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Genetic Strategies F. coli Abstract

Abstract

Antibody fragments are important protein tools for research, therapeutic, diagnostic and
purification applications. Due to their reduced size and lack of post-translational mod-
ifications, they often can be produced in non-mammalian expression systems, e.g. FEs-
cherichia coli. Production as protein aggregates (inclusion bodies) and subsequent refold-
ing is often cumbersome. Thus, numerous techniques for production of soluble and cor-
rectly folded recombinant antibody fragments have been reported. However, approaches

which address several bottlenecks simultaneously are still rare.

Several techniques were tested and combined within this study. The use of plasmid-free
strains with a genome-integrated expression cassette utilizing the T7 RNA polymerase
system successfully addressed issues of plasmid-based approaches (plasmid loss, negative
influence of the basic plasmid, high level basal expression, growth cessation and secretion
machinery overload). In fed-batch fermentations, soluble titers of three antibody frag-
ment model proteins produced in the periplasm of E. coli BL21(DE3) were substantially
increased (FabX: 3.3-fold, 53 — 174 mg 17!; FabZ: 4.4-fold, 83 — 363 mg 17 !; scFv-Z-1:
8.6-fold, no absolute quantification). An overload of the periplasmic folding machinery
was the major remaining issue. Unexpectedly, plasmid-based co-expression of folding
modulator genes under control of condition-inducible or T7 RNA polymerase systems
significantly interfered with overall and soluble expression of the target gene. The use
of constitutive promoters with different activity levels allowed screening of periplasmic
folding modulators and variation of their cellular levels. Soluble product titers were im-
proved substantially in shake flasks (FabZ: > 300 %, FabX: > 600 %) and moderately in
fed-batch fermentations (FabZ: 4+ 50 %, FabX: + 24 %). FkpA, Skp and SurA appeared
relevant, while DsbA, DsbC and PpiD exerted no or a negative effect. Eventually, soluble
product titers of 450 and 576 mg 17! were obtained for FabX and FabZ, respectively.

In conclusion, the established toolbox comprises three basic production strains (gene of
interest on a multi-copy plasmid or forward/reverse genome-integrated). PpiD and the
strongest constitutive promoter seemed expendable in co-expression approaches. Thus,
each of the three basic strains can, if necessary, be enhanced with one of five folding
modulators on two different cellular levels, yielding up to 33 different production strains.
This flexible set of tools will be of value for production of biopharmaceuticals by enabling
addressing frequently encountered issues of secretion and folding of recombinant proteins

in E. col.
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Zusammenfassung

Antikorper-Fragmente werden in den Bereichen Forschung, Diagnostik und Aufreinigung
und als Therapeutika eingesetzt. Sie konnen aufgrund ihrer geringen Grofse und nicht
vorhandenen post-translationalen Modifikationen auch in nicht-Sduger-Systemen, z.B. Es-
cherichia coli, produziert werden. Die Produktion als aggregierte Proteine (Einschlusskor-
per) gestaltet sich vor allem aufgrund der anschliekenden Riickfaltung oft als schwierig.
Um Zielproteine direkt korrekt gefaltet herzustellen, wurden bereits diverse Techniken
entwickelt. Dennoch gibt es wenige Ansétze, die gleichzeitig mehrere Probleme bei der

loslichen Produktion addressieren.

In dieser Arbeit wurden verschiedene Techniken untersucht und kombiniert. Typische
Probleme Plasmid-basierter Expression (Plasmidverlust, negativer Einfluss des Basisplas-
mids, Basalexpression, Wachstumsprobleme und Uberlastung der Sekretionsmaschinerie)
wurden durch Genomintegration der Zielgen-Expressionkassette mit starkem T7-RNA-
Polymerase-System adressiert. Dies steigerte die 16slichen Ausbeuten von ins Periplasma
von E. coli BL21(DE3) sekretierten Antikorper-Fragmenten in Fed-Batch-Fermentationen
erheblich (FabX: 3.3-fach, 53 — 174 mg 17!; FabZ: 4.4-fach, 83 — 363 mg 17!; scFv-Z-
1: 8.6-fach, keine Absolutwerte). Jedoch wurde eine Uberlastung der periplasmatischen
Faltungsmaschinerie festgestellt. Die Plasmid-basierte Co-Synthese periplasmatischer Fal-
tungshelfern mit induzierbaren Promotoren beeinflusste die Expression des Zielgens. Kon-
stitutive Promotoren verschiedener Stiarke ermdglichten schliefslich die Untersuchung ver-
schiedener Helfer mit verschiedenen zellularen Konzentrationen. Losliche Produkttiter
zweier Fab-Fragmente wurden in Schiittelkolben-Experimenten deutlich (FabZ: > 300 %,
FabX: > 600 %) und in Fed-Batch-Fermentationen moderat gesteigert (FabZ: + 50 %,
FabX: + 24 %). FkpA, Skp and SurA erschienen férderlich, wobei DsbA, DsbC und PpiD
keine oder negative Effekte zeigten. Die besten Expressionssystemen resultierten in 16s-
lichen Produkttiter von 450 (FabX) und 576 mg 1™ (FabZ) in Fed-Batch-Fermentationen.

Das System besteht aus drei Basisstammen mit Plasmid-basierter oder , forward’-/,reverse”-
Genom-integrierter Expressionskassette. Da PpiD und der stérkste konstitutive Promotor
verzichtbar erschienen, konnen diese jeweils mit fiinf Faltungshelfern mit je zwei zelluldren
Konzentrationen kombiniert werden. Diese 33 Stdmmen werden die 16sliche Produktion
von therapeutischen Proteinen erleichtern, indem bekannte Probleme bei der Sekretion

und Faltung von rekombinanten Proteinen in FE. coli gezielt adressiert werden kénnen.

I11
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Introduction

1.1 Antibody Fragment Biopharmaceuticals

The term “biopharmaceuticals” was coined in the 1980s and describes biotechnologically
produced pharmaceuticals, which were not extracted from biological sources. Rather, bio-
pharmaceuticals are produced utilizing modern biological methods including recombinant
DNA techniques (Walsh, 2014). Recombinant human insulin (Humulin, Eli Lilly) was the
first biopharmaceutical to receive FDA approval (1982). During the 1980s, eight further
biopharmaceutical products received approval. Approval rates increased afterwards and
have constantly ranged above 50 approvals per five year time period, starting with 1995.
In July 2014, 212 biopharmaceutical drugs were approved and marketed in the United
States and the EU. Their indications are, for instance, related to treatment of cancer,
inflammation-related diseases, hemophilia, metabolic disorders and diabetes. In 2014,
the biopharmaceutical market accounted for approximately 40 % of the total sales of the
global pharmaceutical market (Spadiut et al., 2014). 37 biopharmaceuticals held “block-
buster” status, i.e. reached sales volumes of above US $1 billion, in 2013. In the same
year, the total sales volume achieved by biopharmaceutical drugs was approximately US
$140 billion. Monoclonal antibodies (mAbs) and related products represent the most lu-
crative biopharmaceuticals product class. The first monoclonal antibody drug for clinical
use in humans (Orthochlone OKT-3, Janssen-Cilag) was approved by the FDA in 1986
(Smith, 1996). Nowadays, several antibody products (e.g. Avastin, Herceptin, Remicade,
Rituxan, Humira, and Erbitux) have reached blockbuster status (Spadiut et al., 2014).
Major indications are inflammatory and autoimmune diseases (US $41 billion sales in
2013) and cancer (US $26 billion sales in 2013). Unless otherwise stated, this paragraph
is based on a 2014 article (Walsh, 2014).

The structure of immunogloulin G (IgG), which is the most abundant antibody isomer
type in humans, was published in 1971 (see Figure 1.1) (Edelman, 1971). The tetrameric
full-length mAb molecules consist of two identical heavy and light chains and have an
approximate molecular weight of 150 kDa. Two heterodimeric Fab (fragment antigen
binding, Cyl-Vy and Cp-Vy) and the homodimeric Fe (fragment crystallizable, Cp2-
Cy3) regions form the Y-shaped structure. Heavy and light chain are connected wvia
disulfide bonds in the Fab region. In each Fab fragment, variable regions of both chains

(Vi and Vi) form two variable fragments (Fv), which enable antigen binding with high

1
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Figure 1.1: Overall arrangement of chains and disulfide bonds of vG1 immunoglobulin Eu (A) and
antibody (IgG) structure and engineering (B). A: Half-cystinyl residues are numbered I to XI beginning
from the N-terminus. Numbers I to V designate corresponding residues in light and heavy chains. PCA:
pyrollidone carboxylic acid. CHO: carbohydrate. Fab(t) and Fc(t) refer to fragments produced by
trypsin, which cleaves the heavy chain as indicated by dashed lines above half-cystinyl residues VI. Vg,
V1: homologous variable regions of heavy and light chains. Cy1, Cy2, Cy3: homology regions comprising
Cy, the constant regions of the heavy chain. Cp: constant region of the light chains which is homologous
to Cul, Cy2 and Cy3. The figure and description were copied from the original publication (Edelman,
1971). B: Antibody (IgG) structure and engineering. Immunoglobulin G counsists of three domains (Fab,
Fc and Hinge). In general, the Fab region is responsible for antigen-binding specificity and affinity and
the Fc part is responsible for antibody stability and effector functions through Fc receptor bindings. In
antibody engineering, various strategies can be employed for each domain. The figure and description
were copied from the original publication (Jeong et al., 2011).

specificity and affinity. Fc domains, which bear the Hinge region and carbohydrate side
chains (“glycosylation”), stabilize the antibody and are important for antibody-dependent
cell-mediated cytotoxicity (ADCC). Native antibodies are part of the immune system.
Due to their antigen-binding characteristics, they can bind to foreign substances (e.g.
viruses or bacteria). By antibody binding, these foreign substances are neutralized or
marked for actions of alternative defence systems. To utilize this high specificity and
affinity, antibody-based compounds have been successfully developed and marketed for
therapeutic, research and diagnostic applications. Unless otherwise indicated, this para-
graph is based on text book information or review articles (Janeway et al., 2001; Jeong
et al., 2011; Nelson and Reichert, 2009).

Derived from full-length antibodies, different parts or compounds, e.g. Fabs (Better et al.,
1988) or scFvs (Bird et al., 1988), have been developed and used (see Figure 1.2). While
binding specificity of these “antibody fragments” is similar to that of full IgGs, removal of
antibody parts has important consequences. Partly due to their decreased size, antibody
fragments are often characterized by rapid and deep tissue penetration, a lower retention
time in non-target tissues and a rapid blood clearance, which results in shorter circulating
half lives (Jain, 1990; Larson et al., 1983; Ward et al., 1989; Yokota et al., 1992). However,

“half life extension”, e.g. by means of PEGylation (Jain and Jain, 2008) or albumin con-

2
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scFv scAb Fab Fab, Fcab dAb

Figure 1.2: Schematic structure of various antibody fragments. In scFv, scAb and dAb, heavy and
light chains are connected by flexible Gly-Ser linkers. In Fab, Fabs or Fcab molecules, both chains are
covalently linked via disulfide bonds. Fcab requires glycosylation at Asn?°” position. The figure and
description were copied from a review article (Jeong et al., 2011).

jugation (Holt et al., 2008), is possible. Absence of Fc region and glycosylation in many
Ab fragments prevents complement-dependent (CDC) or antibody-dependent cellular cy-
totoxicity (ADCC). Thus, certain fragments are characterized by reduced immunogenic
potential (Raghavan and Bjorkman, 1996). Furthermore, the lack of the Fc region can
lead to reduced stability (Bird et al., 1988). Unless specified otherwise, this paragraph is
based on a review article (Nelson and Reichert, 2009) and the introductory section of a
research article (Ahmad et al., 2012).

Considering their antigen-binding properties and the described characteristics, antibody
fragment can constitute relevant alternatives for full-length antibodies. In accordance,
many antibody fragments have become important tools in research, diagnostic, thera-
peutic and purification applications (de Marco, 2011; Li and Zhu, 2010; Reichert, 2012).
For example, bivalent Faby and monovalent Fab fragments have shown good therapeu-
tic results in both animal and clinical studies (Goldenberg, 2002). Abciximab (ReoPro,
Centocor /Eli Lilly), Ranibizumab (Lucentis, Genentech) (Ferrara et al., 2006) and Cer-
tolizumab pegol (Cimzia, UCB) are FDA-approved Fab fragments (Nelson and Reichert,
2009). Furthermore, since production of small, glycosylation-free antibody fragments re-
quires less complex synthesis machineries, their production in non-mammalian expression

systems is often feasible (Jeong et al., 2011).
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1.2 Production of Biopharmaceuticals in Escherichia

colr

Chemical synthesis of complex biological products, especially proteins, is hardly possible
(Lee and Bang, 2010). They are usually produced in genetically modified host organisms
as “recombinant proteins”. A plethora of production systems is available for production of
biopharmaceuticals. Depending on target product characteristics, these are characterized
by advantages and drawbacks (Brondyk, 2009). This variety is also represented in the
expression systems that are used for manufacturing of newly approved products (see Fig-
ure 1.3). As many biopharmaceutical products require post-translational modifications to
fulfill demands of activity and/or stability, mammalian expression systems are becoming
more important. Currently, chinese hamster ovary (CHO) cells are most commonly used.
Developments concerning this expression system were comprehensively reviewed in 2012
(Kim et al., 2012). In 2010, 32 % of all manufactured active pharmaceutical ingredient
(API) (a total of approximately 26400 kg) were derived from mammalian systems. The
remaining amount (approximately 18000 kg) was produced in microbial systems. Eukary-
otic microbial systems (Saccharomyces cerevisia and Pichia pastoris) also play major roles
in production of biopharmaceuticals. On the other hand, non-FE. coli procaryotic micro-
bial systems (e.g. Vibrio cholera and Bordetella pertussis) are of less importance. Thus,
the gram-negative bacterium FEscherichia coli remains the most common non-mammalian
production system. Very few approved products are produced in transgenic animals, in-
sect or plant cells. In conclusion, CHO cells and the gram-negative bacterium FE. coli
currently represent the most important expression systems. Unless stated otherwise, this

paragraph is based on a 2014 review article (Walsh, 2014).

E. coli in particular has a long history of successful application as a production organism
in the biopharmaceutical industry. In 1977, the first recombinant human therapeutic
protein (Somatostatin) was successfully synthesized in E. coli (Itakura et al., 1977). Five
years later, in 1982, recombinant human insulin for treatment of diabetes (Humulin),
produced in F. coli, received FDA approval. Since then, various recombinant hormones,
thrombolytics, growth factors, interferons and antibody fragments, which are produced
in E. coli, have received approval (EMEA, 2007; Walsh, 2010, 2014). Up to 2014, 19 % of
all approved biopharmaceuticals were produced in E. coli (see Figure 1.3) (Walsh, 2014).

Application and characteristics of the production organism FE. coli have been reviewed
comprehensively elsewhere (Frenzel et al., 2013; Green and Sambrook, 2012; Huang et al.,
2012; Jeong et al., 2011; Kamionka, 2011; Meyer and Schmidhalter, 2012; Nelson and

4
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Figure 1.3: Expression systems used to manufacture biopharmaceutical products. A: Relative applica-
tion of mammalian versus non-mammalian expression systems in the production of biopharmaceuticals
approved over the indicated time periods. Each data set is expressed as a percentage of total biopharma-
ceutical product approvals for the period in question. B: Product approvals, cumulative (1982 - 2014) and
during the considered study (2010 - July 2014). The relative distribution among the employed expression
system is shown. Figures and descriptions were copied from a review article (Walsh, 2014).

Reichert, 2009; Overton, 2014; Spadiut et al., 2014; Walsh, 2014) and will be covered
briefly. Due to decades of research and use in laboratories, the genetics of this, in bio-
chemical and physiological terms, relatively simple organism are characterized well. For
example, F. coli was one of the first organisms to have its entire genome sequenced (Blat-
tner et al., 1997). A plethora of tools for genetic manipulation and examination has
been developed. In terms of biotechnological applications, E. coli cells can be grown
rapidly to high cell densities on inexpensive media. Furthermore, they allow more ro-
bust and shorter processes than, for instance, CHO cells. Growing numbers of expression
vectors, different production strains, protein refolding and fermentation technologies for
industrial application are available. Combinations of several of these technologies allowed
for production of numerous approved biopharmaceuticals. This, in itself, constitutes an
advantages over alternative production systems in the drug approval process. However,
while a broad variety of biologics has been successfully produced in E. coli, certain product
characteristics may prevent its use. For instance, certain posttranslational modifications
(such as glycosylation), proteolytic protein maturation and/or disulfide bond formation
are mandatory for full function of some biopharmaceuticals (e.g. mAbs with blockbuster
status). While engineering approaches currently address these topics, most commonly
used E. coli strains are not or very insufficiently able to perform such modifications. Fur-
thermore, the presence of endotoxins that need to be removed from therapeutic products,

has to be considered prior to choosing the expression system.

In conclusion, several relevant production hosts for recombinant biopharmaceuticals exist.
Under circumstances that allow exploiting its many advantages, E. coli is an attractive

production organism.
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1.3 Soluble Production of Biopharmaceuticals in the

Escherichia coli Periplasm

1.3.1 Issues Associated with Inclusion Body Processes Suggest

Soluble Protein Production

In most cases, biopharmaceuticals require a defined conformation for achieving full bio-
logical activity. Thus, they are administered as dispersed soluble entities (Ferrer-Miralles
et al., 2009). Obtaining target proteins in the native and active form in E. coli-based
bioprocesses is possible in two different ways (Sahdev et al., 2008). Formation of aggre-
gated proteins, described as “inclusion bodies” (IBs) when located in the cytoplasm, often
occurs as an effect of a high level of overproduction. It can be induced deliberately and
aggregated protein can, subsequently, be isolated, solubilized, refolded and purified by
chromatographic techniques (Burgess, 2009; Lee et al., 2006; Singh et al., 2015; Vallejo
and Rinas, 2004). On the other hand, production of soluble and active target protein in
the upstream part of the bioprocess, i.e. directly in the expression host, is another fea-
sible synthesis route. For instance, the Fab fragments Ranibizumab (Lucentis) and Cer-
tolizumab (Cimzia) are produced as soluble entities in the periplasm of E. coli (EMEA,
2007; Jalalirad, 2013). The “tissue-type plasminogen activator” (tPA, 527 amino acids,
17 disulfide bonds) is a relevant biopharmaceutical product, which has been produced by

both IB-based and soluble protein production processes (Vallejo and Rinas, 2004).

Advantages and disadvantages associated with IB processes were covered in several re-
view articles (Arakawa and Ejima, 2014; Baneyx and Mujacic, 2004; Frenzel et al., 2013;
Garcia-Fruitos et al., 2012; Huang et al., 2012; Lee et al., 2006; Sahdev et al., 2008; Singh
and Panda, 2005; Sorensen and Mortensen, 2005a; Sugiki et al., 2014; Vallejo and Rinas,
2004) and introductory sections of a research article (Wyre and Overton, 2014). Unless
otherwise specified, this paragraph is based on these articles. High-yield production and
feasibility to also produce toxic proteins are advantages associated with IB-based pro-
duction. Furthermore, IBs are stable protein aggregates and are resistant to protease
activities in wvivo. In addition, proteomic analysis showed that IBs are relatively homo-
geneous in composition. The recombinant protein can account for more than 90 % of all
embedded polypeptides (Valax and Georgiou, 1993). During downstream processing, 1Bs
can be easily isolated after cell disruption, yielding relatively pure recombinant protein
material. The resultant IB paste can be frozen and stored for several months, providing

manufacturing flexibility (Garcia-Fruitos et al., 2009). In conclusion, IBs can be produced
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at high yield and isolated and purified with minimal effort. However, IBs require full de-
naturation and subsequent refolding to regain biological functionality. Identification of
conditions for efficient recovery of soluble and functional biopharmaceuticals from IBs pro-
duced in the bacterial cytoplasm is often cumbersome and time-consuming. Furthermore,
the success of these approaches is highly target protein-dependent. The conventionally
used “one-step-denaturing and refolding” method works for approximately 40 % of inclu-
sion body proteins (Yang et al., 2011). It was reported that in vitro refolding efficiency
is often far too low for economically feasible IB-based production processes (Lee et al