; Homma et al. 1993; Terstappen et al. 1993).
Cationic detergents have been used to selectively pre-
cipitate DNA.

Precipitation is a scalable, simple, and relatively
economical procedure for the recovery of a product from
a dilute feedstock. It has been widely used for the
isolation of proteins from culture supernatants.
Unfortunately, with most bulk precipitation methods,
the gain in purity is generally limited and product recov-
ery can be low. Moreover, extraneous components are
introduced which must be eliminated later. Finally, large
quantities of precipitates may be difficult to handle.
Despite these limitations, recovery by precipitation has
been used with considerable success for some products.

m Chromatography

Introduction

In preparative chromatography systems, molecular spe-
cies are primarily separated based on differences in dis-
tribution between two phases, one whichis the stationary
phase (mostly a solid phase) and the other which moves.
This mobile phase may be liquid or gaseous (see also
Chap. 2). Nowadays, almost all stationary phases (fine
particles providing a large surface area) are packed into
a column. The mobile phase is passed through by
pumps. Downstream protein purification protocols usu-
ally have at least two to three chromatography steps.
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Chromatographic methods used in purification proce-
dures of biotech products are listed in Table 3.3 and are
briefly discussed in the following sections.

Chromatographic Stationary Phases

Chromatographic procedures often represent the rate-
limiting step in the overall downstream processing. An
important primary factor governing the rate of opera-
tion is the mass transport into the pores of conven-
tional packing materials. Adsorbents employed
include inorganic materials such as silica gels, glass
beads, hydroxyapatite, various metal oxides (alu-
mina), and organic polymers (cross-linked dextrans,
cellulose, agarose). Separation occurs by differential
interaction of sample components with the chromato-
graphic medium. lonic groups such as amines and car-
boxylic acids, dipolar groups such as carbonyl
functional groups, and hydrogen bond-donating and
bond-accepting groups control the interaction of the
sample components with the stationary phase, and
these functional groups slow down the elution rate if
interaction occurs.

Chromatographic stationary phases for use on a
large scale have improved considerably over the last
decades. Hjerten et al. (1993) reported on the use of
compressed acrylamide-based polymer structures.
These materials allow relatively fast separations with
good chromatographic performance. Another approach
to the problems associated with mass transport in con-
ventional systems is to use chromatographic particles
that contain some large “through pores” in addition to

Separation technique

Mode/principle

conventional pores (see Fig. 3.5). These flow-through or
“perfusion chromatography” media enable faster con-
vective mass transport into particles and allow opera-
tion at much higher speeds without loss in resolution
or binding capacity (Afeyan et al. 1989; Fulton 1994).
Another development is the design of spirally wrapped
columns containing the adsorption medium. This con-
tiguration permits high throughput, high capacity, and
good capture efficiency (Cartwright 1987).

The ideal stationary phase for protein separation
should possess a number of characteristics, among
which are high mechanical strength, high porosity, no
nonspecific interaction between protein and the sup-
port phase, high capacity, biocompatibility, and high
stability of the matrix in a variety of solvents. The latter
is especially true for columns used for the production
of clinical materials that need to be cleaned, depyro-
genized, disinfected, and sterilized at regular intervals.
High-performance liquid chromatography (HPLC)
systems fulfill many of these criteria. Liquid phases
should be carefully chosen to minimize loss of biologi-
cal activity resulting from the use of some organic sol-
vents. In HPLC small pore-size stationary phases that
are incompressible are used. These particles are small,
rigid, and regularly sized (to provide a high surface
area). The mobile liquid phase is forced under high
pressure through the column material. Reversed-phase
HPLC systems, using less polar stationary phases than
the mobile phases, can in a very few cases be effectively
integrated into preparative scale purification schemes
of proteins and can serve both as a means of concentra-
tion and purification (Benedek and Swadesh 1991).

Separation based on

Membranes Microfiltration Size
Ultrafiltration Size
Nanofiltration Size
Dialysis Size
Charged membranes Charge

Centrifugation Isopycnic banding Density
Non-equilibrium setting Density

Extraction Fluid extraction Solubility

Liquid/liquid extraction

Partition, change in solubility

Precipitation

Fractional precipitation

Change in solubility

Chromatography lon exchange
Gel filtration

Affinity

Hydrophobic interaction

Adsorption

Table 3.3

Charge

Size

Specific ligand-substrate interaction
Hydrophobicity

Covalent/non-covalent binding

Frequently used separation processes and their physical basis.
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Conventional chromatography

< >
Unfortunately, HPLC equipment and resin costs are
high. Moreover, HPLC is poorly scalable and thus this
technology is basically not applied in large-scale puri-
fication schemes.

In production environments, columns which
operate at relatively low back pressure are often used.
They have the advantage that they can be used in
equipment constructed from plastics which, unlike
conventional stainless steel equipment, resists all buf-
fers likely to be employed in the separation of biomol-
ecules (consider the effect of leachables from plastics).
These columns are commercially available and permit
the efficient separation of proteins in a single run, mak-
ing this an attractive unit operation in a manufacturing
process. Results can be obtained rapidly and with high
resolution. A new development is the use of chroma-
tography equipment with fully disposable flow paths

that resists almost all chemicals used in protein purifi-
cation including disinfection and sterilization media.

b

Adsorption Chromatography

In adsorption chromatography (also called “normal
phase” chromatography), the stationary phase is more
polar than the mobile phase. The protein of interest
selectively binds to a static matrix under one condition
and is released under a different condition. Adsorption
chromatography methods enable high ratios of prod-
uct load to stationary phase volume. Therefore, this
principle is economically scalable.

lon-Exchange Chromatography
Ion-exchange chromatography can be a powerful
step early in a purification scheme. It can be easily

Perfusion chromatography

&

Figure 3.5 B The structure of
conventional chromatographic
particles (a) and the perfusion of
flow through chromatographic
particles (b) (Adapted from
Fulton 1994).

scaled up. Ion-exchange chromatography can be used
in a negative mode, i.e., the product flows through
the column under conditions that favor the adsorp-
tion of contaminants to the matrix, while the protein
of interest does not bind (Tennikova and Svec 1993).
The type of the column needed is determined by the
properties of the proteins to be purified (e.g., isoelec-
tric point and charge density). Anion exchangers
bind negatively charged molecules and cation
exchangers bind positively charged molecules. In
salt-gradient ion-exchange chromatography, the salt
concentration in the perfusing elution buffer is
increased continuously or in steps. The stronger the
binding of an individual protein to the ion exchanger,
the later it will appear in the elution buffer. Likewise,
in pH-gradient chromatography, the pH is changed
continuously or in steps. Here, the protein binds at 1
pH and is released at a different pH. As a result of the
heterogeneity in glycosylation (e.g., a varying num-
ber of sialic acid moieties), glycosylated proteins may
elute in a relatively broad pH range (up to 2 pH
units).

In order to simplify purification, a specific amino
acid tail can be added to the protein at the gene level
to create a “purification handle.” For example, a short
tail consisting of arginine residues allows a protein to
bind to a cation exchanger under conditions where
almost no other cell proteins bind. However, this
technique is only useful for laboratory-scale isolation
of the product and cannot be used for production
scale due to regulatory problems related to the
removal of the arginine or other specific tags from the
protein.
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(Immuno)Affinity Chromatography

Affinity Chromatography

Affinity chromatography is based on highly specific
interactions between an immobilized ligand and the
protein of interest. Affinity chromatography is a very
powerful method for the purification of proteins. Under
physiological conditions, the protein binds to the
ligand. Extensive washing of this matrix will remove
contaminants, and the purified protein can be recov-
ered by the addition of ligands competing for the sta-
tionary phase binding sites or by changes in physical
conditions (such as low or high pH of the eluent) which
greatly reduce the affinity. Examples of affinity chro-
matography include the purification of glycoproteins,
which bind to immobilized lectins, and the purification
of serine proteases with lysine binding sites, which
bind to immobilized lysine. In these cases, a soluble
ligand (sugar or lysine, respectively) can be used to
elute the required product under relatively mild condi-
tions. Another example is the use of the affinity of pro-
tein A and protein G for antibodies. Protein A and
protein G have a high affinity for the Fc portions of
many immunoglobulins from various animals. Protein
A and G matrices can be commercially obtained with a
high degree of purity. For the purification of, e.g., hor-
mones or growth factors, the receptors or short peptide
sequence that mimic the binding site of the receptor
molecule can be used as affinity ligands. Some proteins
show highly selective affinity for certain dyes commer-
cially available as immobilized ligands on purification
matrices. When considering the selection of these
ligands for pharmaceutical production, one must real-
ize that some of these dyes are carcinogenic and that a
fraction may leach out during the process.

An interesting approach to optimize purification
is the use of a gene that codes not only for the desired
protein but also for an additional sequence that facili-
tates recovery by affinity chromatography. At a later
stage the additional sequence is removed by a specific
cleavage reaction. As mentioned before, this is a com-
plex process that needs additional purification steps.

In general, use of affinity chromatography in the
production process for therapeutics may lead to com-
plications during validation of the removal of free
ligands or protein extensions. Consequently, except for
monoclonal antibodies where affinity chromatography
is part of the purification platform at large scale, this
technology is rarely used in the industry.

Immunoaffinity Chromatography

The specific binding of antibodies to their epitopes is
used in immunoaffinity chromatography (Chase and
Draeger 1993). This technique can be applied for puri-
fication of either the antigen or the antibody. The anti-
body can be covalently coupled to the stationary phase

and act as the “receptor” for the antigen to be purified.
Alternatively, the antigen, or parts thereof, can be
attached to the stationary phase for the purification of
the antibody. Advantages of immunoaffinity chroma-
tography are its high specificity and the combination of
concentration and purification in one step.

A disadvantage associated with immunoaffinity
methods is the sometimes very strong antibody-
antigen binding. This requires harsh conditions during
elution of the ligand. Under such conditions, sensitive
ligands could be harmed (e.g., by denaturation of the
protein to be purified). This can be alleviated by the
selection of antibodies and environmental conditions
with high specificity and sufficient affinity to induce an
antibody-ligand interaction, while the antigen can be
released under mild conditions (Jones 1990). Another
concern is disruption of the covalent bond linking the
“receptor” to the matrix. This would result in elution of
the entire complex. Therefore, in practice, a further
purification step after affinity chromatography as well
as an appropriate detection assay (e.g., ELISA) is
almost always necessary. On the other hand, improved
coupling chemistry that is less susceptible to hydroly-
sis has been developed to prevent leaching.

Scale-up of immunoaffinity chromatography is
often hampered by the relatively large quantity of the
specific “receptor” (either the antigen or the antibody)
that is required and the lack of commercially available,
ready-to-use matrices. The use of immunoaffinity in
pharmaceutical processes will have major regulatory
consequences since the immunoaffinity ligand used
will be considered by the regulatory bodies as a “sec-
ond product,” thus will be subjected to the nearly the
same regulatory scrutiny as the drug substance.
Moreover, immunoaffinity ligands can have a signifi-
cant effect of the final costs of goods.

Examples of proteins of potential therapeutic
value that have been purified using immunoaffinity
chromatography are interferons, urokinase, erythro-
poietin, interleukin-2, human factor VIII and X, and
recombinant tissue plasminogen activator.

Hydrophobic Interaction Chromatography

Under physiological conditions, most hydrophobic
amino acid residues are located inside the protein core,
and only a small fraction of hydrophobic amino acids is
exposed on the “surface” of a protein. Their exposure is
suppressed because of the presence of hydrophilic
amino acids that attract large clusters of water mole-
cules and form a “shield.” High salt concentrations
reduce the hydration of a protein, and the surface-
exposed hydrophobic amino acid residues become
more accessible. Hydrophobic interaction chromatogra-
phy (HIC) isbased onnon-covalentand non-electrostatic
interactions between proteins and the stationary phase.
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can enter
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Large molecules
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Figure 3.6 m Schematic representation of gel filtration
(Adapted from James 1992).

HIC is a mild technique, usually yielding high recover-
ies of proteins that are not damaged, are folded cor-
rectly, and are separated from contaminants that are
structurally related. HIC is ideally placed in the purifi-
cation scheme after ion-exchange chromatography,
where the protein usually is released in high ionic
strength elution media (Heng and Glatz 1993).

Gel-Permeation Chromatography

Gel-permeation or size-exclusion chromatography,
also known as gel filtration, separates molecules
according to their shape and size (see Fig. 3.6). Inert
gels with narrow pore-size distributions in the size
range of proteins are available. These gels are packed
into a column and the protein mixture is then loaded
on top of the column and the proteins diffuse into the
gel. The smaller the protein, the more volume it will
have available in which to disperse. Molecules that are
larger than the largest pores are not able to penetrate
the gel beads and will therefore stay in the void volume
of the column. When a continuous flow of buffer passes
through the column, the larger proteins will elute first
and the smallest molecules last. Gel-permeation
chromatography is a good alternative to membrane
diafiltration for buffer exchange at almost any purifica-
tion stage, and it is often used in laboratory design. At
production scale, the use of this technique is usually

limited, because only relatively small sample volumes
can be loaded on a large column (up to one-third of the
column volume in the case of “buffer exchange”). It is
therefore best avoided or used late in the purification
process when the protein is available in a highly con-
centrated form. Gel filtration is commonly used as the
final step in the purification to bring proteins in the
appropriate buffer used in the final formulation. In this
application, its use has little if no effect on the product
purity characteristics.

Expanded Beds

As mentioned before, purification schemes are based
on multistep protocols. This not only adds greatly to
the overall production costs but also can result in sig-
nificant loss of product. Therefore, there still is an
interest in the development of new methods for sim-
plifying the purification process. Adsorption tech-
niques are popular methods for the recovery of
proteins, and the conventional operating format for
preparative separations is a packed column (or fixed
bed) of adsorbent. Particulate material, however, can
be trapped near the bed, which results in an increase in
the pressure drop across the bed and eventually in
clogging of the column. This can be avoided by the use
of pre-column filters (0.2 pm) to save the column integ-
rity. Another solution to this problem may be the use
of expanded beds (Chase and Draeger 1993; Fulton
1994), also called fluidized beds (see Fig. 3.7). In prin-
ciple, the use of expanded beds enables clarification,
concentration, and purification to be achieved in a sin-
gle step. The concept is to employ a particulate solid-
phase adsorbent in an open bed with upward liquid
flow. The hydrodynamic drag around the particles
tends to lift them upwards, which is counteracted by
gravity because of a density difference between the
particles and the liquid phase. The particles remain
suspended if particle diameter, particle density, liquid
viscosity, and liquid density are properly balanced by
choosing the correct flow rate. The expanded bed
allows particles (cells) to pass through, whereas mole-
cules in solution are selectively retained (e.g., by the
use of ion-exchange or affinity adsorbents) on the
adsorbent particles. Feedstocks can be applied to
the bed without prior removal of particulate material
by centrifugation or filtration, thus reducing process
time and costs. Fluidized beds have been used previ-
ously for the industrial-scale recovery of antibiotics
such as streptomycin and novobiocin (Fulton 1994;
Chase 1994). Stable, expanded beds can be obtained
using simple equipment adapted from that used for
conventional, packed bed adsorption and chromatog-
raphy processes. Ion-exchange adsorbents are likely to
be chosen for such separations.
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Figure 3.7 m Comparison between (a) a packed bed and (b)
an expanded bed (Adapted from Chase and Draeger 1993).

CONTAMINANTS

For pharmaceutical applications, product purity
mostly is 299 % when used as a parenteral (Berthold
and Walter 1994; ICH 1999a). Purification processes
should yield potent proteins with well-defined char-
acteristics for human use from which “all” contami-
nants have been removed to a major extent. The purity
of the drug protein in the final product will therefore
largely depend upon the purification technology
applied.

Table 3.4 lists potential contaminants that may be
present in recombinant protein products from bacte-
rial and nonbacterial sources. These contaminants can
be host-related, process-related and product-related.

Origin Contaminant

Host-related Viruses

Host-derived proteins acid DNA
Glycosylation variants

N- and C-terminal variants

Endotoxins (from Gram-negative
bacterial hosts)

Product-related Amino acids substitution and deletion
Denatured protein

Conformational isomers

Dimers and aggregates

Disulfide pairing variants
Deamidated species

Protein fragments

Process-related Growth medium components

Purification reagents
Metals
Column materials

Table 3.4 W Potential contaminants in recombinant protein
products derived from bacterial and nonbacterial hosts.

In the following sections, special attention is paid to
the detection and elimination of contamination by
viruses, bacteria, cellular DNA, and wundesired
proteins.

m Viruses

Endogenous and adventitious viruses, which require
the presence of living cells to propagate, are potential
contaminants of animal cell cultures and, therefore, of
the final drug product. If present, their concentration in
the purified product will be very low and it will be dif-
ficult to detect them. Viruses such as retrovirus can be
visualized by (nonsensitive) electron microscopy. For
retroviruses, a highly sensitive RT-PCR (reverse-
transcriptase polymerase chain reaction) assay is avail-
able, but for other viruses, a sensitive in vitro assay
might be lacking. The risks of some viruses (e.g., hepa-
titis virus) are known (Walter et al. 1991, Marcus-
Sekura 1991), but there are other viruses whose risks
cannot be properly judged because of lack of solid
experimental data. Some virus infections, such as par-
vovirus, can have long latent periods before their clini-
cal effects show up. Long-term effects of introducing
viruses into a patient treated with a recombinant pro-
tein should not be overlooked. Therefore, it is required
that products used parenterally are free from viruses.
The specific virus testing regime required will depend
on the cell type used for production (Loéwer 1990;
Minor 1994).
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Category Types Example

Inactivation Heat treatment Pasteurization
Radiation UV-light
Dehydration Lyophilization
Cross linking agents, denaturating or B-propiolactone, formaldehyde, NaOH, organic solvents

disrupting agents (e.g., chloroform), detergents (e.g., Na-cholate)

Neutralization Specific, neutralizing antibodies

Removal Chromatography lon-exchange, immuno-affinity, chromatography
Filtration Nanofiltration

Precipitation

Table 3.5

Viruses can be introduced by nutrients, by an
infected production cell line, or they are introduced (by
human handling) during the production process.
The most frequent source of virus introduction is ani-
mal serum. In addition, animal serum can introduce
other unwanted agents such as bacteria, mycoplasmas,
prions, fungi, and endotoxins. It should be clear that
appropriate screening of cell banks and growth
medium constituents for viruses and other adventi-
tious agents should be strictly regulated and super-
vised (Walter et al. 1991; FDA 1993; ICH 1999b; WHO
2010). Validated, orthogonal methods to inactivate and
remove possible viral contaminants are mandatory for
licensing of therapeutics derived from mammalian
cells or transgenic animals (Minor 1994). Viruses can be
inactivated by physical and chemical treatment of the
product. Heat, irradiation, sonication, extreme pH,
detergents, solvents, and certain disinfectants can inac-
tivate viruses. These procedures can be harmful to the
product as well and should therefore be carefully eval-
uated and validated (Walter et al. 1992; Minor 1994;
ICH 1999b). Removal of viruses by nanofiltration is an
elegant and effective technique and the validation
aspects of this technology are well described (PDA
2005). Filtration through 15 nm membranes can remove
even the smallest non-enveloped viruses like bovine
parvovirus (Maerz et al. 1996). Another common,
although less robust, method to remove viruses in anti-
body processes is by ion-exchange chromatography. A
number of methods for reducing or inactivating viral
contaminants are mentioned in Table 3.5 (Horowitz
et al. 1991).

m Bacteria

Unwanted bacterial contamination may be a problem
for cells in culture or during pharmaceutical purifica-
tion. Usually the size of bacteria allows simple filtration

Cyroprecipitation

Methods for reducing or inactivating viral contaminants.

over 0.2 pm (or smaller) filters for adequate removal. In
order to further prevent bacterial contamination during
production, the raw materials used have to be steril-
ized, preferably at 121 °C or higher, and the products
are manufactured under strict aseptic conditions wher-
ever possible. Production most often takes place in so-
called cleanroomsinwhich the chances of environmental
contamination is reduced through careful control of the
environment, for example, filtration of air. Additionally,
antibiotic agents can be added to the culture media in
some cases but have to be removed further downstream
in the purification process. However, the use of beta-
lactam antibiotics such as penicillin is strictly prohib-
ited due to oversensitivity of some individuals to these
compounds. Because of the persistence of antibiotic
residues, which are difficult to eliminate from the prod-
uct, appropriately designed manufacturing plants and
extensive quality control systems for added reagents
(medium, serum, enzymes, etc.) permitting antibiotic-
free operation are preferable.

Pyrogens (usually endotoxins of gram-negative
bacteria) are potentially hazardous substances (see
Chap. 4). Humans are sensitive to pyrogen contamina-
tion at very low concentrations (picograms per mL).
Pyrogens may elicit a strong fever response and can
even be fatal. Simple 0.2 pm filtration does not remove
pyrogens. Removal is complicated further because
pyrogens vary in size and chemical composition.
However, sensitive tests to detect and quantify pyro-
gens are commercially available. Purification schemes
usually contain at least one step of ion-exchange chro-
matography (anionic-exchange material) to remove the
negatively charged endotoxins (Berthold and Walter
1994). Furthermore, materials used in process such as
glassware are typically subjected to a depyrogenation
step prior to use often by the use of elevated tempera-
tures (2180 °C) in a dry heat oven.
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m Cellular DNA

The application of continuous mammalian cell lines for
the production of recombinant proteins might result in
the presence of oncogene-bearing DNA fragments in
the final protein product (Walter and Werner 1993;
Lower 1990). A stringent purification protocol that is
capable of reducing the DNA content and fragment
size to a safe level is therefore necessary (Berthold and
Walter 1994, WHO 2010). There are a number of
approaches available to validate that the purification
method removes cellular DNA and RNA. One such
approach involves incubating the cell line with radiola-
beled nucleotides and determining radioactivity in the
purified product obtained through the purification
protocol. Other methods are dye-binding fluorescence-
enhancement assays for nucleotides and PCR-based
methods. If the presence of nucleic acids persists in a
final preparation, then additional steps must be intro-
duced in the purification process. The question about a
safe level of nucleic acids in biotech products is diffi-
cult to answer because of minimal relevant know-how.
Transfection with so-called naked DNA is very difficult
and a high concentration of DNA is needed.
Nevertheless, it is agreed for safety reasons that final
product contamination by nucleic acids should not
exceed 100 pg or 10 ng per dose depending on the type
of cells used to produce the pharmaceutical (WHO
2010; European Pharmacopoeia 2011).

m Protein Contaminants and Product Variants

As mentioned before, minor amounts of host-, pro-
cess-, and product-related proteins will likely appear
in biotech products. These types of contaminants are a
potential health hazard because, if present, they may
be recognized as antigens by the patient receiving the
recombinant protein product. On repeated use
the patient may show an immune reaction caused by
the contaminant, while the protein of interest is per-
forming its beneficial function. In such cases the immu-
nogenicity may be misinterpreted as being due to the
recombinant protein itself. Therefore, one must be very
cautious in interpreting safety data of a given recombi-
nant therapeutic protein.

Generally, the sources of host- and process-
related protein contaminants are the growth medium
used and the host proteins of the cells. Among the
host-derived contaminants, the host species’ version
of the recombinant protein could be present (WHO
2010). As these proteins are similar in structure, it is
possible that undesired proteins are co-purified with
the desired product. For example, urokinase is known
to be present in many continuous cell lines. The syn-
thesis of highly active biological molecules such
as cytokines by hybridoma cells might be another

concern (FDA 1990). Depending upon their nature and
concentration, these cytokines might enhance the anti-
genicity of the product.

“Known” or expected contaminants should be
monitored at the successive stages in a purification
process by suitable in-process controls, e.g., sensitive
immunoassay(s). Tracing of the many “unknown” cell-
derived proteins is more difficult. When developing a
purification process, other less-specific analyses such
as SDS-PAGE are usually used in combination with
various staining techniques.

Product-related contaminants/variants may pose
a potential safety issue for patients. These contami-
nants can be aggregated forms of the product, a prod-
uct with heterogeneity in the disulfide bridges, N- and
C-terminal variants, glycosylation variants, deami-
dated product, etc. Some of these contaminants/vari-
ants are described in the following paragraphs.

N- and C-Terminal Heterogeneity

A major problem connected with the production of bio-
tech products is the problem associated with the amino
(NH2)-terminus of the protein, e.g., in E. coli systems,
where protein synthesis always starts with methylme-
thionine. Obviously, it has been of great interest to
develop methods that generate proteins with an NH2-
terminus as found in the authentic protein. When the
proteins are not produced in the correct way, the final
product may contain several methionyl variants of the
protein in question or even contain proteins lacking one
or more residues from the amino terminus. This is called
the amino-terminal heterogeneity. This heterogeneity
can also occur with recombinant proteins (e.g.,
a-interferon) susceptible to proteases that are either
secreted by the host or introduced by serum-containing
media. These proteases can clip off amino acids from the
C-terminal and/or N-terminal of the desired product
(amino- and/or carboxy-terminal heterogeneity).
Amino- and/or carboxy-terminal heterogeneity is not
desirable since it may cause difficulties in purification
and characterization of the proteins. In case of the pres-
ence of an additional methionine at the N-terminal end
of the protein, its secondary and tertiary structure can be
altered. This could affect the biological activity and sta-
bility and may make it immunogenic. Moreover,
N-terminal methionine and/or internal methionine is
sensitive to oxidation (Sharma 1990).

Conformational Changes/Chemical Modifications

Although mammalian cells are able to produce pro-
teins structurally equal to endogenous proteins, some
caution is advisable. Transcripts containing the full-
length coding sequence could result in conformational
isomers of the protein because of unexpected
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secondary structures that affect translational fidelity
(Sharma 1990). Another factor to be taken into account
is the possible existence of equilibria between the
desired form and other forms such as dimers. The cor-
rect folding of proteins after biosynthesis is important
because it determines the specific activity of the pro-
tein (Berthold and Walter 1994). Therefore, it is impor-
tantto determineif allmolecules of a given recombinant
protein secreted by a mammalian expression system
are folded in their native conformation. In some cases,
it may be relatively easy to detect misfolded struc-
tures, but in other cases, it may be extremely difficult.
Apart from conformational changes, proteins can
undergo chemical alterations, such as proteolysis,
deamidation, and hydroxyl and sulthydryl oxidations
during the purification process. These alterations can
result in (partial) denaturation of the protein. Vice
versa, denaturation of the protein may cause chemical
modifications as well (e.g., as a result of exposure of
sensitive groups).

Glycosylation

Many therapeutic proteins produced by recombinant
DNA technology are glycoproteins (Sharma 1990). The
presence and nature of oligosaccharide side chains in
proteins affect a number of important characteristics,
like the proteins” serum half-life, solubility, and stabil-
ity, and sometimes even the pharmacological function
(Cumming 1991). Darbepoetin, a second-generation,
genetically modified erythropoietin, has a carbohy-
drate content of 80 % compared to 40 % for the native
molecule, which increases the in vivo half-life after
intravenous administration from 8 h for erythropoie-
tin to 25 h for darbepoetin (Sinclair and Elliott 2005).
As a result, the therapeutic profile may be “glycosyl-
ation” dependent. As mentioned previously, protein
glycosylation is not determined by the DNA sequence.
It is an enzymatic modification of the protein after
translation and can depend on the environment in the
cell. Although mammalian cells are very well able to
glycosylate proteins, it is hard to fully control glyco-
sylation. Carbohydrate heterogeneity can occur
through the size of the chain, type of oligosaccharide,
and sequence of the carbohydrates. This has been
demonstrated for a number of recombinant products
including interleukin-4, chorionic gonadotropin,
erythropoietin, and tissue plasminogen activator.
Carbohydrate structure and composition in recombi-
nant proteins may differ from their native counter-
parts, because the enzymes required for synthesis and
processing vary among different expression systems
(e.g., glycoproteins in insect cells are frequently
smaller than the same glycoproteins expressed in
mammalian cells) or even from one mammalian sys-
tem to another.

Proteolytic Processing

Proteases play an important role in processing, matura-
tion, modification, or isolation of recombinant proteins.
Proteases from mammalian cells are involved in secreting
proteins into the cultivation medium. If secretion of the
recombinant protein occurs co-translationally, then the
intracellular proteolytic system of the mammalian cell
should not be harmful to the recombinant protein.
Proteases are released if cells die or break (e.g., during cell
break at cell harvest) and undergo lysis. It is therefore
important to control growth and harvest conditions in
order to minimize this effect. Another source of proteo-
lytic attack is found in the components of the medium in
which the cells are grown. For example, serum contains a
number of proteases and protease zymogens that may
affect the secreted recombinant protein. If present in small
amounts and if the nature of the proteolytic attack on the
desired protein is identified, appropriate protease inhibi-
tors to control proteolysis could be used. It is best to docu-
ment the integrity of the recombinant protein after each
purification step.

Proteins become much more susceptible to prote-
ases at elevated temperatures. Purification strategies
should be designed to carry out all the steps at 2-8 °C
(Sharma 1990) if proteolytic degradation occurs.
Alternatively, Ca2+ complexing agents (e.g., citrate)
can be added as many proteases depend on Ca2+ for
their activity. From a manufacturing perspective, how-
ever, providing cooling to large-scale chromatographic
processes, although not impossible, is a complicating
factor in the manufacturing process.

BACTERIA: PROTEIN INCLUSION BODY FORMATION

In bacteria soluble proteins can form dense, finely
granular inclusions within the cytoplasm. These “inclu-
sion bodies” often occur in bacterial cells that overpro-
duce proteins by plasmid expression. The protein
inclusions appear in electron micrographs as large,
dense bodies often spanning the entire diameter of the
cell. Protein inclusions are probably formed by a
buildup of amorphous protein aggregates held together
by covalent and non-covalent bonds. The inability to
measure inclusion body proteins directly may lead to
the inaccurate assessment of recovery and yield and
may cause problems if protein solubility is essential for
efficient, large-scale purification (Berthold and Walter
1994). Several schemes for recovery of proteins from
inclusion bodies have been described. The recovery of
proteins from inclusion bodies requires cell breakage
and inclusion body recovery. Dissolution of inclusion
proteins is the next step in the purification scheme and
typically takes place in extremely dilute solutions
which tend to have the effect of increasing the volumes
of the unit operations during the manufacturing
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phases. This can make process control more difficult if,
for example, low temperatures are required during
these steps. Generally, inclusion proteins dissolve in
denaturing agents such as sodium dodecyl sulfate
(SDS), urea, or guanidine hydrochloride. Because bac-
terial systems generally are incapable of forming disul-
fide bonds, a protein containing these bonds has to be
refolded under oxidizing conditions to restore these
bonds and to generate the biologically active protein.
This so-called renaturation step is increasingly difficult
if more S-S bridges are present in the molecule and the
yield of renatured product could be as low as only a
few percent. Once the protein is solubilized, conven-
tional chromatographic separations can be used for
further purification of the protein.

Aggregate formation at first sight may seem
undesirable, but there may also be advantages as long
as the protein of interest will unfold and refold prop-
erly. Inclusion body proteins can easily be recovered to
yield proteins with >50 % purity, a substantial improve-
ment over the purity of soluble proteins (sometimes
below 1 % of the total cell protein). Furthermore, the
aggregated forms of the proteins are more resistant to
proteolysis, because most molecules of an aggregated
form are not accessible to proteolytic enzymes. Thus
the high yield and relatively cheap production using a
bacterial system can offset a low-yield renaturation
process. For a non-glycosylated, simple molecule, this
still is the production system of choice.

COMMERCIAL-SCALE MANUFACTURING
AND INNOVATION

A major part of the recombinant proteins on the market
consist of monoclonal antibodies produced in mamma-
lian cells. Pharmaceutical production processes have
been set up since the early 1980s of the twentieth cen-
tury. These processes essentially consist of production
in stirred tanks bioreactors, clarification using centrifu-
gation, and membrane technology, followed by protein
A capture, low-pH virus inactivation, cation-exchange
and anion-exchange chromatography, virus filtration,
and UF/DF for product formulation (Shukla and
Thommes 2010). Such platform processes run consis-
tently at very large scale (e.g., multiple 10,000 L biore-
actors and higher). Product recovery is generally very
high (>70 %). Since product titers in the bioreactors
have increased to a level where further increases have
no or a minimal effect on the cost of goods, and the cost
of goods are a fraction of the sales price, the focus of
these large-scale processes is changing from process
development to process understanding (Kelley 2009).
However, it is also anticipated that the monoclonal
antibody demands may decrease due to more effica-
cious products like antibody-drug conjugates and the

competition with generic products. A lower demand
together with the increase in recombinant protein
yields will lead to a decrease in bioreactor size, an
increase in the need for flexible facilities, and faster
turnaround times leading to a growth in the use of dis-
posables and other innovative technologies (Shukla
and Thommes 2010).

SELF-ASSESSMENT QUESTIONS

m Questions

1. Name four types of different bioreactors.

2. Chromatography is an essential step in the purifica-
tion of biotech products. Name at least five different
chromatographic purification methods.

3. What are the major safety concerns in the purifica-
tion of cell-expressed proteins?

4. What are the critical issues in production and purifi-
cation that must be addressed in process validation?

5. Mention at least five issues to consider in the culti-
vation and purification of proteins.

6. True or false: Glycosylation is an important post-
translational change of pharmaceutical proteins.
Glycosylation is only possible in mammalian cells.

7. Glycosylation may affect several properties of the
protein. Mention at least three possible changes in
case of glycosylation.

8. Pharmacologically active biotech protein products
have complex three-dimensional structures.
Mention two or more important factors that affect
these structures.

m Answers

1. Stirred-tank, airlift, microcarrier, and membrane
bioreactors

2. Adsorption chromatography, ion-exchange chroma-
tography, affinity chromatography, hydrophobic
interaction chromatography, gel-permeation or size-
exclusion chromatography

3. Removal of viruses, bacteria, protein contaminants,
and cellular DNA

4. Production: scaling up and design. Purification: pro-
cedures should be reliable in potency and quality of
the product and in the removal of viral, bacterial,
DNA, and protein contaminants

5. Grade of purity, pyrogenicity, N- and C-terminal het-
erogeneity, chemical modification/conformational
changes, glycosylation, and proteolytic processing

6. False; glycosylation is also possible in yeast (and to
some degree in bacteria)

7. Solubility, pKa, charge, stability, and biological
activity

8. Amino acid structure, hydrogen and sulfide bridg-
ing, posttranslational changes, and chemical modifi-
cation of the amino acid rest groups
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Formulation of Biotech Products,
Including Biopharmaceutical Considerations

Daan J.A. Crommelin

INTRODUCTION

This chapter deals with formulation aspects of phar-
maceutical proteins. Both technological questions and
biopharmaceutical issues such as the choice of the
delivery systems, the route of administration, and pos-
sibilities for target site-specific delivery of proteins are
considered.

MICROBIOLOGICAL CONSIDERATIONS
m Sterility

Most proteins are administered parenterally and have
to be sterile. In general, proteins are sensitive to heat
and other regularly used sterilization treatments; they
cannot withstand autoclaving, gas sterilization, or ster-
ilization by ionizing radiation. Consequently, steriliza-
tion of the end product is not possible. Therefore,
protein pharmaceuticals have to be assembled under
aseptic conditions, following the established and evolv-
ing rules in the pharmaceutical industry for aseptic
manufacture. The reader is referred to standard text-
books for details (Halls 1994; Groves 1988; Klegerman
and Groves 1992; Roy 2011).

Equipment and excipients are treated separately
and autoclaved or sterilized by dry heat (>160 °C),
chemical treatment, or gamma radiation to minimize
the bioburden. Filtration techniques are used for
removal of microbacterial contaminants. Prefilters
remove the bulk of the bioburden and other particulate
materials. The final “sterilizing” step before filling the
vials is filtration through 0.2 or 0.22 pm membrane fil-
ters. Assembly of the product is done in class 100 (maxi-
mum 100 particles > 0.5 pm per cubic foot) rooms with
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laminar airflow that is filtered through HEPA (high-
efficiency particulate air) filters. Last but not least, the
“human factor” is a major source of contamination.
Well-trained operators wearing protective cloths (face
masks, hats, gowns, gloves, or head-to-toe overall gar-
ments) should operate the facility. Regular exchange of
filters, regular validation of HEPA equipment, and thor-
ough cleaning of the room plus equipment are critical
factors for success.

m Viral Decontamination

As recombinant DNA products are grown in microor-
ganisms, these organisms should be tested for viral
contaminants, and appropriate measures should be
taken if viral contamination occurs. In the rest of the
manufacturing process, no (unwanted) viral material
should be introduced. Excipients with a certain risk
factor such as blood-derived human serum albumin
should be carefully tested before use, and their pres-
ence in the formulation process should be minimized
(see Chap. 3).

m Pyrogen Removal

Pyrogens are compounds that induce fever. Exogenous
pyrogens (pyrogens introduced into the body, not gen-
erated by the body itself) can be derived from bacterial,
viral, or fungal sources. Bacterial pyrogens are mainly
endotoxins shed from gram-negative bacteria. They are
lipopolysaccharides. Figure 4.1 shows the basic struc-
ture. This conserved structure in the full array of thou-
sands of different endotoxins is the lipid-A moiety.
Another general property shared by endotoxins is their
high, negative electrical charge. Their tendency to
aggregate and to form large units with My of over 10°in
water and their tendency to adsorb to surfaces indicate
that these compounds are amphipathic in nature. They
are stable under standard autoclaving conditions but
break down when heated in the dry state. For this rea-
son equipment and container are treated at tempera-
tures above 160 °C for prolonged periods (e.g., 30 min
dry heat at 250 °C).

D.J.A. Crommelin, R.D. Sindelar, and B. Meibohm (eds.), Pharmaceutical Biotechnology,
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Figure 4.1

Generalized structure of endotoxins. Most properties of endotoxins are accounted for by the active, insoluble “lipid A”

fraction being solubilized by the various sugar moieties (circles with different colors). Although the general structure is similar, individual
endotoxins vary according to their source and are characterized by the O-specific antigenic chain (Adapted from Groves (1988)).

Pyrogen removal of recombinant products derived
from bacterial sources should be an integral part of the
preparation process. Ion exchange chromatographic pro-
cedures (utilizing its negative charge) can effectively
reduce endotoxin levels in solution (see also Chap. 3).

Excipients used in the protein formulation should
be essentially endotoxin-free. For solutions “water for
injection” (compendial standards) is (freshly) distilled
or produced by reverse osmosis. The aggregated endo-
toxins cannot pass through the reverse osmosis mem-
brane. Removal of endotoxins immediately before filling
the final container can be accomplished by using acti-
vated charcoal or other materials with large surfaces
offering hydrophobic interactions. Endotoxins can also
be inactivated on utensil surfaces by oxidation (e.g., per-
oxide) or dry heating (e.g., 30 min dry heat at 250 °C).

EXCIPIENTS USED IN PARENTERAL FORMULATIONS
OF BIOTECH PRODUCTS

In a protein formulation one finds, apart from the active
substance, a number of excipients selected to serve dif-
ferent purposes. This process of formulation design
should be carried out with great care to ensure thera-
peutically effective and safe products. The nature of the
protein (e.g., lability) and its therapeutic use (e.g., mul-
tiple injection systems) can make these formulations
quite complex in terms of excipient profile and technol-
ogy (freeze-drying, aseptic preparation). Table 4.1 lists
components that can be found in the presently mar-
keted formulations. In the following sections this list is
discussed in more detail. A classical review on peptide
and protein excipients was published by Wang and
Watson (1988).

m Solubility Enhancers

Proteins, in particular those that are non-glycosylated,
may have a tendency to aggregate and precipitate.
Approaches that can be used to enhance solubility

Active ingredient

Solubility enhancers

Anti-adsorption and anti-aggregation agents
Buffer components

Preservatives and antioxidants
Lyoprotectants/cake formers

Osmotic agents

Carrier system (seen later on in this section)

Not necessarily all of the above are present in one particular protein
formulation

Table 4.1 Components found in parenteral formulations of
biotech products.

include selection of the proper pH and ionic strength
conditions. Addition of amino acids such as lysine or
arginine (used to solubilize tissue plasminogen activa-
tor, t-PA) or surfactants such as sodium dodecyl sulfate
to solubilize non-glycosylated IL-2 can also help to
increase the solubility. The mechanism of action of these
solubility enhancers depends on the type of enhancer
and the protein involved and is not always fully
understood.

Figure 4.2 shows the effect of arginine concentra-
tion on the solubility of t-PA (alteplase) at pH 7.2 and
25 °C. This figure clearly indicates the dramatic effect of
this basic amino acid on the apparent solubility of t-PA.

In the above examples, aggregation is physical in
nature, i.e., based on hydrophobic and/or electrostatic
interactions between molecules. However, aggregation
based on the formation of covalent bridges between
molecules through disulfide bonds and ester or amide
linkages has been described as well (see also Table 2.4).
In those cases, proper conditions should be found to
avoid these chemical reactions.

m Anti-adsorption and Anti-aggregation Agents
Anti-adsorption agents are added to reduce adsorption
of the active protein to interfaces. Some proteins tend to
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Ward (1993)).
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Figure 4.3 Reversible self-association of insulin, its adsorp-
tion to the hydrophobic interface, and irreversible aggregation in
the adsorbed protein film: represents a monomeric insulin
molecule (Adapted from Thurow and Geisen (1984)).

expose hydrophobic sites, normally present in the core
of the native protein structure when an interface is pres-
ent. These interfaces can be water—air, water—container
wall, or interfaces formed between the aqueous phase
and utensils used to administer the drug (e.g., catheter,
needle). These adsorbed, partially unfolded protein
molecules form aggregates, leave the surface, return to
the aqueous phase, form larger aggregates, and precipi-
tate. As an example, the proposed mechanism for
aggregation of insulin in aqueous media through con-
tact with a hydrophobic surface (or water—air interface)
is presented in Fig. 4.3 (Thurow and Geisen 1984).
Native insulin in solution is in an equilibrium
state between monomeric, dimeric, tetrameric, and hex-
americ forms (see Chap. 12). The relative abundance of
the different aggregation states depends on the pH,
insulin concentration, ionic strength, and specific excip-
ients (e.g., Zn** and phenol). It has been suggested that
the dimeric form of insulin adsorbs to hydrophobic
interfaces and subsequently forms larger aggregates at

the interface. This explains why anti-adhesion agents
can also act as anti-aggregation agents. Albumin has a
strong tendency to adsorb to surfaces and is therefore
added in relatively high concentrations (e.g., 1 %) to
protein formulations as an anti-adhesion agent.
Albumin competes with the therapeutic protein for
binding sites and supposedly prevents adhesion of the
therapeutically active agent by a combination of its
binding tendency and abundant presence.

Insulin is one of the many proteins that can form
fibrillar precipitates (long rod-shaped structures with
diameters in the 0.1 pm range). Low concentrations of
phospholipids and surfactants have been shown to
exert a fibrillation-inhibitory effect. The selection of the
proper pH can also help to prevent this unwanted phe-
nomenon (Brange and Langkjaer 1993).

Apart from albumin, surfactants can also prevent
adhesion to interfaces and precipitation. These mole-
cules readily adsorb to hydrophobic interfaces with
their own hydrophobic groups and render this interface
hydrophilic by exposing their hydrophilic groups to the
aqueous phase.

m Buffer Components

Buffer selection is an important part of the formula-
tion process, because of the pH dependence of protein
solubility and physical and chemical stability. Buffer
systems regularly encountered in biotech formula-
tions are phosphate, citrate, and acetate. A good exam-
ple of the importance of the isoelectric point (its
negative logarithm = pl) is the solubility profile of
human growth hormone (hGH, pl around 5) as pre-
sented in Fig. 4.4.

Even short, temporary pH changes can cause
aggregation. These conditions can occur, for example,
during the freezing step in a freeze-drying process,
when one of the buffer components is crystallizing and
the other is not. In a phosphate buffer, Na,HPOj crystal-
lizes faster than NaH,PO,. This causes a pronounced
drop in pH during the freezing step. Other buffer com-
ponents do not crystallize but form amorphous sys-
tems, and then pH changes are minimized.

m Preservatives and Antioxidants

Methionine, cysteine, tryptophan, tyrosine, and histi-
dine are amino acids that are readily oxidized (see Table
2.4). Proteins rich in these amino acids are liable to oxi-
dative degradation. Replacement of oxygen by inert
gases in the vials helps to reduce oxidative stress.
Moreover, the addition of antioxidants such as ascorbic
acid or acetylcysteine can be considered. Interestingly,
destabilizing effects on proteins have been described
for antioxidants as well (Vemuri et al. 1993). Ascorbic
acid, for example, can act as an oxidant in the presence
of a number of heavy metals.
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Figure 4.4 A plot of the solubility of various forms of hGH as

a function of pH. Samples of hGH were either recombinant hGH
(circles), Met-hGH (triangles), or pituitary hGH (squares).
Solubility was determined by dialyzing an approximately 11 mg/
ml solution of each protein into an appropriate buffer for each pH.
Buffers were citrate, pH 3-7, and borate, pH 8-9, all at 10 mM
buffer concentrations. Concentrations of hGH were measured by
UV absorbance as well as by RP-HPLC, relative to an external
standard. The closed symbols indicate that precipitate was pres-
ent in the dialysis tube after equilibration, whereas open symbols
mean that no solid material was present, and thus the solubility is
at least this amount (From Pearlman and Bewley (1993)).

Certain proteins are formulated in containers
designed for multiple injection schemes. After adminis-
tering the first dose, contamination with microorgan-
isms may occur, and preservatives are needed to
minimize growth. Usually, these preservatives are pres-
ent in concentrations that are bacteriostatic rather than
bactericidal in nature. Antimicrobial agents mentioned
in the USP 29 are the mercury-containing phenylmercu-
ric nitrate and thimerosal and p-hydroxybenzoic acids,
phenol, benzyl alcohol, and chlorobutanol (USP 29
2006; Groves 1988; Pearlman and Bewley 1993). The use
of mercury-containing preservatives is under discus-
sion (FDA 2010).

m Osmotic Agents

For proteins the regular rules apply for adjusting the
tonicity of parenteral products. Saline and mono- or
disaccharide solutions are commonly used. These
excipients may not be inert; they may influence protein
structural stability. For example, sugars and polyhydric
alcohols can stabilize the protein structure through the
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Figure 4.5 pH stability profile (at 25 °C) of monomeric
recombinant oy-antitrypsin (rAAT) by size exclusion-HPLC assay,
k degradation rate constant. Monomeric rAAT decreased rapidly
in concentration both under acidic and basic conditions. Optimal
stability occurred at pH 7.5 (Adjusted from Vemuri et al. (1993)).

principle of “preferential exclusion” (Arakawa et al.
1991). These additives (water structure promoters)
enhance the interaction of the solvent with the protein
and are themselves excluded from the protein surface
layer; the protein is preferentially hydrated. This phe-
nomenon can be monitored through an increased ther-
mal stability of the protein. Unfortunately, a strong
“preferential exclusion” effect enhances the tendency of
proteins to self-associate.

SHELF LIFE OF PROTEIN-BASED PHARMACEUTICALS

Proteins can be stored (1) as an aqueous solution, (2) in
freeze-dried form, and (3) in dried form in a compacted
state (tablet). Some mechanisms behind chemical and
physical degradation processes have been briefly dis-
cussed in Chap. 2.

Stability of protein solutions strongly depends on
factors such as pH, ionic strength, temperature, and the
presence of stabilizers. For example, Fig. 4.5 shows the
pH dependence of oj-antitrypsin and clearly demon-
strates the critical importance of pH for the shelf life of
proteins.

m Freeze-Drying of Proteins

Proteins in solution often do not meet the preferred sta-
bility = requirements for industrially produced
pharmaceutical products (>2 years), even when kept
permanently under refrigerator conditions (cold chain).
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T of freeze-drying protocol for
) ) ) . systems with crystallizing water.

Freezing | Primary drying T Secondary drying Ttemperature, P pressure.

Freezing Bulking agents: mannitol/ Reason: elegance/blowout

The temperature of the product is reduced from ambient
temperature to a temperature below the eutectic
temperature (T;) or below the glass transition temperature
(Ty) of the system. A Ty is encountered if amorphous phases
are present

Primary drying

Crystallized and water not bound to protein/excipient is
removed by sublimation. The temperature is below the T, or
Tg; the temperature is, for example, —40 °C and reduced
pressures are used

Secondary drying

Removal of water interacting with the protein and excipients.
The temperature in the chamber is kept below T and rises
gradually, e.g., from —40 to 20 °C

Table 4.2 Three stages in the freeze-drying process of
protein formulations.

The abundant presence of water promotes chemical
and physical degradation processes.

Freeze-drying may provide the requested stability
(Constantino and Pikal 2004). During freeze-drying
water is removed through sublimation and not by
evaporation. Three stages can be discerned in the freeze-
drying process: (1) a freezing step, (2) the primary dry-
ing step, and (3) the secondary drying step (Fig. 4.6).
Table 4.2 explains what happens during these stages.

Freeze-drying of a protein solution without the
proper excipients causes, as a rule, irreversible damage
to the protein. Table 4.3 lists excipients typically encoun-
tered in successfully freeze-dried protein products.

m Freezing

In the freezing step (see Fig. 4.6) the temperature of the
aqueous system in the vials is lowered. Ice crystal forma-
tion does not start right at the thermodynamic or equilib-
rium freezing point, but supercooling occurs. That means
that crystallization often only occurs when temperatures
of —15°C or lower have been reached. During the crystal-

glycine prevention?

Collapse temperature
modifier: dextran, albumin/
gelatine

Reason: increase collapse
temperature

Lyoprotectant: sugars,
albumin

Reason: protection of the
physical structure of the
protein®

aBlowout is the loss of material taken away by the water vapor that leaves
the vial. It occurs when little solid material is present in the vial

PMechanism of action of lyoprotectants is not fully understood. Factors
that might play a role are: (1) Lyoprotectants replace water as stabilizing
agent (water replacement theory). (2) Lyoprotectants increase the Tg of
the cake/frozen system. (3) Lyoprotectants will absorb moisture from the
stoppers. Lyoprotectants slow down the secondary drying process and
minimize the chances for overdrying of the protein. Overdrying might
occur when residual water levels after secondary drying become too low.
The chance for overdrying “in real life” is small

Table 4.3
formulation.

Typical excipients in a freeze-dried protein

lization step the temperature may temporarily rise in the
vial, because of the generation of crystallization heat.
During the cooling stage, concentration of the protein
and excipients occurs because of the growing ice crystal
mass at the expense of the aqueous water phase. This can
cause precipitation of one or more of the excipients,
which may consequently result in pH shifts (see above
and Fig. 4.7) or ionic strength changes. It may also induce
protein denaturation. Cooling of the vials is done through
lowering the temperature of the shelf. Selecting the
proper cooling scheme for the shelf — and consequently
vial — is important as it dictates the degree of supercool-
ing and ice crystal size. Small crystals are formed during
fast cooling; large crystals form at lower cooling rates.
Small ice crystals are required for porous solids and fast
sublimation rates (Pikal 1990).

If the system does not (fully) crystallize but forms
an amorphous mass upon cooling, the temperature in
the “freezing stage” should drop below Tg, the glass
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Figure 4.7 W Thawing/cooling; m thawing, & cooling. The effect
of freezing on the pH of a citric acid—disodium phosphate buffer
system (Cited in Pikal 1990).

transition temperature. In amorphous systems the
viscosity changes dramatically in the temperature range
around the Tg: A “rubbery” state exists above and a
glass state below the Tg.

At the start of the primary drying stage, no “free
and fluid” water should be present in the vials. Minus
forty degrees Celsius is a typical freezing temperature
before sublimation is initiated through pressure
reduction.

m Primary Drying

In the primary drying stage (see Fig. 4.6.), sublimation of
the water mass in the vial is initiated by lowering the pres-
sure. The water vapor is collected on a condenser, with a
(substantially) lower temperature than the shelf with the
vials. Sublimation costs energy (about 2,500 kJ/g ice).
Temperature drops are avoided by the supply of heat from
the shelf to the vial, so the shelf is heated during this stage.

Heat is transferred to the vial through (1) direct
shelf-vial contact (conductance), (2) radiation, and (3)
gas conduction (Fig. 4.8). Gas conduction depends on
the pressure: If one selects relatively high gas pressures,
heat transport is promoted because of a high conductiv-
ity. But it reduces mass transfer, because of a low driving
force: the pressure between equilibrium vapor pressures
at the interface between the frozen mass/dried cake and
the chamber pressure (Pikal 1990).

During the primary drying stage, one transfers
heat from the shelf through the vial bottom and the
frozen mass to the interface frozen mass/dry powder,
to keep the sublimation process going. During this dry-
ing stage the vial content should never reach or exceed

Tc Rubber
-

stopper
Glass
vial

Tp

Ts Product

2 3

1

\ | l

Shelf

Figure 4.8 W Heat transfer mechanisms during the freeze-
drying process: ( 1) Direct conduction via shelf and glass at points
of actual contact. (2) Gas conduction: contribution heat transfer
via conduction through gas between shelf and vial bottom. (3)
Radiation heat transfer. Ts shelf temperature, Tp temperature
sublimating product, Tc temperature condensor. Ts>Tp>Tc.

the eutectic temperature or glass transition temperature
range. Typically a safety margin of 2-5°C is used; other-
wise, the cake will collapse. Collapse causes a strong
reduction in sublimation rate and poor cake formation.
Heat transfer resistance decreases during the drying
process as the transport distance is reduced by
the retreating interface. With the mass transfer resis-
tance (transport of water vapor), however, the opposite
occurs. Mass transfer resistance increases during the
drying process as the dry cake becomes thicker.

This situation makes it clear that parameters such
as chamber pressure and shelf heating are not necessar-
ily constant during the primary drying process. They
should be carefully chosen and adjusted as the drying
process proceeds.

The eutectic temperature and glass transition
temperature are parameters of great importance to
develop a rationally designed freeze-drying protocol.
Information about these parameters can be obtained by
microscopic observation of the freeze-drying process,
differential scanning calorimetry (DSC), or electrical
resistance measurements.
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Figure 4.9 Differential scanning calorimetry heating trace

for a frozen solution of sucrose and sodium chloride, showing the
glass transition temperature of the freeze concentrate at 227 K.
For pure freeze-concentrated sucrose, T;=241 K (1 cal=4.2 J)
(From Franks et al. (1991)).

An example of a DSC scan providing information
on the Tg is presented in Fig. 4.9 (Franks et al. 1991). The
Tg heavily depends on the composition of the system:
excipients and water content. Lowering the water con-
tent of an amorphous system causes the Tg to shift to
higher temperatures.

m Secondary Drying

When all frozen or amorphous water that is nonprotein
and non-excipient bound is removed, the secondary dry-
ing step starts (Fig. 4.6). The end of the primary drying
stage is reached when product temperature and shelf
temperature become equal or when the partial water
pressure drops (Pikal 1990). As long as the “non-bound”
water is being removed, the partial water pressure almost
equals the total pressure. In the secondary drying stage,
the temperature is slowly increased to remove “bound”
water; the chamber pressure is still reduced. The tem-
perature should stay all the time below the collapse/
eutectic temperature, which continues to rise when
residual water contents drop. Typically, the secondary
drying step ends when the product has been kept at 20°C
for some time. The residual water content is a critical,
end point-indicating parameter. Values as low as 1 %
residual water in the cake have been recommended.
Figure 4.10 (Pristoupil 1985; Pikal 1990) exemplifies the
decreasing stability of freeze-dried hemoglobin with
increasing residual water content.

When stored in the presence of reducing lyopro-
tectants such as glucose and lactose, the Maillard reac-
tion may occur: Amino groups of the proteins react with
the lyoprotectant in the dry state, and the cake color
turns yellow brown. The use of nonreducing sugars
such as sucrose or trehalose may avoid this problem.
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Figure 4.10 The effect of residual moisture on the stability of
freeze-dried hemoglobin (-6 %) formulated with 0.2 M sucrose;
decomposition to methemoglobin during storage at 23 °C for
4 years (From Pikal (1990). Data reported by Pritoupil et al. (1985)).

m Other Approaches to Stabilize Proteins

Compacted forms of proteins are being used for certain
veterinary applications, such as sustained-release for-
mulations of growth hormones. The pellets should con-
tain as few additives as possible. They can be applied
subdermally or intramuscularly when the compact pel-
lets are introduced by compressed air-powered rifles
into the animals (Klegerman and Groves 1992).

DELIVERY OF PROTEINS: ROUTES
OF ADMINISTRATION AND ABSORPTION
ENHANCEMENT

m The Parenteral Route of Administration

Parenteral administration is here defined as admin-
istration via those routes where a needle is used,
including intravenous (IV), intramuscular (IM), sub-
cutaneous (SC), and intraperitoneal (IP) injections.
More information on the pharmacokinetic behavior of
recombinant proteins is provided in Chap. 5. It suffices
here to state that the blood half-life of biotech products
can vary over a wide range. For example, the circula-
tion half-life of tissue plasminogen activator (t-PA) is a
few minutes, while monoclonal antibodies reportedly
have half-lives of a few days. Obviously, one reason to
develop modified proteins through site-directed muta-
genesis is to enhance circulation half-life. A simple way
to expand the mean residence time for short half-life
proteins is to switch from IV to IM or SC administration.
One should realize that by doing that, changes in dis-
position may occur, with a significant impact on the
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therapeutic performance of the drug. These changes are
related to (1) the prolonged residence time at the IM or
SC site of injection compared to IV administration and
the enhanced exposure to degradation reactions (pepti-
dases) and (2) differences in disposition.

Regarding point 1: Prolonged residence time at
the IM or SC site of injection and the enhanced expo-
sure to degradation reactions. For instance, diabetics
can become “insulin resistant” through high tissue pep-
tidase activity (Maberly et al. 1982). Other factors that
can contribute to absorption variation are related to dif-
ferences in exercise level of the muscle at the injection
site and also massage and heat at the injection site. The
state of the tissue, for instance, the occurrence of patho-
logical conditions, may be important as well.

Regarding point 2: Differences in disposition.
Upon administration, the protein may be transported to
the blood through the lymphatics or may enter the
blood circulation through the capillary wall at the site
of injection (Figs. 4.11 and 4.12). The fraction of the
administered dose taking this lymphatic route is molec-
ular weight dependent (Supersaxo et al. 1990).
Lymphatic transport takes time (hours), and uptake in
the blood circulation is highly dependent on the injec-
tion site. On its way to the blood, the lymph passes
through draining lymph nodes, and contact is possible
between lymph contents and cells of the immune sys-
tem such as macrophages and B and T lymphocytes
residing in the lymph nodes.

m The Oral Route of Administration

Oral delivery of protein drugs would be preferable,
because it is patient friendly and no intervention by a
healthcare professional is necessary to administer the
drug. Oral bioavailability, however, is usually very low.
The two main reasons for this failure of uptake are (1)
protein degradation in the gastrointestinal (GI) tract
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Figure 4.12 Correlation between the molecular weight and
the cumulative recovery of rIFN alpha-2a (M, 19 kDa), cyto-
chrome ¢ (My 12.3 kDa), insulin (My 5.2 kDa), and FUDR (M
256.2 Da) in the efferent lymph from the right popliteal lymph
node following SC administration into the lower part of the right
hind leg of sheep. Each point and bar shows the mean and stan-
dard deviation of three experiments performed in separate sheep.
The line drawn is the best fit by linear regression analysis calcu-
lated with the four mean values. The points have a correlation
coefficient r of 0.998 (p<0.01) (From Supersaxo et al. (1990)).

and (2) poor permeability of the wall of the GI tract in
case of a passive transport process.

Regarding point 1: Protein degradation in the GI
tract. The human body has developed a very efficient
system to break down proteins in our food to amino
acids or di- or tripeptides. These building stones for
body proteins are actively absorbed for use wherever
necessary in the body. In the stomach, pepsins, a family
of aspartic proteases, are secreted. They are particularly
active between pH 3 and 5 and lose activity at higher pH
values. Pepsins are endopeptidases capable of cleaving
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Figure 4.13 W Schematic diagram of the structure of intestinal Peyer’s patches. M cells within the follicle-associated epithelium are

enlarged for emphasis (From O’Hagan (1990)).

peptide bonds distant from the ends of the peptide
chain. They preferentially cleave peptide bonds between
two hydrophobic amino acids. Other endopeptidases
are active in the gastrointestinal tract at neutral pH val-
ues, e.g., trypsin, chymotrypsin, and elastase. They have
different peptide bond cleavage characteristics that
more or less complement each other. Exopeptidases,
proteases degrading peptide chains from their ends, are
present as well. Examples are carboxypeptidase A and
B. In the GI lumen the proteins are cut into fragments
that effectively further break down to amino acids, di-
and tripeptides by brush border, and cytoplasmic prote-
ases of the enterocytes.

Regarding point 2: Permeability. High molecular
weight molecules do not readily penetrate the intact and
mature epithelial barrier if diffusion is the sole driving
force for mass transfer. Their diffusion coefficient
decreases with increasing molecule size. Proteins are no
exception to this rule. Active transport of intact thera-
peutic recombinant proteins over the Gl-epithelium has
not been described yet.

The above analysis leads to the conclusion that
nature, unfortunately, does not allow us to use the oral
route of administration for therapeutic proteins if high
(or at least constant) bioavailability is required.

However, for the category of oral vaccines,
the above-mentioned hurdles of degradation and
permeation are not necessarily prohibitive. For oral
immunization, only a (small) fraction of the antigen

(protein) has to reach its target site to elicit an immune
response. The target cells are lymphocytes and antigen-
presenting accessory cells located in Peyer’s patches
(Fig. 4.13). The B-lymphocyte population includes cells
that produce secretory IgA antibodies.

These Peyer’s patches are macroscopically identi-
fiable follicular structures located in the wall of the gas-
trointestinal tract. Peyer’s patches are overlaid with
microfold (M) cells that separate the luminal contents
from the lymphocytes. These M cells have little lyso-
somal degradation capacity and allow for antigen sam-
pling by the underlying lymphocytes. Moreover,
mucus-producing goblet cell density is reduced over
Peyer’s patches. This reduces mucus production and
facilitates access to the M cell surface for luminal con-
tents (Delves et al. 2011). Attempts to improve antigen
delivery via the Peyer’s patches and to enhance the
immune response are made by using microspheres,
liposomes, or modified live vectors, such as attenuated
bacteria and viruses (Kersten and Hirschberg 2004, see
also Chap. 22).

m Alternative Routes of Administration

Parenteral administration has disadvantages (needles,
sterility, injection skills) compared to other possible
routes. Therefore, systemic delivery of recombinant
proteins by alternative routes of administration (apart
from the GI tract, discussed above) has been studied
extensively. The nose, lungs, rectum, oral cavity, and
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Route
+=relative advantage, —=relative disadvantage

Nasal

+ easily accessible, fast uptake, proven track record with a number of “conventional” drugs, probably lower proteolytic activity
than in the Gl tract, avoidance of first pass effect, spatial containment of absorption enhancers is possible
— reproducibility (in particular under pathological conditions), safety (e.g., ciliary movement), low bioavailability for proteins

Pulmonary

+ relatively easy to access, fast uptake, proven track record with “conventional” drugs, substantial fractions of insulin are
absorbed, lower proteolytic activity than in the Gl tract, avoidance of hepatic first pass effect, spatial containment of absorption

enhancers (?)

— reproducibility (in particular under pathological conditions, smokers/nonsmokers), safety (e.g., immunogenicity), presence of

macrophages in the lung with high affinity for particulates

Rectal

+ easily accessible, partial avoidance of hepatic first pass, probably lower proteolytic activity than in the upper parts of the Gi
tract, spatial containment of absorption enhancers is possible, proven track record with a number of “conventional” drugs

— low bioavailability for proteins

Buccal

+ easily accessible, avoidance of hepatic first pass, probably lower proteolytic activity than in the lower parts of the Gl tract,
spatial containment of absorption enhancers is possible, option to remove formulation if necessary

— low bioavailability of proteins, no proven track record yet (?)

Transdermal

+ easily accessible, avoidance of hepatic first pass effect, removal of formulation if necessary is possible, spatial containment of
absorption enhancers, proven track record with “conventional” drugs, sustained/controlled release possible

— low bioavailability of proteins

Table 4.4

skin have been selected as potential sites of application.
The potential pros and cons for the different relevant
routes are listed in Table 4.4. Moeller and Jorgensen
(2009) and Jorgenson and Nielsen (2009) describe “the
state of the art” in more detail.

The nasal, buccal, rectal, and transdermal routes
all have been shown to be of little clinical relevance if
systemic action is required and if simple protein formu-
lations without an absorption-enhancing technology
are used. In general, bioavailability is too low and var-
ies too much! The pulmonary route may be the excep-
tion to this rule. Table 4.5 (from Patton et al. 1994)
presents the bioavailability in rats of intratracheally
administered protein solutions with a wide range of
molecular weights. Absorption was strongly protein
dependent, with no clear relationship with its molecu-
lar weight.

In humans the drug should be inhaled instead of
intratracheally administered. The first pulmonary
insulin formulation was approved by FDA in January
2006 (Exubera®) but taken off the market in 2008
because of poor market penetration. Pulmonary inha-
lation of insulin is specifically indicated for mealtime
glucose control. Uptake of insulin is faster than after a
regular SC insulin injection (peak 5-60 min vs.
60-180 min). The reproducibility of the blood glucose
response to inhaled insulin was equivalent to

Alternative routes of administration to the oral route for biopharmaceuticals.

Mw Absolute
Molecule kDa #AA Bioavailability (%)
a-Interferon 20 165 >56
PTH-84 9 84 >20
PTH-34 4.2 34 40
Calcitonin 3.4 32 17
(human)
Calcitonin 3.4 32 17
(salmon)
Glucagons 3.4 29 <1
Somatostatin 3.1 28 <1

Adapted from Patton et al. (1994)

PTH recombinant human parathyroid hormone, #AA number of amino
acids

Table 4.5 Absolute bioavailability of a number of proteins
(intratracheal vs. intravenous) in rats.

SC-injected insulin. Inhalation technology plays a criti-
cal role when considering the prospects of the pulmo-
nary route for the systemic delivery of therapeutic
proteins. Dry powder inhalers and nebulizers are being
tested. The fraction of insulin that is ultimately
absorbed depends on (1) the fraction of the inhaled/
nebulized dose that is actually leaving the device, (2)
the fraction that is actually deposited in the lung, and
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Classified according to proposed mechanism of action

Increase the permeability of the absorption barrier:
Addition of fatty acids/phospholipids, bile salts, enamine
derivatives of phenylglycine, ester and ether type
(non)-ionic detergents, saponins, salicylate derivatives,
derivatives of fusidic acid or glycyrrhizinic acid, or
methylated -cyclodextrins
Through iontophoresis
By using liposomes

Decrease peptidase activity at the site of absorption and

along the “absorption route”: aprotinin, bacitracin, soybean

tyrosine inhibitor, boroleucin, borovaline

Enhance resistance against degradation by modification of
the molecular structure

Prolongation of exposure time (e.g., bio-adhesion
technologies)

Adapted from Zhou and Li Wan Po (1991a)

Table 4.6 Approaches to enhance bioavailability of proteins.

(3) the fraction that is being absorbed, i.e., total relative
uptake (TO %) = % uptake from device x % deposited
in the lungs x % actually absorbed from the lungs. TO
% for insulin is estimated to be about 10 % (Patton et al.
2004). The fraction of insulin that is absorbed from the
lung is around 20 %. These figures demonstrate that
insulin absorption via the lung may be a promising
route, but the fraction absorbed is small and with the
Exubera technology, the patient/medical community
preferred parenteral administration.

Therefore, different approaches have been eval-
uated to increase bioavailability of the pulmonary
and other non-parenteral routes of administration.
The goal is to develop a system that temporarily
decreases the absorption barrier resistance with mini-
mum and acceptable safety concerns. The mechanistic
background of these approaches is given in Table 4.6.
Until now, no products utilizing one of these
approaches have successfully passed clinical test pro-
grams. Safety concerns are an important hurdle.
Questions center on the specificity and reversibility of
the protein permeation enhancing effect and the
toxicity.

m Examples of Absorption-Enhancing Effects

The following section deals with absorption enhance-
ment and non-parenteral administration of recombi-
nant proteins. A number of typical examples are
provided.

Table 4.7 presents an example of the (apparently
complex) relationship between nasal bioavailability of
some peptide and protein drugs, their molecular
weight, and the presence of the absorption enhancer
glycocholate (Zhou and Li Wan Po 1991b).

Bioavailability (%)

With
Molecule #AA Without glycocholate
Glucagon 29 <1 70-90
Calcitonin 32 <1 15-20
Insulin 51 <1 10-30
Met-hGH?2 191 <1 7-8

Adapted from Zhou and Li Wan Po (1991b)
aSee also Chap. 14

Table 4.7 Effect of glycocholate (absorption enhancer) and
molecular weight of some proteins and peptides on nasal
bioavailability.

0
10
° 20
g 30
o
S
5 40
E
o 50
)
£ 70
[}
o
S 60 S P -
< — Soluble insulin 2.0 1U/kg i.n.
(3 80 Soluble insulin 0.25 1U/kg i.v.
— Degradable starch microspheres-insulin 0.75 1U/kg i.n.
90 — Degradable starch microspheres-insulin 1.70 IU/kg i.n.
— Empty degradable starch microspheres 0.5 mg/kg i.n.
100
0 30 60 120 180 240
Time, min
Figure 4.14 Change in blood glucose in rats after intranasal

(i.n.) administration of insulin. — Soluble insulin 2.0 IU/kg i.n.
Soluble insulin 0.25 1U/kg IV. — Degradable starch microspheres
— insulin 0.75 IU/kg i.n. —— Degradable starch microspheres —
insulin 1.70 1U/kg i.n. — Empty degradable starch microspheres
—insulin 0.5 mg/kg i.n (Discussed by Edman and Bjork (1992)).

Figure 4.14 (Bjork and Edman 1988) illustrates
another case where degradable starch microspheres
loaded with insulin were used and where changes in
glucose levels were monitored after nasal administra-
tion to rats.

In these examples, the effect of the presence of the
absorption enhancers is clear. Major issues to be
addressed are reproducibility, effect of pathological
conditions (e.g., rhinitis) on absorption, and safety
aspects of chronic use. Interestingly, absorption-
enhancing effects were shown to be species dependent.
Pronounced differences in effect were observed between
rats, rabbits, and humans.
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Figure 4.15 W Schematic illustration of the transdermal iontophoretic delivery of peptide and protein drugs across the skin

(Adapted from Chien (1991)).

With iontophoresis a transdermal electrical
current is induced by positioning two electrodes on
different places on the skin (Fig. 4.15). This current
induces a migration of (ionized) molecules through
the skin. Delivery depends on the current (on/off,
pulsed/direct, wave shape), pH, ionic strength,
molecular weight, charge on the protein, and tem-
perature. The protein should be charged over the full
thickness of the skin (pH of hydrated skin depends
on the depth and varies between pH 4 (surface) and
pH 7.3), which makes proteins with pl values out-
side this range prime candidates for iontophoretic
transport. It is not clear whether there are size restric-
tions (protein M) for iontophoretic transport.
However, only potent proteins will be successful
candidates. With the present technology the protein
flux through the skin is in the 10 pg/cm?/h range
(Sage et al. 1995).

Figure 4.16 presents the plasma profile of
growth hormone-releasing factor, GRF (44 amino
acids, My 5 kDa after SC, IV, and iontophoretic
transdermal delivery to hairless guinea pigs). A pro-
longed appearance of GRF in the plasma can be
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Figure 4.16 W Plasma concentration versus time profiles after
subcutaneous, intravenous, and iontophoretic transdermal
administration of GRF (1—44) to hairless guinea pigs. -©- ionto-
phoresis (1 mg/g; 0.17 mA/cm?; 5 cm? patch). -O- subcutaneous
(10 pg/kg; 0.025 mg/ml). -o- intravenous (10 pg/kg; 0.025 mg/ml)
(From Kumar et al. (1992)).

observed. Iontophoretic delivery offers interesting
opportunities if pulsed delivery of the protein is
required. The device can be worn permanently and
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only switched on for the desired periods of time,
simulating pulsatile secretion of endogenous hor-
mones such as growth hormone and insulin.
At present, no iontophoretic devices for protein
delivery have been approved.

And, last but not least, a number of intracuta-
neous delivery systems have been developed.
Figure 4.17 shows different options. In all approaches
shown, the administered volumes were small, micro-
liter level, and basically these approaches are
restricted to antigen/adjuvant delivery. The classical
liquid jet injectors deliver small amounts of vaccine
fluid in the skin with a high velocity. The modern
versions use prefilled disposable delivery units for
single use to avoid contamination. Ballistic injectors
shoot powder particles or gold particles covered
with antigen under high pressure into the skin.
Finally, microinjectors with microneedles in the (sub)
mm range are being used or microneedle arrays with
small individual needles in the 100 pm range. The
newer versions of these microneedle arrays are self-
dissolving. They are made of, e.g., sugar (deriva-
tives) which dissolve rapidly after application
(Mitragotri 2005; Kis et al. 2012). Examples are
shown in Fig. 4.18a, b.

Powder particle
injection

81

Gold particle
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Figure 4.17 W Delivery sys-
tems enabling the intradermal
application of vaccines: liquid
jet injection, microinjection,
microneedles (arrays), powder
particle injection, and gold par-
ticle injection (Adapted from Kis
etal. (2012)).

DELIVERY OF PROTEINS: APPROACHES FOR RATE-
CONTROLLED AND TARGET SITE-SPECIFIC DELIVERY
BY THE PARENTERAL ROUTE

Presently used therapeutic proteins widely differ in
their pharmacokinetic characteristics (see Chap. 5). If
they are endogenous agents such as insulin, tissue plas-
minogen activator, growth hormone, erythropoietin,
interleukins, or factor VIII, it is important to realize
why, when, and where they are secreted. There are three
different ways in which cells can communicate with
each other: the endocrine, paracrine, and autocrine
pathway (Table 4.8).

The dose-response relationship of these media-
tors is often not S shaped, but, for instance, bell shaped:
At high doses the therapeutic effect disappears (see
Chap. 5). Moreover, the presence of these mediators
may activate a complex cascade of events that needs to
be carefully controlled. Therefore, key issues for their
therapeutic success are (1) access to target cells, (2)
retention at the target site, and (3) proper timing of
delivery.

In particular, for paracrine- and autocrine-acting
proteins, site-specific delivery can be highly desirable,
because otherwise side effects will occur outside the
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Figure 4.18 W (a) Hollow 300 pm tall silicon microneedles,
(and 26-gauge syringe needle) fabricated using a combination
of wet and dry etch micromachining technologies. These
microneedles have wide-ranging applications in painless trans-
dermal delivery and physiological sensing (Courtesy: Joe
O'Brien & Conor O’Mahony, Tyndall National Institute) (b)
Example of dissolvable microneedle patches. Dissolvable
microneedles, composed of sugars and polymers, were fabri-
cated in PDMS molds of master silicon microneedle arrays. The
dimensions of microneedles on the array were 280 pm in height
at a density of 144 needles per 1 cm? These biodegradable dis-
solving microneedles were fabricated using a proprietary
method (UK Patent Application Number 1107642.9) (Courtesy:
Anne Moore, Anto Vrdoljak, School of Pharmacy, University
College Cork).

Endocrine hormones:

A hormone secreted by a distant cell to regulate cell
functions distributed widely through the body. The
bloodstream plays an important role in the transport
process

Paracrine-acting mediators:

The mediator is secreted by a cell to influence surrounding
cells, short-range influence

Autocrine-acting mediators:

The agent is secreted by a cell and affects the cell by which
it is generated, (very) short-range influence

Table 4.8 B Communication between cells: chemical messengers.

target area. Severe side effects were reported with cyto-
kines, such as tumor necrosis factor and interleukin-2
upon parenteral (IV or SC) administration (see Chap. 21).
The occurrence of these side effects limits the therapeu-
tic potential of these compounds. Therefore, the deliv-

ery of these proteins at the proper site, rate, and dose is
a crucial part in the process of the design and develop-
ment of these compounds as pharmaceutical entities.
The following sections discuss first concepts developed
to control the release kinetics and subsequently con-
cepts for site-directed drug delivery.

APPROACHES FOR RATE-CONTROLLED DELIVERY

Rate control can be achieved by several different tech-
nologies similar to those used for “conventional” drugs.
Insulin is an excellent example. A spectrum of options is
available and accepted. Different types of suspensions
and continuous/“smart” infusion systems are mar-
keted (see Chap. 12). Moreover, chemical approaches
can be used to change protein characteristics. For exam-
ple, insulin half-life can be prolonged by using the long
circulation time of serum albumin and its high binding
affinity for fatty acids such as myristic acid. In insulin
detemir (Levemir®) the C-terminal threonine of insulin
is replaced by a lysine to which myristic acid is coupled.
After subcutaneous injection the myristic acid—insulin
combination reaches the blood circulation and binds to
albumin. The half-life of insulin is prolonged from less
than 10 min to over 5 h. A similar approach is used with
glucagon-1-like peptide (GLP-1 (7-37)) for the treat-
ment of diabetes. Attaching myristic acid to GLP-1
(7-37) (liraglutide marketed as Victoza®) increases the
plasma half-life from 2 min to over 10 h.

Another approach that has been very successful in
prolonging plasma circulation times and dosing inter-
vals is the covalent attachment of polyoxyethylene gly-
col (PEG) to proteins. Figure 4.19 shows an example of
this approach. Commercially highly successful exam-
ples that were developed later are pegylated interferon
beta formulations (see Chap. 21).

In general, proteins are parenterally administered
as an aqueous solution. Only recombinant vaccines and
a number of insulin formulations are delivered as
(colloidal) dispersions. At present, portable and patient-
controlled pump systems are regularly used in practice.
As experience with biotech drugs grows, more
advanced technologies will definitely be introduced to
optimize the therapeutic benefit of the drug. Table 4.9
lists some of the technologically feasible options. They
are briefly touched upon below.

m Open-Loop Systems: Mechanical Pumps

Mechanically driven pumps are common tools to
administer drugs intravenously in hospitals (continu-
ous infusion, open-loop type). They are available in dif-
ferent kinds of sizes/prices, portable or not, inside/
outside the body, etc. Table 4.10 presents a checklist of
issues to be considered when selecting the proper
pump. The pump system may fail because of energy
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Figure 4.19 Influence of chemical grafting of polyethylene
glycol (PEG) on the ability of urokinase (UK) to affect the pro-
thrombin time (PT) in vivo in beagles with time (Through
Tomlinson (1987)).

Rate control through open-loop-type approach
Continuous infusion with pumps: mechanically or
osmotically driven. Input, constant/pulsatile/wave form
Implants, biodegradable polymers; lipids. Input, limited
control

Rate control through closed-loop approach/feedback system
Biosensor—pump combination
Self-regulating system

Encapsulated secretory cells

Table 4.9 Controlled release systems for parenteral delivery.

failure, problems with the syringe, accidental needle
withdrawal, leakage of the catheter, and problems at
the injection or implantation site (Banerjee et al. 1991).
Moreover, long-term protein drug stability may become
a problem: The protein should be stable at 37°C or
ambient temperature (internal and external device,
respectively) between two refills.

Controlled administration of a drug does not nec-
essarily imply a constant input rate. Pulsatile or
variable-rate delivery is the desired mode of input for a
number of protein drugs, and for these drugs pumps
should provide flexible input rate characteristics.
Insulin is a prime example of a protein drug, where
there is a need to adjust the input rate to the needs of the
body. Today by far most experiences with pump sys-
tems in an ambulatory setting have been gained with
this drug. Even with high-tech pump systems, the

The pump must deliver the drug at the prescribed rate(s) for
extended periods of time. It should

Have a wide range of delivery rates

Ensure accurate, precise, and stable delivery
Contain reliable pump and electrical components
Contain drugs compatible with pump internals

Provide simple means to monitor the status and
performance of the pump

The pump must be safe. It should

Have a biocompatible exterior if implanted

Have overdose protection

Show no leakage

Have a fail-safe mechanism

Have sterilizable interiors and exteriors (if implantable)
The pump must be convenient. It should

Be reasonably small in size and inconspicuous

Have a long reservoir life

Be easy to program

Table 4.10 Listing the characteristics of the ideal pump
(Banerjee et al. 1991).

patient still has to collect data to adjust the pump rate.
This implies invasive sampling from body fluids on a
regular basis, followed by calculation/setting of the
required input rate. The concept of closed-loop systems
integrates these three actions and creates a “natural”
biofeedback system (see below).

m Open-Loop Systems: Osmotically Driven Systems
The subcutaneously implantable, osmotic mini-pump
developed by ALZA (Alzet mini-pump, Fig. 4.20, Alzet
product information 2012) has proven to be useful in ani-
mal experiments where continuous, constant infusion is
required over prolonged periods of time. The rate-deter-
mining process is the influx of water through the rigid,
semipermeable external membrane dissolving the salt
(osmotic agent), creating a constant osmotic influx over
the semipermeable membrane. The incoming water
empties the drug-containing reservoir (solution or dis-
persion) surrounded by a flexible impermeable mem-
brane. The release rate depends on the characteristics of
this semipermeable membrane and on osmotic pressure
differences over this membrane (osmotic agents/salt
inside the pump). Zero-order release kinetics exist as
long as the osmotic pressure difference over the semi-
permeable membrane stays constant.

The protein solution (or dispersion) must be phys-
ically and chemically stable at body temperature over
the full term of the experiment. Moreover, the protein
solution must be compatible with the pump parts to
which it is exposed. A limitation of the system is the
fixed release rate, which is not always desired (see
above). These devices have currently not been used on
a regular basis in the clinic.
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Figure 4.20 W Cross section of functioning ALZA Alzet
osmotic mini-pump (Through Banerjee et al. (1991)).

m Open-Loop Systems: Biodegradable Microspheres

Polylactic acid—polyglycolic acid (PLGA)-based deliv-
ery systems are being used extensively for the delivery
of therapeutic peptides, in particular luteinizing
hormone-releasing hormone (LHRH) agonists such as
leuprolide in the therapy of prostate cancer. The first
LHRH agonist-controlled release formulations were
implants containing leuprolide with dose ranges of
1-3 months. Later, microspheres loaded with leuprolide
were introduced, and dosing intervals were prolonged

to up to 6 months. Critical success factors for the design
of these controlled release systems are (1) the drug has
to be highly potent (only a small dose is required over
the dosing interval), (2) a sustained presence in the
body is required, and (3) no adverse reactions at the
injection site should occur. A glucagon-like protein-1
(GLP-1, 39 amino acids) slow release formulation
(Bydureon™) based on PLGA microspheres for once a
week administration to type II diabetics was released in
2012.

New strategies for controlled release of therapeu-
tic proteins are presently under development. For
example, Figs. 4.21 and 4.22 describe a dextran-based
microsphere technology for SC or IM administration
that often has an almost 100 % protein encapsulation
efficiency. No organic solvents are being used in the
preparation protocol. Thus, a direct interaction of the
dissolved protein with an organic phase (as seen in
many (e.g., polylactic-co-glycolic acid, PLGA) poly-
meric microsphere preparation schemes) is avoided.
This minimizes denaturation of the protein. Figure 4.22
shows that by selecting the proper cross-linking condi-
tions, one has a degree of control over the protein
release kinetics. Release kinetics mainly depend on deg-
radation kinetics of the dextran matrix and size of the
protein molecule (Stenekes 2000). Another approach for
prolonged and controlled release of therapeutic pro-
teins is to use microspheres based on another biode-
gradable hydrogel material. PolyActive™ is a block
copolymer consisting of polyethylene glycol blocks and
polybutylene terephthalate blocks. Results of a dose
finding study in humans with PolyActive™ micro-
spheres loaded with interferon-a are shown in Fig. 4.23
(de Leede et al. 2008).

m Closed-Loop Systems: Biosensor-Pump
Combinations
If input rate control is desired to stabilize a certain body
function, then this function should be monitored. Via
an algorithm and connected pump settings, this data
should be converted into a drug-input rate. These sys-
tems are called closed-loop systems as compared to the
open-loop systems discussed above. If there is a known
relationship between plasma level and pharmacologi-
cal effect, these systems contain (Fig. 4.24):
1. A biosensor, measuring the (plasma) level of the
biomarker
2. Analgorithm, to calculate the required input rate for
the delivery system
3. A pump system, able to administer the drug at the
required rate over prolonged periods of time
The concept of a closed-loop delivery of proteins
still has to overcome a number of conceptual and
practical hurdles. A simple relationship between
plasma level and therapeutic effect does not always
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Figure 4.21 W Schematic representation of the microsphere preparation process for the controlled release of therapeutic proteins
from dextran (DexHEMA = modified dextran = dextran hydroxyethylmethacrylate) microspheres. No organic solvents are involved,
and encapsulation efficiency (percentage of therapeutic protein ending up in the microspheres) is routinely > 90 %. Polymerization:
cross-linking of dextran chains through the HEMA units (Stenekes 2000).
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Figure 4.22 W Cumulative release of IgG from degrading dex-
HEMA microspheres in time in vitro at pH 7, 37 °C. Water content
of the dextran microspheres upon swelling: about 60 %, DS 3 (9),
and water content of about 50 %, DS 3 (), DS 6 (O), DS 8 (),
and DS 11 (V). The values are the mean of two independent
measurements that deviated typically less than 5 % from each
other. DS degree of cross-linking (Stenekes 2000).

exist (see Chap. 5). There are many exceptions known
to this rule; for instance, “hit and run” drugs can have
long-lasting pharmacological effects after only a short
exposure time. Also, drug effect-blood level relation-
ships may be time dependent, as in the case of down-
regulation of relevant receptors on prolonged
stimulation. Finally, if circadian rhythms exist, these
will be responsible for variable PK/PD relationships
as well.

If PK/PD relationships can be established as with
insulin in selected groups of diabetics, then integrated
biosensor-pump combinations can be used that almost
act as closed-loop biofeedback systems (Schaepelynck
et al. 2011; Hovorka 2011). In 2010, FDA approved an
integrated diabetes management system (insulin pump,
continuous glucose monitoring (CGM), and diabetes
therapy management software). The CGM measures
interstitial fluid levels every 5 min and sends the out-
come (wireless) to a therapy management algorithm.
This software program advises the patient to program
the insulin pump to deliver an appropriate dose of
insulin. In spite of the impressive progress made, it has
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not been possible yet to design fully closed-loop biosen-
sors that work reliably in vivo over prolonged periods
of time. Biosensor stability, robustness, and absence of
histological reactions still pose problems.

m Protein Delivery by Self-Regulating Systems

Apart from the design of biosensor—-pump combinations,
two other developments should be mentioned when
discussing closed-loop approaches: self-regulating sys-
tems and encapsulated secretory cells. Both concepts
are still under development (Heller 1993; Traitel et al.
2008).

In self-regulating systems, drug release is con-
trolled by stimuli in the body. By far most of the research
is focused on insulin release as a function of local glu-
cose concentrations in order to stabilize blood glucose

Desired drug/
biomarker
concentration
at target site

]

Figure 4.24 W Therapeutic
system with closed control
loop (From Heilman (1984)).
(1) A biosensor, measuring
the plasma level of the protein.
(2) An algorithm, to calculate
the required input rate for the
delivery system. (3) A pump
system, able to administer the
drug at the required rate over
prolonged periods of time.

Release
opening

levels in diabetics. Two approaches for controlled drug
release are being followed: (1) competitive desorption
and (2) enzyme-substrate reactions. The competitive
desorption approach is schematically depicted in
Fig. 4.25.

It is based on the competition between glycosyl-
ated insulin and glucose for concanavalin (Con A) bind-
ing sites. Con A is a plant lectin with a high affinity for
certain sugars. Con A attached to sepharose beads and
loaded with glycosylated insulin (a bioactive form of
insulin) is implanted in a pouch with a semipermeable
membrane: permeable for insulin and glucose but
impermeable for the sepharose beads carrying the toxic
Con A. An example of the performance of a Con
A-glycosylated insulin complex in pancreatectomized
dogs is given in Fig. 4.26.
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Figure 4.25 I Schematic design of the Con A immobilized
bead/G(glycosylated)-insulin/membrane self-regulating insulin
delivery system (From Kim et al. (1990)).
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Figure 4.26 W Peripheral blood glucose profiles of dogs
administered with bolus dextrose (500 mg/kg) during an intrave-
nous glucose tolerance test. Normal dogs (-o-) had an intact pan-
creas, diabetic dogs (-o-) had undergone total pancreatectomy,
and implant dogs (--) had been intraperitoneally implanted with
a cellulose pouch containing a Con A—G—insulin complex. Blood
glucose at t=—30 min shows the overnight fasting level 30 min
prior to bolus injection of dextrose (Through Heller (1993)).
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Figure 4.27 I Schematic illustration of a “bioartificial molecu-
lar delivery system.” Secretory cells are surrounded by a semi-
permeable membrane prior to implantation in host tissue.
Nutrients and secretory products passively diffuse through pores
in the encapsulating membrane powered by concentration gradi-
ents. The use of a membrane that excludes the humoral and the
cellular components of the host immune system allows immuno-
logically incompatible cells to survive implantation without the
need to administer immunosuppressive agents. Extracellular
matrix material may be included depending upon the require-
ments of the encapsulated cells (From Tresco (1994)).

Enzyme-substrate reactions to regulate insulin
release from an implanted reservoir are all based on pH
drops occurring when glucose is converted to gluconic
acid in the presence of the enzyme glucose oxidase.
This pH drop then induces changes in the structure of
acid-sensitive delivery devices such as acid-sensitive
polymers, which start releasing insulin, lowering the
glucose concentration, and consequently increasing the
local pH and “closing the reservoir.”

m Protein Delivery by Microencapsulated Secretory Cells
The idea to use implanted, secretory cells to adminis-
ter therapeutic proteins was launched long ago.
A major goal has been the implantation of Langerhans
cells in diabetics to restore their insulin production
through biofeedback. These implanted secretory cells
should be protected from the body environment, since
rejection processes would immediately start, if imper-
fectly matched cell material is used. Besides, it is desir-
able to keep the cells from migrating in all different
directions. When genetically modified cells are used,
safety issues would be even stricter. Therefore, (micro)
encapsulation of the secretory cells has been proposed
(Fig. 4.27).
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Thin (wall thickness in micrometer range), robust,
biocompatible, and permselective polymeric mem-
branes have been designed for these (micro) capsules
(Tresco 1994). The membrane should ensure transport
of nutrients (in general low My) from the outside
medium to the encapsulated cells to keep them in a
physiological, “healthy” state and to prohibit induction
of undesirable immunological responses (rejection pro-
cesses). Antibodies (My > 150 kDa) and cells belonging
to the immune system (e.g., lymphocytes) should not be
able to reach the encapsulated cells. The polymer mem-
brane should have a cutoff between 50 and 150 kDa, the
exact number still being a matter of debate. In the case
of insulin, the membrane is permeable for this relatively
small-sized hormone (5.4 kDa) and for glucose (“indi-
cator” molecule), which is essential for proper biofeed-
back processes. Successful studies in diabetic animals
were performed, and clinical trials have been initiated
(Hernandez et al. 2010).

SITE-SPECIFIC DELIVERY (TARGETING)
OF PROTEIN DRUGS

Why are we still not able to beat life-threatening dis-

eases such as cancer with our current arsenal of drugs?

Causes of failure can be summarized as follows

(Crommelin et al. 1992):

1. Only a small fraction of the drug reaches the target
site. By far the largest fraction of the drug is distrib-
uted over nontarget organs, where it exerts side
effects, and is rapidly eliminated intact from the
body through the kidneys or through metabolic
action (e.g., in the liver). In other words, accumula-
tion of the drug at the target site is rather the excep-
tion than the rule.

2. Many drug molecules (in particular high My, and
hydrophilic molecules, i.e., many therapeutic pro-
teins) do not enter cells easily. This poses a problem
if intracellular delivery is required for their thera-
peutic activity.

Attempts are made to increase the therapeutic
index of drugs through drug targeting:

1. By specific delivery of the active compound to its site
of action

2. To keep it there until it has been inactivated and
detoxified

Targeted drug delivery should maximize the ther-
apeutic effect and avoid toxic effects elsewhere. Paul

Ehrlich defined the basics of the concept of drug target-

ing already in the early days of the twentieth century.

But only in the last two decades has substantial prog-

ress been made to implement this site-specific delivery

concept. Recent progress can be ascribed to (1) the rap-
idly growing number of technological options (e.g., safe
carriers and homing devices) for drug delivery; (2) many

An active moiety
A carrier

For: therapeutic effect

For: (metabolic) protection,
changing the disposition
of the drug

For: specificity, selection of the
assigned target site

A homing device

Table 4.11 Components for targeted drug delivery (carrier based).

1. Drugs with high total clearance are good candidates for
targeted delivery

2. Response sites with a relatively small blood flow require
carrier-mediated transport

3. Increases in the rate of elimination of free drug from either
central or response compartments tend to increase the
need for targeted drug delivery; this also implies a higher
input rate of the drug—carrier conjugate to maintain the
therapeutic effect

4. For maximizing the targeting effect, the release of drug
from the carrier should be restricted to the response
compartment

Table 4.12
tein targeting.

Pharmacokinetic considerations related to pro-

new insights gained into the pathophysiology of dis-
eases at the cellular and molecular level, including the
presence of cell-specific receptors; and, finally, (3) a bet-
ter understanding of the nature of the anatomical and
physiological barriers that hinder easy access to target
sites. The site-specific delivery systems presently in dif-
ferent stages of development generally consist of three
functionally separate units (Table 4.11).

Nature has provided us with antibodies, which
exemplify a class of natural drug-targeting devices. In
an antibody molecule one can recognize a homing
device part (antigen-binding site) and “active” parts.
These active parts in the molecule are responsible for
activating the complement cascade or inducing interac-
tions with monocytes when antigen is bound. The rest
of the molecule can be considered as carrier.

Most of the drug (protein)-targeting work is per-
formed with delivery systems that are designed for par-
enteral and, more specifically, intravenous delivery.
Only a limited number of papers have dealt with the
pharmacokinetics of the drug-targeting process (Hunt
et al. 1986). From these kinetic models a number of con-
clusions could be drawn for situations where targeted
delivery is, in principle, advantageous (Table 4.12).

The potential and limitations of carrier-based, tar-
geted drug delivery systems for proteins are briefly dis-
cussed in the following sections. The focus is on
concepts where monoclonal antibodies are used. They
can be used as the antibody itself (also in Chap. 7), in
modified form when antibodies are conjugated with an
active moiety, or attached to drug-laden colloidal carri-
ers such as liposomes.
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Figure 4.28 Schematic illustration of the structure of differ-
ent classes of blood capillaries. (a) Continuous capillary. The
endothelium is continuous with tight junctions between adjacent
endothelial cells. The subendothelial basement membrane is
also continuous. (b) Fenestrated capillary. The endothelium
exhibits a series of fenestrae which are sealed by a membranous
diaphragm. The subendothelial basement membrane is continu-
ous. (¢) Discontinuous (sinusoidal) capillary. The overlying endo-
thelium contains numerous gaps of varying size enabling
materials in the circulation to gain access to the underlying
parenchymal cells. The subendothelial basement is either absent
(liver) or present as a fragmented interrupted structure (spleen,
bone marrow). The fenestrae in the liver are about 0.1-0.2 pm;
the pores in/between the endothelial cells and those in the base-
ment membrane outside liver, spleen, and bone marrow are
much smaller (From Poste (1985)).

Two terms are regularly used in the context of tar-
geting: passive and active targeting. With passive tar-
geting the “natural” disposition pattern of the carrier
system is utilized for site-specific delivery. For instance,
particulate carriers circulating in the blood (see below)
are often rapidly taken up by macrophages in contact
with the blood circulation and accumulate in the liver
(Kupffer cells) and spleen. Active targeting is the con-
cept where attempts are made to change the natural dis-
position of the carrier by a homing device or homing
principle to select one particular tissue or cell type.

m Anatomical, Physiological, and Pathological
Considerations Relevant for Protein Targeting

Carrier-mediated transport in the body depends on the
physicochemical properties of the carrier: its charge,
molecular weight/size, surface hydrophobicity, and the
presence of ligands for interaction with surface recep-
tors (Crommelin and Storm 1990). If a drug enters the
circulation and the target site is outside the blood circu-
lation, the drug has to pass through the endothelial bar-
rier. Figure 4.28 gives a schematic picture of the capillary
wall structures (under physiological conditions) pres-
ent at different locations in the body.

Figure 4.28 shows a diagram of intact endothe-
lium under normal conditions. Under pathological con-
ditions, such as those encountered in tumors and
inflammation sites, endothelium can differ consider-
ably in appearance, and endothelial permeability may

be widely different from that in “healthy” tissue.
Particles with sizes up to about 0.1 pm can enter tumor
tissue as was demonstrated with long-circulating,
nanoparticulate carrier systems (e.g., long-circulating
liposomes) (Lammers et al. 2008 and below, Fig. 4.35).
On the other hand, necrotic tissue can also hamper
access to tumor tissue (Jain 1987). In conclusion, the
body is highly compartmentalized. It should not be
considered as one big pool without internal barriers for
transport.

m Soluble Carrier Systems for Targeted Delivery

of Proteins
Monoclonal Antibodies (MAB) as Targeted Therapeutic
Agents: Human and Humanized Antibodies
(See Also with More Details: Chap. 7)
Antibodies are “natural targeting devices.” Their hom-
ing ability is combined with functional activity
(Crommelin et al. 1992; Crommelin and Storm 1990).
MAB can affect the target cell function upon attach-
ment. Complement can be bound via the Fc receptor
and subsequently cause lysis of the target cell
Alternatively, certain Fc receptor-bearing killer cells can
induce “antibody-dependent, cell-mediated cytotoxic-
ity” (ADCC), or contact with macrophages can be estab-
lished. Moreover, metabolic deficiencies can be induced
in the target cells through a blockade of certain essential
cell surface receptors by MAB. Structural aspects and
therapeutic potential of MAB are dealt with in detail in
Chap. 7.

A problem that occurs when using murine anti-
bodies for therapy is the production of human anti-
mouse antibodies (HAMA) after administration.
HAMA induction may prohibit further use of these
therapeutic MAB by neutralizing the antigen-binding
site; anaphylactic reactions are relatively rare.
Concurrent administration of immunosuppressive
agents is a strategy to minimize side effects. More in-
depth information regarding immunogenicity of thera-
peutic proteins is provided in Chap. 6.

There are several other ways to cope with this
MAB-induced immunogenicity problem. Chapters 1
and 6 discuss immunogenicity issues as well. Here, a
brief summary of the options relevant for protein tar-
geting suffices. First of all, the use of F(ab’), or F(ab’)
fragments (Fig. 4.29) avoids raising an immune
response against the Fc part, but the development of
humanized or human MAB minimizes the induction
of HAMA even further. For humanization of MAB
several options can be considered. One can build chi-
meric (partly human, partly murine) molecules con-
sisting of a human Fc part and a murine Fab part,
with the antigen-binding sites. Or, alternatively, only
the six complementarity-determining regions (CDR)
of the murine antibody can be grafted in a human
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Figure 4.29 Highly simplified IgG1 structure; CDR

complementarity-determining region (see Figure 7.1 and 7.2).

antibody structure. CDR grafting minimizes the
exposure of the patient to murine-derived material.

Completely human MAB can be produced by
transfecting human antibody genes into mouse cells,
which subsequently produce the human MAB.
Alternatively, transgenic mice can be used (see Chap. 6
and 8). These approaches reduce the immunogenicity
compared to the existing generation of murine MAB.
But even with all these human or humanized MAB,
anti-idiotypic immune responses against the binding
site structure of the MAB cannot be excluded.

Bispecific Antibodies (See Also Chap. 7)
To enhance the therapeutic potential of antibodies,
bispecific antibodies have been designed. Bispecific
antibodies are combinations of two separate anti-
bodies to create a molecule with two different bind-
ing sites. Bispecific MABs bring target cells or tissue
(one antigen-binding site) in contact with other struc-
tures (second antigen-binding site). This second
antigen-binding site can bind to effector cells via
cytotoxicity-triggering molecules on T cells, NK (nat-
ural killer) cells, or macrophages and thus trigger
cytotoxicity.

Bispecific antibodies have reached the clinic, e.g.,
a bispecific antibody that targets CD3 on T cells and
CD20 on lymphoma cells (Crommelin and Storm 1990;
Holmes 2011). In 2009 catumaxomab (anti-CD3 and
antiepithelial cell adhesion molecule) was registered in
Europe for the treatment of malignant ascites.

Figure 4.30 A schematic view of an immunoconjugate (D
drug molecules covalently attached to antibody (fragments)); see
Figure 7.3.

Immunoconjugates: Combinations Between an Antibody
and an Active Compound

In many cases antibodies alone or bispecific antibodies
showed lack of sufficient therapeutic activity. To
enhance their activity, conjugates of MAB and drugs
have been designed (Fig. 4.30). These efforts mainly
focus on the treatment of cancer (Crommelin and Storm
1990). To test the concept of immunoconjugates, a wide
range of drugs has been covalently bound to antibodies
and has been evaluated in animal tumor models. As
only a limited number of antibody molecules can bind
to the target cells and as the payload per MAB molecule
is restricted as well, only conjugation of highly potent
drugs will lead to sufficient therapeutic activity. So far
gemtuzumab ozogamicin (Mylotarg®) was the first
immunoconjugate on the market. It is a conjugate of a
monoclonal antibody and calicheamicin (see also Chap.
17). The MAB part targets the CD33 surface antigen in
CD33-positive acute myeloid leukemia cells (AML).
After internalization into the cell, the highly cytotoxic
calicheamicin is released. Mylotarg® was launched on
the market in 2000. After extensive follow-up evalua-
tions, it was taken off the market in 2010 as serious side
effects were reported with no added antitumor benefit
compared to standard therapy.

Cytostatics with a high intrinsic cytotoxicity are
needed (see above). Because the kinetic behavior of
active compounds is strongly affected by the conjugat-
ing antibody, not only existing and approved cytostatics
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Antibody

Toxin, e.g.ricin

Figure 4.31 B Immunotoxins are composed of antibody mol-
ecules connected to a toxin, e.g., ricin. Both the integral ricin mol-
ecule and the A chain alone have been used. AB antibody, A and
B stand for the A and B chain of the ricin toxin, respectively (not
in the list of abbreviations).

1. Covalent binding of the protein/drug to the antibody may
change the cytotoxic potential of the drug and decrease
the affinity of the MAB for the antigen

2. The stability of the conjugate in vivo may be insufficient;
fragmentation will lead to loss of targeting potential

3. The immunogenicity of the MAB and toxicity of the protein/
drug involved may change dramatically

Table 4.13 E Potential problems encountered with immuno-
conjugates (Crommelin et al. 1992).

but also active compounds that were never used before
as drugs, because of their high toxicity, should now be
reconsidered.

Immunoconjugated toxins are now tested as che-
motherapeutic agents to treat cancer (immunotoxins).
Examples of the toxin family originating from plants
are ricin, saporin, gelonin, and abrin. Toxins from bacte-
rial origin are diphtheria toxin and pseudomonas endo-
toxin. These proteins are extremely toxic; they block
enzymatically intracellular protein synthesis at the
ribosomal level. For instance, ricin (M 66 kDa) consists
of an A and a B chain that are linked through a cystine
bridge (Fig. 4.31). The A chain is responsible for block-
ing protein synthesis at the ribosomes. The B chain is
important for cellular uptake of the molecule (endocy-
tosis) and intracellular trafficking and is deleted as it is
considered redundant.

Table 4.13 lists a number of potential problems
encountered with (toxin-based) immunoconjugates
(Crommelin et al. 1992). In animal studies with immu-
noconjugated ricin, only a small fraction of these immu-
notoxins accumulates in solid tumor tissue (1 %).
A major fraction still ends up in the liver, the main tar-
get organ for “natural” ricin. Because of the poor tissue
penetration, primary targets for clinical use are target
cells circulating in blood or endothelial cells. Moreover,
in early clinical phase I studies (to assess the safety of

1. Tumor heterogeneity
2. Antigen shedding

3. Antigen modulation

Table 4.14 W Factors that interfere with successful targeting
of proteins to tumor cells.

the conjugates), the first generation of immunoconju-
gates turned out to be immunogenic, and these murine
MAB have been replaced by human or humanized
MAB (see above). Attempts were made to adapt the
ricin molecule by genetic engineering so that liver tar-
geting is being minimized. This can be done by blocking
(removing or masking) on the ricin molecule ligands for
galactose receptors on hepatocytes.

Not only MAB or fragments thereof were used
as homing device/cell wall translocation moiety.
Interestingly, the first and only immunotoxin approved
by the FDA (denileukin diftitox) is a fusion protein of
IL2 and a truncated diphtheria toxin (DAB389). Its tar-
get is the high-affinity IL2 receptor, and it is used in
the treatment of cutaneous T-cell lymphoma
(Choudhary et al. 2011).

m Potential Pitfalls in Tumor Targeting

Upon 1V injection, only a small fraction of the homing
device-carrier-drug complex is sequestered at the target
site. Apart from the compartmentalization of the body
(see above: anatomical and physiological hurdles) and
consequently the carrier-dependent barriers that result,
several other factors account for this lack of target site
accumulation (Table 4.14).

How successful are MAB in discriminating target
cells (tumor cells) from nontarget cells? Do all tumor
cells expose the tumor-associated antigen? These ques-
tions are still difficult to answer (Hellstrém et al. 1987).
Tumor cell surface-specific molecules used for homing
purposes are often differentiation antigens on the tumor
cell wall. These structures are not unique since they
occur in a lower-density level on non-target cells as
well. Therefore, the target site specificity of MAB raised
against these structures is more quantitative than quali-
tative in nature.

Another category of tumor-associated antigens
are the clone-specific antigens. They are unique for the
clone forming the tumor. However, the practical prob-
lem when focusing on clone-specific antibodies for
drug targeting is that each patient probably needs a
tailor-made MAB.

The surface “makeup” of tumor cells in a tumor or
a metastasis is not constant, neither in time nor between
cells in the same tumor. There are many subpopulations
of tumor cells, and they express different surface mole-
cules. This heterogeneity means that not all cells in the
tumor will interact with one, single targeted conjugate.



92 D.J.A. CROMMELIN

* Targeted delivery
of therapeutics

\ Nanoparticles Lipid, polymer,
) Nanoshells inorganic
nanoparticles
— S —
2-100 nm
Liposomes Phospholid and

polymer-

— vesicles
30 — 1000 nm

Viral particles

AAV

30— 150 nm

Nanotubes Carbon, peptide,
DNA
—
0.4 —-100 nm
Fullerenes Bucky balls
é Nanocrystals Quantum dots

Antigen shedding and antigen modulation are two
other ways tumor cells can avoid recognition. Shedding
of antigens means that antigens are released from the
surface. They can then interact with circulating conju-
gates outside the target area, form an antigen—antibody
complex, and neutralize the homing potential of the
conjugates before the target area has been reached.
Finally, antigen modulation can occur upon binding of
MARB to the cell surface antigen. Modulation is the phe-
nomenon that upon endocytosis of the (originally
exposed) surface antigen-immunoconjugate complex,
some of these antigens are not exposed anymore on the
surface; there is no replenishment of endocytosed sur-
face antigens.

Four strategies can be implemented to solve prob-
lems related to tumor cell heterogeneity, shedding, and
modulation. (1) Cocktails of different MAB attached to
the toxin can be used. (2) Another approach is to give up
striving for complete target cell specificity and to induce
so-called “bystander” effects. Then, the targeted system
is designed in such a way that the active part is released
from the conjugate after reaching a target cell but before
the antigen—conjugate complex has been taken up (is

based bilayer

Adenoviruses
retroviruses

* In vivo navigation
devices

Targeted delivery
of therapeutics

Gene delivery

* Delivery systems
* Diagnostics

* Delivery systems
* Diagnostics

Figure 4.32 Carrier sys-
tems in the nanometer/colloi-
dal size range.

Imaging agents

endocytosed) by the target cell. (3) Not all surface anti-
gens show shedding or modulation. If these phenomena
occur, other antigen/MAB combinations should be
selected that do not demonstrate these effects. (4)
Injection of free MAB prior to injection of the immuno-
conjugate is a strategy to neutralize “free” circulating
antigen. The subsequently injected conjugate should not
encounter shedded, free antigen.

In conclusion, targeted (modified) MAB and MAB
conjugates are assessed for their value in fighting life-
threatening diseases such as cancer. During the last
decade, technology has evolved quickly; many different
new options became available, and time will tell how
successful the concept of immunotoxins and immuno-
conjugates will be for the patient.

m Nanotechnology at Work: Nanoparticles

for Targeted Delivery of Proteins
A wide range of carrier systems in the colloidal/nm
size range (diameters up to a few micrometers) has
been proposed for protein targeting. Examples are
shown in Fig. 4.32. Upon entering the bloodstream after
IV injection, it is difficult for many of these nano-sized
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particulate systems to pass through epithelial and
endothelial membranes in healthy tissue, as the size
cutoff for permeation through these multilayered barri-
ers is around 20 nm (excluding the liver; see above
Fig. 4.28). Parameters that control the fate of particulate
carriers in vivo are listed in Table 4.15.

As arule, cells of the mononuclear phagocyte sys-
tem (MPS), such as macrophages, recognize stable, col-
loidal particulate systems (< 5 pm) as “foreign body-like
structures” and phagocytose them. Thus, the liver and
spleen, organs rich in blood circulation-exposed macro-
phages, take up the majority of these particulates
(Crommelin and Storm 1990). Larger (> 5 pm) intrave-
nously injected particles tend to form emboli in lung
capillaries on their first encounter with this organ.

Liposomes have gained considerable attention
among the colloidal particulate systems proposed for
site-specific delivery of (or by) proteins (Gregoriadis
2006). Liposomes are vesicular structures based on
(phospho) lipid bilayers surrounding an aqueous core.
The main component of the bilayer usually is phospha-
tidylcholine (Fig. 4.33).

By selecting their bilayer constituents and one
of the many preparation procedures described, lipo-

1. Size

2. Charge

3. Surface hydrophilicity

4. Presence of homing devices on their surface

5. Exchange of constitutive parts with blood components

Table 4.15 W Parameters controlling the fate of particulate
carriers in vivo.
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somes can be made varying in size between 30 nm
(e.g., by extrusion or ultrasonication) and 10 pm,
charge (by incorporation negatively or positively
charged lipid molecules), and bilayer rigidity (by
selecting special phospholipids or adding lipids
such as cholesterol). Liposomes can carry their pay-
load (proteins) either in the lipid core of the bilayer
through partitioning, attached to the bilayer, or
physically entrapped in the aqueous phase. To make
liposomes target site specific, except for passive tar-
geting to liver (Kupffer cells) and spleen macro-
phages, homing devices are covalently coupled to
the outside bilayer leaflet. In Table 4.16 three relative
advantages of liposomes over other nanoparticulate
systems are given.

After injection, “standard” liposomes stay in the
blood circulation only for a short time. They are taken up
by macrophages in the liver and spleen, or they degrade
by exchange of bilayer constituents with blood constitu-
ents. Liposome residence time in the blood circulation

1. Their relatively low toxicity, existing safety record, and
experience with marketed, intravenously administered
liposome products (e.g., amphotericin B, doxorubicin,
daunorubicin) (Storm et al. 1993)

2.The presence of a relatively large aqueous core, which is
essential to stabilize the structural features of many proteins

3. The possibility to manipulate release characteristics of
liposome-associated proteins and to control disposition in
vivo by changing preparation techniques and bilayer
constituents (Crommelin and Schreier 1994)

Table 4.16 W Liposomes stand out among other particulate
carrier systems, because of:

Figure 4.33 W An artist’s
view of what a multilamellar
liposome looks like. The lamel-
lae are bilayers of (phospho)
lipid molecules with their hydro-
phobic tails oriented inwards
and their polar heads directed
to, and in contact with, the
aqueous medium. The bilayer
may accommodate lipophilic
drugs inside. Hydrophilic drugs
will be found in the aqueous
core and in between the bilay-
ers. Depending on their hydro-
philic’/hnydrophobic balance and
tertiary structure, proteins and
peptides will be found in the
aqueous phase, at the bilayer—
water interface, or inside the
lipid bilayer (Adapted from
Fendler (1980)).
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can be extended to many hours and even days upon
grafting polyethylene glycol (PEG) chains on the surface
and choosing for stable bilayer structures (Fig. 4.34, cf.
Fig. 4.19). These long-circulating liposomes escape mac-
rophage uptake for prolonged periods and may then be
sequestered in other organs than liver and spleen alone,
e.g., tumors and inflamed tissues. The reason for this
sequestration is the so-called enhanced permeability and
retention (EPR) effect, first described by Maeda et al.
(Lammers et al. 2008) (Fig. 4.35). The term refers to the
observation that the capillary bed in inflamed or tumor

100
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Figure 4.34 l Comparison of the blood levels of free label
5’Ga-DF, gallium-Desferal with ’Ga-DF-laden pegylated (PEG)
and non-pegylated liposomes upon IV administration in rats
(From Woodle et al. (1990)).

Carrier
Cell

Normal vasculature

tissue tends to be more permeable than in not-affected,
“healthy” beds and that effluent lymphatic transport
from the affected beds is hampered. In Fig. 4.36 an
example is shown of the use of 99mTc-labelled lipo-
somes in the detection of inflammation sites in a patient.
As a caveat, the full therapeutic benefit of the EPR effect
is under discussion. For example, tumor heterogeneity
with respect to capillary leakage and retarded but still
considerable uptake in non-target organs (MPS) ques-
tion the potential advantage over standard therapies
(Bae and Park 2011).

On the other hand, accumulation of protein-laden
liposomes in macrophages (passive targeting) offers
interesting therapeutic opportunities. Reaching macro-
phages may help us to more effectively fight macrophage
located in microbial, viral, or bacterial diseases than with
our present approaches (Crommelin and Schreier 1994).

Several attempts have been made to sequester
immunoliposomes (i.e., antibody (fragment)-liposome
combinations) at predetermined sites in the body. Here
the aim is active targeting to the desired target site
instead of passive targeting to macrophages. The con-
cept is schematically presented in Fig. 4.37.

When designing immunoliposomes, antibodies
or antibody-fragments are covalently bound to the sur-
face of liposomes through lipid anchor molecules.
Non-pegylated immunoliposomes may have poor
access to target sites outside the blood circulation after
intravenous injection (see EPR discussion above).
Therefore, target sites should be sought in the blood
circulation (red blood cells, thrombi, lymphocytes, or
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Figure 4.35 I The enhanced permeability and retention (EPR) effect refers to the observation that the capillary bed in inflamed or
tumor tissue tends to be more permeable than in not-affected, “healthy” beds and that effluent lymphatic transport from the affected

beds is hampered.
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Figure 4.36 1 *"Tc-PEG-liposomes scintigraphy of a female
patient. Anterior whole body image, 24 h postinjection, shows
physiological uptake in the cardiac blood, greater veins, liver, and
spleen. Liposome uptake at pathological sites can be noted
along synovial lining of the left elbow, left wrist, and right knee
(arrows) and the medial site of both ankles (arrow heads) (Storm
and Crommelin 1998).

OOOO : / _I_ p Target
[+ I \ cell

Immunoliposome
containing drug

No immunospecific

endothelial cells exposing certain adhesion molecules
when under stress, e.g., ICAM-1, intercellular cell
adhesion molecule) (Crommelin et al. 1995).

Other interesting target sites are those located in
cavities, where one can locally administer the drug—car-
rier combination. The bladder and the peritoneal cavity
are such cavities. These cavities can be the sites where the
diseased tissue is concentrated. For instance, with ovarian
carcinomas the tumors are confined to the peritoneal cav-
ity for most of their lifetime. After IP injection of immuno-
liposomes directed against human ovarian carcinomas in
athymic, nude mice, a specific interaction between immu-
noliposomes and the human ovarian carcinoma was
observed (Storm et al. 1994) (Fig. 4.38).

Attaching an immunoliposome to target cells
usually does not induce a therapeutic effect per se.
After establishing an immunoliposome—cell interac-
tion, the protein drug has to exert its action on the cell.
To do that, the protein has to be released in its active
form. There are several pathways proposed to reach
this goal (Fig. 4.39) (Peeters et al. 1987).

When the immunoliposome—cell complex
encounters a macrophage, the cells plus adhering
liposome are probably phagocytosed and enter the
macrophage (option Fig. 4.39a). Subsequently, the
liposome-associated protein drug can be released. As
this will most likely happen in the “hostile” lysosomal
environment, little intact protein will become avail-
able. In the situation depicted in Fig. 4.39, option b, the
drug is released from the adhering immunoliposomes
in the close proximity of the target cell. In principle,
release rate control is achieved by selecting the proper
liposomal bilayers with delayed or sustained drug
release characteristics. A third approach is depicted as
Fig. 4.39, option c: drug release is induced from lipo-
somal bilayers by external stimuli (local pH change
or temperature change). Finally, one can envision that

Figure 4.37 W Schematic
representation of the concept
of drug targeting with immuno-
liposomes (From Né&ssander
et al. (1990)).

binding
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Figure 4.38 I Electron micrograph showing immunolipo-
somes (vesicular structures) attached to human ovarian carci-
noma cells (see text).

immunoliposomes are built with intrinsic fusogenic
potential, which is only activated upon attachment
of the carrier to the target cell. This exciting option,
Fig. 4.39d, resembles the behavior of certain viruses.
Viruses offer interesting insights in pathways as to
how to enter target cells and how to deliver their pay-
load successfully in a target organelle (i.e., for viruses,
the nucleus). This virus-mimicking approach led to
the design of artificial viruses for targeted delivery of
genetic material, but this can be extended to therapeu-
tic proteins (Mastrobattista et al. 2006).

m Perspectives for Targeted Protein Delivery
Protein-targeting strategies have been developing at a
rapid pace. A new generation of homing devices (target
cell-specific monoclonal antibodies) and a better insight
into the anatomy and physiology of the human body
under pathological conditions have been critical factors
to achieve this success. A much better picture has
emerged, not only about the potentials, but also about
the limitations of the different targeting approaches.

Very little attention has been paid to typically
pharmaceutical aspects of advanced drug delivery sys-
tems such as immunotoxins and immunoliposomes.
These systems are now produced on a lab scale, and
their therapeutic potential is currently under investiga-
tion. If therapeutic benefits have been clearly proven in
preclinical and early clinical trials, then scaling up, shelf
life, and quality assurance issues (e.g., reproducibility
of the manufacturing process, purity of the ingredients)
will still require considerable attention.

a b
@ Target
cell
A \
Immunoliposome
containing active drug
c

o
o

(e.g. T; pH)

Figure 4.39 W Several pathways of drug internalization after
immunospecific binding of the immunoliposomes to the appropri-
ate target cell. (a) Uptake in liver and spleen macrophages; sub-
sequent drug release.(b) Release of drug close to target cell. (c)
Release of drug close to target cell; external triggering of release.
(d) Fusion with target cell; subsequent drug release (From
Peeters et al. (1987)).

SELF-ASSESSMENT QUESTIONS

m Questions

1. How does one sterilize biotech products for paren-
teral administration?

2. A pharmaceutical protein, which is poorly water
soluble around its pl, has to be formulated as an
injection. What conditions would one select to pro-
duce a water-soluble, injectable solution?

3. Why are many biotech proteins to be used in the
clinic formulated in freeze-dried form? Why is, as
a rule, the presence of lyoprotectants required?
Why is it important to know the glass transi-
tion temperature or eutectic temperature of the
system?

4. Why is it not necessarily wise to work at the lowest
possible chamber pressures during freeze-drying?
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. Why are (with the exception of oral vaccines) no

oral delivery systems for proteins available?

. What alternative route of administration to the

parenteral route would be the first to look into if a
systemic therapeutic effect is pursued and if one
does not wish to exploit absorption-enhancing
technologies?

. If one considers using the iontophoretic transport

route for protein delivery, what are the variables to
be considered?

. What are the differences between the endocrine,

paracrine, and autocrine way of cell communica-
tion? Why is information on the way cells com-
municate important in the drug formulation
process?

. A company decides to explore the possibility to

develop a feedback system for a therapeutic pro-
tein. What information should be available for esti-
mating the chances for success?

Why is the selection of the dimensions of a colloi-
dal particulate carrier system for targeted delivery
of a protein of utmost importance?

Design a targeted, colloidal carrier system and a
protocol for its use to circumvent the three hurdles
to achieve successful treatment of solid tumors
(mentioned in Table 4.14).

What are the options for inducing therapeutic
actions upon attachment of immunoliposomes to
(tumor) target cells?

m Answers

1.

Through aseptic manufacturing protocols. Final fil-
tration through 0.2 or 0.22 pm pore filters into the
vials/syringes further reduces the chances of con-
tamination of the protein solutions.

. One has to go through the items listed in Table 4.1.

As the aqueous solubility is probably pH depen-
dent, information on the preferred pH ranges should
be collected. If necessary, solubility enhancers (e.g.,
lysine, arginine, and/or surfactants) and stabilizers
against adsorption/aggregation should be added.
“As a last resort,” one might consider carriers such
as liposomes.

. Chemical and physical instability of proteins in

aqueous media is usually the reason to dry the pro-
tein solution.

Freeze-drying is then the preferred technology, as
other drying techniques do not give rapidly
reconstitutable dry forms for the formulation and/
or because elevated temperatures necessary for dry-
ing jeopardize the integrity of the protein.

The glass transition/eutectic temperature should not
be exceeded as otherwise collapse of the cake can be
observed. Collapse slows down the drying process

o
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rate, and collapsed material does not rapidly dis-
solve upon adding water for reconstitution.
Because gas conduction (one of the three heat
transfer routes) depends on pressure and is reduced
at low pressure.
Because of the hostile environment in the GI tract
regarding protein stability and the poor absorption
characteristics of proteins (high molecular weight/
often hydrophilic).
The pulmonary route.
Physical characteristics of the protein and medium,
such as molecular weight, pl, ionic strength, pH,
and, in addition, electrical current options (pulsed,
permanent, wave shape) and desired dose level/
pattern (pulsed/constant/variable).
This information is important because, in particu-
lar with paracrine- and autocrine-acting proteins,
targeted delivery should be considered to mini-
mize unwanted side effects.
Answers:
¢ The desired pharmacokinetic profile (e.g., informa-
tion on the PK/PD relationship/circadian rhythm)
¢ Chemical and physical stability of the protein on
long-term storage at body/ambient temperature
* Availability of a biosensor system (stability in
vivo, precision/accuracy)
* Availability of a reliable pump system (see
Table 4.10)
The body is highly compartmentalized, and access
to target sites inside and outside the blood circula-
tion is highly dependent on the size of the carrier
system involved (and other factors such as the
presence of diseased tissue and surface characteris-
tics such as charge, hydrophobicity /hydrophilic-
ity, ligands).
The selection should be based on the induction of
bystander effects, “cocktails” of homing devices
(e.g., monoclonal antibodies), and selection of non-
modulating receptors and non-shedding receptors.
Neutralization of free, shed tumor antigens with
free, non-conjugated monoclonal antibodies by injec-
tion of these free antibodies before the administra-
tion of ligand—carrier-drug combinations would be
an approach for avoiding neutralization of the car-
rier-homing device combination by shed antigen.
Figure 4.39 gives an overview of these options.
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Pharmacokinetics and Pharmacodynamics of Peptide

and Protein Therapeutics

Bernd Meibohm

INTRODUCTION

The rational use of drugs and the design of effective
dosage regimens are facilitated by the appreciation of
the central paradigm of clinical pharmacology that
there is a defined relationship between the adminis-
tered dose of a drug, the resulting drug concentrations
in various body fluids and tissues, and the intensity of
pharmacologic effects caused by these concentrations
(Meibohm and Derendorf 1997). This dose-exposure-
response relationship and thus the dose of a drug
required to achieve a certain effect are determined by
the drug’s pharmacokinetic and pharmacodynamic
properties (Fig. 5.1).

Pharmacokinetics describes the time course of the
concentration of a drug in a body fluid, preferably
plasma or blood, that results from the administration
of a certain dosage regimen. It comprises all processes
affecting drug absorption, distribution, metabolism,
and excretion. Simplified, pharmacokinetics character-
izes “what the body does to the drug.” In contrast, phar-
macodynamics characterizes the intensity of a drug
effect or toxicity resulting from certain drug concentra-
tions in a body fluid, usually at the assumed site of
drug action. It can be simplified to what the drug does to
the body (Fig. 5.2) (Holford and Sheiner 1982; Derendorf
and Meibohm 1999).
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The understanding of the dose-concentration-
effect relationship is crucial to any drug - including
peptides and proteins — as it lays the foundation for
dosing regimen design and rational clinical applica-
tion. General pharmacokinetic and pharmacodynamic
principles are to a large extent equally applicable to
protein and peptide drugs as they are to traditional
small molecule-based therapeutics. Deviations from
some of these principles and additional challenges
with regard to the characterization of the pharmacoki-
netics and pharmacodynamics of peptide and protein
therapeutics, however, arise from some of their specific
properties:

(a) Their definition by the production process in a liv-
ing organism rather than a chemically exactly
defined structure and purity as it is the case for
small-molecule drugs

Their structural similarity to endogenous struc-
tural or functional proteins and nutrients

Their intimate involvement in physiologic pro-
cesses on the molecular level, often including regu-
latory feedback mechanisms

The analytical challenges to identify and quantify
them in the presence of a myriad of similar
molecules

Their large molecular weight and macromolecule
character (for proteins)

This chapter will highlight some of the major
pharmacokinetic properties and processes relevant for
the majority of peptide and protein therapeutics and
will provide examples of well-characterized pharmaco-
dynamic relationships for peptide and protein drugs.
The clinical pharmacology of monoclonal antibodies,
including special aspects in their pharmacokinetics and
pharmacodynamics, will be discussed in further detail
in Chap. 7. For a more general discussion on pharmaco-
kinetic and pharmacodynamic principles, the reader is
referred to several textbooks and articles that review
the topic in extensive detail (see Further Reading).

(b)
(©

(d)

(e)
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paradigm of clinical pharmacol-
ogy: the dose-concentration-
effect relationship.

PHARMACOKINETICS OF PROTEIN THERAPEUTICS

The in vivo disposition of peptide and protein drugs
may often be predicted to a large degree from their
physiological function (Tang and Meibohm 2006).
Peptides, for example, which frequently have hormone
activity, usually have short elimination half-lives,
which is desirable for a close regulation of their endog-
enous levels and thus function. Insulin, for example,
shows dose-dependent elimination with a relatively
short half-life of 26 and 52 min at 0.1 and 0.2 U/kg,
respectively. Contrary to that, proteins that have trans-
port tasks such as albumin or long-term immunity
functions such as immunoglobulins have elimination
half-lives of several days, which enables and ensures
the continuous maintenance of physiologically
necessary concentrations in the bloodstream (Meibohm
and Derendorf 1994). This is, for example, reflected by
the elimination half-life of antibody drugs such as the
anti-epidermal growth factor receptor antibody cetux-
imab, an IgG1 chimeric antibody for which a half-life
of approximately 7 days has been reported (Herbst and
Langer 2002).

m Absorption of Protein Therapeutics

Enteral Administration

Peptides and proteins, unlike conventional small-
molecule drugs, are generally not therapeutically
active upon oral administration (Fasano 1998; Mahato
et al. 2003; Tang et al. 2004). The lack of systemic bio-
availability is mainly caused by two factors: (1) high
gastrointestinal enzyme activity and (2) low permea-
bility through the gastrointestinal mucosa. In fact, the
substantial peptidase and protease activity in the gas-
trointestinal tract makes it the most efficient body

compartment for peptide and protein metabolism.
Furthermore, the gastrointestinal mucosa presents a
major absorption barrier for water-soluble macromol-
ecules such as peptides and proteins (Tang et al. 2004).
Thus, although various factors such as permeability,
stability, and gastrointestinal transit time can affect the
rate and extent of orally administered proteins, molec-
ular size is generally considered the ultimate obstacle
(Shen 2003).

Since oral administration is still a highly desir-
able route of delivery for protein drugs due to its con-
venience, cost-effectiveness, and painlessness,
numerous strategies to overcome the obstacles associ-
ated with oral delivery of proteins have recently been
an area of intensive research. Suggested approaches to
increase the oral bioavailability of protein drugs
include encapsulation into micro- or nanoparticles
thereby protecting proteins from intestinal degrada-
tion (Lee 2002; Mahato et al. 2003; Shen 2003). Other
strategies are chemical modifications such as amino
acid backbone modifications and chemical conjuga-
tions to improve the resistance to degradation and per-
meability of the protein drug. Coadministration of
protease inhibitors has also been suggested for the
inhibition of enzymatic degradation (Pauletti et al.
1997; Mahato et al. 2003). More details on approaches
for oral delivery of peptide and protein therapeutics
are discussed in Chap. 4.

Parenteral Administration

Most peptide and protein drugs are currently formu-
lated as parenteral formulations because of their poor
oral bioavailability. Major routes of administration
include intravenous (IV), subcutaneous (SC), and intra-
muscular (IM) administration. In addition, other
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non-oral administration pathways are utilized, includ-
ing nasal, buccal, rectal, vaginal, transdermal, ocular,
and pulmonary drug delivery (see Chap. 4).

IV administration of peptides and proteins offers
the advantage of circumventing presystemic degrada-
tion, thereby achieving the highest concentration in the
biological system. Protein therapeutics given by the IV
route include, among many others, the tissue plasmin-
ogen activator (t-PA) analogues alteplase and
tenecteplase, the recombinant human erythropoietin
epoetin-a, and the granulocyte colony-stimulating fac-
tor filgrastim (Tang and Meibohm 2006).

IV administration as either a bolus dose or con-
stant rate infusion, however, may not always provide
the desired concentration-time profile depending on
the biological activity of the product. In these cases, IM
or SC injections may be more appropriate alternatives.
For example, luteinizing hormone-releasing hormone
(LH-RH) in bursts stimulates the release of follicle-
stimulating hormone (FSH) and luteinizing hormone
(LH), whereas a continuous baseline level will sup-
press the release of these hormones (Handelsman and
Swerdloff 1986). To avoid the high peaks from an IV
administration of leuprorelin, an LH-RH agonist, a
long-acting monthly depot injection of the drug is
approved for the treatment of prostate cancer and
endometriosis (Periti et al. 2002). A recent study com-
paring SC versus IV administration of epoetin-a in

scheme of pharmacokinetic
V and pharmacodynamic
processes.

patients receiving hemodialysis reports that the SC
route can maintain the hematocrit in a desired target
range with a lower average weekly dose of epoetin-a
compared to IV (Kaufman et al. 1998).

One of the potential limitations of SC and IM
administration, however, are the presystemic degrada-
tion processes frequently associated with these admin-
istration routes, resulting in a reduced systemic
bioavailability compared to IV administration. No cor-
relation between the molecular weight of a protein
therapeutic and its systemic bioavailability has so far
been described in any species (Richter et al. 2012), and
clinically observed bioavailability seems to be product-
specific based on physicochemical properties and
structure.

Bioavailability assessments for therapeutic proteins
may be challenging if the protein exhibits the frequently
encountered nonlinear pharmacokinetic behavior.
Classic bioavailability assessments comparing systemic
exposures quantified as area-under-the-concentration-
time curve (AUC) resulting from extravascular versus IV
administration assume linear pharmacokinetics, ie., a
drug clearance independent of concentration and
the administration pathway. As this is not the case for
many therapeutic proteins, especially those that undergo
target-mediated drug disposition (see respective section
in this chapter), bioavailability assessments using
the classic approach can result in substantial bias
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(Limothai and Meibohm 2011). Potential approaches
suggested to minimize or overcome these effects
include bioavailability assessments at doses at which
the target- or receptor-mediated processes are satu-
rated or to compare concentration-time profiles with
similar shape and magnitude for extravascular and IV
administration by modulating the input rate in the IV
experiment.

The pharmacokinetically derived apparent
absorption rate constant k,,,,, for protein drugs adminis-
tered via these administration routes is the combina-
tion of absorption into the systemic circulation and
presystemic degradation at the absorption site, i.e., the
sum of a true first-order absorption rate constant k, and
a first-order degradation rate constant. The true absorp-
tion rate constant k, can then be calculated as

k = F -k,

where F is the systemic bioavailability compared
to IV administration. A rapid apparent absorption, i.e.,
large k,p,, can thus be the result of a slow true absorp-
tion and a fast presystemic degradation, i.e., a low sys-
temic bioavailability (Colburn 1991).

For monoclonal antibodies and fusion proteins
with antibody Fc fragment, interaction with the neona-
tal Fc receptor (FcRn) has also been identified as impor-
tant to absorption processes (Roopenian and Akilesh
2007). In this context, FcRn prevents the monoclonal
antibody or fusion protein from undergoing lysosomal
degradation (see Chap. 7 for details) and thereby
increases systemic bioavailability, but may also facili-
tate transcellular transport from the absorption site
into the vascular space.

Other potential factors that may limit the rate
and/or extent of uptake of proteins after SC or IM
administration include variable local blood flow, injec-
tion trauma, and limitations of uptake into the systemic
circulation related to effective capillary pore size, diffu-
sion, and convective transport.

Several peptide and protein therapeutics includ-
ing anakinra, etanercept, insulin, and pegfilgrastim are
administered as SC injections. Following a SC injec-
tion, peptide and protein therapeutics may enter the
systemic circulation either via blood capillaries or
through lymphatic vessels (Porter and Charman 2000).
In general, peptides and proteins larger than 16 kDa
are predominantly absorbed into the lymphatics,
whereas those under 1 kDa are mostly absorbed into
the blood circulation. While diffusion is the driving
force for the uptake into blood capillaries, transport of
larger proteins through the interstitial space into lym-
phatic vessels is mediated by convective transport with
the interstitial fluid following the hydrostatic and
osmotic pressure differences. Since lymph flow and

interstitial convective transport are substantially
slower than diffusion processes, larger proteins usu-
ally show a delayed and prolonged absorption process
after SC administration that can even become the rate-
limiting step in their overall disposition. There appears
to be a defined relationship between the molecular
weight of the protein and the proportion of the dose
absorbed by the lymphatics (see Fig. 4.12) (Supersaxo
et al. 1990). This is of particular importance for those
agents whose therapeutic targets are lymphoid cells
(i-e., interferons and interleukins). Studies with recom-
binant human interferon a-2a (rhIFN o-2a) indicate
that following SC administration, high concentrations
of the recombinant protein are found in the lymphatic
system, which drains into regional lymph nodes
(Supersaxo et al. 1988). Due to this targeting effect, clin-
ical studies show that palliative low-to-intermediate-
dose SC recombinant interleukin-2 (rIL-2) in
combination with thIFN «a-2a can be administered to
patients in the ambulatory setting with efficacy and
safety profiles comparable to the most aggressive IV
rIL-2 protocol against metastatic renal cell cancer
(Schomburg et al. 1993).

More recently, charge has also been described as
an important factor in the SC absorption of proteins:
While the positive and negative charges from collagen
and hyaluronan in the extracellular matrix seem to be
of similar magnitude, additional negative charges of
proteoglycans may lead to a negative interstitial charge
(Richter et al. 2012). This negative net charge and the
associated ionic interactions with SC-administered
proteins result in a slower transport for more positively
rather than negatively charged proteins, as could be
shown for several monoclonal antibodies (Mach et al.
2011).

m Distribution of Protein Therapeutics

Distribution Mechanisms and Volumes

The rate and extent of protein distribution is largely
determined by the molecule size and molecular weight,
physiochemical properties (e.g., charge, lipophilicity),
binding to structural or transport proteins, and their
dependency on active transport processes to cross bio-
membranes. Since most therapeutic proteins have high
molecular weights and are thus large in size, their
apparent volume of distribution is usually small and
limited to the volume of the extracellular space due to
their limited mobility secondary to impaired passage
through biomembranes (Zito 1997). In addition, there
is a mutual exclusion between protein therapeutics and
the structural molecules of the extracellular matrix.
This fraction of the interstitial space that is not avail-
able for distribution is expressed as the exclusion vol-
ume (Ve). It is dependent on the molecular weight and
charge of the macromolecule and further limits
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extravascular distribution. For albumin (MW 66 kDa),
the Ve is ~40 % in dog muscle tissue. Active tissue
uptake and binding to intra- and extravascular pro-
teins, however, can substantially increase the apparent
volume of distribution of protein drugs, as reflected by
the relatively large volume of distribution of up to
2.8 L/kg for interferon p-1b (Chiang et al. 1993).

In contrast to small-molecule drugs, protein trans-
port from the vascular space into the interstitial space of
tissues is largely mediated by convection rather than
diffusion, following the unidirectional fluid flux from
the vascular space through paracellular pores into the
interstitial tissue space (Fig. 5.3). The subsequent
removal from the interstitial space is accomplished by
lymph drainage back into the systemic circulation
(Flessner et al. 1997). This underlines the unique role
the lymphatic system plays in the disposition of protein
therapeutics as already discussed in the section on
absorption. The fact that the transfer clearance from the
vascular to the interstitial space is smaller than the
transfer clearance from the interstitial space to the lym-
phatic system results in lower protein concentrations in
the interstitial space compared to the vascular space,
thereby further limiting the apparent volume of distri-
bution for protein therapeutics. Another, but much less
prominent pathway for the movement of protein mole-
cules from the vascular to the interstitial space is trans-
cellular migration via endocytosis (Baxter et al. 1994;
Reddy et al. 2006).

Besides the size-dependent sieving of macromol-
ecules through the capillary walls, charge may also
play an important role in the biodistribution of pro-
teins. It has been suggested that the electrostatic attrac-
tion between positively charged proteins and
negatively charged cell membranes might increase the
rate and extent of tissue distribution. Most cell surfaces
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are negatively charged because of their abundance of
glycosaminoglycans in the extracellular matrix.

After IV administration, peptides and proteins
usually follow a biexponential plasma concentration-
time profile that can best be described by a two-
compartment pharmacokinetic model (Meibohm
2004). A biexponential concentration-time profile has,
for example, been described for clenoliximab, a
macaque-human chimeric monoclonal antibody spe-
cific to the CD4 molecule on the surface of T lympho-
cytes (Mould et al. 1999). Similarly, AJW200, a
humanized monoclonal antibody to the von Willebrand
factor, exhibited biphasic pharmacokinetics after IV
administration (Kageyama et al. 2002). The central
compartment in this two-compartment model repre-
sents primarily the vascular space and the interstitial
space of well-perfused organs with permeable capil-
lary walls, including the liver and the kidneys. The
peripheral compartment is more reflective of
concentration-time profiles