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Abstract

Engineering antibodies to study and improve immunomagnetic isolation of
tumour cells

Jayati Jain, Keble College, University of Oxford
DPhil thesis, Hilary 2013

Cell separation based on antibody-targeted magnetic beads has been widely used in a
number of applications in immunology, microbiology, oncology and more recently, in
the isolation of circulating tumour cells (CTCs) in cancer patients. Although other cell
separation techniques such as size-based cell filtration and Fluorescence Activated
Cell Sorting have also been in popular use, immunomagnetic cell isolation possesses
the advantages of high throughput, good specificity and reduced cell stress. However,
certain fundamental features of the cell-bead interface are still unknown.

In this study, some of the key features of the cell-bead synapse were investigated in
an effort to improve the efficiency of immunomagnetic cell isolation and reduce its
dependence on high-expressing cell surface markers. A clinically relevant antibody
fragment (Fab) against tyrosine kinase receptor HER2 was applied to study the
immunomagnetic isolation of HER2-expressing cancer cells. First, the minimum
number of target proteins required on a cell for it to be isolated was determined.
Second, the importance of the primary antibody affinity was investigated, using a
series of Fab mutants with known kinetics and it was shown that despite starting with
sub-nanomolar affinity, improving Fab affinity increased cell isolation. Third, the
influence of the connection between the primary antibody and the bead was studied
by comparing Fab bridged to the magnetic bead via a secondary antibody, Protein L
or streptavidin; the high affinity biotin-streptavidin linkage increased isolation
sensitivity by an order of magnitude. Fourth, the effect of manipulating cytoskeletal
polymerization and cell membrane fluidity using small molecules was tested;
cholesterol depletion decreased isolation and cholesterol loading increased cell
isolation. The insights from these observations were then applied to isolate a panel of
cell-lines expressing a wide range of surface HER2. While the standard approach
isolated less than 10% of low HER2-expressing cancer cells from spiked rabbit and
human blood, our enhanced approach with the optimized cholesterol level, antibody
affinity and antibody-bead linkage could specifically isolate more than 80% of such
cells. The final part of this work focussed on developing an antibody clamp that could
physically restrict the antigen within its binding site on the Fab and prevent antigen
dissociation, using the HER2-Fab complex and the anti-myc peptide antibody 9E10.

Work from this thesis provides useful insights into the molecular and cellular
parameters guiding immunomagnetic cell isolation and can be used to extend the
range of target receptors and biomarkers for tumour cell isolation and other types of
cell separation, thereby enhancing the power and capacity of this approach.
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Chapter 1: Introduction



Chapter 1: Introduction

1.1 Antibody engineering

1.1.1 History of antibodies

The term “antibody” is derived from the German word “antikorper”, first coined by
scientist and physician Paul Ehrlich in 1891 (Lindenmann, 1984). The initial clues
about the existence of antibodies in mammalian systems came from his work on
immunization of mice against the plant toxin proteins, ricin and abrin. At the same
time, in a landmark discovery by Emil Behring and Shibasabura Kitasato, it was
shown that serum from an animal actively immunized against diphtheria toxin could
neutralize a fatal dose of the toxin in another animal (Behring and Kitasato, 1890;
Hankin, 1890). Thus the idea of passive immunization was first generated, and its

potential in humans was immediately investigated.

Figure 1.1. Emil von Behring (right) with his colleagues Erich Wernicke (left) and Paul
Frosch (centre) immunizing guinea pigs for the development of anti-diphtheria therapeutic
serum in Robert Koch’s laboratory in Berlin (from Llewelyn et al., 1992. Permission
obtained).



In 1894, pharmaceutical company Farbwerke Hoechst launched the first
immunobiological therapeutic, an anti-diphtheria serum that could be used to prevent
epidemic diphtheria (Yamada, 2011). The introduction of serum therapy, popularly
known as the “magic bullet”, reduced the mortality rate from diphtheria in Paris from
52% to 25% (Llewelyn et al., 1992). However, as the serum came from non-human
sources (horses, rabbits), serum therapy had major side-effects and often led to fever,
rashes and joint pain (Llewelyn et al., 1992). Efforts were taken to improve the
methods for purification of serum and Paul Ehrlich even developed a standardized
procedure for quantification of serum therapeutic effect, including the concept of LDs,
(Lethal Dose, 50%; a measurement of toxicity, the dose required to kill half of the
tested population after a specific test duration) (Yamada, 2011). A decade later,
Austrian biologist Karl Landsteiner identified the different blood groups and studied
how blood transfusion between two different blood types can lead to agglutination
(Merino, 2011). This finding was later used to support the formation of antibodies in

blood serum on the introduction of a foreign antigen (Merino, 2011).

Purified human immunoglobulin preparations were finally introduced in 1944 as a
treatment for measles and the problems due to serum side-effects were overcome
(Llewelyn et al., 1992). The first elegant system for obtaining pure monoclonal
antibodies (mAbs) of known specificities in large amounts was described by George
Kohler and Cesar Milstein in 1975 (Kohler and Milstein, 1975). Two years later Alan
Williams showed that mAbs could be raised against biologically interesting molecules
and this triggered the development of a series of mAb-based diagnostic methods.
However, the use of murine mAbs for therapeutic use in humans was still
problematic, as their circulating half-life was very short, they did not initiate the same
effector functions and the human anti-mouse immune response posed difficulties
(Llewelyn et al., 1992). Producing human mAbs had its own set of challenges,
including the difficulty in sourcing B-cells from the peripheral blood instead of the
spleen, bone marrow or lymph nodes. The introduction of chimeric antibodies,
containing mouse variable regions and constant human domains partly solved this
problem, and the first therapeutic mAb generated was OKT3 by Ortho Biotech in
1984 (Yamada, 2011). Thereafter, a renaissance in the field of immunotherapy took
place, with the introduction of complementarity determining region (CDR, see section

1.1.2) grafted humanized monoclonals in 1986, phage display libraries to increase Ab



affinity in vitro in 1990, human mAbs produced from transgenic mice expressing
human antibody repertoires in 1994 and finally the commercialization of the first
human mAb Humira in 2002 (Yamada, 2011). Currently there are more than 25 mAbs

in clinical use and ~ 250 mAbs in the pharmaceutical pipeline (Yamada, 2011).

1.1.2 Antibody structure and classes

Each IgG antibody molecule is a glycoprotein made up of four chains — two identical
heavy chains and two identical light chains. The four chains are joined together by
disulfide bridges, forming a spatial structure similar to the letter “Y” (Fig. 1.2A).
Each heavy chain comprises one variable (V,) and three constant (C;)
immunoglobulin domains. Each light chain comprises one variable (V,) and one
constant (C;) immunoglobulin domains. From a functional perspective, there are two
main features in an antibody: the Fab (Fragment antigen-binding) fragments, which
are responsible for recognizing and binding the antigen, and the Fc region (Fragment
crystallisable), which is responsible for initiating the host defence mechanism (Fig.
1.2A) (Llewelyn et al., 1992). The two identical Fab regions lie at the amino terminal
ends of the chains (constituting Fragment variable, Fv). Each Fab includes one light
chain and one variable and one constant region of a single heavy chain. The Fc region
includes the two constant domains at the carboxyl ends of the heavy chains. The hinge
region between the two Fab fragments in an antibody is flexible and therefore allows
the antibody to bind two variably-separated identical antigens (Llewelyn et al., 1992).
Each variable domain contains three short loops of amino acids, which are
hypervariable and are termed complementarity determining regions (CDRs). At the
antigen binding site, all six of these CDRs (three each from heavy and light chains)
come together and are therefore responsible for the extraordinary specificity that
antibodies can have for their antigens (Al-Lazikani et al., 1997). The Fc region on the
Ab binds to the Fc receptors on immune cells and are responsible for initiating the
antigen-dependent cellular cytotoxicity responses. Antibodies contain conserved
glycosylation sites on their Fc regions and these sites can now be modified to control
antibody conformation and subsequently the antibody effector functions (Crispin et

al., 2009).

The constant region of the light chain differs depending on the class of light chain: x

or A chain. Similarly, there are five classes of antibodies depending on the heavy



chain constant regions: IgG, IgM, IgA, IgD and IgE (Merino, 2011). IgG, the
prototype antibody, is mainly produced in secondary immune responses. Nearly three
quarters of all commercial antibody products currently in development are intact IgG
antibodies (Zider and Drakeman, 2010). IgG antibodies can be further divided into
four sub-classes: IgG1, IgG2, IgG3 and IgG4, which vary in their ability to activate
the host defence mechanisms. IgM antibodies have a pentameric structure and are
present in the intravascular space, whereas IgA antibodies have a dimeric structure
and are present in secretions such as saliva and breast milk (Llewelyn et al., 1992).
IgD antibodies are monomeric and found mainly on B-cell surfaces. IgE antibodies
bind to Fce receptors on the surface of eosinophils, basophils and mast cells, and can
cause hypersensitivity reactions in allergic diseases. The Ig class of the antibody

determines both the type and the temporal nature of the immune response.

Peptide antigen

Fab scFv

Figure 1.2. Cartoon representation of IgG structure and commonly used Ab fragments.
A. Structure of a generic IgG antibody with two heavy chains (blue) and two light chains
(green). Each oval represents an immunoglobulin domain; lighter shades represent variable
domains (V, Vy) and darker shades represent constant domains (C, Cy). Disulfide bonds (
=) hold the four chains together. B. Various Ab fragments; divalent Fragment antigen-
binding (F(ab’),), Fragment antigen-binding (Fab) and single chain Fragment variable (scFv).



1.1.3 Polyclonal and monoclonal antibodies

Antibodies in the mammalian system are produced by B-lymphocytes that develop in
the bone marrow of an individual. When an antigen enters the body, it binds
specifically to a few of the B-cell clones, which migrate to the lymph nodes and
spleen, where the B-cells proliferate and undergo somatic hypermutation, during
which genetic mutations in the CDRs is followed by the selection of antibodies with
an even greater affinity for the antigen. This process of affinity maturation leads to the
high affinity antibody producing B-cell clones to mature into plasma cells, which go
on to secrete large amounts of the antibody displayed on their surface (Llewelyn et

al., 1992).

When a foreign antigen is introduced into a mammal, the immune system can produce
a polyclonal antibody response. As most antigens are highly complex, they present a
number of different sites for many B-lymphocytes to recognize and bind. As each B-
lymphocyte produces a different mAb, the resulting antibody response is a mixture of
various mAbs and is termed a polyclonal response. Polyclonal antibodies can be
purified from the immune serum by isolating the immunoglobulin-containing

fractions and can recognize multiple epitopes of the same antigen.

Polyclonal antibodies are cheaper and quicker to produce as compared to monoclonal
antibodies. Intravenous IgG, containing pooled IgG purified from the plasma of over
a thousand blood donors, is widely used as a treatment in immune deficiency diseases,
autoimmune diseases and acute infections (Bayry et al., 2003). Polyclonal antibodies
are especially beneficial when the targeted antigen can occur in many forms, such as
various protein conformations, phosphorylation, ubiquitinylation, as the polyclonals
can still recognize other unmodified epitopes in the antigen (Lipman et al., 2005).
However, polyclonal antibodies often have lower specificity for the antigen, as
polyclonal Abs can cross-react with other members of the same protein family to

which the antigen belongs.

Monoclonal antibodies are antibodies produced by a single B-cell clone. Monoclonal
antibodies are produced in the following way: B-cells from an immunized mammal’s
spleen are extracted and fused to immortal myeloma cells (Kohler and Milstein,

1975). The resulting hybridomas are then screened and the clone producing mAb with



good specificity for the antigen is selected and further cultured to produce large
amounts of the required mAb. The principal advantages of mAbs are their
homogeneity, consistency and the strong specificity for the target antigen (Lipman et
al., 2005). The immortal hybridomas also allow for continuous and standardized
production of the same kind of mAb. With the advances in genetic engineering,
murine mAbs can easily be transformed into other constructs, such as chimeric (with
human Fc region) or humanized (human antibody with mouse CDR regions)
antibodies that are more applicable in human treatment. Furthermore, recombinant
mAbs have had their glycosylation engineered to enable reduced inhibition by serum
IgG of the mAb binding to Fcy receptors (Baruah et al., 2012); addition of the
endoglycosidase S cleaves the complex-glycans found on serum IgG, but is inactive
against IgG Fc engineered with oligomannose-type glycans (Baruah et al., 2012). This
technique has the potential to mediate better immune effector functions by the

administered therapeutic mAb.

However, due to their monospecificity, mAbs can lose their effectiveness against
rapidly mutating targets, such as HIV or influenza, which undergo random mutations
and thereby evade the immune system. In such cases, polyclonal antibodies offer a
better alternative for the treatment of infectious diseases (Haurum, 2006). The
production of recombinant polyclonal antibodies is now being explored using
platforms such as Symplex™ and Sympress™ technologies. Antibody-producing cells
are isolated from the blood of immune donors, antibody mRNA is reverse transcribed,
and the heavy and light chain of an antibody are linked together by the Symplex™
PCR, thereby preserving their natural pairing (Haurum, 2006). Antibodies are selected
for antigen specificity using high-throughput screening methods such as ELISA.
Selected constructs are then stably transfected into mammalian cells, and each clone
producing a different antibody is mixed together to form a polyclonal master cell
bank, which can then be used for large scale production (Haurum, 2006). Due to their
binding of multiple sites on the target, recombinant polyclonals can trigger a range of
effector functions such as enhanced phagocytosis of antigens, preventing antibody-
coated cells from attaching to host cells, toxin neutralization and agglutination and
subsequent clearance of soluble antigens (Haurum, 2006). However, the production of
recombinant polyclonal antibodies is still in its initial stages and only a few have

reached clinical trials (Symphogen).



1.1.4 Antibody fragments

Recombinant mAbs have been widely used both as IgGs or as antibody fragments
when injected systemically to target tumours (Allen, 2002). Antibody fragments used
for antigen targeting in research applications include the monovalent antigen binding
fragment (Fab), divalent antigen binding fragment (F(ab’),), single chain fragment
variables (scFv) and a number of other multivalent fragments derived from a
combination of these (Fig. 1.2B) (Maynard and Georgiou, 2000; Miller et al., 2003).
The use of antibody fragments may have advantages over intact IgGs for tumour
targetting, as antibody fragments can have decreased immunogenicity, increased
tumour penetration owing to their smaller size and lower non-specific binding (Carter,
2001; Pavlinkova et al., 2001; Peer et al., 2007). Antibody fragments are also easier
to produce in large quantities and their affinity can be modulated using various

combinatorial display libraries (Aitken, 2009).

1.1.5 Antibody display technologies

Antibodies produced during mammalian immune response have an affinity ceiling of
~Kp=10"" M due to the regulated rate of internalization of B-cell receptors during
affinity maturation (Foote and Eisen, 1995). Over the last three decades, several in
vitro systems have been developed to artificially increase the affinity of an antibody
against its antigen. The most successful of these is the generation of antibody gene

libraries, from which the best affinity clones are selected and further characterized.

To increase the affinity of an antibody or antibody fragment under investigation, its
gene sequence is amplified using an error-prone replication mechanism or primer-
based introduction of diversity, in order to generate random mutations and assemble a
diverse DNA library containing > 10’ clones (Marks et al., 1991). However, as most
randomized CDRs give poor specificity and folding, the best libraries now mostly
start with the human repertoire, where each clone has a higher probability of yielding

a useful result.

In the phage display technology (Fig. 1.3), the gene library is fused to the gene III
coat protein (plll) of filamentous phage, which is used to infect E. coli (Barbas et al.,
1991). Once inside the bacterial cells, the phage produces the protein sequence of the

contained Ab gene and displays the Ab at the tip of the phage fused to plIlII (Fig. 1.3).



When the phage is released from the bacterial cell, a selection process based on
recognition of immobilized antigen is applied to the phage pool to select strong
binding Ab constructs (Gram et al., 1992). As the DNA sequence of the displayed Ab
mutant is enclosed within the same phage, the antigen-bound phage clones can be
eluted and the corresponding region in the phage genome can be sequenced to
determine the gene sequence of the high affinity antibody mutant (Fig. 1.3). This
process can be repeated multiple times to optimize the antigen-antibody binding. As a
complete IgG contains four chains and it is difficult to correctly fold IgG in E. coli,
the phage display system is mostly used to engineer high affinity Fab and scFv
fragments (Ahmad et al., 2012). The optimized Ab fragment can then be transferred

onto an IgG framework as desired.

Transfect into Phage
bacteria proliferation
Naive library or
unoptimised
scaffold
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Figure 1.3. Illustration of phage display technology. A diverse gene library (curved lines)
generated from error prone PCR, diverse primers or naive library is fused to pIIl phage gene
(straight black lines) and transfected into bacteria. Inside the bacterial cell, the phage (grey)
displays the protein sequence of the contained Ab gene. Once released from the bacterial
cells, phage particles displaying high affinity antibodies can be selected using immobilized
antigen (blue). The high affinity binders can then be eluted and subjected to further rounds of
phage display or the enclosed DNA could be sequenced to obtain the gene sequence of the
high affinity binders.



The robustness, simplicity and stability of the phage particles make phage display a
widely-used display technology for protein affinity maturation (Dufner et al., 2000).
However, the phage library size is limited by its transformation efficiency in bacterial
cells and can therefore reduce library diversity and the probability of selecting the
highest affinity binding protein (Dufner et al., 2006). Despite major improvements in
phage display, the largest reported libraries contain a maximum of 10'°-10"" different
mutants (Dufner et al., 2006). Furthermore, mutants that are toxic for the host, poorly
expressed or folded, susceptible to proteolysis or aggregation can slow down the
growth of bacterial cells and be displayed less efficiently. This can favour the
dominance of low binding but fast growing clones after a few rounds of selection

(Dufner et al., 2006).

Yeast surface display is another technique widely used to engineer high affinity
antibodies and antibody fragments (Gai and Wittrup, 2007). The protein of interest is
fused to the Aga2 protein and displayed on the surface of Saccharomyces cerevisiae
(Chao et al., 2006). High affinity clones can be isolated using flow cytometry and
magnetic separation (sections 1.2.2 and 1.2.4). Yeast display has the advantage that
the displayed proteins are folded in the endoplasmic reticulum of the eukaryotic yeast
cells, in the presence of the endoplasmic reticulum chaperones and quality-control
machinery and therefore the clones generated are usually well-folded and the library
is of high quality (Chao et al., 2006). However, yeast display also faces challenges
similar to phage display, such as relatively small library size (10’-10° clones),
susceptibility to protein aggregates and the dominance of well-folded but not

necessarily high affinity mutants (Gai and Wittrup, 2007).

Some of these problems have been overcome by the development of alternate display
technologies like ribosome display and mRNA display, both of which can help
construct and screen antibody libraries containing more than 10'>-10" clones
(Lipovsek and Pluckthun, 2004). For ribosome display, the DNA library encoding the
randomly mutagenized polypeptide of interest is fused to a C-terminal tether region
that does not contain the stop codon and the library is transcribed in vitro. The
resulting modified mRNA is translated using ribosomes, which stop after translation

but do not release the mRNA. This leads to the formation of a tertiary complex,
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containing the folded polypeptide attached via the ribosome to its encoding mRNA. In
mRNA display, the mRNA is first translated and then covalently bound to its encoded
protein using adaptor molecules such as puromycin (Lipovsek and Pluckthun, 2004).
This close coupling of the genotype (mRNA) to its phenotype (protein) allows for the
selection of strong binding antibodies using immobilized antigen, and the selected

clones can be back translated to obtain the required Ab gene sequence.

As both these methods are best performed on single-chain constructs, such techniques
are mostly used for the generation of high affinity scFvs and other synthetic Ab
constructs rather than complete IgGs (Lipovsek and Pluckthun, 2004). Although few
reports have been published on the application of mRNA display, ribosome display
has already been used to produce scFv constructs with dissociation constants in the
picomolar range (Hanes et al., 2000). Both these technologies avoid the issues of
negative selection seen due to limited transformation efficiency in phage and yeast
display. Ribosome display and mRNA display library size is limited mainly by the
number of ribosomes and the number of diverse mRNA molecules present in the
translation mixture (Lipovsek and Pluckthun, 2004). The non-specific binding due to
misfolded proteins can however possess a mechanistic challenge to the success of
these technologies. Therefore, although the library size in mRNA/ribosome display is
large, the library quality might be low due to the presence of a number of misfolded
clones and it is important to keep this in mind when choosing a display technology for

engineering antibodies.

1.1.6 Rational design

With the advancement in X-ray crystallography and computational modeling,
computer-aided antibody design can provide useful insights into optimizing antigen-
antibody interaction sites and creating more stable Ab conformations. In silico
modeling and Molecular Dynamics simulations have been used to 1.) predict the 3D
protein structures of antibodies from their polypeptide sequences when an X-ray
crystal structure is unavailable 2.) study antigen docking into its binding site 3.)
increase Ab affinity by multiple amino acid substitutions in the CDR regions and 4.)
increase the solubility and thermodynamic stability of an antibody by optimizing its
heavy chain-light chain interface (Belogurov et al., 2012; Kuroda et al., 2012). The

predicted useful mutants can then be produced and tested empirically.
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A rational approach can also be conducted by making point mutants of the Ab to
create more favourable conformations. Selected stretches of residues can be fine-
tuned based on size, charge, hydrophobicity and secondary structure to enhance the
antibody’s properties or develop novel functionality. Although, this is mostly a trial
and error method, can be very laborious and several mutants often need to be screened
to get a better clone, the rational approach has been successfully used to modify Fabs
(Teerinen et al., 2006) and other binding proteins (Chivers et al., 2010; Zakeri et al.,
2012).

1.1.7 Chemical modifications

Several antibodies or antibody fragments have been chemically modified to produce
“reactive antibodies” that irreversibly bind their target antigen. Metalloantibodies are
antibodies that have been engineered with reactive metal binding sites that can
effectively form covalent complexes with unmodified target protein antigen (Trisler et
al., 2007). Trisler et al. grafted a metal binding motif in the anti-TNFa scFv (RA7),
such that the motif was in close proximity with the antigen but did not affect the
antigen’s approach and binding. A library was created using a consensus metal
binding motif (HEXXH) from metalloproteases and was inserted at the N-terminal of
the heavy chain. The library clones were then tested for TNFa binding and selected
using phage display. Specific HEXXH-scFv fusion sequences were discovered that
formed Co**-dependent covalent complexes with their target. The scFv-antigen
complex showed resistance to boiling, strong reducing conditions, chemical
denaturants, excess metal chelator and SDS-PAGE (Trisler et al., 2007). Such
metalloantibodies can also be used to inactivate the target, as they irreversibly modify
the target. However, the use of such antibodies might be toxic, and therefore needs to
be carefully tested in vivo before therapeutic use. Also, the specificity of the reaction
was not clearly demonstrated and could have been severely affected since the

metalloantibody reacted with itself (Trisler et al., 2007).

An alternative method to form reactive antibodies is by synthesizing electrophilic
antigens that can induce nucleophilic character in the antibody and promote covalent
bond formation, “reactive immunization” (Nishiyama et al., 2007). Nishiyama et al.
report the preparation of an electrophilic phosphonate analog of the PDN (Principle

Neutralizing Determinant) peptide antigen (belonging to an HIV strain) which, when
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introduced into mice, generates antibodies with nucleophilic characteristics. These
mice, when infected with HIV, exhibited a strong immune response (~50-fold better
than controls), consisting of antibodies that bound to the antigen very strongly to form
stable complexes (Nishiyama et al., 2007). However, although enhanced stability of
the antigen-antibody interaction was shown, the nature of the covalent reaction
between the generated nucleophilic antibodies and the immunogen was uncertain.
Also, as this study was based on a polyclonal response, only a small fraction of the

antibodies displayed strong nucleophilic characteristics (Nishiyama et al., 2007).

1.1.8 Non-immunoglobulin binding proteins

The biophysical properties, large multidomain assemblage and need for disulfide
bonds and glycosylation often limit the production and application of antibodies,
making them expensive to manufacture. Smaller antibody fragments such as Fabs and
scFvs also often rely on disulfide bonds and have more tendency to aggregate due to
exposed hydrophobic surfaces. These problems have driven attempts to create
alternative binding proteins, based on non-immunoglobulin scaffolds. In fact
complete immune systems based on non-IgG domains have been discovered in
jawless sea lampreys, which instead use leucine-rich repeat proteins (Pancer et al.,

2004).

Various protein scaffolds such as fibronectin domains, affibodies, lipocalins and
designed ankyrin repeat proteins (DARPins) have been investigated (Binz et al.,
2005). DARPins contain consecutive copies of small structural units, consisting of a
B-turn followed by two anti-parallel a-helices, stacked together to form a continuous
protein (Tamaskovic et al., 2012). DARPins with a mass of 14.5 kDa and affinities in
the nanomolar to picomolar range have shown efficiency in tumour penetration
(Zahnd et al., 2010). High thermodynamic stability, reversible folding, absence of
cysteines and low aggregation tendencies also make the use of DARPins favourable
for various diagnostic and therapeutic applications (Tamaskovic et al., 2012). As they
are repeat proteins, DARPins can be easily generated in multispecific formats with

effector functions or used to target multiple receptors (Tamaskovic et al., 2012).

Affibodies, another class of non-immunoglobulin based proteins, are derived from an

immunoglobulin-binding domain of Staphylococcus aureus protein A (Nilsson et al.,
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1987). Affibodies consist of three a-helices with a total of 58 amino acids and display
reversible folding. Randomization of 13 surface residues can be used to construct the
binding domain, selecting from a phage display library (Orlova et al., 2007). A
synthetic affibody conjugate which folds spontaneously and binds Human Epidermal
Growth Factor Receptor 2 (HER2) with picomolar affinity has been produced and
used for molecular imaging of HER2-expressing malignant tumours (Orlova et al.,
2007). In another approach, an electrophilic affibody (modified with acrylamide) that
covalently binds its protein target (containing nucleophilic residues like cysteine,
histidine and lysine) was developed (Fig. 1.4). (Holm et al., 2009). This ZSPA (Z
domain derived from Staphylococcus auerus protein A) binding affibody showed
more stable protein labelling at the mammalian cell surface and improved the
sensitivity of protein detection in immunoassays by two orders of magnitude when

compared to the unmodified affibody (Holm et al., 2009).

Affibody Target protein

Nu El=Nu El
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Normal complex: Covalent complex:
binding, no reaction binding, specific reaction No binding: no reaction

Figure 1.4. Electrophilic affibodies. A normal protein-affibody complex can be modified to
bind covalently. A weak electrophile (EI) is introduced in the affibody (blue) close to the
target (green) binding site such that the electrophile is aligned with a nucleophilic residue on
the target protein. The proximity of the reactive groups drives covalent bond formation. If the
affibody does not bind a protein, the reaction does not occur (from Holm et al., 2009.
Permission obtained).

Alternative scaffolds, such as zinc finger proteins and scorpion toxins, can be as small
as 20-30 amino acids and can be engineered with the antigen binding region, using
methods based on point mutations, pre-existing consensus binding sequences and
generating combinatorial libraries (Binz et al., 2005). The smaller size of these
alternative binding proteins can make production easier (compared to antibodies) and
the absence of disulfide bonds makes them apt for targeting intracellular antigens and

co-crystallization with macromolecular targets (Binz et al., 2005). Their therapeutic
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potential as a new class of protein drugs has yet to be demonstrated (Gebauer and
Skerra, 2009). However, binding proteins based on alternative scaffolds may be
immunogenic, show reduced effect due to lower avidity, and do not have immune
effector functions (Allen, 2002). Furthermore, whereas antibodies have been in use
for many decades and the crystal structures of many of them are now available, only a
few affibodies and DARPins have their structure crystallized and are not easily
available for all kinds of antigens. The practical use of engineered protein scaffolds in
therapy will only become clear once a number of ongoing clinical trials show

successful results (Tamaskovic et al., 2012).

1.2 Cell separation technologies

Cell separation techniques are important in areas including immunology, stem cell
research and cancer research. Research involving cell analysis frequently requires the
isolation of a certain cell-type from a complex mixture, as a final objective or for
further analysis. A number of commercial products are available for separation of
different cell sub-populations based on various parameters (Dainiak et al., 2007).
Current cell separation techniques can be classified into three main categories. The
first class is cell separation based on physical characteristics, such as size, shape and
density, and includes filtration and centrifugation techniques. The second class is
based on biophysical and cell surface characteristics, such as different amounts of
fluorescent antibody binding to cell surface proteins, and includes fluorescence
activated cell sorting (FACS). The third class, based on differences in surface protein
expression, comprises affinity methods of capturing cells on solid phases such as an
affinity column, polyacrylamide/agarose beads, microfluidic chips and more recently,
magnetic particles. The main applications of these techniques and their efficiency in

terms of yield, purity and scalability are discussed below.

1.2.1 Cell separation based on physical characteristics

Cell separation based on physical characteristics such as size and density of cells is

probably the oldest existing method for cell separation. It is primarily done in two
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ways: density gradient separation by centrifugation and filtration based on cell size by

passing the cells through a synthetic sieve.

Cell separation by centrifugation involves the use of a reagent that can form a density
gradient over the desired range. The reagent, which is typically Percoll- or Ficoll-
based (Dainiak et al., 2007; He et al., 2008), is added to a centrifugal tube, and the
sample containing the mixture of cells (such as blood) is layered on top. After
spinning, the lowest-density cells (or plasma) collect at the top and the increasingly
heavier cells get arranged in the following layers below. The required cells can be
pipetted out from the respective layer. Density gradient separation is mainly used as a
pre-enrichment technique when isolating cells from blood, as it can quickly and easily
remove the bulk of unwanted cells. After blood fractionation, rare cells can be further
purified from the density layer, using affinity-based cell isolation. The relative
sedimentation rates of the required cells, conjugated to various other cells or particles,
have also been investigated in order to optimize the density differences between
various cell-types (Park et al., 2012). Density gradient separation has the advantage of

adjustable pH and osmolarity, helping preserve the integrity of the cells.

A novel spiral-shaped microchannel with inherent centrifugal properties for size-
based separation has also recently been introduced to isolate Circulating Tumour
Cells (CTCs, section 1.3.2) from blood (Hou et al., 2013). The microchannel uses the
differences in drag forces and inertia between smaller blood cells and larger CTCs to
focus the cells in separate streams in the spiral channel (Hou et al., 2013). The
continuous flow and collection of sorted cells ensures short residence time of
individual cells within the device (0.1 ms), thereby reducing shear stress on the cells.
However, this device has a minimum CTC size cut-off of ~11 um and smaller CTCs
are inevitably lost (Hou et al., 2013). It also takes 20 min to process 1 mL blood (Hou
et al., 2013), and therefore isolating from a typical 10 mL blood sample would take

more than 3 hr.

For size-based separation, another attractive method is the use of membrane filters
such as track-etched polycarbonate membrane filters- multi-layered microfabricated
parylene membrane filters or microcavity arrays, comprising pores that allow the
passage of unwanted smaller cells, but trap the desired larger cells. A recent

ScreenCell® device is a single-use low-cost invention, which has a track-etched
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polycarbonate removable filter (pore size — 6.5-7.5 pum) for live or fixed cells
(Desitter et al., 2011). Passing blood samples through the filter captures the larger
cells onto the filter, which can then be removed and used for immunocytochemistry,
fluorescence in situ hybridization assays, isolating genetic material, or for growing the

live cells in culture (Desitter et al., 2011).

Physical filtration microdevices based on centrifugation usually require minimal
sample preparation, thereby reducing experiment time. They are also cheaper and
more easily accessible than other cell separation devices. A growing amount of
evidence has now shown that carcinoma cells at a primary tumour can undergo
epithelial-mesenchymal transition, downregulating their epithelial markers and
invading the bloodstream to form CTCs (Rhim et al., 2012) (sections 1.2.3, 1.2.4,
1.3.2, 1.3.3). Studies in prostate cancer have also shown that lower levels of certain
cancer biomarkers are associated with more rapid tumour cell proliferation and poor
prognosis (Minner et al., 2010). Therefore, when isolating cancer cells from tissues or
blood, using a biomarker-independent method could be valuable, as it does not
prejudice isolation based on selected cell surface markers, but gives an impartial

recovery of cells that can then be analysed for cell surface markers.

However, physical filtration and high-speed centrifugation can lead to shearing of cell
membranes and might therefore be unsuitable for the isolation of rare cells (Autebert
et al., 2012). Size-based filtration can be time-consuming, as the lateral flow applied
to the filtration device is slow, resulting in slow sample processing and limited sample
throughput (Mohamed et al., 2009). Cells trapped in filters may deform at the pores,
due to the constant thrust by other cells passing through the filter as the entire cell mix
is pumped through (Mohamed et al., 2009). This can also result in clogging of the
microfilters by a large number of unwanted cells and cell debris, making cell retrieval
difficult and unsuitable for further processing (Autebert et al., 2012). Furthermore,
size-based filtration is based on the assumption that a particular cell-type is larger
than the others, whereas sometimes cell size ranges are hard to define. For example,
CTCs are often separated from leukocytes on the basis of CTCs being larger: the
average size of CTCs is ~16-20 pum and that of leukocytes is 10-15 um (Hou et al.,
2011). However, CTCs in prostate cancer patients have been reported to range from

8-16 um (Stott et al., 2010). Typical filtration devices with pore sizes of 5-10 um can
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capture many unwanted leukocytes and their presence in CTC analysis can lead to
false positive enumeration of CTCs, and contamination of CTC-specific molecular
analysis. Therefore, size-based filtration methods mostly lead to low cell purity and

recovery rates.

1.2.2 Fluorescence Activated Cell Sorting

The FACS instrument, first developed in the 1970s, is an analytical tool that measures
the properties of individual cells in a fluid stream via illumination with a laser and
separates the cells accordingly (Bonner, 1972; Herzenberg et al., 1976). Cells are first
labelled with antibodies (conjugated to fluorescent molecules) against cell surface
markers, according to which cell type is required. The labelled cell suspension is
inserted into the instrument, where it passes through sheath fluid in the form of a
narrow cylindrical stream, orienting cells in a single file (Bonner, 1972). A laser beam
is directed towards the stream. Detectors positioned in line with the beam and
perpendicular to the beam, pick up forward- and side-scattered light respectively.
Fluorescence detectors pick up the fluorescence emitted by the cell. As the stream is
broken into a series of small droplets, segregating individual cells, each droplet is
interrogated by the laser beam, and depending on the cell properties, is

electrostatically charged and deflected into various collection tubes (Bonner, 1972).

FACS analysis generates information about the morphological, structural and
functional characteristics of the sorted cells. The development of multiple
fluorescence parameters has increased the number of variables for which the cells can
be interrogated, thus making the purification criteria extremely specific (Hawley et
al., 2004). The advent of novel technology such as imaging flow cytometry, which
combines the statistical power of flow cytometry with fluorescence microscopy has
further increased the power and scope of this tool (Basiji et al., 2007). FACS has had
a number of research and clinical applications. In cancer, FACS has been used for the
diagnosis and monitoring of haematolymphoid cancers by isolating cancer cells from
the blood and bone marrow of patients (Jaye et al., 2012). In immunology, FACS was
key to defining T cell subsets and isolation of T cell subsets by FACS has helped
detect HIV/AIDS and other primary immunodeficiencies (Jaye et al., 2012). Multi-
parameter FACS analysis has also been used to purify CD34" cells in order to identify
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potent haematopoietic stem cells that can be used for bone marrow transplantation

(Will and Steidl, 2010).

Despite its high accuracy, ability to generate large amounts of multidimensional,
high-complexity data and sort rare cells, FACS has some major limitations. Firstly,
FACS has comparatively low throughput, as it inspects cells serially and therefore
intrinsically slowly. FACS can typically analyse around 10°>-10* cells/s (BD Aria II,
BD FACSJazz), although the latest models can go up to 7x10* cells/s (BD Aria III).
Taking the current average acquisition rate of 5x10° cells/s, for an experiment that
requires sorting from at least 107 cells, this would take more than half an hour for
each sample. Considering that the concentration of rare cells such as circulating
tumour cells (CTCs) in blood can be 1 CTC in 10’ mononuclear cells (Sun et al.,
2011), sorting from at least 10*10° cells would be required, and acquisition by FACS
would then take hours per sample. Similarly, to purify high affinity binders from a
phage or yeast display library consisting of >10° clones, and using a 10-fold excess to
ensure that each clone is represented at least once, analysis by FACS is impractical

and limits the size of the library that can be analysed (Ackerman et al., 2009).

At higher acquisition rates, the biophysical stress on the cells during sheath flow may
be more than the cells can sustain, thereby rendering the isolated cell population
unusable for further investigation (Ibrahim and van den Engh, 2003). In terms of
purity, FACS was shown to be insufficient in complete depletion of malignant cells
from a testicular cell suspension that was needed for testicular stem cell
transplantation (Geens et al., 2007). Only one of 11 samples showed complete
decontamination from malignant cells (Geens et al., 2007). Maintaining a FACS
instrument is also expensive, both in terms of initial investment and the continuous
requirement of expert professionals (Dainiak et al., 2007). Therefore, although flow
cytometry-based technologies are an essential laboratory tool and have had major
impacts on the diagnosis and classification of diseases, flow cytometry-based cell
isolation is not ideal for sorting very small subsets of cell population and a number of

other cell isolation approaches are now being developed and investigated.
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1.2.3 Affinity capture on solid phase

Adhesion-based cell separation is similar to affinity chromatography, where a mixture
is passed through a column or microdevice capable of binding the cell-type of interest
through attached antibodies or other binding agents. Adhesion-based cell separation
can be used for positive selection, where target cells bind to the affinity matrix and
after washing are released in purified form, or for negative selection where unwanted

cells adhere to the column while target cells are collected in the flow-through.

Cryogels are macroporous hydrogels, which are characterized by large interconnected
pores, and are coated with antibodies, enabling capture of affinity-bound cells in a
chromatography column (Dainiak et al., 2007). Cryogels are designed such that once
the target cells are bound to the matrix and unwanted cells have flown through, bound
cells can be detached by mechanical compression of the cryogel, avoiding the use of

harsh elution conditions, but stressing the cell membrane (Fig. 1.5) (Dainiak et al.,

2007).

Antigen
expressing cell

Cryogel
deformation

Antibody coupled
cryogel

Figure 1.5. Cell separation using cryogels. Schematic representation of antigen (red)-
expressing cell (blue) attachment to an antibody (green)-coupled cryogel and detachment of
the cell on cryogel deformation (Figure adapted from Dainiak et al., 2007).

Polyacrylamide beads conjugated to avidin can also be used in an immunoaffinity
system, to bind cells labelled with biotin-conjugated antibodies (Berenson et al.,
1986). This method was first used for the selective enrichment of lymphoid

subpopulations from bone marrow and peripheral blood using monoclonal antibody
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(Berenson et al., 1986). However, bound cells were released from the beads by
mechanical agitation, which led to low overall recovery due to cell shearing. Recent
studies have shown the efficiency of pH-mediated release of captured cells from
antibody-loaded beads (Bryan et al., 2013). Furthermore, using beads much larger
than target cells can also overcome the commonly faced problem of endocytosis of

capture beads (Bryan et al., 2013).

Material modification of the solid phase can also be used to enhance the efficiency of
cell capture. —CH; modified surfaces have been shown to initiate the adhesive
properties of mesenchymal stem cells, but in addition the length of the alkyl chain can
also influence the mesenchymal cells’ phenotype and function (Curran et al., 2011).
Cell separation based on calcium-dependent reversible binding of calmodulin with
calmodulin-binding peptide has also been explored (Colinas and Walsh, 1998).
Leukaemia cells labelled with antibodies conjugated to calmodulin-binding peptide
were immobilized on solid phase via calmodulin in the presence of Ca®. After
unwanted cells had been washed away, the target leukaemia cells were released by
chelating Ca™, to detach calmodulin from its binding peptide (Colinas and Walsh,
1998).

Several microfluidic devices have also been developed for affinity-based cell
separation. In a landmark paper a few years ago, a microfluidic silicon chip was
devised with microposts coated with neutravidin (Nagrath et al., 2007). Cancer cells,
labelled with biotinylated antibody and spiked into blood, were passed over the chip
in a continuous laminar flow, allowing the target cells to collide and attach to the
microposts. This technology allowed the detection of CTCs in more than 99% of
advanced cancer patients (breast, colon, prostate, pancreatic) in a single step, although
the purity of isolated cells was only 50% (Nagrath et al., 2007). This chip was later
upgraded to the “herringbone-chip”, which uses a herringbone pattern to enhance cell-
surface interactions with the chip, and gives a 30% better CTC capture efficiency than
the original CTC-chip (Stott et al., 2010). The relationship between cell capture
efficiency and laminar flow rate in microchips has also been explored and optimized
(Stott et al., 2010; Dickson et al., 2011). In another approach, a 3D nanostructure
composed of silicon-nanopillars has been developed to optimize the topology of the

solid phase surface used to capture cells (Wang et al., 2009a). Coated with an
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antibody, the nanopillars help enhance the interaction with the extracellular
membrane extensions, thereby capturing more cells as compared to a flat silicon
surface that provides limited interface for interactions with the dynamic cell surface

(Wang et al., 2009a).

Apart from enhanced cell capture, these novel affinity based purifications have the
advantage of separating cells that have the same size or density, such as sub-
populations of human lymphocytes. In cases where the solid phase is directly
conjugated with the primary antibody, there is no need for preprocessing the cells and
is therefore time efficient. However, multivalent binding between cell surface markers
and the ligands/antibodies on the affinity matrix could lead to undesirable cell
activation. A major drawback of affinity capture is the difficulty in finding cell-
specific proteins that are regularly expressed at high levels on the cell. Many cancer-
related antigens are heterogeneously expressed in different cancer cell-lines
(McDonagh et al., 2012) and therefore affinity methods may give false negative
results. Furthermore, an unoptimized laminar flow rate in microfluidic devices could
lead to either non-specific binding of unwanted cells (slow flow rate), or cell shearing
(high flow rate). In cases where the cells are irreversibly bound to the solid phase,
such as in the CTC-chip, target cells become unviable for certain downstream

applications, such as growing cell cultures.

1.2.4 Immunomagnetic cell isolation

Immunomagnetic cell isolation combines the power of affinity capture along with that
of magnetophoresis, the movement of magnetic particles relative to a fluid under the
influence of a magnetic field. In a typical immunomagnetic cell sorting experiment
(Fig. 1.6A), cells are first incubated with a primary antibody against a cell surface
antigen and the labelled cells are then mixed with magnetic particles conjugated to
detection agents (such as a secondary antibody) that can bind the primary antibody on
the cells. Application of a magnetic field allows the magnetic bead-bound cells to
separate from the unlabelled cells. Positive selection allows the enrichment of target
cells and in cases where specific antibodies for target cells are unavailable, negative
selection allows the depletion of unwanted cells from the cell mixture. A number of
magnetic particles, differing in composition, shape, size and protein conjugation

capacity are now available commercially (Dainiak et al., 2007).
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The most widely used commercial system for immunomagnetic cell separation is
based on superparamagnetic Magnetic-Activated Cell Sorting (MACS) nanoparticles
(Miltenyi Biotech, Germany). MACS beads coated with dextran and can be 20-100
nm in size. Cells bound to antibody-conjugated MACS beads are added to a high
gradient magnetic separation column that is filled with a ferromagnetic matrix of
stainless steel wool and has a strong external magnet (4 Tesla). The induction of the
magnetic field gradient attracts cells bound to magnetic beads and binds the cells to
the surface of the matrix (Griitzkau and Radbruch, 2010). After the unwanted cells
have been washed away, the target cells can be eluted by removing the column from
the magnet. MACS beads have been used to isolate a wide array of cells, including
leukocytes, stem cells, connective tissue cells and other rare cells (Dainiak et al.,
2007; Griitzkau and Radbruch, 2010). Cells isolated using MACS can also be used for
further analysis by flow cytometry (Thiel et al., 1998). The introduction of MACS-
MultiSort has allowed the isolation of cells based on more than one parameter (Thiel
et al., 1997). However, due to the small size and polyvalent binding of MACS beads,
the beads can be endocytosed by labelled cells, which may lead to artificial activation

of the cells (Griitzkau and Radbruch, 2010).

Dynabeads (Life Technologies), uniform polystyrene spherical beads, are another
class of magnetic particles that are widely used in cell isolation (Fig. 1.6B). The
diameter of Dynabeads can be 2.8 um, 4.5 um or 5 um, and their superparamagnetic
characteristic ensures that they are magnetic only in a magnetic field, thereby
avoiding self-clustering. The larger-sized Dynabeads are also less prone to

internalization by bound cells, as compared to MACS beads.

A number of commercial products based on immunomagnetic cell separation such as
CellSearch™ (Veridex, LLC) and EasySep™ (Stemcell Technologies) have been
developed for the purification of CTCs and immune cell subpopulations from human
blood. Apart from human cells, immunomagnetic cell isolation has also been used to
isolate microbial organisms from various food, water and soil samples (Safarik and
Safarikova, 1999) and as a selection tool for protein engineering by yeast surface
display (Ackerman et al., 2009). Immunomagnetic cell isolation has extremely high
throughput, as it is performed in batch mode instead of serially and can process 10'’-

10" cells in less than 30 min, with a more than 10,000 -30,000 enrichment rate (Thiel
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et al., 1998; Ackerman et al., 2009; Griitzkau and Radbruch, 2010). Unlike FACS,
immunomagnetic isolation does not expose cells to high velocity-induced cell stress

(McCloskey et al., 2003a).

However, a major drawback of immunomagnetic separation is its strong dependence
on antigen expression levels and the affinity of the antibody used (McCloskey et al.,
2003a; Antolovic et al., 2010). Using different Epithelial Cell Adhesion Molecule
(EpCAM)-specific antibodies gave variable detection of CTCs in patients with
colorectal cancer (Antolovic et al., 2010). The purity of immunomagnetically isolated
cells can be highly variable and when the target cells are present in low
concentrations, depletion methods give extremely impure results (Geens et al., 2007,
Sieuwerts et al., 2009). This is probably because, while much research has been done
on the optimal size and composition of the magnetic bead (McCloskey et al., 2003a)
and automation of the immunomagnetic cell separation protocol, there still exists a
need to understand and enhance the cell and magnetic bead interaction at the
molecular level. Immunomagnetic cell separation has the potential to become the

preferred cell separation tool if these challenges are overcome.
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Figure 1.6. Immunomagnetic cell separation. A. Antibody-coupled magnetic particles are
added to a cell mixture. Binding of the particles to specific cell-types allows the separation of
magnetic particle-bound cells from the unbound cells, in the presence of a magnetic field. The
isolated cells can be released by removing the magnetic field. B. An electron micrograph
showing a T-lymphocyte bound to two magnetic beads (Dynabeads M-450) (from Safarik and
Safarikova, 1999. Permission obtained).

1.3 Challenges and limitations of isolating circulating tumour cells (CTCs)

1.3.1 Metastasis

Metastasis is the process by which cancer spreads from one part of the body to
another. As a malignant tumour develops, it will typically sheds cells into the
neighbouring blood vessels. These tumour cells circulating in peripheral blood are
termed circulating tumour cells (CTCs) and can travel to distant tissues where they
may start metastatic tumours. Cells in a metastatic tumour have similar characteristics

as the original tissue of the primary tumour. For instance, a metastatic tumour in the
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lungs of a breast cancer patient will resemble breast cancer cells. Most human cancer
deaths are caused due to metastatic tumours rather than primary tumours (Pantel et al.,

2008).

In the field of cancer research, there are two major metastasis paradigms (Klein,
2009). In the classical linear model, metastasis is considered as the last step in tumour
evolution. Accumulation of genetic and epigenetic alterations are accompanied with
selection of most fit cells that can proliferate relatively autonomously and leave the
primary site to seed secondary growths (Klein, 2009). This Darwinian sequence
supports that invasive behaviour and tumour dissemination occur late in tumour
evolution, and that secondary tumours can only develop once the primary tumour has
reached a certain growth stage (Cairns, 1975). However, this model fails to account
for two major observations; 1.) metastatic tumours are sometimes detected in patients
with no detectable primary tumour (Klein, 2009) and 2.) metastatic lesions can appear
years after the surgical removal of a primary tumour that did not have metastasis at
diagnosis. Indeed, more than 75% patients who underwent resection of small
pancreatic tumours and showed no evidence of metastasis at the time, died from

metastatic cancer within 5 years (Neoptolemos et al., 2004).

An alternative model, which supports parallel, independent progression of metastasis
has now been proposed (Weigelt et al., 2005; Klein, 2009). Recent studies have
shown that tumour cells can disseminate systemically in the pre-malignant phase of
murine breast cancer (Hiisemann et al., 2008). Studying pancreatic cancer in the
mouse model, it was shown that even cells in pre-malignant lesions underwent
epithelial-mesenchymal transition (EMT), invaded the bloodstream and had tumour
initiating properties (Rhim et al., 2012). Furthermore, DNA microarrays show that
metastasis is an inherent feature of a tumour and is not necessarily dependent on the
tumour development stage (Weigelt et al., 2005). Therefore, the model supporting
seeding of metastatic tumours in parallel to tumour progression at the primary site is
now widely accepted and has led scientists and clinicians to reconsider current

diagnostic and therapeutic routines.
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1.3.2 Circulating tumour cells

During malignant progression, carcinoma cells acquire the ability to extravasate into
the surrounding tissue, by degrading the basement membrane and extracellular
matrix. Growing tumours can shed anywhere from 10° — 10° CTCs/day/g malignant
tissue (Butler and Gullino, 1975), but only a small percentage of such CTCs form
distant lesions. Fortunately, the metastatic process is highly inefficient due to the
failure of CTCs to initiate growth and the failure of early micrometastasis to develop
into macroscopic tumours (Luzzi et al., 1998). Most CTCs are either cleared by the
immune system, destroyed by haemodynamic forces, become lodged in the lymph
nodes or remain in circulation as dormant solitary cancer cells (no proliferation or
apoptosis) (Luzzi et al., 1998). Furthermore, many CTCs may not necessarily seed

metastatic tumours in distant organs, but self-seed back into the original tumour.

However, even small numbers of CTCs present in the peripheral blood of patients
form an important prognostic marker of disease progression and overall survival rate.
The correlation between CTC enumeration and disease progression has been shown in
a number of cancers, including breast, prostate, colorectal, lung, bladder, renal, gastric
and liver cancer (Sun et al., 2011). In breast cancer, pre-treatment CTC counts above
5 CTCs per 7.5 mL of blood were associated with shorter progression-free survival
and shorter overall survival (Cristofanilli, 2006). CTC count can also be used to
monitor therapy and adapt drug dosage to individual patient responses, as CTC count

can reflect tumour volume, vascularity and invasiveness.

One of the biggest challenges in studying CTCs has been the identification of markers
that distinguish CTCs from blood cells. Usually, this is done by looking for epithelial
markers normally over expressed in cancer but not on blood cells, such as EpCAM
(Antolovic et al., 2010). However, recent data suggests that carcinoma cells undergo
an epithelial-to-mesenchymal transition during which they lose their epithelial
characteristics, and acquire invasive stem cell-like properties, along with the
expression of mesenchymal markers (Rhim et al., 2012). Therefore, current CTC
detection technologies, which rely heavily on cellular expression of epithelial

markers, are inefficient and may give false negatives.
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1.3.3 Methods for CTC detection and isolation

The correlation between CTC number and cancer prognosis has led to a need for
accurate, reliable and reproducible CTC detection and isolation devices. However,
even in highly advanced cancer patients, CTCs are extremely rare, vastly
outnumbered by normal blood cells, sometimes at a frequency of 1-100 CTCs per 10’
mononuclear blood cells (Allard et al., 2004). Therefore, a number of CTC isolation
devices have been developed, which sometimes combine CTC enumeration with

genetic and molecular characterization of the captured CTCs.

CellSearch™ (Veridex, LLC) is currently the only FDA-approved device for CTC
enumeration in a clinical setting for breast, prostate and colorectal cancers and has
been widely used in the last decade (Fig. 1.7A). CellSearch™ is an automated device,
which counts the number of CTCs from a 7.5 mL peripheral blood sample, by
fractionating the blood and mixing the leukocyte- and CTC-containing layer with a
colloidal ferrofluid composed of magnetic nanoparticles coated with anti-EpCAM
antibodies. After immunomagnetically enriching the cancer cells, cells are fixed,
permeabilized and labelled with a cocktail of antibodies for cytokeratins 8, 18 and 19,
markers characteristic of epithelial cells. In a study conducted at three independent
laboratories, CellSearch™ detected CTCs in ~70% of metastatic breast cancer patients
(Riethdorf et al., 2007). Although recovery from spiked samples was 80-82%, it
should be noted that only cell-lines expressing high EpCAM were used for spiking
and therefore the experiment does not validate the detection efficiency of CTCs that
have undergone EMT. Similarly, in another study, CellSearch™ did not detect CTCs
in ~30% metastatic breast cancer patients (Allard et al., 2004). The purity of CTCs
after CellSearch™ enrichment is still low, with 800 contaminating leukocytes present
per 1 CTC (Sieuwerts et al., 2009). Therefore, there is much scope for improvement
in sensitivity and specificity of CellSearch™, especially with regard to reducing its

dependence on high-expressing epithelial markers.

Alternative microfluidic devices used for CTC isolation are the CTC-chip (Fig. 1.7B
and C) and the herringbone-chip, which have high sensitivity but low purity of 0.1 -
50% (also reviewed in Section 1.2.3) (Nagrath et al., 2007; Stott et al., 2010). The
CTC-chip isolated CTCs from patients suffering from metastatic lung, prostate,

pancreatic, breast and colon cancer in 99% of advanced cancer patient samples
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(Nagrath et al., 2007). The advantages of the CTC-chip over CellSearch™ include its
ability to sort cells directly from blood without fractionation, thereby avoiding loss of
CTCs, and isolating live CTCs without fixing or permeabilizing them (Nagrath et al.,
2007; Stott et al., 2010). The disadvantages of the CTC-chip are that when high
EpCAM-expressing NCI-H1650 cells (>500,000 surface antigens) were spiked into
human blood, only ~60% cells were recovered and that this device is not yet mass

produced or optimized for high-throughput.

10KV X430 S0um

Figure 1.7. CTC isolation technology. A. Automated CTC isolation device, CellSearch
(Veridex LLC). B. Herringbone-chip technology can isolate CTCs directly from whole blood
(Stott et al., 2010. Permission obtained). C. An isolated CTC bound to a micropost on CTC-
chip.

The archetypal CTC isolation approach is FACS, which is now considered inefficient
for rare cell isolation (reviewed in section 1.2.2). The recent development of a
microfluidic chip-based micro-Hall detector combines microfluidics and magnets, to
simultaneously detect CTCs based on three epithelial markers, EpCAM, HER2 and
Epidermal Growth Factor Receptor (EGFR) (Issadore et al., 2012). Also, in an
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interesting in vivo application of immunomagnetic targeting in tumour-bearing mice,
CTCs were captured by magnetic nanoparticles in the bloodstream, followed by their
rapid photoacoustic detection using gold-plated carbon nanotubes conjugated with
folic acid (Galanzha et al., 2009). Magnetic nanoparticles functionalized to target
tumour cell markers in the bloodstream of mice were used to bind and capture CTCs
under a magnet (Galanzha et al., 2009). The captured cells were then further detected
with gold-plated carbon nanotubes coated with folic acid, to target folate receptors on
cancer cells. The gold-plated nanotubes thereby acted as a second contrasting agent
for photoacoustic imaging, in which non-ionizing laser pulses were delivered to the
captured cells and the emitted ultrasonic waves were processed by ultrasonic

transducers to form images of the captured cells (Galanzha et al., 2009).

Such techniques have the potential for early diagnosis of metastasis in cancer.
However, in the absence of a “gold standard” with which to measure the exact CTC
counts in cancer patients, defining the efficiency and sensitivity of the various CTC
isolation devices remains a challenge. Assays targeting epithelial cancer cells in blood
are susceptible to missing the most invasive tumour cells, those that have undergone
EMT. Implementation of isolation based on other cancer biomarkers such as HER2,
EGFR and Insulin-like growth factor-1 receptor (IGF1R) could reduce the
dependence on EpCAM to some degree, but are challenged by the heterogeneity in
tumour cells. An ideal CTC isolation device should be highly robust and specific,
have high throughput, reduced dependence on surface expressed biomarkers and yield
CTCs in a form that is compatible with their further molecular and cellular

characterization and propagation in cell culture.

1.3.4 Applications of CTC isolation

With the renewed metastatic model, supporting early progression of metastasis
independent of tumour growth (section 1.3.1), it has become increasingly important to
detect CTCs, not only as a prognostic marker to detect recurrence after the resection
of a tumour, but also as a primary diagnostic marker to detect cancer in susceptible
patients. Apart from CTC enumeration, molecular and genetic characterization of
isolated CTCs acts as a non-invasive liquid biopsy in cancer patients and gives a
wealth of information about the nature and evolution of the primary tumour. CTC

characterization can also be used to predict drug sensitivities in patients and help
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design more effective therapies, as CTCs provide real-time information on the

biomarker status of the primary tumour.

Isolated CTCs have been used for a number of downstream applications (Fig. 1.8),
such as immunostaining for specific cell markers and fluorescence in situ
hybridization (FISH) to examine genomic amplification and translocation (Yu et al.,
2011). DNA and RNA can be extracted from CTCs and subjected to sequencing,
quantitative reverse transcription PCR and microarrays to study genetic mutations and
expression profiles (Yu et al., 2011). Viable CTCs can also be propagated in cell
culture for further molecular characterization and screening drugs to meet the

individual needs of the cancer patients.

In breast cancer patients, captured CTCs have been used for biomarker analyses such
as HER2 status, qRT-PCR for breast cancer subtype markers, KRAS mutation
detection and EGFR staining by immunofluorescence (Punnoose et al., 2010). The
HER?2 status of CTCs was shown to concur with the HER2 status of the primary
tumour in 89% of cases (Punnoose et al., 2010). In non-small cell lung cancer
patients, EGFR mutations in CTCs have been directly related back to the primary
tumour (Maheswaran et al., 2008). The detection of the T790M mutation in EGFR
(conferring tyrosine kinase inhibitor drug resistance) in CTCs was correlated with
reduced progression-free survival of lung cancer patients; serial analysis of CTCs
showed that increase in CTC number was directly associated with tumour progression
(Maheswaran et al., 2008). Multi-gene expression profiling by qRT-PCR of CTCs in
metastatic breast, prostate and colorectal cancers has been used to distinguish cancer
patients from healthy donors, while CTC-specific expression of selected genes could
differentiate between the three types of cancers (Smirnov et al., 2005). In metastatic
carcinoma, patients with high CTC counts expressed IGF1R on CTCs, supporting the
correlation between IGF1R expression and more aggressive disease progression (de

Bono et al., 2007).
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Figure 1.8. Illustration of CTC applications. Peripheral blood from a cancer patient can be
used to isolate CTCs, which can be then analysed using a battery of genomic and proteomic
techniques (Figure adapted from Yu et al., 2011).

Therefore, CTCs can be representative of primary tumours and can be used to
genetically fingerprint tumours. In the near future, CTCs can be regularly used to
detect cancer in susceptible populations with genetic predispositions, as surrogate
markers for response to therapy, to identify patients in need of adjuvant therapy and to
survey for a relapse of the disease. However, CTCs are heterogeneous, and it is

important to consider this when evaluating their significance in the disease.

1.4 Overview of the HER2-4DS5 interaction

1.4.1 HER? biology and significance

HER?2 (ErbB2/Neu/p185) or Human Epidermal growth factor Receptor 2 is a 185 kDa
tyrosine kinase receptor that belongs to the ErbB family of epidermal growth factor
receptors, which include EGFR, HER2, HER3 and HER4 (Rubin and Yarden, 2001).
ErbB receptors generally consist of an extracellular ligand binding domain, an -
helical transmembrane domain and a cytoplasmic protein tyrosine kinase domain. On

ligand activation, ErbB receptors undergo a conformational rearrangement and
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dimerize, initiating cross-phosphorylation and transactivation of their intracellular

kinase domains and downstream cell signalling (Rubin and Yarden, 2001).

HER2 does not have an identified ligand. HER2 exists in a constitutive “open”
conformation, blocking self-association but rendering HER?2 available for
heterodimerization with other activated ErbB receptors (Rubin and Yarden, 2001). On
activation of other ErbB receptors with ligands such as Epidermal Growth Factor
(EGF) or neuregulins, HER?2 is the preferred binding partner for EGFR, HER2 and
HER4 proteins, leading to the formation of heterodimers. Dimers containing HER2
have higher ligand binding and signalling potency as compared to homodimers and
heterodimers without HER2 (Rubin and Yarden, 2001). ErbB receptor activation
leads to the activation of mitogen-activated protein kinase (MAPK), phosphoinositide
3-kinase (PI3K/Akt) and protein kinase C (PKC)-mediated pathways among many
others, eventually translating into different transcriptional programmes in the nucleus
and changes in cell growth, migration, adhesion, differentiation and sensitivity to

apoptosis (Yarden and Sliwkowski, 2001).

Receptor deactivation by phosphatase activity or temporary downregulation of the
cell surface receptors via endocytosis before receptor recycling, eventually directs the
termination of the HER2 signal (Yarden and Sliwkowski, 2001). HER2
internalization has been shown to occur in a clathrin- and tyrosine kinase-independent
pathway in geldanamycin-treated human breast cancer cells (Barr et al., 2008). In
such cells, HER2 internalization follows the glycosylphosphatidylinositol (GPI)-
anchored protein-enriched early endosomal compartment (GEEC) pathway, and
HER?2 is eventually transported through early and late endosomes for degradation in

lysosomes (Barr et al., 2008).

In cancer, high surface expression of HER?2 results in closely spaced HER?2 receptors,
and a higher probability of their spontaneous dimerization and transactivation of
kinase domains (Slamon et al., 1987). A Val to Glu point mutation in the
transmembrane domain of HER2 could also lead to ligand-independent activation of
HER2, thereby resulting in hyperactivation of downstream pathways and
misregulated cell growth (Bargmann et al., 1986). The HER2 gene is amplified from
2- to >20-fold in 30% of breast cancer tumours; in patients with >5 copies of HER2,

the overall survival probability of the patient is reduced to less than 50% after 3 years
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(Slamon et al., 1987). Measurements of serum HER?2 extra-cellular domain have also
been used to determine HER?2 status in metastatic breast cancer patients (Tse et al.,
2005), indicating that HER2 overexpression is associated with aggressive tumour
growth and metastatic activity. HER2 has been detected on the CTCs of metastatic
breast cancer patients, independent of the HER2 status of the primary tumour and
therefore HER2-targeted therapy could still be useful in preventing metastasis in
HER2-negative patients (Ignatiadis et al., 2011). Apart from breast cancer, HER2
overexpression also plays a role in prostate, pancreatic, bladder, lung, colorectal,
ovarian, gastric, head and neck cancers (Menard et al., 2001; Rubin and Yarden,

2001; Minner et al., 2010).

1.4.2 Antibodies against HER2

Following the discovery of HER2 amplification in cancer, HER2 became an attractive
target for monoclonal antibody-based therapies. Antibodies can inhibit cell growth by
various mechanisms, such as direct inhibition of receptor signalling via ligand
competition, obstruction of receptor dimerization, immune cell recruitment and
delivery of toxins. A number of antibodies against HER2 have now been developed

for use in research, diagnosis and therapy.

Herceptin (trastuzumab) and Pertuzumab are currently the only FDA-approved
antibodies against HER2 and are widely used in breast cancer treatment. Herceptin is
the humanized version of murine monoclonal 4D5 and the complete IgG binds HER2
with a K; = 0.1 nM (Carter et al., 1992). Herceptin works as an anti-cancer agent by
inhibiting cell growth and by inducing antibody-dependent cellular cytotoxicity
(ADCC response) (Carter et al., 1992). Furthermore, Herceptin has also been shown
to inhibit the proteolytic cleavage of HER2 N-terminal domain, which otherwise
produces a truncated HER2 protein in its activated conformation with

phosphorylation and increased kinase activity (Molina et al., 2001).

Pertuzumab (2C4), another monoclonal antibody against HER2, binds to domain II of
HER?2 extracellular region with a K,=2.2 nM. Pertuzumab sterically inhibits the
heterodimerization of HER2 with other ErbB receptors such as EGFR and HER3,
thereby preventing receptor phosphorylation and some of the most potent downstream

signalling (Baselga and Swain, 2009). Ertumaxomab, a member of the Bi-specific T-
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cell engager (BiTE) class, is a bispecific antibody, which can simultaneously bind
CD3 on an immune cell and HER2 on a cancer cell, subsequently bringing the
immune cell close to the HER2-overexpressing tumour cell for immunological
destruction of the tumour cell (Baselga and Swain, 2009). Antibody-drug conjugates
such as trastuzumab-DM1 (T-DM1), which links trastuzumab to microtubule
polymerization inhibitor DM1 are also being evaluated for their therapeutic efficiency

(Stopeck et al., 2012).

Five novel antibodies binding the extracellular domain of HER2 have recently been
produced and shown to inhibit growth of HER2-overexpressing cancer cell-lines in
culture (Ceran et al., 2012). The use of anti-HER?2 antibodies in pairs, comprising an
antibody against the HER2 dimerization site and another antibody binding to a
different HER2 epitope, inhibits cell growth more efficiently than individual
antibodies (Friedman et al., 2005; Ben-Kasus et al., 2009). This synergistic effect is
hypothesized to be a result of better HER2 endocytosis when targeted with more than
one antibody (Ben-Kasus et al., 2009). However, the efficacy of this combination still

needs to be tested in a clinical setting.

1.4.3 Binding kinetics of humanized 4D5 (hu4D5)

The murine monoclonal antibody mumAb4DS5 against HER2 was first synthesized
and characterized by Genentech in order to study the structure and function of HER2
(Fendly et al., 1990). mumAb4DS5 was later humanized into huAb4D5-8 (referred to
as hu4D5 in my work) and commercialized as Herceptin (Carter et al., 1992). The Fab
fragment of hu4D5 has a k= 1.0 x 10° M''s" and a k= 3.5 x 10* s giving a
dissociation constant of Ky= 0.35 + 0.05 nM at 37°C in PBS when measured by

surface plasmon resonance (Gerstner et al., 2002).

The crystal structure of hu4D5 Fab bound to HER2 revealed that the Fab bound to
HER?2 at the C-terminal portion of domain IV of the HER2 extracellular region (Fig.
1.9) (Cho et al., 2003). The steric block imposed by hu4D5 binding to the
juxtamembrane region of HER2 may be the cause of Herceptin’s inhibition of
proteolytic cleavage of HER2’s extracellular domain (Molina et al., 2001). The
HER2-hu4D3 interaction site covers a surface area of 1350 A? over a long groove and

consists of three HER2 loops interacting with the CDR regions of hu4D5 Fab. Two
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loops are primarily involved in electrostatic interactions, whereas the third HER2 loop

makes hydrophobic contacts with the CDR3 loop in the Fab (Cho et al., 2003).
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Figure 1.9. HER2-hu4DS5 complex. An X-ray crystallographic image of HER2 extracellular
domain in complex with the hu4D5 Fab (adapted from PDB 1N8Z).

1.5 Engineering interlocked antigen-antibody complexes

From the above discussion on CTC isolation, the downregulation of tumour cell
biomarkers and the current antibodies used to target cancer cells (sections 1.3 and
1.4), it is evident that there exists a need for very high affinity antibodies engineered
specifically for isolating cells with low antigen levels. One way of making highly
stable antigen-antibody complexes, resistant to the pulling forces applied during cell
separation, is to mechanically lock the antigen-antibody complex. Engineering such a
tool might overcome the dependence on high antigen expression levels during

affinity-based cell separation techniques (section 1.2.3 and 1.2.4).

1.5.1 Mechanically interlocked molecules: Rotaxanes

The field of mechanically interlocked molecules is a fascinating research area for
many organic chemists and biochemists. Mechanical molecular locks are those in
which two or more molecules are linked together mechanically, and the individual
components cannot be separated unless a covalent or metal coordination bond is
broken within the components (Haussmann and Stoddart, 2009). Such systems can be
employed to form various components of molecular switches, motors and other

molecular machinery.
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Various kinds of locking scaffolds have been explored. The simplest type of
interlocked architecture is a catenane, which is made up of interlocked rings that can
rotate with respect to each other (Fig. 1.10A) (Haussmann and Stoddart, 2009). A
widely used mechanical lock model is a rotaxane, a dumbbell-shaped construct
consisting of a rod encircled by a ring (Fig. 1.10B) (Haussmann and Stoddart, 2009).
The ends of the rod have bulky components that are larger than the inner diameter of
the ring, preventing the ring dissociating from the rod (Fig. 1.10B). A number of other
more complex mechanically interlocked scaffolds such as suitanes (Williams et al.,
2006), Borromean rings (Chichak et al., 2004) and cysteine knots (Dietrich-

Buchecker et al., 2003) have also been studied in organic chemistry.

The rotaxane model has been widely applied to a number of DNA and protein
constructs. The rotaxane model has been used to thread a linear p53 thioester peptide
through a cyclic p53 peptide to form a topologically linked p53 heterodimer
(Blankenship and Dawson, 2007). An artificial small-molecule machine that can
synthesize peptides in a sequence-specific manner has recently been designed based
on rotaxane modeling (Lewandowski et al., 2013). Double-stranded DNA molecules
have also been used to assemble the dumbbell-shaped construct and the encircling
ring, thereby demonstrating the possible use of this technique in synthetic biology
(Ackermann et al., 2010). Perhaps the most exciting use of mechanical interlocking
for biomolecules has been devised by Williams et al. (Williams et al., 2008). This
group genetically modified a DNA polymerase to insert two biotinylated peptide legs
at the positions flanking the DNA binding cleft. Once the engineered polymerase
bound the DNA template, tetravalent streptavidin was used to bind each of the two
biotinylated legs, trapping the DNA template in the cleft and orienting the complex
towards a biotinylated surface (Williams et al., 2008). This assembly allowed single
molecule DNA sequencing of templates consisting of thousands of nucleotides, with a

great enhancement of processivity (Williams et al., 2008).

However, to my knowledge, the use of such interlocking scaffolds in order to lock
antibodies onto their antigens has not yet been explored. Many antibodies are raised
against peptide fragments of the antigenic protein and the linear peptides could

potentially be used as a dumbbell in the rotaxane model, around which the antibody
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can be clamped. If the antibody is encircled around the peptide, the peptide-antibody

complex would not dissociate easily, due to the mechanical locking of the complex.
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Figure 1.10. Molecular locks and myc-9E10 interaction. A. Cartoon representation of a
catenane. B. Cartoon representation of a rotaxane. C. The heavy (blue) and light chain (green)
of the 9E10 Fab in complex with myc peptide (pink) (based on PDB 20R9). D. Myc peptide
binding to residues in the CDR regions of 9E10 Fab via hydrogen bonding and van der Waals
interactions (based on Krauf et al., 2008).

1.5.2 Antibodies against peptide tags

In order to explore the possibility of engineering a rotaxane-based clamp onto anti-
peptide antibodies, it is important to first review some basic features of peptide-
antibody interactions. Antibodies for research are often raised against peptides, as
peptides are small, simple structures that can be synthesized in an automated fashion.

Peptides are most commonly used to tag proteins of interest, which can then be
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detected or purified using the available antibodies against the peptide tag (Lobbestael
et al., 2010). Peptides are easier to use as epitope tags, compared to larger globular
proteins, which can block important surfaces for the required protein function and
whose folding and solubility can be unpredictable and challenging (Vincentelli et al.,
2004). A number of peptides such as the myc tag, FLAG-tag and Strep-tag have been

widely used as affinity tags to detect recombinant proteins of interest (Terpe, 2003).

However, anti-peptide antibodies have moderate affinities and fast dissociation rates,
due to the decreased surface area available for interaction with the antibody (Houk et
al., 2003). Peptides varying from 7-12 residues and lacking structural rigidity have an
average buried surface area of around 480 A% when present in a complex with an
antibody (Wilson et al., 1994). This is considerably lower than the average buried
surface area of 700-900 A’ in a protein-antibody complex (Wilson et al., 1994).
Therefore, the interactions between peptides and their binding partners are limited and
antibodies bind their peptide antigens with lower affinity. Thus there exists

considerable scope for improvement in peptide-antibody binding.

1.5.3 9E10-myc interaction

9E10 is an antibody against the widely used myc peptide tag and the 9E10-myc
interaction has many conventional features of a peptide-antibody complex, including
a B-turn (in myc peptide) that helps the peptide interact with the CDR regions on the
9E10 antibody heavy chain (Wilson et al., 1994; Kraul} et al., 2008). 9E10 is an
IgG1/% murine monoclonal antibody against the synthetic peptide immunogen myc,
derived from the C-terminal region of the human c-myc proto-oncoprotein (Evan et
al., 1985). The c-myc gene product is mainly localized in the nucleus of the cell and
c-myc expression levels are deregulated in many types of cancers such as multiple
myeloma (Greil et al., 1991; Skopelitou et al., 1993). The myc tag is a powerful tool
used in protein localization, immunochemistry, ELISA and protein purification. 9E10
Fab fragments have been expressed and purified from bacterial strains (Schiweck et
al., 1997) and the myc-9E10 Fab complex has been studied by X-ray crystallography
(Fig. 1.10C) (KrauB et al., 2008).

In cancer research, 9E10 has been used to detect and study the distribution of the c-

myc oncogene product by immunohistochemistry (Skopelitou et al., 1993; Feller et
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al., 2012). In cell biology, the myc tag has been used to study the expression patterns
of endogenous proteins in vivo (Lobbestael et al., 2010). In protein engineering, 9E10
is widely used as a detection and purification tool for recombinant proteins fused to
myc at their C-termini as an affinity tag in expression systems such as yeast, bacteria
or insect cells (Weidner et al., 2010). Proteins labelled with the myc tag can be
purified in a single-step procedure using affinity columns coupled with 9E10

antibody.

However, the affinity of 9E10 for the myc peptide, although higher than most other
peptide-antibody interactions, is relatively low as compared to average protein—
antibody interactions. The original mycl tag (EQKLISEEDLN) binds 9E10 antibody
with an affinity of K, ~ 5 x 107 M (Hilpert et al., 2001), whereas most optimized
antibodies have an affinity in the range of 10°-10""° M (Foote and Eisen, 1995). The
myc peptide forms a short anti-parallel 3-strand, fitting into the groove between the
9E10 heavy and light chains and interacting with the CDR regions of 9E10 via
hydrophobic interactions, hydrogen bonding and electrostatic interactions (Krauf} et
al., 2008). The apparent affinity of 9E10 might be enhanced compared to the actual
monomeric affinity, since two 9E10 molecules can bind one myc tag (Krauf} et al.,
2008). In cases where such dual binding cannot occur, the peptide-antibody affinity

would be even lower.
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1.6 Objectives of this work

Through the efforts described in my thesis, I intended to achieve three main goals -

1.) Identify the important protein-protein interactions between a cell and a magnetic

bead and quantify the extent to which each one affects cell isolation

in

immunomagnetic cell separation. These protein interaction variables included the

expression levels of the targeted antigen, antibody affinity and the secondary

linkage of the antibody to the bead. Using the cancer biomarker HER2, the anti-

HER2 antibody fragment hu4D5 Fab and streptavidin-coated magnetic

dynabeads, I studied each variable individually. Although massive efforts have

been taken to invent and optimize devices for cell separation, extensive research

on the optimization of the molecular aspects of the synapse between the cell and

the solid-phase capture surface is still needed. My work on understanding these

aspects has been detailed in Chapter 3 and could provide useful insights and

considerations for current affinity-based cell separation techniques.

2.) Improve isolation of cancer cells and reduce dependence of immunomagnetic cell

isolation on antigen expression levels. Using the information from chapter 3, I

aimed to increase the isolation of cancer cells by immunomagnetic cell isolation,

specifically of cells that express lower amounts of the biomarker. With the

increasing need for isolating CTCs in cancer therapy, and the recent evidence of

CTCs undergoing EMT (Yu et al., 2013), this investigation could provide

valuable information on how to increase the efficiency of current CTC isolation

technology, as well as for the development of novel tumour cell isolation devices.

3.) Devising an alternative approach to increase antigen-antibody stability

by

mechanical clamping of the interaction. In order to increase the mechanical

strength of an antigen-antibody interaction, such that the interaction can sustain

the physical pull exerted by a magnetic bead or the flow of solution in a

microfluidic device, I aimed to develop a generic clamp that could trap the

antigen within its binding site on the antibody, as described in Chapter 5.
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Chapter 2: Methods

2.1 Cloning strategies: gene synthesis, point mutants, AP insertions

2.1.1 General cloning procedures

All Polymerase Chain Reactions (PCRs) were performed with KOD Hot Start DNA
polymerase (Merck), following the protocol recommended by the manufacturer, in a
C1000™ Thermal Cycler (Bio-Rad). Site-directed mutations and overlap extensions
were made using the QuikChange® (Stratagene) protocol but with the KOD
polymerase. All DNA primers were designed and ordered from Life Technologies.

All reagents were purchased from Fisher unless stated otherwise.

A typical 50 pL. PCR reaction mixture was made in MilliQ H,O containing 1x KOD
Hot Start DNA Polymerase buffer, 1.5 mM MgSO,, 0.4 mM dNTPs, 0.4 uM forward
primer, 0.4 uM reverse primer, ~20-50 ng DNA template and 1 uL. KOD polymerase.
In general, the thermal cycling conditions were as follows: 3 min at 95°C, then 20
cycles of 20 s at 95°C, 30 s at 55°C and 1 min at 68°C, followed by 10 min at 68°C
and a final incubation at 10°C. In two-step PCR reactions used for the insertion of AP
tags, the DNA template was first amplified using one forward and one reverse primer,
and the PCR product was then used as the template for a second PCR reaction with
the second forward primer and the same reverse primer (Chiu et al., 2004). For site-
directed mutagenesis of the myc constructs, the cycling conditions were the same as
above, except the elongation period was 4 min at 68°C (instead of 1 min). Each PCR
reaction was optimized for annealing temperature according to the primers in use.
PCR products were analysed for size and purity by running 5 pL of the amplified
reaction on an agarose gel (0.7-2% w/v, depending on the size of the DNA fragment)
containing 0.01% (v/v) ethidium bromide (Sigma), in an Owl electrophoresis system
(Thermo Scientific) for 30-40 min at 130 V. The DNA fragments were visualized in a
Gel Imager Universal Hood II (Bio-Rad).

QuikChange products were digested with Dpnl (New England Biolabs Inc.) at 37°C
for 1 hr to digest the methylated plasmid template. For cloning, PCR products and

required vectors were digested with the appropriate restriction enzyme (New England
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Biolabs Inc.) according to the manufacturer’s instructions, typically for 4 hr at 37°C.
The digested products were then run on an agarose gel and gel-purified using the

QIAquick Gel Extraction Kit (Qiagen).

For a typical ligation experiment, digested PCR product and vector were mixed in 9:1,
3:1, 1:1 and 1:3 ratios of insert:vector in a 10 pL reaction mixture along with 1x T4
DNA ligase buffer, 1 pL T4 DNA ligase (New England Biolabs Inc.) and MilliQ
H,0O. The reaction was incubated at 25°C for 1 hr or at 16°C overnight. 4 uL of the
ligated samples were then transformed into 50 pL heat-competent or electrocompetent

Escherichia coli DH5a (Life Technologies) or XL-1 blue (Stratagene) cells.

The transformed cells were plated onto Luria-Bertani (LB) plates containing 1.5%
agar and the appropriate antibiotic for selection of transformed clones. After
overnight incubation at 37°C, individual colonies were picked and inoculated into 12
mL LB containing the respective antibiotic and grown at 37°C for 16 hr in a shaking
incubator. Cells were harvested by centrifugation at 4,000 g for 5 min and DNA was
extracted using GeneJET™ Plasmid Miniprep Kit (Fisher). For mammalian
transfections, endotoxin-free DNA was prepared using a 300 mL bacterial culture and
Nucleobond Maxi plus kit (Fisher Scientific) according to the manufacturer’s
recommendations. The kit uses silica-based anion exchange resin to selectively purify
plasmid DNA that after purification is expected to contain < 0.05 endotoxin units/pg.
DNA concentration was measured using a 2 uL. sample on NanoDrop ND-1000
Spectrophotometer (Thermo Scientific) at 260 nm. All constructs made in this study

were verified by DNA sequencing (Source BioScience Lifesciences).

2.1.2. Cloning of hu4D5 constructs

Humanized 4D5 Fab, hu4D5, which binds the extracellular domain of HER2 (Cho et
al., 2003) was generated with an additional Lys-Ser-Cys at the C-terminus of the light
chain and a His, tag at the C-terminus of the heavy chain. Acceptor peptide tags
(GLNDIFEAQKIEWHE) (Beckett et al., 1999) were inserted at the C-termini of both
the chains. The assembled protein sequence was used to generate the gene sequence
using DNAworks gene synthesis (Hoover and Lubkowski, 2002), which involves the
use of multiple primers to stitch together the required gene by PCR. The PCR
products were digested with Kpnl and Dralll (for V) and Kpnl and Pmel (for V,).
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The heavy chain was inserted into pPOPINVH and the light chain into pOPINVL (kind
gifts of Ray Owens, University of Oxford) (Nettleship et al., 2008) for expression in
the mammalian system. Primers 5-
GATCGGTACCGGAGAGGTGCAGCTGGTAGAGTCCGGAGGCGGCCTCGTGC
-3’ and 5’-GATCCACTTAGTGTTATTAATGATGATGGTGGTGATGCTCATGC-
3> were used for the heavy chain insertion and 5 -GATCGGTACCGGA
GACATCCAGATGACCCAGAGTCCCTCTT-3’ and 5’-
GATCGTTTAAACTTATTACTCGTGCCATTCGATCTTCTGCG-3’ for light chain
insertion. Starting from the N-terminus, the heavy chain construct contained a signal
sequence (cleavable in the endoplasmic reticulum), V; domain, C,;, domain, (Gly-
Ser-Gly); linker, AP tag and a His, tag. The light chain consisted of the signal
sequence, V, domain, Cx domain (with the extra Lys-Ser-Cys), (Gly-Ser-Gly), linker
and an AP tag. Both these chains were used to produce the wildtype hu4D5 Fab with
the two biotinylated AP tags, termed Fab0.35.

To generate point mutants of hu4D5 with AP tags, overlap extension PCR was carried
out using primers 5’-CCGATGGGGCGGATGGGGCTTCTATGCCATG-3’ and 5’-
CATGGCATAGAAGCCCCATCCGCCCCATCGG-3’ for D102W to make Fab0.11,
5’-GGAGACGGCTTCTTTGCCATGGACTACTGGG-3’ and 5-
CCCAGTAGTCCATGGCAAAGAAGCCGTCTCC-3’ for YI05F to make Fabl 4,
5’-CTGCCAACAGCACGCCACCACCCCCCCTAC-3 and 5-
GTAGGGGGGGTGGTGGCGTGCTGTTGGCAG-3’ for Y92A to make Fab2.7; and
5’-CTACTGCCAACAGGCCTACACCACcCcCccCCe-3° and 5-
GGGGGGGTGGTGTAGGCCTGTTGGCAGTAG-3* for H91A to make Fab55
(Kelley and Connell, 1993; Gerstner et al., 2002). The same forward and reverse
primers were used for the mutants as for the wildtype. D102W and Y 105F mutations
were in the heavy chain and Y92A and H91A were in the light chain. Digestion and
insertion of the mutants into pPOPINVH and pOPINVL plasmids was also similar to
the wildtype.

All hu4D5 Fab constructs were bis-biotinylated unless otherwise indicated. The non-
biotinylated Fabs had the same protein sequence as the bis-biotinylated, but had not
been incubated with BirA. Mono-biotinylated Fabs had the AP tag on either the heavy

or the light chain. Primer 5-
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GATCGCGGCCGCCTATTAGCACTCGCCCCTGTTGAAGCTC-3 was used as
the reverse primer to generate the light chain without the AP tag, and produce mono-
biotinylated Fab0.35 used in quantitative flow cytometry. To generate the heavy chain
without the AP tag, primer 5’-
GATCCACTTAGTGCTATTAGTGGTGGTGATGATGGTGGCAAGACTTGGGC
TCTACCTTC-3’ was used as the reverse primer. Mono-biotinylated Fab0.11, used
in quantitative flow cytometry and immunomagnetic cell isolation, was made by
transfecting heavy chain D102W mutant containing the AP tag and wildtype light
chain without the AP tag.

2.1.3. Cloning of mouse 4D5 constructs

GATCGGTACCGGACAGGTGCAACTGCAGCAGTCTGGCCCCGAACTGG-3’
and 5’-CTTAGGCGCCAGAGCTCACGGTCACACTGGCTCCCTGTCCC-3" were

used for heavy chain insertion. Primers 5-
GATCGGTACCGGAGACATCGTGATGACCCAGAGCCATAAGTTCATGAGC-
3 and 5-

CGATGAGCTCCCTTGATCTCCACTTTGGTCCCACCCCCAAATGTTGGAGGG
-3 were used for light chain insertion. The PCR products were inserted into
pOPINVH and pOPINVL via restriction sites Kpnl and Sfol (for V,;) and Kpnl and
Sacl (for V) for expression in the mammalian system. As the pOPIN plasmids
already contain the Cj, and Cx mouse domains, only the variable domains of the

mouse 4D5 were synthesized using DNAworks.

AP tags were inserted at the N-termini of the heavy and light chains of 4D5 with a

two-step PCR reaction using primers 5-
GATCGGTACCGGAGGCCTGAACGACATCTTCGAGGCCCAGAAGATCGAGT
GGCACGAGGGCAGCGGC-3’, 5-
CGAGTGGCACGAGGGCAGCGGCGGCAGCGGCGGCAGCGGCCAGGTGCAA
CTGCAGCAGTCTGG-3’ and reverse primer 5-
CTTAGGCGCCAGAGCTCACGGTCACACTGGCTCCCTGTCCC-3’ for the heavy
chain; and 5’-
GATCGGTACCGGAGGCCTGAACGACATCTTCGAGGCCCAGAAGATCGAGT
GGCACGAGGGCAGCGGC-3’, 5’-

CGAGTGGCACGAGGGCAGCGGCGGCAGCGGCGGCAGCGGCGACATCGTG
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ATGACCCAGAGCC-3 and reverse primer 5’-CGAT
GAGCTCCCTTGATCTCCACTTTGGTCCCACCCCCAAATGTTGGAGGG-3’ for
the light chain. PCR products were digested and inserted into pOPIN vectors as for
4D5 Fab. The 4D5 Fab with the AP tags at the N-termini of the light “L” and heavy
“H” chains was termed 4D5-APLH. Starting from the N-terminus, the heavy chain
construct of 4D5-APLH contained a signal sequence (cleavable in the endoplasmic
reticulum), AP tag, (Gly-Ser-Gly), linker, V; domain, Cy;; domain and a His, tag. The
light chain consisted of the signal sequence, AP tag, (Gly-Ser-Gly), linker, V, domain
and C« domain. Both these chains were used to produce the wildtype mouse 4D5 Fab

with the two biotinylated AP tags, termed 4D5-APLH (AP tags at the N-termini).

To generate the control with AP tags at the C-termini of the 4D5 chains, a 2-step PCR
reaction was done on 4D5 Fab. Forward primer 5-

GATCGGTACCGGACAGGTGCAACTGCAGCAGTCTGGCCCCGAACTGG-3’

and reverse primers 5-
GATCCACTTAGTGATGGTGATGGTGATGCTCGTGCCACTCGATCTTCTGGG
CCTCGAAGATGTCGTTCAG-3’ and 5-

GCCTCGAAGATGTCGTTCAGGCCGCCGCTGCCGCCGCTGCCGCCGCTGCC
TTTACCACAATCCCTGGGC-3" were used for the heavy chain. For AP insertion in
the light chain C-terminus, forward primer 5-

GATCGGTACCGGAGACATCGTGATGACCCAGAGCCATAAGTTCATGAGC-3

and reverse primers 5-
GATCGTTTAAACTGGTCTTTACTCGTGCCACTCGATCTTCTGGGCCTCGAA
GATGTCGTTCAGGCCGC-3’ and 5-

GAAGATGTCGTTCAGGCCGCCGCTGCCGCCGCTGCCGCCGCTGCCACACT

CATTCCTGTTGAAGC-3’ were used. PCR products were digested with Kpnl and
Dralll for heavy chain insertion into pOPINVH and with Kpnl and Pmel for light
chain insertion into pOPINVL. Going from the N-terminus, the heavy chain contained
a signal sequence, V,; domain, mouse C,;, domain, (Gly-Ser-Gly), linker, AP tag and a
His, tag. The light chain consisted of the signal sequence, V; domain, mouse Cx
domain, (Gly-Ser-Gly), linker and AP tag. Both these chains were used to produce the
wildtype mouse 4D5 Fab with the two biotinylated AP tags, termed 4D5-LHAP (AP

tags at the C-termini).
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2.1.4. Cloning of 9E10-APLH constructs

9E10 Fab, which binds to the myc peptide (EQKLISEEDLN) derived from the c-myc
proto-oncogene product was present in the pASK88-9E10a vector (a kind gift from
Prof. Arne Skerra, Munich) (Evan et al., 1985). Both the heavy chain and the light
chain were present on the same plasmid in the following sequence, starting from the
N-terminal; signal peptide OmpA, heavy chain variable region, human C,;, domain,
His, tag, stop codon, ribosome binding sequence, signal peptide PhoA, light chain

variable region, human Cx domain, stop codon.

To insert AP tags at the N-termini of the heavy and light chains, a stepwise PCR
protocol was followed and primers were designed based on Site-directed Ligase-

Independent Mutagenesis (SLIM) technology (Chiu et al., 2004). First the AP tag was

inserted in the heavy chain using primers 5’-
CGCAGAAAATTGAATGGCATGAAGGCAGCGGCGGAAGTGGAGAAGTAG
ATCTGGTTGAG-3’ and 5-

GCCATTCAATTTTCTGCGCTTCAAAAATATCGTTCAGGCCCTCGGCCTGC
GCTACGGTAGCG-3’. Once the insertion was confirmed, AP tag was inserted into

the light chain using primers 5-
GCACAAAAGATCGAGTGGCACGAGGGTTCAGGAGGCTCCGGCGACATC
GTACTCACACAG-3’ and 5-

CCACTCGATCTTTTGTGCCTCGAAGATGTCATTAAGACCATCGGCTTTTGT
CACAGGGG-3’. This construct with AP tags at the N-termini of the heavy and light
9E10 chains was termed 9E10-APLH.

To delete the leader sequences in 9E10-APLH (to be expressed in E. coli cytoplasm),
the QuikChange protocol was followed using primer 5-
GATAACGAGGGCAAAAAATGGCCGAGGGCCTGAACG-3’ and its reverse
complement 5’-CGTTCAGGCCCTCGGCCATTTTTTGCCCTCGTTATC-3’ to first
delete the heavy chain leader; and 5’-
GGAGAAAATAAAATGGCCGATGGTCTTAATGAC-3>  with  its  reverse
complement 5’-GTCATTAAGACCATCGGCCATTTTATTTTCTCC-3’ to

subsequently delete the light chain leader peptide in the same plasmid.
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To insert 9E10-APLH into pOPIN plasmids for mammalian expression, the variable
domains of the heavy and light chains containing the AP tags and (Gly-Ser-Gly),

linker were amplified from the bacterial plasmid using primers 5’-

GATCGGTACCGGAGGCCTGAACGATATTTTTGAAGCG-3’and 5-
TGAGGAGACGGTGACCG-3> for the heavy chain, and primers 5’-
GATCGGTACCGGAGGTCTTAATGACATCTTC-3’ and 5-

CGATGAGCTCCTTTGATCTCGAGCTTGGTGC-3’ for the light chain. The heavy
chain was inserted using the Kpnl and Sfol restriction sites into pOPINVH, and the
light chain was inserted using Kpnl and Sacl into pOPINVL. The murine constant
domains present in the pOPIN plasmids were different from the human constant

domains present in the bacterial pASK88 plasmid.

To change the (Gly-Ser-Gly), linker, connecting the AP tags and the 9E10 variable
domains, to a longer linker (Gly-Ser-Gly),, a two-step PCR was used to amplify the

Fab chains. Forward primers 5-
GATCGGTACCGGAGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAAT
GGCATGAAGGCAGCGGC-3’ and 5-

GAATGGCATGAAGGCAGCGGCGGAAGTGGAGGTTCAGGGGAAGTAGATC
TGGTTGAGTC-3° were used for the heavy chain, and 5’-
GATCGGTACCGGAGGTCTTAATGACATCTTCGAGGCACAAAA
GATCGAGTGGCACGAGGGTTC-3’ and 5’-GATCGAGTGGCACGAGGGTTCA
GGAGGCTCCGGCGGTTCAGGGGACATCGTACTCACACAGTC-3" were used
for the light chain. The same reverse primers were used as for 9E10-APLH with (Gly-
Ser-Gly), linker. The PCR products were inserted into the pOPIN plasmids using
restriction sites Kpnl and Sfol (heavy chain) and Kpnl and Sacl (light chain).

To change the (Gly-Ser-Gly), linker to a helical linker Ala-(Glu-Ala-Ala-Ala-Lys),-
Ala (Arai et al., 2001), the 9E10 variable chains were amplified using a two-step PCR

reaction with forward primers 5’-
GATCGGTACCGGAGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAA
TGGCATGAAGCCGAGGC-3’ and 5-

GAATGGCATGAAGCCGAGGCTGCAGCGAAAGAAGCTGCAGCGAAGGCT
GAAGTAGATCTGGTTGAGTC-3’ for the heavy chain; and 5’-
GATCGGTACCGGAGGTCTTAATGACATCTTCGAGGCACAAAAGATCGAGT
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GGCACGAGGCCGAGGCTGCAGC-3° and 5-
GGCACGAGGCCGAGGCTGCAGCGAAAGAAGCTGCAGCGAAGGCTGACAT
CGTACTCACACAGTC-3’ for the light chain. The same reverse primers and

restriction sites were used as for 9E10-APLH to insert into pOPIN plasmids.

To insert the BirA substrate peptide, BSP, (LHHILDAQKMVWNHR) (Jia et al.,
2007) via a (Gly-Ser-Gly), linker into the N-termini of the 9E10 Fab chains, a two-
step PCR amplification process was employed. Forward primers 5’-
GATCGGTACCGGACTGCACCACATCCTGGACGCCCAGAAGATGGTGTGGA
ACCACAGGGGCAGC-3 and 5-
GGTGTGGAACCACAGGGGCAGCGGCGGCAGCGGCGGCAGCGGCGAAGTA
GATCTGGTTGAGTC-3> were wused for the heavy chain; and 5’-
GATCGGTACCGGACTGCACCACATCCTGGACGCCCAGAAGATGGTGTGGA
ACCACAGG GGCAGC-3’ (same as heavy chain) and 5-
GGTGTGGAACCACAGGGGCAGCGGCGGCAGCGGCGGCAGCGGCGACATC
GTACTCACACAGTC-3’ were used for the light chain. The reverse primer and
restriction sites for the heavy chain were the same as for 9E10-APLH, for insertion
into pOPINVH. For the light chain, reverse primer 5-
TTTGATCTCGAGCTTGGTGCCAGC-3" was used. This light chain construct did
not have the extra Gly-Ala between the light chain variable and constant domains
(present in all other 9E10-APLH constructs in pOPIN). This was achieved by
digesting pOPINVL with Sacl, cleaving off the Sacl overhang with DNA polymerase
II, gel purifying the plasmid and then digesting with Kpnl. The light chain PCR
product was digested with Kpnl and inserted into the digested pOPINVL.

2.1.5. Cloning of myc constructs

Three versions of the myc peptide were used in this study; mycl (EQKLISEEDLN) is
the original 11 amino acids long peptide tag, which binds 9E10 with high affinity;
myc2 (KLISEEDLN) is 9 amino acids long and binds 9E10 with reduced affinity; and
mycK is a point mutant of mycl (EQKLISKEDLN) and does not bind 9E10 (Hilpert
et al., 2001; Kraul} et al., 2008).

To generate MBP-mycl, MBP was amplified from a previously constructed MBP-
ZSPA (Holm et al., 2009) and myc1 was inserted at its C-terminus using primers 5’-

CAAGCATATGAAAATCGAAGAAG-3’ and 5-
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CAAGCTCGAGTTAGTTCAGATCTTCTTCGCTAATCAGTTTCTGTTCGCCG
CTTTCGCCCGAACCCGAGCTCGAATT-3". After digestion with Ndel and Xhol,
the construct was cloned into pET21 using standard cloning techniques. For MBP-
mycl-CFP,  MBP-mycl was  first  amplified  using  primers  5’-
CAAGCATATGAAAATCGAAGAAG-3’ 5-
GTTCAGATCTTCTTCGCTAATCAGTTTCTGTTCGCCGCTTTCGCCCGAAC
CCGAGCTCGAATT-3’. CFP was amplified from AP-CFP-TM (Chen et al., 2005)
using primers 5-
GCGAAGAAGATCTGAACGGTAGTGGCGAGTCGGGGATGGTGAGCAAGG
GCGAG-3’ and 5’-CAAGCTCGAGTTACTTGTACAGCTCGTCCAT-3’. Overlap
extension PCR was used to link MBP-mycl and CFP, and the resulting MBP-myc1-
CFP construct was digested with Ndel and Xhol and cloned into pET21.

MBP-myc2 and MBP-myc2-CFP were derived from MBP-mycl and MBP-mycl-
CFP  respectively, by site-directed mutagenesis, using primers 5’-
GGGCGAAAGCGGCAAACTGATTAGCG-3"  and 5-
CGCTAATCAGTTTGCCGCTTTCGCCC-3’. MBP-mycK and MBP-mycK-CFP
were derived in a similar fashion using primers 5-
CGGCGAACAGAAACTGATTAGCAAAGAAGATCTGAAC-3’ and 5-
GTTCAGATCTTCTTTGCTAATCAGTTTCTGTTCGCCG-3’.

For mammalian expression of mycl in HeLa cells, the CFP-myc-TM used is the same
as the CB-CFP-TM construct previously described (Zakeri and Howarth, 2010). The
myc tag is present on a spacer between Cyan Fluorescent Protein (CFP) and

transmembrane helix (TM), which targets the construct to the mammalian cell surface.

2.2 Protein expression, purification and biotinylation: Mammalian and bacterial

2.2.1 Protein expression in HEK-293T cells

Human fibroblast cell-line HEK-293T, expressing T-antigen (SV40 transformed), was
a kind gift from Dr. Chris Scanlan, University of Oxford. All Fab expression was

carried out in HEK-293T cells.
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For Fab expression, cells were grown in three T-175 flasks (Corning) at 37°C with
5% CO, in a cell culture incubator until the cells reached a confluency of 95%. The
cell media (D10) contained DMEM (Sigma) with 10% foetal calf serum (PAA labs),
50 U/mL penicillin and 50 pg/mL streptomycin (Sigma). Cells were then transferred
into a roller bottle (Greiner) with 250 mL D10 and grown for three days or until they
reached ~80% confluency. For transfection, 1.15 mg polyethyleneimine (branched, 25
kDa, Sigma) and 320 pg endotoxin-free DNA (160 pg each Fab chain plasmid) was
incubated with 50 mL DMEM, 50 U/mL penicillin and 50 pg/mL streptomycin (DO)
for 30 min at 25°C (Aricescu et al., 2006). The cell media in the roller bottles was
then replaced with the transfection mixture, 200 mL additional DO, 25 mM 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) (Sigma), 3.8 mM valproic
acid (Sigma) and 4 mM glutamine (Life Technologies) (Backliwal et al., 2008). The
Fab fragments were secreted from the cells. Four days after transfection, the cell

supernatant was harvested and used to purify Fab (section 2.2.3.7).

As the heavy and light chains were on separate vectors, the combination of heavy and
light chain was adjusted according to the required Fab. To produce bis-biotinylated
Fabs, both chains containing AP tags were co-transfected. To produce mono-
biotinylated Fabs, one chain containing the AP tag and the other without the AP tag

were co-transfected.

2.2.2 Protein expression in E. coli

2.2.2.1 Periplasmic expression of 9E10-APLH in C43 cells

9E10-APLH was expressed in the periplasm of E. coli C43 (DE3), a kind gift of Prof.
Anthony Watts, University of Oxford. C43 cells, derived from the BL21 cell strain,
have the F-ATPase subunit genes and are effective in expressing toxic proteins
(Miroux and Walker, 1996; Attrill et al., 2009). Heat-competent C43 cells were
transformed with the 9E10-APLH plasmid and plated on LB plates containing 1.5%
agar and 100 pg/mL ampicillin (LB-amp). The plates were incubated overnight at
30°C, and individual colonies were picked and inoculated into 10 mL LB containing
1% glucose and 100 pg/mL ampicillin. Cells were grown at 25°C for 16 hr in a
shaking incubator, then diluted 100-fold and grown further at 25°C for ~5 hr or until
they reached Aq,= 0.5. The cultures were induced with 100 pg/mL (0.4 mM)
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Isopropyl-B-D-Thiogalactopyranoside (IPTG) (Melford labs) and 200 pg/mL
anhydrotetracycline (Fisher Scientific) and further incubated at 22°C for ~20 hr in a
shaking incubator, after which the cells were harvested by centrifugation at 7,000 rpm

(7,500 g) for 15 min. Cell pellets were stored at -80°C until required for purification.
2.2.2.2 Cytoplasmic expression of 9E10-APLH in Rosetta Gami cells

Plasmid pASKS88 containing 9E10-APLH without leader sequences was transformed
into heat-competent Rosetta Gami 2 (DE3) cells (Novagen). The Rosetta Gami cell
strain has an oxidizing environment that favours disulfide bond formation in the
bacterial cytoplasm (Bessette et al., 1999). Transformed cells were plated onto LB-
Amp plates, which were incubated overnight at 30°C. Individual grown colonies were
picked and inoculated into 12 mL LB containing 0.8% glucose and 100 pg/mL
ampicillin. These starter cultures were grown overnight at 30°C and then diluted
1:100 into large-scale cultures containing 800 mL LB with 0.8% glucose and 100
pg/mL ampicillin. The cultures were grown at 30°C until they reached Ay, = 0.6, and
were then induced with 100 ug/mL IPTG and 200 pg/mL anhydrotetracycline. Cells
were further incubated overnight at 25°C in a shaking incubator, after which cells

were harvested by centrifugation and cell pellets were stored as described above.
2.2.2.3 Cytoplasmic expression of myc constructs in RIPL cells

The cloned myc constructs in pET21 plasmids were transformed into heat competent
E. coli BL21 CodonPlus RIPL (DE3) cells (Stratagene), which have extra copies of
specific tRNAs to aid in efficient protein translation. Transformed cells were plated
onto LB-Amp plates and incubated overnight at 37°C. Individual colonies were
picked and inoculated into 8 mL LB containing 0.8% glucose and 100 pg/mL
ampicillin. These starter cultures were incubated overnight at 37°C in a shaking
incubator and then diluted 1:100 into 800 mL LB containing 0.8% glucose and 100
pg/mL ampicillin. The large scale cultures were grown at 37°C for ~3 hr or until their
optical density reached Ay, = 0.5. The cultures were then cooled to 25°C for 2 min,
and induced with 100 ug/mL IPTG. Cells were further incubated at 30°C for 4 hr,

after which they were harvested and stored as described in section 2.2.2.1.
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2.2 .3 Protein Purification

All protein purifications were carried out at 4°C, unless stated otherwise, to minimise
degradation of the protein. In general, all proteins were dialyzed thrice against 1x
Phosphate Buffered Saline (PBS; 137 mM NaCl, 2.7 mM KCI, 8.1 mM
Na,HPO,.2H,0, 1.8 mM KH,PO, pH 7.4) for ~3 hr each time at 4°C, after every
purification. Dialyzed protein was collected in a 1.5 mL microcentrifuge tube and
centrifuged at 13,000 rpm (table top centrifuge, Thermo) for 10 min to remove
aggregates. The supernatant containing purified protein was collected in a fresh tube
and stored at -80°C. All protein concentrations were calculated using A,
measurements (NanoDrop) and extinction coefficients (as predicted by ExPASy
ProtParam). Protein purity was checked by Sodium Dodecyl Sulfate- Polyacrylamide
Gel Electrophoresis (SDS-PAGE) and AP-tagged Fabs were further processed for

biotinylation.
2.2.3.1 Ni-NTA purification from mammalian cells

Four days after Fab transfection into HEK-293T cells, the cell supernatant was
harvested by centrifuging the media at 2,000 rpm for 15 min on a Beckman Coulter
centrifuge (J2-HS), and filtering the supernatant through a paper towel (Cherwell
Packaging) to remove cell debris. 25 mL 10x PBS and 100 uM MgCl, final
concentration were added to 225 mL filtered supernatant to equilibrate the supernatant

and the His,-tagged Fab was purified using Nickel affinity chromatography.

For purification, the processed cell supernatant was aliquoted into six 50 mL
centrifuge tubes. 0.6 mL packed Ni-NTA superflow resin (Qiagen) was equilibrated
with 1x PBS and 100 pL was added to the cell media in each 50 mL centrifuge tube,
and incubated overnight with end-over-end rotation on an electric rotator (Stuart
Equipment) at 4°C. Thereafter, the samples were always kept on ice or at 4°C. The
samples were centrifuged at 1,500 rpm for 5 min (ALC multispeed refrigerated
centrifuge) to collect the resin pellets, which were then pooled together and washed
once with 15 mL binding buffer (50 mM Tris base, 300 mM NaCl, pH 7.8), once with
10 mL wash buffer (binding buffer with 10 mM Imidazole, pH 7.8), resuspended in 1
mL binding buffer and then transferred to a 15 mL Poly-prep chromatography column
(Bio-Rad). The resin was washed further with 1 mL binding buffer containing 30 mM
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imidazole, pH 7.8, and after the buffer had drained, His, tagged Fab fragments were
eluted using 2 mL binding buffer containing 100 mM imidazole, pH 7.8. The elution
was collected in four fractions, 0.5 mL each, which were analysed for protein
concentration by measuring A,;, on a spectrophotometer (NanoDrop). Fractions
containing the highest protein concentration were pooled together and dialyzed 3x

into PBS for up to 24 hr at 4°C.
2.2.3.2 Periplasmic purification of 9E10-APLH from C43 cells

Periplasmic purification of 9E10-APLH from C43 cells was carried out by
resuspending the frozen bacterial pellet in 8 mL periplasmic buffer containing 100
mM Tris-HCI, 0.5 M sucrose, | mM Ethylenediaminetetraacetic acid (EDTA), pH 8.0
and adding 1 mM Phenylmethylsulfonyl Fluoride (PMSF) and 1x protease mixed
inhibitor cocktail (Roche). After incubation on ice for 1 hr, the resuspension was
centrifuged at 18,000 rpm for 20 min. 40 pL of 1 M MgCl, was added to saturate
EDTA in the supernatant, before nickel affinity chromatography. Typically, 0.5 mL
packed Ni-NTA resin was added to the 8 mL supernatant and incubated on a rotor at
4°C for 40 min. The resin was then centrifuged at 1,300 rpm for 2 min, washed twice
with 5 mL binding buffer containing 10 mM imidazole, resuspended in 1 mL binding
buffer and transferred to a 15 mL poly-prep column. After the buffer had drained, the
resin was washed further with 0.5 mL binding buffer containing 30 mM imidazole,
and finally eluted with 2 mL binding buffer containing 100 mM imidazole. 0.5 mL
fractions were collected and assessed for protein content by measuring A,y,. The

highest protein-containing fractions were dialyzed 3x into PBS for up to 24 hr at 4°C.
2.2.3.3 Cytoplasmic purification of 9E10-APLH from Rosetta Gami cells

9E10-APLH Fab without leader sequences, expressed cytoplasmically in Rosetta
Gami cells was purified using Protein G affinity chromatography. The frozen cell
pellet was thawed on ice and resuspended in 8 mL Binding buffer (50 mM Tris base,
300 mM NaCl, pH 7.8), | mM PMSF and 1x protease mixed inhibitor cocktail. The
resuspended bacteria were then sonicated 4 times, 1 min each at 40% pulse, on ice in
an Ultrasonic Processor (Sonics Vibra-Cell sonicator). Cell lysate was centrifuged at
13,000 rpm for 10 min in a microcentrifuge at 4°C, and the supernatant was added to

0.2 mL Protein G agarose beads (Sigma), which had previously been washed once
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with 10 mL MilliQ and equilibrated with SmL binding buffer. The mixture was
incubated at 4°C for 1 hr on a rotator (Stuart) and then centrifuged at 1,500 rpm for 2
min to collect the resin. The beads were washed twice with 5 mL binding buffer (each
wash for 2 min), resuspended in 1 mL binding buffer and then transferred to a Poly-
prep column. After the buffer had drained, bound protein was eluted using 0.8 mL
Glycine-HCI buffer (100 mM Glycine-HCI, pH 2.7) as 0.2 mL elution fractions,
which were collected in 1.5 mL centrifuge tubes containing 9 pL. 1 M Tris-base, pH
8.5 (to neutralize the fractions). Elutions were checked for protein content by
measuring A,g, on a spectrophotometer. Fractions were collected from each stage of
the purification process and run on SDS-PAGE to analyse the efficiency of the

process.
2.2.3 4 Cytoplasmic purification of myc constructs from RIPL cells

MBP-myc and MBP-myc-CFP constructs were expressed in the cytoplasm of RIPL
cells and purified on an amylose-agarose column. Frozen cell pellets were thawed on
ice and resuspended in 4 mL column buffer (50 mM Tris HCI, 300 mM NaCl, 1 mM
EDTA, pH 7.8), 1 mM PMSF and 1x protease mixed inhibitor cocktail. The samples
were sonicated 6 times, 30 s each at 40% pulse, on ice. Cell lysate was centrifuged at
13,000 rpm for 10 min in a microcentrifuge at 4°C, and the supernatant was added to
0.4 mL packed amylose resin (New England Biolabs), which had previously been
washed and equilibrated with 2 mL column buffer. The mixture was incubated on a
rotator for 30 min at 4°C and then centrifuged at 2,000 rpm for 2 min. After
discarding the supernatant, the resin was washed twice with 10 mL column buffer,
resuspended in 1 mL column buffer and then transferred to a Poly-prep column.
Protein was eluted using 2 mL elution buffer (column buffer with 10 mM maltose)
and collected as 1 mL fractions. After checking for protein content by A, the
purified protein was dialyzed 3x into PBS for up to 24 hr at 4°C. Dialyzed protein
was centrifuged and stored in 100 pL aliquots at -80°C. SDS-PAGE was performed to

check the purity and uniformity of the myc constructs.
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2.2 .4 In vitro biotinylation of Fab constructs

2.24.1 Synthesis of BirA

Biotin ligase BirA with a His, tag was expressed in E. coli RIPL (DE3) cells and
purified on Ni-NTA column as described previously (Howarth and Ting, 2008). The
plasmid for glutathione-S-transferase linked to BirA (BirA-GST) was a kind gift from
Christopher O’ Callaghan (University of Oxford) and was expressed in E. coli and
purified using glutathione agarose (Sigma) (O’Callaghan et al., 1999). Briefly, the
BirA-GST construct in pGEX-2T plasmid was transformed into heat competent E.
coli BL21 RIPL (DE3) cells (Stratagene), plated onto LB-Amp plates and incubated
overnight at 37°C. Individual colonies were picked and expressed in large scale
cultures as described for myc proteins in Section 2.2.2.3 and cell pellets were stored at

-80°C.

For purification, cell pellet was resuspended in 5 mL bacterial lysis buffer (25 mM
Hepes, 0.15 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.05% Triton X-100, pH 7.7)
that also contained 1 mM PMSF, 1x protease mixed inhibitor cocktail (Roche), 10.5
mg solid NaF (Sigma) and 5 pL. 1 M Dithiothreitol (DTT) (Fisher Scientific). Cells
were then sonicated 6 times, 30 s each at 40% pulse, on ice in an Ultrasonic Processor
(Sonics Vibra-Cell sonicator). Cell lysate was centrifuged at 13,000 rpm for 10 min in
a microcentrifuge at 4°C, and the supernatant was added to 0.6 mL glutathione
superflow resin (Qiagen) that had previously been washed 4x with 1 mL. PBST (PBS
with 0.05% Triton X-100). The mixture was incubated on a rotator for 30 min at 4°C
and then centrifuged at 2,000 rpm for 2 min. After discarding the supernatant, the
resin was washed thrice with 1 mL binding buffer (20 mM Hepes, 50 mM NacCl, 2.5
mM MgCl,, 0.1 mM EDTA, 0.05% Triton X-100, pH 7.7), resuspended in 1 mL
binding buffer and transferred to a Poly-prep column. BirA-GST was eluted using 2
mL elution buffer (50 mM Tris, 6.14 mg/mL reduced glutathione, pH 7.7) and
collected as 0.5 mL fractions. Protein content was checked by measuring A, and was
ensured to be <60 uM as BirA-GST has a tendency to aggregate at higher
concentrations. The purified protein was dialyzed into PBS, centrifuged to discard
aggregates, and 10 pL aliquots of the supernatant containing purified BirA-GST were
stored at -80°C.
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2.2 4.2 Enzymatic biotinylation of AP-tagged constructs

Purified Fab fragments containing the AP tags were biotinylated in vitro by
incubating the Fab (0.1 — 0.4 mg/mL) in PBS with 5 mM MgCl,, 1 mM ATP, 50 uM
biotin and 1-2 pM BirA or BirA-GST for 2 hr at 25°C.

BirA was removed by purifying the Fab using 100 pL Protein G agarose beads and
eluting thrice with 150 pLL Glycine-HCI buffer pH 2.6, before neutralizing with 6.75
pL 1 M Tris-base pH 8.5 (Protein G purification described in section 2.2.3.3).

BirA-GST was removed by incubating the biotinylation mixture with 150 pL packed
glutathione superflow resin (Qiagen), previously equilibrated with 1x PBS, in a 1.5
mL microcentrifuge tube for 45 min on a rotator. After centrifuging for 10 s on a
mini-centrifuge (Bio-Rad), to separate the resin-bound BirA-GST, the supernatant
containing biotinylated Fab was pipetted out and incubated again with fresh 150 pL
glutathione resin for 45 min, to completely eliminate traces of BirA-GST. After
spinning the mixture, the supernatant was collected and dialyzed 3x into PBS for up
to 24 hr at 4°C to remove excess biotin. The concentration of the dialyzed purified
Fab was determined using A,g, measurements and the extinction coefficient predicted
by ExPASy ProtParam. All constructs were checked for biotinylation using a SDS-
PAGE gel-shift assay (section 2.3) and aliquots were stored for long-term use at -

80°C.
2.24.3 Chemical biotinylation of Fab0.35

Non-biotinylated Fab0.35 (without AP tags) was chemically biotinylated by mixing
400 pL of 21.4 uM Fab with 40 pL 1 M NaHCO; pH 8.3 and adding the mixture
quickly to a microcentrifuge tube containing 4 pL biotinamidohexanoic acid N-
hydroxysuccinimide ester (10 mg/mL in DMSO, Sigma). The reaction was incubated
at 25°C for 4 hr to allow for the biotinylation of reactive surface amines on the Fab.
The biotinylated Fab was then separated from excess small molecule forms of biotin
by gel filtration with Sephadex G-25 beads (Sigma) (section 2.2.5.2) and dialyzing
three times into PBS. The purified protein was checked for biotinylation on SDS-

PAGE (section 2.3), aliquoted and stored at -80°C.
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2.2.5 Streptavidin constructs

2.2.5.1 Synthesis of streptavidin constructs

Core tetravalent streptavidin (wild-type), divalent streptavidin (dSA) and monovalent
streptavidin (mSA), were kindly produced by Dr. Michael Fairhead (Howarth
laboratory), who expressed them in E. coli as inclusion bodies and after refolding in
vitro, purified on a Ni-NTA column, as described previously (Howarth et al., 2006;
Howarth and Ting, 2008). All streptavidin concentrations mentioned in this work

refer to the concentration of the tetramer.
2.2.5.2 Dye labelling of SA constructs

To conjugate core tetravalent streptavidin to AlexaFluor488, 200 puL of 14 uM core
streptavidin was mixed with 20 uL 1 M NaHCO, pH 8.3 and the mixture was quickly
added to a microcentrifuge tube containing 7.5 pL AlexaFluor488 succinimidyl ester
(10 mg/mL in DMSO, Life Technologies). After incubation in the dark for 4 hr at
25°C, excess dye was removed by purifying the protein using Sephadex G-25 beads
(Sigma). 1 g Sephadex G-25 beads were left to swell in 10 mL PBS for 4 hr at °C,
washed once with 1 mL PBS and transferred to a Poly-prep column. The protein-dye
mixture was added to the column and the flowthrough was discarded. The SA-488
conjugate was eluted using 1 mL PBS and 0.2 mL fractions were collected in
microcentrifuge tubes. Fractions with the highest A,y absorbance were pooled

together, dialyzed 3x into PBS for up to 24 hr at 4°C and stored at -80°C.

To prepare mSA-488, 300 pL of 35 uM mSA was mixed with 30 pL 1 M NaHCO,
pH 8.3 and added to 6 pL. AlexaFluor488 succinimidyl ester (10 mg/mL in DMSO,
Life Technologies). The mixture was incubated in the dark for 4 hr at 25°C. Free dye
was removed by gel filtration using Sephadex G-25 (Sigma) and dialyzing into PBS

as described above.

To calculate the concentration of the conjugated protein, absorbance of SA-488 or
mSA-488 was measured at A,y and A,. The contribution of the dye to the protein

absorbance was then accounted for in the following way —

A = A, — (Ays X correlation factor)

protein

Where, correlation factor = Ajgg free aye/Ados ree aye a0 €quals 0.11 for AlexaFluor488.
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Using information that 0.1 mg/mL SA gives A,;,=0.355,

the concentration of SA-488 or mSA-488 = [(A,einX 0.1)/0.355] mg/mL

protein

The number of dye molecules conjugated per streptavidin molecule were calculated in

the following way —
Degree of dye labelling = (A,y5 x molecular weight)/(protein concentration x €;,.),

Where molecular weight of streptavidin was 54,000, protein concentration is in

mg/mL and 8AlexaFluor 488 = 71 ’OOO

2.3 SDS-PAGE

Proteins were separated and analysed by Sodium Dodecyl Sulfate- Polyacrylamide
Gel Electrophoresis (SDS-PAGE). Polyacrylamide gels, consisting of a 5% (v/v)
acrylamide (Sigma) stacking layer and 12-14% (v/v) acrylamide separation layer,
were prepared in disposable plastic gel cassettes (Life Technologies). SDS-PAGE was
performed in a Tris-Glycine running buffer with 0.1% (w/v) SDS, using an XCell
SureLock® Mini-Cell (Life Technologies) at 200 V for 1 hr.

Protein samples (1-2 pg/lane) were mixed in 6:1 ratio with 6x SDS-PAGE loading
buffer (0.23 M Tris-HCI pH 6.8, 24% v/v glycerol, 120 uM bromophenol blue, 0.23
M SDS) and heated at 95°C for 3 min in a C1000™ Thermal Cycler (Bio-Rad) to
break all non-covalent interactions, before loading onto a polyacrylamide gel. For the
reduction of disulfide bonds, 5% (v/v) 2-mercaptoethanol (2-ME, BDH) was added to
the 6x SDS-PAGE loading buffer before heating with the samples. In order to
estimate the molecular weight of the protein bands, 3 pL PageRuler™ Prestained

Protein Ladder (Fermentas) was also loaded onto the gel adjacent to the samples.

For gel shift assays, 1 pg Fab was boiled with SDS loading dye, cooled to 25°C for 1
min, and then 1.6 pg tetravalent streptavidin was added to the samples. The Fab-SA
mixture was incubated at 25°C for 2 min to allow streptavidin to bind biotin

conjugates, and then loaded onto the gel without any further heating.

After running, gels were Coomassie-stained with either Coomassie Brilliant Blue

solution (1.25 g Coomassie Brilliant Blue R250 in 225 mL methanol, 225 mL MilliQ
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H,O and 50 mL glacial acetic acid) for 1 hr followed by overnight destaining (in 6:3:1
v/v mixture of MilliQ water: methanol: glacial acetic acid) or stained for 30 min with
Instant blue solution (Triple Red). The resolved proteins could then be visualized and
the gels were imaged using Gel DocXR+ Imaging System (Bio-Rad) and Image
Lab™ 3.0 software (Bio-Rad).

24 ELISA

The efficiency of 9E10-APLHbD to clamp myc peptide was tested using an Enzyme-
Linked Immunosorbent Assay (ELISA). To check for 9E10-APLHb binding to the
various myc constructs, 1 uM of the indicated myc construct in 100 pL PBS was
added to wells (samples in duplicate) in a 96-well microtitre plate (Costar 9018 high
capacity binding EIA/RIA polystyrene plates) and incubated overnight at 4°C.

All subsequent incubations were done on a rocker (MODEL R100 Rotatest Shaker
Luckham) at 25°C. All wash steps were carried out for 2 min each. After overnight
antigen coating, plates were washed 3x with 150 uLL PBS containing 0.05% Tween
(PBS-T), before blocking with 200 uL. 1% BSA in PBS (w/v, Sigma) for 2 hr. Wells
were then washed 4x with 200 uL. PBS-T, before 100 pL of the indicated Fab was
added at a concentration of 10 ug/mL (~0.2 uM) in PBS with 1% BSA, and incubated
for 45 min. For clamping, Fab was removed from the wells, and 100 pL of 0.1 uM
core streptavidin (in PBS with 1% BSA) was added to the wells for 15 min. To the
control samples, 100 pLL of PBS with 1% BSA was added to the wells. The wells were
then washed 4x with 200 uL PBS-T, treated with 100 pL of 16.1 ug/mL goat anti-
human IgG-Peroxidase antibody (Sigma) in PBS with 1% BSA, and further incubated
for 1 hr. After washing the wells 4 times, 5 min each, with 200 pLL PBS-T, the wells
were developed in the following way: 2 mg o-phenylene diamine (OPD) was added to
5 mL phosphate-citrate buffer (103 mM dibasic sodium phosphate with 48.6 mM
citric acid, pH 5.0) to a final concentration of OPD of 0.4 mg/mL. 2 L. H,0, was
added to the 5 mL OPD solution and immediately afterwards, 100 pL of this solution
was added to each well on the ELISA plate. The plate was incubated in the dark on
the rotor for ~30 min, after which the A,, of the wells was measured using a

Spectramax M35 plate-reader (Molecular Devices Ltd).
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For the myc titration experiments, the wells were coated with the indicated
concentration (1000, 100, 10, 1, 0.1 or 0 nM) of the respective myc construct in
triplicate for the overnight incubation at 4°C. 0.1 uM monovalent streptavidin (with
only one active biotin-binding site) (Howarth et al., 2006) was used instead of

tetravalent streptavidin, as a control to test clamping.

2.5 Mammalian cell culture

2.5.1 Cell-lines

MCEF-7 (breast cancer cell-line), BT474 (breast cancer cell-line from invasive ductal
carcinoma) and A431 (epidermoid carcinoma cell-line) were from Cancer Research
UK, Lincoln’s Inn Fields (CR-UK), validated using short tandem repeat profiling.
MDA-MB-453 (breast cancer cell-line from metastatic carcinoma) and MDA-MB-
468 (breast cancer cell-line) were from American Type Culture Collection (ATCC,
Manassas, VA), validated using short tandem repeat profiling. HEK-293T (human
fibroblast), a weakly adherent cell-line, was a kind gift from Chris Scanlan’s
laboratory. HeL.a (epithelial cells from cervix adenocarcinoma) were purchased from

ATCC. All cell-lines were adherent.

2.5.2 Cell culture conditions

All cell-lines were grown in D10 media containing Dulbecco’s Modified Eagle
Medium (DMEM, Sigma) with 10% Foetal Calf Serum (FCS, PAA labs), 50 U/mL
penicillin and 50 pg/mL streptomycin (Sigma). 5 pg/mL Insulin (Sigma) was added to
BT474 cells to supplement their growth (Gijsen et al., 2010). Cell-lines were grown in
a monolayer in T-25, T-75 or T-175 flasks (Corning) at 37°C with 5% atmospheric
CO, in a humidified cell culture incubator (Borolabs). For large-scale Fab production,
HEK-293T cells were grown in roller bottles (Greiner) with 250 mL D10 and

incubated on roller shelves (Wheaton roller apparatus) in a 37°C room.

Cells were typically passaged every 4-7 days, or whenever they reached 80-100%
confluency. To split cells, the D10 media was first removed from the flask, and pre-
warmed Trypsin-EDTA 0.05% (Life Technologies) was added to cells. After
incubation at 37°C for 5-15 min (depending on cell-line), the flask was tapped slightly
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to detach the cells, which were then pipetted into a 15 mL centrifuge tube and spun at
1,300 rpm for 2 min. The supernatant was discarded and the cell pellet was
resuspended in 5 mL D10 media. Fast growing cells were split in a 1: 10 ratio; 0.5 mL
of resuspended cells were plated in a new flask, fresh D10 media was added and cells
were kept back in the incubator. Slow growing cells were usually split in a 1:2 ratio.
All cell-lines were passaged for less than 6 months. Confluency of cells was regularly
checked under an inverted phase contrast microscope (Leitz Diavert) and cell count
was done using Trypan Blue solution (Sigma) on a haemocytometer (Neubauer-

Improved).

Mycoplasma testing was done along with the positive control from EZ-PCR
Mycoplasma Test Kit (Biological industries). 1 mL supernatant from adherent cells
was collected and centrifuged at 200 g for 1 min at 25°C to pellet cellular debris. The
supernatant was transferred to another tube and used as the template for PCR reaction.
A 50 pL PCR reaction mixture was made in MilliQ H,O containing 1x PCR buffer,
0.2 mM dNTPs, 2 uM forward primer, 2 pM reverse primer, 1 uL supernatant
template (or the positive control) and 1 pL. Taq polymerase (New England Biolabs). 1
pL cell culture medium was also added to the positive control to ensure that the cell
media was not inhibiting the PCR reaction. The thermal cycling conditions were as
follows: 5 min at 95°C, then 40 cycles of 30 s at 94°C, 30 s at 55°C and 1 min at
72°C, followed by 10 min at 72°C and a final incubation at 10°C. Primers used were
MGSO  (5-TGCACCATCTGTCACTCTGTTAACCTC-3") and GPO-3 (5'-
GGGAGCAAACAGGATTAGATACCCT-3'). The PCR product was tested using
agarose gel electrophoresis (section 2.1.1). A band at 270 basepairs indicated cell

contamination. Cells in each case were found to be mycoplasma-negative.
2.6 Imaging experiments

2.6.1 Binding of hu4D5 Fab mutants to cell surface expressed HER2

BT474 cells were plated on 0.1 mm thick glass coverslips (VWR) in a 48 well plate
(Greiner) at a concentration of 50,000 cells/well in 0.5 mL D10 and grown for 24 hr.
D10 media was pipetted out and cells were washed once with 0.5 mL PBS with 5 mM
MgCl, (PBS-Mg). Cells were then treated with 100 pL of 50 pg/mL of the indicated
Fab in PBS-Mg containing 1% BSA (w/v) for 10 min on ice. After washing the cells
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thrice with 0.4 mL PBS-Mg to remove unbound Fab, 100 pL of 27 nM core
streptavidin-AlexaFluor488 in PBS-Mg with 1% BSA was added to cells for 10 min
on ice. Cells were again washed thrice with 0.5 mL. PBS-Mg and imaged live on a

DeltaVision Core fluorescent microscope (Applied Precision).

To check for non-specific binding of the Fab, cell surface HER2 on plated BT474
cells was pre-blocked by incubating the cells with 100 uL. of 10 pug/mL Herceptin (a
kind gift from Genentech, dialyzed into PBS) in PBS-Mg with 1% BSA for 10 min on
ice. Cells were washed thrice with 0.4 mL PBS-Mg and labelled with the indicated

Fab as described above, before live cell imaging.

2.6.2 Cell-magnetic bead imaging

To visualize the various stages in immunomagnetic cell isolation by microscopy,
trypsinized BT474 cells were labelled with 0.1 pug/mL biotinylated Fab0.35 and
immunomagnetically isolated using streptavidin-coated magnetic beads (section
2.8.1). Cells in the cell-bead mixture, flowthrough and recovery were then diluted 1:1
with 10 pL Trypan blue, loaded onto a haemocytometer with a 0.15 mm coverslip
(VWR), and imaged using the brightfield channel on the DeltaVision Core fluorescent

microscope.

To image the bead-cell synapse, BT474 cells were labelled with 0.01 pg/mL
biotinylated Fab0.11 and immunomagnetically isolated using SA-beads (section
2.8.1). To prepare the cell membrane staining solution, 2 pL. Vybrant DiD cell
labelling solution (1 mM, Life Technologies) was added to 300 uL D1 in a 1.5 mL
microcentrifuge tube and vortexed thrice, for 15 s each. Immunomagnetically
recovered cells were centrifuged in a mini-centrifuge (Bio-Rad) for 5 s, the
supernatant pipetted out, and the cell pellet was resuspended in the DiD staining
solution. Cells were incubated at 37°C for 30 min, after which cells were centrifuged
for 5 s and washed twice with 400 pLL D1. Cells were finally resuspended in 10 pLL D1
and 5 pL of the resuspended cells was plated on a microscope glass slide (Fisher) and
spread and covered with a 0.1 mm glass coverslip (VWR). Cells were imaged using
the Cy5 and brightfield channels and a 100x oil-immersion lens on the DeltaVision

Core fluorescent microscope (section 2.6.5).
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2.6.3 Binding of 9E10-APLHb Fab to surface-expressed myc

HelLa cells were plated on 0.1 mm glass coverslips (VWR) in a 48 well plate in 0.5
mL D10 and grown for 24 hr so they reached ~80% confluency. D10 media was
pipetted out and 0.25 mL DO was added per well to cells. Transfection mixture for
each well was prepared by incubating 25 pL DO with 1 uL Lipofectamine™ 2000
(Life Technologies) for 5 min at 25°C and then adding the mixture to 25 uL DO
containing 0.5 pug of CFP-myc-TM plasmid DNA. After incubating at 25°C for 20
min, 50 pL transfection mixture was added to cells which were then incubated at
37°C for 4 hr. Transfection mixture was pipetted out, fresh 0.5 mL D10 was added to

each well, and cells were kept in the cell culture incubator.

One day after transfection, D10 media was pipetted out and cells were washed once
with 0.5 mL PBS-Mg. Cells were then treated with 100 pL of 50 pg/mL of the
indicated Fab in PBS-Mg containing 1% BSA for 20 min at 25°C. Cells were washed
thrice with 0.4 mL PBS-Mg and labelled with 100 pL of 10 pg/mL AlexaFluor555
goat anti-human IgG (Life Technologies) in PBS-Mg with 1% BSA for 10 min on ice.
Cells were again washed thrice with 0.5 mL PBS-Mg and imaged live.

2.6.4 Testing 4D5-APLHDb clamping on cell surface expressed HER2

2.6 4.1 Acid wash experiments

BT474 cells were plated on glass coverslips in a 48 well plate and grown for 18-24 hr
as above. Cells were washed once with 0.5 mL PBS-Mg and then labelled with 100
pL of 10 pg/mL of the indicated Fab in PBS-Mg containing 1% BSA for 10 min at
37°C. To prepare 4D5-APLHb prebound to SA, 100 pL of 10 pg/mL 4D5-APLHb
was incubated with 0.2 pM tetravalent core streptavidin in PBS-Mg with 1% BSA for
5 min at 25°C, and then added to cells. After incubation, excess Fab was pipetted out,
and 100 pL of 0.2 uM SA in PBS-Mg with 1% BSA was added to cells for 5 min at
25°C. Control samples were treated without SA, but with 100 uL PBS-Mg containing
1% BSA. Cells were then washed thrice with 0.4 mL PBS-Mg.

For acid stripping, cells were treated with acid stripping buffer (131 mM Sodium
citrate, 66 mM Na,HPO, pH 3.0) for 2 min at 25°C (Sugawara et al., 1987) and then
quickly neutralized with 1 mL. PBS-Mg. Control samples were treated with 0.2 mL
PBS-Mg instead of acid stripping buffer. Cells were washed thrice with 0.5 mL PBS-
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Mg on ice and bound Fab was labelled using 150 pL of 10 pg/mL AlexaFluor555
goat anti-mouse IgG (Life Technologies) in PBS-Mg with 1% BSA for 10 min on ice.
Excess antibody was washed off using 0.5 mL PBS-Mg thrice, and cells were imaged

live.

To check clamping with various SA constructs, BT474 cells were labelled with 4D5-
APLHb as described above, and then incubated with 100 pL of 0.2 uM core
tetravalent SA, 0. 2 uM divalent streptavidin or 0. 2 uM monovalent streptavidin, in
PBS-Mg with 1% BSA for 5 min at 25°C. Cells were then washed, treated with acid
stripping buffer and labelled with AlexaFluor555 goat anti-mouse IgG as described

above.

To compare effects of 4D5-APLHb and 4D5-LHAPbD, plated BT474 cells were
labelled with 100 pL of 10 pg/mL of the indicated Fab, and then 0.2 pM divalent SA
was added. Cells were then processed for acid wash and secondary antibody labelling

as described above.
2.6 4.2 Time course experiments to test SA blocking on BT474 cells

BT474 cells, plated on glass coverslips in a 48 well plate as before, were washed once
with 0.5 mL PBS-Mg and labelled with 100 pL of 15 pug/mL 4D5-APLHb in PBS-Mg
containing 1% BSA for 10 min at 37°C. After pipetting out the Fab, 100 pL of 0.38
uM core streptavidin in PBS-Mg with 1% BSA was added to cells for 5 min at 25°C.
Control samples were incubated without SA in 100 uL. PBS-Mg containing 1% BSA.
Cells were washed once with 0.5 mL PBS-Mg and then 0.5 mL D10 was added to
cells. Cells were then incubated for O, 1, 3, 6 or 21 hr in the cell culture incubator.
After the indicated incubation time-period was over, the respective coverslips were
transferred to another plate, and washed once with 0.5 mL PBS-Mg. Bound Fab was
detected with 200 pL of 10 pg/mL AlexaFluor555 goat anti-mouse IgG as described

in section 2.6.4.1 and imaged live.

2.6.5 Microscopy

Live cell imaging was carried out on a wide-field DeltaVision Core fluorescent
microscope (Applied Precision), typically using a 40x oil-immersion lens, unless
stated otherwise. The various channels used to capture dye labelled cells were —

FITC/AlexaFluord88 (470DF40 excitation, 520DF50 emission, Chroma 84100bs
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polychroic), ECFP (436DF20 excitation, 480DF40 emission, Chroma 86002v1
dichroic), AlexaFluor555 (540DF40 excitation, 600DF50 emission, Chroma 84100bs
polychroic) and Cy5 (640DF20 excitation, 685DF40 emission, Chroma 84100bs
polychroic). Brightfield images were collected for all samples. Images were collected
and analysed using softWoRx 3.6.2 software (Applied Precision). Typical exposure
time for fluorescence images was 0.4-0.8 s and for brightfield images was 0.1 — 0.5 s.
All fluorescence images were background-corrected. Different samples in the same

experiment were prepared, imaged and analysed under identical conditions.

2.7 Flow cytometry and receptor quantification

2.7.1 Cell labelling and flow cytometry

Flow cytometry was used to estimate the amount of Fab mutants bound to HER2

expressing cells at various Fab concentrations and on different cell-lines.

To label cells with Fab, BT474 cells were grown in D10 until they reached 80%
confluency, and then trypsinized, washed once in D1, centrifuged and resupended in
D1 at a concentration of 2.5 x 10° cells/mL. Triplicate samples of 125,000 cells in 50
pL D1 were incubated with each of the following concentrations: 10, 1, 0.1, 0.01,
0.001 or O pg/mL of the indicated mono-biotinylated Fab for 10 min at 25°C. The
cells were spun at 1,700 g for 2 min and the supernatant was discarded to remove
excess unbound Fab. Cell pellets were resuspended in 50 uL. of 0.5 uM mSA-488 in
FACS-A solution (PBS with 1% BSA, 0.1% NaN,) and incubated on ice for 15 min.
Cells were centrifuged, washed twice with 100 pL. FACS-A and resuspended in 0.4
mL FACS-A. Cells were kept on ice throughout the process, until their analysis on the

flow cytometer.

For quantification of Fab bound to different cell-types, cells were trypsinized, washed
once with D1, and resuspended in D1 at a concentration of 2.5 x 10° cells/mL.
Triplicate cell samples (125,000 cells in 50 pLL D1) were labelled with 10 pg/mL
mono-biotinylated Fab0.35 or no Fab control for 10 min at 25°C. Excess Fab was
removed by centrifugation and cells were further labelled with mSA-488 as described

above.
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Labelled cells were analysed on a FACScalibur flow cytometer with CellQuest Pro
version 5.2.1 (Becton Dickinson). The 488 signal from 20,000 cells, gated according
to their size on the forward scatter (FSC) and side scatter (SSC) channels, was
recorded on the FLL1 channel (488 nm excitation with 53015 nm emission), which
had been adjusted for gain according to 488-MESF beads (section 2.7.2), and plotted
using CellQuest Pro.

2.7.2 Quantification of bound Fab

To quantitate the amount of Fab bound per cell, Quantum AlexaFluor488 MESF
(Molecules of Equivalent Soluble Fluorochrome) beads (Bangs Laboratories) were
used. The kit contained five different 488-MESF beads with various levels of MESF
(0, 3507, 32348, 196948, 941222), which were analysed according to the
manufacturer’s instructions. Briefly, two drops (~100 pL) of each kind of bead was
added to separate FACS tubes containing 0.8 mL FACS-A solution. The beads were
then analysed on FACScalibur in triplicate and the 488 signal from 5,000 beads, gated
according to their size on the FCS and SSC channels, was recorded on the FL1
channel. The gain of the FL1 channel was set so that the lowest fluorescence beads
(MESF = 0) were between 10° and 10" on the FL1 scale. As this same FL1 setting was
used while analysing cells, the cell autofluorescence rendered the background signal

from unlabelled cells to lie between 10" and 10° on the FL1 scale.

The FL1 geometric mean from triplicate bead samples was used to calculate the
average FL1 geometric mean and the background from blank beads was subtracted
from the fluorescent beads, before plotting the average FL1 geometric mean against
the respective MESF values of the beads using Microsoft Excel. A best-fit line was
then generated, passing through (0,0) and its equation and R* values were calculated.

This plot and equation were then used to back-calculate the MESF values for cells.

First, the FL1 geometric mean of background cells (labelled with 0 pg/mL Fab) was
subtracted from the FL1 geometric mean of Fab labelled cells (10 — 0.001 pg/mL
Fab). The resulting value was then placed in the equation generated above and the
MESF for cells was calculated. The obtained MESF value was then divided by the
number of 488 dye molecules conjugated per mSA molecule (see section 2.2.5.2), to

give the final number of mSA molecules bound to cells at various Fab concentrations.
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As mSA binds mono-biotinylated Fab in a 1:1 ratio, the number of bound Fab
molecules could be estimated to be the same as the number of bound mSA molecules.
As the samples were in triplicate, the average and standard deviation for each Fab

concentration was calculated.

To calculate the exact number of Fab molecules needed to bind to a cell for it to be
immunomagnetically isolated, the FL1 plot obtained from binding 0.01 pg/mL mono-
biotinylated Fab0.35 (a concentration which gives partial immunomagnetic cell
isolation), was further analysed. As the plot is a distribution of cells with slightly
varying levels of bound Fab, the highest labelled cells with maximum fluorescence
were bracketed off (to include the same percentage of cells as those recruited from
immunomagnetic cell isolation). The FL1 value at the position of the lower bracket
was then used further (after subtracting cell autofluorescence) to calculate the amount
of Fab bound to cells at that level of cell fluorescence, based on the 488-MESF bead

plot as described above.

Quantitation of bound Fab on different cell-types was done in the same way as
described above, using a standard curve plotted using 488-MESF beads. The FL1
geometric mean of unlabelled cells (0 pg/mL Fab) was subtracted from the FL1
geometric mean of labelled cells (10 pg/mL Fab), before calculating the MESF values

for cell samples using the 488-bead standard curve.

2.7.3 Changes in Fab binding on cholesterol treatment

To understand how cholesterol treatment changes Fab binding to cells, BT474 cells
were trypsinized, washed once with D1, and resuspended at a concentration of 2.5 x
10° cells/mL. Triplicate samples of 125,000 cells in 50 pL D1 were incubated with
250 pg/mL cholesterol (containing 7x molar excess of methyl B-cyclodextrin to make
cholesterol water-soluble, Sigma), 10 mM methyl B-cyclodextrin (Sigma) or water
control, for 1 hr at 25°C. 0 or 0.01 ug/mL of mono-biotinylated Fab0.11 was then
added to cells and incubated further for 10 min at 25°C. Cells were centrifuged to
remove excess Fab, resuspended in 50 pL of 0.41 uM streptavidin conjugated to R-
phycoerythrin (R-PE, Life Technologies) in FACS-A and incubated on ice for 15 min.
Cells were centrifuged, washed twice with 100 uL. FACS-A, resuspended in 0.4 mL

FACS-A and stored on ice until their analysis on the flow cytometer. Labelled cells
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were analysed on FACScalibur flow cytometer with CellQuest Pro version 5.2.1.
Signal from 20,000 gated cells was recorded on the FL2 channel (488 nm excitation
with 58515 nm emission), which had been adjusted for gain so that unlabelled cells

(0 pug/mL Fab) were between 10° and 10" on the FL2 scale.

2.8 Immunomagnetic cell isolation

2.8.1 General procedure

Immunomagnetic cell isolation was carried out using various cancer cell-lines. In
general, cells were grown in D10 in T-175 flasks until they reached ~80% confluency.
Cells were then harvested by trypsinizing for 5-15 min at 37°C, centrifuging at 1,300
rpm for 3 min, washing once in D1 and resuspending the cell pellet at a concentration
of 2.5 x 10° cells/mL in D1. Triplicate samples, each containing 250,000 cells in 100

pL D1 were used for each condition, unless stated otherwise.

For Fab titration experiments, cells were incubated with the indicated Fab at
concentrations ranging from 10 — 0.001 pg/mL or O pg/mL for 10 min at 25°C. Cells
were then centrifuged at 1,700 g for 2 min to remove excess Fab, and resuspended in
0.5 mL DI. 25 pL streptavidin-beads (Dynabeads® Biotin Binder, 2.8 um diameter,
superparamagnetic polystyrene beads coupled to recombinant streptavidin, 4 x 10°
beads/mL, Life Technologies) had previously been washed twice with 50 uLL PBS and
once with 25 pL D1 using a magnetic rack (MagRack 6, GE Healthcare). Cells were
added to the beads and incubated in a 1.5 mL microcentrifuge tube at 25°C for 30 min

with end-over-end rotation on an electric rotator (Stuart Equipment).

100 pL of the cell-bead mixture was pipetted out for counting the total number of
cells in the cell-bead mixture. The remaining cells were placed on the magnetic rack
for 2 min, after which the bead-bound cells collected in a pellet towards the magnet
and the unbound cells were pipetted out for counting of the flowthrough cells. The
cells that bound the magnetic beads were washed once with 100 pL D1, and the

recovered cells were finally resuspended in 100 uL D1.

Cells in the bead-cell mixture and cells recovered from magnetic bead binding were

counted on a Coulter Counter (CASY® Model TT, Innovatis) using a 150 pum
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measuring capillary, 400 uL. sample volume and evaluation cursor between 7.5 — 50
pm. 50 pL cell sample was diluted in 10 mL CASYton buffer (Roche) and the
dilution factor on Coulter counter was adjusted to 200x before making measurements.
Cell recovery was calculated as a percentage of the total number of cells in the bead-
cell mixture using the following formula: 100x(number of recovered cells/number of
cells in the original bead-cell mixture). All calculations and graphs were made using
Microsoft Excel and the statistical analyses were carried out as two-tailed unpaired t-

tests using GraphPad Software QuickCalcs.

2.8.2 Using hu4D5 mutants with varying affinities

To assess the effect of antibody affinity on immunomagnetic cell isolation, a series of
hu4D5 Fab mutants with varying affinities for HER2 were used. BT474 cells, which
express high surface HER2, were harvested and diluted to a concentration of 2.5 x 10°

cells/mL in D1 as described above.

Bis-biotinylated Fab constructs (with two AP tags each) with the following mutations
were used: wild-type hu4D5 Fab (Fab0.35), D102W in the heavy chain (Fab0.11),
Y 105F in the heavy chain (Fab1.4), Y92A in the light chain (Fab2.7) and H91A in the
light chain (Fab55). Each Fab was termed according to its K, for HER2. Cells were
incubated with varying concentrations of the indicated Fab in triplicate, and
immunomagnetic cell isolation was carried out using streptavidin-coated beads as

described in section 2.8.1.

2.8.3 Using various cell-bead linkages

To test the efficiency of various protein linkages between the cell and magnetic bead
on immunomagnetic cell isolation, three kinds of linkages were tested on BT474

cells.

For the direct biotin-streptavidin linkage, BT474 cells were incubated with the
indicated concentration of bis-biotinylated Fab0.11 and isolated using streptavidin-

coated beads as described in section 2.8.1.

For the secondary antibody linkage, streptavidin beads were washed twice with 50 pL
PBS and then coated with 3 pg goat anti-human kappa chain, biotin conjugate
(Thermo) per 25 pL streptavidin beads in 10 pL PBS, for 10 min at 25°C on a
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microcentrifuge tube thermomixer (Eppendorf). The coated beads were again washed
twice with 50 uL PBS and once with 25 pLL D1. Harvested BT474 cells (250,000 cells
in 100 uL D1) were incubated with the indicated concentration of non-biotinylated
Fab0.11 in triplicate for 10 min at 25°C, before proceeding with immunomagnetic
isolation using the above made secondary Ab-coated beads and the process described

in section 2.8.1.

For Protein L linkage, streptavidin beads were washed twice with 50 uLL PBS and then
coated with 3 pg Protein L, biotin conjugate (Thermo) per 25 pL streptavidin beads in
10 pL PBS, for 10 min at 25°C on a microcentrifuge tube thermomixer (Eppendorf).
The coated beads were again washed twice with 50 uL PBS and once with 25 uL D1.
Coated beads were then used to isolate BT474 cells treated with the indicated
concentration of non-biotinylated Fab0.11 and processed in the same way as

described above.

2.8.4 Chemical vs. site-directed biotinylation

BT474 cells were harvested and triplicate samples, each containing 250,000 cells in
100 pL. D1, were incubated with the indicated concentration of chemically
biotinylated Fab0.35 (Fab0.35-chemB, no AP tags) or with bis-biotinylated Fab0.35
(both AP tags) for 10 min at 25°C. Cells were processed using streptavidin-beads as

described in section 2.8.1.

2.8.5 One vs. two AP tags

BT474 cells were harvested and incubated with the indicated concentration of mono-
biotinylated Fab0.11 (AP tag only on heavy chain) or with bis-biotinylated Fab0.11
(AP tags on both chains) for 10 min at 25°C in triplicate and further processed using

streptavidin beads as described in section 2.8.1.

2.8.6 Effect of small molecules

To test the effect of small molecules on immunomagnetic cell isolation, BT474 cells
were harvested as in section 2.8.1. Triplicate samples of 250,000 cells in 100 uL D1
were incubated with the respective small molecule for 1 hr at 25°C using the
following concentrations: 50 uM cytochalasin D (Sigma) (4 mM stock prepared in
DMSO), 16.5 uM nocodazole (Sigma) (16.5 mM stock in DMSO), 10 mM methyl 3-
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cyclodextrin (Sigma) (10 mM stock in DI1), 250 pg/mL cholesterol (Sigma) (10
mg/mL stock in H,0), 1 mM sodium azide (Merck) (100 mM stock in H,O) or 10 uM
AG825 (Merck) (10 mM stock in DMSO). For each treatment, a corresponding
control sample was treated with the respective amount of either DMSO or H,O. The
cholesterol used was water-soluble as it contained a 1:7 molar ratio of cholesterol to

methyl-B-cyclodextrin.

After drug treatment, 0.01 pg/mL of bis-biotinylated Fab0.11 was added to cells for
10 min at 25°C. Beading was carried out as described in section 2.8./ but the same
concentration of each inhibitor was present in D1 throughout the process. Cell

viability was checked under the microscope using Trypan Blue (Sigma).

2.8.7 Cell panel testing

Immunomagnetic cell isolation was carried out on a panel of five cell-lines (BT474,
MDA-MB-453, MCF-7, A431 and MDA-MB-468) to compare the efficiencies of
standard conditions and enhanced conditions. Cell-lines were grown in D10 and
harvested by trypsinization as described in section 2.8./ and samples of 250,000 cells

in 100 pL D1 were processed in triplicate.

Under the enhanced conditions, cells were treated with 250 pug/mL cholesterol for 1 hr
at 25°C, and then incubated with 1 pg/mL bis-biotinylated Fab0.11. Cells were
isolated using streptavidin beads as described in section 2.8./, but with 250 pg/mL

cholesterol present in D1 throughout the process.

Under the standard conditions, cells were treated with 1 pg/mL non-biotinylated
Fab0.35 for 10 min at 25°C and then isolated using secondary coated beads as

described in section 2.8.3.

To assess the effects of the individual enhancements of Fab affinity (2.8.2), bead
linkage (2.8.3) and cholesterol treatment (2.8.6) on the cell panel, the respective
protocols were applied on the different cell-lines instead of just using BT474, using

the indicated Fab mutant concentration.

2.8.8 4D5-APLHD vs. 4D5-LHAPb

To compare the isolation efficiencies of 4D5-APLHb and 4D5-LHAPb, BT474 cells

were harvested as above and resuspended at a concentration of 3 x 10° cells/mL in
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DI1. Duplicate samples consisting of 300,00 cells in 100 pL. were incubated with
either 1 pg/mL or 0.1 pg/mL of the indicated Fab construct, for 10 min at 25°C. Cells
were then processed and isolated using streptavidin beads as described in section

2.8.1.

2.9. Spiking and recovery from rabbit blood

To assess the efficiency of the enhanced immunomagnetic cell isolation approach, it
was used to isolate spiked cancer cells from rabbit blood. Cells from culture were
harvested by trypsinizing for 5-15 min, washed once with PBS with 1% FCS (PBS-1)
and resuspended at a concentration of 10° cells/mL in PBS-1. Cell tracer
Carboxyfluorescein Succinimidyl Ester (CFSE, Life Technologies) was added to cells
at a concentration of 10 uM (5§ mM stock in DMSO) and incubated at 37°C for 15
min. Cells were then centrifuged at 1,300 rpm for 2 min, resuspended in fresh PBS-1
at 10° cells/mL, and incubated further for 30 min at 37°C, after which excess CFSE
was discarded by centrifuging the cells and resuspending them in D1. Cells were
counted on a haemocytometer (Neubauer-Improved) using Trypan blue and 100,000
CFSE-labelled cells were spiked in triplicate into 1 mL of rabbit blood (in Alsever’s
solution, TCS Biosciences). The spiked rabbit blood was then processed to remove
red blood cells by incubating 1 mL of the whole-blood sample with 25 mL lysis
buffer (154 mM NH,CI, 10 mM KHCO,, 0.1 mM EDTA, pH 7.2) in a 50 mL
centrifuge tube. After incubating at 25°C for 5 min and inverting the tube multiple
times to ensure complete red blood cell lysis, the cells were spun down at 1,500 rpm
for 6 min. Supernatant was discarded, the cell pellet was washed once with 1 mL DI,

and the cell pellet was resuspended finally in 100 uL D1.

Cells were then immunomagnetically isolated under either the enhanced conditions or
the standard conditions as described in section 2.8.7. The final recovered cells were
resuspended in 50 pL D1, counted on a haemocytometer under the DeltaVision

microscope and checked for CFSE labelling in the FITC channel.
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2.10. Figure presentation

All figures containing 3D molecular structures of antigen-Fab complexes were
rendered in the PyMOL molecular visualization system (DelLano Scientific) and
cartoon structures of cells with Fab and magnetic beads were made in Microsoft
Powerpoint 2011. Chemical structures were drawn using ChemBioDraw 13.0
software. All graphs were plotted using Microsoft Excel 2011 and statistical analysis

was done on Microsoft Excel 2011 and GraphPad QuickCalcs online software.
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Chapter 3: Imnmunomagnetic Cell Isolation

Investigating the protein interactions between a cell and

a magnetic particle
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Chapter 3: Inmunomagnetic Cell Isolation

Investigating the protein interactions between a cell and

a magnetic particle
3.1 Introduction

Various areas of biology, including microbiology, immunology and stem cell
research, require the isolation of specific kinds of cells from complex mixtures
(Safarik et al., 1995; Griitzkau and Radbruch, 2010) . Classically, cell separation was
carried out by density gradient centrifugation (He et al., 2008), physical filtration
based on cell size, or by flow cytometry (fluorescence-activated cell sorting)
(Herzenberg et al., 2002). However, in recent years affinity-based capture of cells on
a solid-phase has also gained popularity (Dainiak et al., 2007). Of these, magnetic
separation of cells using immunomagnetic beads has increasingly grown in
importance due to its ease of use, high throughput, low cost and reduced shear stress
on cells (Thiel et al., 1998). Cells are first coated with an antibody against a specific
cell membrane marker and then linked to micro- or nano-sized magnetic particles.
Application of a magnetic field then allows for the enrichment or depletion of the
cells bound to the magnetic particles, giving more than 20,000-30,000 fold
enrichment rate (Thiel et al., 1998).

Immunomagnetic cell sorting is not only used in research, but is also employed in
clinical work for enriching haematopoietic stem cells for bone marrow transplants
(Powles et al., 2000), assisted reproduction (Said et al., 2008) and for isolation of cells
for cancer immunotherapy (Stift et al., 2003). With the advancement in our
knowledge about the presence and importance of circulating tumour cells (CTCs) in
the bloodstream (Yu et al., 2011), immunomagnetic cell sorting is becoming a
significant tool in cancer prognosis. CTCs have been shown to be present in the
bloodstream well before metastatic tumours are established and even before a tumour
is characterised as being malignant (Hiisemann et al., 2008). Isolating CTCs presents
a powerful new approach for determining cancer prognosis and evolution, monitoring
response to therapy, and evaluating signalling, proliferation and apoptosis in tumours
(Yu et al., 2011). The effectiveness of studying CTCs led to the United States Food

and Drug Administration approval of the immunomagnetic cell isolation method
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CellSearch for CTC isolation in colorectal, prostate and breast cancer (Yu et al.,
2011). Isolated CTCs may then be analysed via microscopic, genetic or proteomic
techniques to understand their origin and behaviour (Leary et al., 2010; Dharmasiri et

al.,2011)

Despite its widespread use in cell separation, the factors affecting immunomagnetic
isolation are surprisingly under-studied. McCloskey et al. (McCloskey et al., 2003b)
defined magnetophoretic mobility as the velocity of a magnetically tagged cell in the
presence of a magnetic field. They then developed mathematical models defining
parameters that affect magnetophoretic mobility of a cell, including the antibody
binding capacity of the cell, secondary antibody amplification, cell diameter and
magnetic particle size (McCloskey et al., 2000, 2001, 2003a). Various blood
fractionation methods have also been assessed for optimal pre-enrichment of cancer
cells from blood (He et al., 2008). However, many fundamental questions about the
sensitivity of immunomagnetic cell isolation have still not been clearly answered. For
instance, how many target antigens need to be present on a cell for the cell to be
immunomagnetically isolated? How strongly does the antibody have to bind for the
interaction to survive the pull between the cell and the magnetic particle? What is the
most efficient form of protein linkage between the cell and the bead? Reducing
dependence on target antigen expression level for immunomagnetic cell recovery was
described as a major challenge for the field (Dharmasiri et al., 2010). With the recent
data on epithelial-mesenchymal transition of blood vessel-invading tumour cells
(Rhim et al., 2012), it has become even more important to be able isolate cancer cells

that have down-regulated epithelial markers.

To explore and extend the limitations posed in magnetic cell separation, we test here a
clinically relevant antibody fragment (hu4D5 Fab) against HER2 on breast cancer
cells (Carter et al., 1992). We quantitate the amount of primary antibody required to
bind a cell for it to be magnetically isolated and assess the importance of antibody
affinity and antibody linkage to the bead in isolating cells with low numbers of target

antigen.
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3.2 Designing the cell-magnetic bead synapse using hu4DS Fab and AP tags

In order to explore the variables affecting the cell-bead synapse, anti-HER2 hu4D5
Fab was used to bind HER2 present on breast cancer cell-lines. hu4D5 Fab consists of
variable and constant domains of the heavy and light chain (V,;, C,;,,V, and C,) of the
hu4D5 antibody and binds with high affinity (K, = 0.35 nM) (Gerstner et al., 2002) to
the extracellular domain of HER2 (Fig. 3.1A) (Cho et al., 2003).

Acceptor peptide tags, also called AviTag, (15 amino acid peptide -
GLNDIFEAQKIEWHE) (Beckett et al., 1999) were genetically inserted into the C-
terminus of the light and heavy chains of the hu4D5 Fab and the recombinant Fab was
expressed extracellularly using HEK-293T cells. After purification, the Fab was
incubated with biotin ligase, E. coli BirA, to site-specifically biotinylate the AP tag at
its lysine side chain and the doubly biotinylated hu4D5 Fab was termed Fab0.35
(based on its affinity in nM).

The purity and uniformity of Fab0.35 was checked on SDS-PAGE (Fig. 3.1B).
Purified Fab0.35 gave a band at ~ 54 kDa and shifted slightly upwards on
biotinylation, probably because of the change in overall charge. On reduction of the
disulfide bonds, Fab0.35 dimer split into its constituent heavy and light chains (Fig.
3.1B). Complete biotinylation of both Fab chains was also verified by mixing the
reduced Fabs with streptavidin and then running the sample on SDS-PAGE (Fig.
3.1B). Both chains showed streptavidin binding, as indicated by the shift in their
bands. Due to its tetravalency, streptavidin can bind more than one Fab chain (Fig.

3.1B).

As the AP tags are away from the HER2-binding site (Fig. 3.1A), the biotinylated
Fab0.35 could bind HER2 on the cell membrane and also streptavidin on the magnetic
bead. The biotin-streptavidin binding is an extremely strong non-covalent interaction
with a K, =4 x 10"* M (off-rate at 37°C ~ 4 hr) and an on-rate nearly at the diffusion
limit (~10" M s) (Green 1990).
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Figure 3.1. Engineering hu4DS with AP tags for streptavidin binding. A. Cartoon of the
protein interactions between cell and magnetic bead. The juxtamembrane extracellular region
of HER2 is bound by humanized anti-HER2 4D5 Fab (based on PDB 1N8Z) bearing C-
terminal AP tags on heavy and light chain. Site-specific biotinylation of the AP tags allows
the Fab to bind to streptavidin (based on PDB 1SWE) present on magnetic beads. B. SDS-
PAGE of AP-tagged hu4D5 termed Fab0.35 non-biotinylated (nb) and with biotinylation,
stained with Coomassie blue. Reducing agent was used to break the disulfide bridges and test
the individual heavy and light chains for biotinylation.
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3.3 Immunomagnetic recovery depended on the amount of Fab bound to cells

For immunomagnetic isolation, I used BT474, a breast cancer cell-line (from invasive
ductal carcinoma) that expresses high levels of surface HER2 (Gaborit et al., 2011).
Cells were incubated with Fab0.35, excess antibody was washed away, and then cells
were mixed with streptavidin-coated magnetic beads (2.8 pum diameter Dynabeads) at
a ratio of 40 beads per cell. A magnetic field was then applied to this bead-cell
mixture (Fig. 3.2A), and the bead-bound cells collected near the magnet. After
pipetting out the unbound cells from the flowthrough (Fig. 3.2A), the bead-bound

cells could be resuspended in fresh medium and recovered for cell counting.

The first variable I studied was the amount of Fab required to bind a cell for the cell
to be immunomagnetically isolated. My approach was based on incubating BT474
cells with varying levels of Fab0.35 as a surrogate for cells expressing different levels
of HER2 (Fig. 3.2B). Low amounts of bound Fab would give the streptavidin-beads
limited number of binding sites, similar to a cell with few surface HER2 molecules.
This enabled me to perform the experiment with only one variable, the Fab
concentration, and avoid discrepancies arising due to cell size, shape, membrane
fluidity, surface glycosylation and cell signalling, when different cell-types are

compared.

My results indicated that at saturating Fab0.35 concentrations (= 1 ug/mL), 70-80%
of BT474 cells could be isolated (Fig. 3.2C), However, lowering Fab0.35
concentration and thereby decreasing the number of HER?2 receptors available for the
magnetic bead to bind led to a decrease in the recovery of cells. In the negative
control, with no Fab added to cells, very few cells were recovered, hence validating
the low non-specific binding of streptavidin-magnetic particles to BT474 cells. A
sharp drop in cell recovery between 0.1 and 0.01 pg/mL Fab (Fig. 3.2C) is consistent
with the necessity for a minimum number of surface antigens to enable the cell to be

isolated by magnetic separation.
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Figure 3.2. Immunomagnetic recovery depended on the amount of Fab bound to cells.
A. Brightfield microscopy of BT474 cells at various stages during the isolation procedure.
From left to right: initial incubation of cells with streptavidin-magnetic beads after labelling
with 0.1 pg/mL Fab0.35; flowthrough of cells not attracted to the magnet; cells recovered
after magnetic separation. Scale bar: 20 um. B. Schematic representation of HER2-expressing
cells incubated with varying concentrations of primary Fab, as a controlled proxy for cells
expressing various levels of HER2. C. Plot showing dependence of cell recovery on Fab
concentration. BT474 cells were labelled with the indicated concentration of Fab0.35 and
isolated with SA-beads. Recovered cells were quantified on a Coulter counter and calculated
as a percentage of the number of cells in the cell-bead mixture (mean of triplicate + 1 s.d.).
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To calculate this limit, I engineered Fab0.35 with AP tag inserted in only one chain,
the mono-biotinylated Fab0.35. On the gel shift assay, only the chain with the
biotinylated AP tag, either heavy or light chain, shifted upwards upon addition of
streptavidin (Fig. 3.3A).

To quantitate the amount of Fab molecules bound to cells, I titrated Fab0.35-monobio
(biotinylated only on heavy chain) onto BT474 cells and added excess monovalent
streptavidin detection reagent (mSA-488) to detect cells by flow cytometry. This
approach enabled a 1:1 ratio of HER2 to mSA-488 and so avoided underestimation of
bound Fab numbers due to multivalency of core streptavidin or bivalent secondary

antibodies (Fig. 3.3B).

To establish a standard curve of fluorescence from the FL1 channel versus number of
488 dye molecules, I used microspheres containing known levels of 488 dye
molecules, 488-MESF (Molecules of Equivalent Soluble Fluorochrome) beads. Each
of these five beads was conjugated to a set level of 488 dye molecules, including a

blank of beads lacking the dye (Fig. 3.3C).

After plotting the calibration curve using the geometric mean of FL1 peaks (Fig. 3.3C
and D), I measured the fluorescence of cells labelled with different concentrations of
Fab0.35-monobio (Fig. 3.4A). Using the equation from Fig. 3.3D and the number of
488 dye molecules conjugated per mSA, the number of Fab bound per cell at each

Fab concentration could be quantitated (Fig. 3.4C) (Lenkei et al., 1998).

Comparing the bound Fab levels to immunomagnetic cell isolation efficiency showed
that 26,500 receptors were required for efficient (> 50%) recovery (Fig. 3.2C and Fig.
3.4C). Cells expressing less than 4,000 receptors had a low probability (~10%) of
being isolated (Fig. 3.2C and 3.4C).

Furthermore, I wanted to determine the minimum number of bound Fab molecules
required for a cell to be isolated, at the given Fab affinity (0.35 nM). Since at 0.01
pg/mL, only 10% cells were isolated, I calculated the amount of Fab bound to cells
expressing fluorescence in the 10" percentile of the 0.01 pug/mL FL1 peak (Fig. 3.4B).
It was thereby estimated, that for a cell to be immunomagnetically isolated using a

Fab of affinity 0.35 nM, the cell needs to bind atleast 12,300 + 370 Fab molecules.
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Figure 3.3. Quantitating Fab bound to cells using flow cytometry. A. SDS-PAGE of
mono-biotinylated Fab0.35 with Coomassie staining. The AP tag was inserted and
biotinylated only on the light (bio-light) or heavy (bio-heavy) chain. On reduction and
addition of streptavidin, only the biotinylated Fab chain showed a band shift. B. Schematic of
mono-biotinylated Fab (in green) being recognized by monovalent streptavidin (mSA)
conjugated to multiple 488 dye molecules. Monovalent streptavidin (mSA) is a tetramer with
three inactive subunits (dark grey) and one subunit that binds biotin (b) with wildtype-affinity
(light grey). C. Flow cytometry of the various 488 MESF beads in the FL.1 channel. D. The
geometric means of the 488 MESF beads’ FL1 peaks plotted against their MESF values
(mean of triplicate = 1 s.d.). Best-fit linear trendline added with y intercept = O and the
correlation coefficient.
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Figure 3.4. Quantitating Fab bound to cells using flow cytometry. A. Flow cytometry of
BT474 cells labelled with the indicated concentration of mono-biotinylated Fab0.35 and
detected with mSA-488, for quantitating bound Fab number. B. Measuring the fluorescence
of cells in the 10" percentile of the 0.01 pg/mL FL1 peak, to calculate the number of bound
Fab0.35 at that level, which is then estimated to be 12,300 + 370 Fab0.35 molecules. C.
Relation between Fab0.35 concentration and number of Fab0.35 bound per cell.
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3.4 Higher affinity antibodies increased immunomagnetic recovery of cells with

low numbers of bound Fab

Beading efficiencies using different anti-EpCAM antibodies have previously been
compared and shown to give heterogenous results in colorectal cancer patients
(Antolovic et al., 2010). However, independent antibodies can differ in various
properties, including the binding location on the target antigen and the antibody
isotype. It is unusual to be able to study a system where binding affinity is the only
major change in a series of antibodies. Such a system exists for hu4DS5, where single-
residue point mutants with differing binding strengths have been characterized for
their kinetic properties: on-rates, off-rates, and dissociation constants (Kelley and
O’Connell, 1993; Gerstner et al., 2002). We chose four hu4D5 mutants with affinities
ranging over two orders of magnitude and named them according to their K, in nM
(Fig. 3.5B). All mutations were made in the HER2 binding pocket of hu4D5 (Fig.
3.5A). The heavy chain point mutant D102W (Fab0.11) had an affinity for HER?2 that
was three times stronger than the wildtype (Fab0.35), with a faster on-rate and a
slower off-rate (Fig. 3.5B). Mutants Y105F (Fabl.4) and Y92A (Fab2.7) were made
in the heavy and light chains respectively and had weaker affinities than the wildtype.
HO91A (Fab55) in the light chain had the fastest off-rate and the worst binding affinity
for HER2.
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Figure 3.5. hudDS point mutants. A. Crystal structure of the HER2 extracellular domain
bound to hu4D5 Fab (PDB 1N8Z). Inset shows the binding interface, with residues subject to
mutation in spacefill. H91A and Y92A mutations were made in the light chain, while D102W
and Y105F were in the heavy chain. B. Fab mutants span a range of affinities. The table
shows the on-rate (k,,), off-rate (k,;) and dissociation constant (K,) of each mutant, from
strongest to weakest. Data has been compiled from Gerstner et al., 2002 and Kelley and
O’Connell., 1993.
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Mutants were expressed with AP tags in their heavy and light chains in HEK-293T
cells, purified and biotinylated. Fab dimers showed clear bands on SDS-PAGE (Fig.
3.6A). On reduction of disulfide bonds, the Fab dimers split into individual heavy and

light chains, both of which showed streptavidin binding as indicated by the shift in
their bands (Fig. 3.6B).
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Figure 3.6. Purification and biotinylation of hu4D5 mutants. A. Each Fab variant (named
according to its K4 in nM) with biotinylated AP tags and without reducing agent analysed by
SDS-PAGE and stained with Coomassie blue. B. Testing biotinylation of both chains of each
Fab variant, by adding 2-ME and running on SDS-PAGE before Coomassie staining. Heavy

and light chains shifted uniformly on addition of streptavidin.
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To check their functionality, mutant Fabs were used to bind to surface HER2 on
BT474 and detected with streptavidin-conjugated to AlexaFluor488 dye (SA-488)
using fluorescence microscopy (Fig. 3.7A). Fabs with affinities 0.11 nM to 2.7 nM
gave strong cell staining and were readily detectable on the surface of cells, but Fab55
gave a much fainter signal (Fig. 3.7A). Mutation in Fabs did not damage the
specificity of binding to HER2 on the cell surface, as verified by the loss in their
binding ability when HER2 was pre-blocked with anti-HER?2 IgG, Herceptin (Fig.
3.7B).

To compare the affinity series for immunomagnetic isolation, I titrated Fab mutants
on BT474 cells (Fig. 3.7C). Again, the different antibody concentrations acted as a
well-controlled proxy for cells expressing varying amounts of target antigens.
Recovered cells were calculated as a percentage of the cells present in the bead-cell
mix in order to avoid any underestimation due to loss of cells during processing. All
mutants followed the same pattern as the wildtype Fab0.35, showing decreasing
recovery with decreasing Fab concentration, representing decreasing antigen amount
(Fig. 3.7C). When comparing different Fabs, it was seen that recovery of cells
depended closely upon antibody affinity. The weakest Fab0.55 could only isolate 24.3
+ 8.2 % cells at the highest concentration of 10 ug/mL (Fig. 3.7C). As the affinity
increased to 1.4 nM, the detection limit also improved to 0.1 ug/mL. The original
Fab0.35 isolated 109 + 1.2 % cells at 0.01 pg/mL. However, increasing affinity to
0.11 nM had a major effect and substantially improved isolation to 45.9 + 6.3 % at
0.01 pg/mL Fab concentration (Fig. 3.7C, P <0.001, n=3, two-tailed unpaired t-test).
Fab0.35 is a highly optimized antibody refined by gene mutagenesis and molecular
modelling (Carter et al., 1992) and has exceptionally high monovalent binding affinity
compared to regular antibodies (Foote and Eisen, 1995). However, my results show
that there is still need for improvement. Antibodies working well for immunostaining
or Western blotting are not as strong as is optimal to withstand the physical pulling
force applied by the magnetic field between the cell and microbead. Antibodies with
affinities in the sub-nanomolar range should be engaged for efficient

immunomagnetic cell sorting.
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Figure 3.7. Fab variants were functional for cell labelling and could
immunomagnetically isolate cells. A. Testing the functionality of Fab mutants by
fluorescent microscopy. BT474 were incubated with the indicated Fab variant or with a no
Fab control and detected using streptavidin-AlexaFluor488. The top panel shows streptavidin
staining and the bottom panel shows the brightfield image of cells. Scale-bar: 30 pm. B. As a
negative control to check for non-specific binding caused by the Fab mutations, BT474 were
pre-blocked with anti-HER2 IgG and then incubated with the Fab variants as in A. C. BT474
were incubated with the indicated concentration of each Fab variant and isolated using SA-
beads. Cell recovery is shown as a mean of triplicate + 1 s.d.
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For this purpose, it was important to assess whether the improvement in cell recovery
by Fab0.11 was because Fab0.11 was binding cells in greater numbers at low
concentrations (because of its lower K,) or because Fab0.11 was able to resist the pull
of the magnetic field more efficiently (lower force-induced off-rate). To test this, I
designed Fab0.11 with only one AP tag, the mono-biotinylated Fab0.11 and checked
its purity and biotinylation on SDS-PAGE (Fig. 3.10A). After titration on BT474
cells, bound Fab was detected using mSA-488 and cell fluorescence was measured by
flow cytometry (Fig. 3.8A). The number of Fab0.11 molecules bound per cell, at each

Fab concentration, was calculated on the basis of 488 MESF beads as before.

The number of Fab0.11 bound at each concentration (Fig. 3.8C) was slightly less than
that seen for Fab0.35 (Fig. 3.4C), except for the highest concentration of 10 pg/mL, at
which more Fab0.11 molecules bound than Fab0.35 (762,000 + 14,000 for Fab0.11
versus 710,000 + 14,000 for Fab0.35). Comparing these numbers to immunomagnetic
cell recovery of the mutants (Fig. 3.7C), it can be seen that at 0.01 pg/mL, where
Fab0.11 isolated 35% more cells than Fab0.35, fewer Fab0.11 molecules are bound to
cells compared to Fab0.35 (2,460 + 106 for Fab0.11 vs. 3,810 + 136 for Fab0.35, P
<0.0005, n=3, two-tailed unpaired t-test). These results indicate that the increase in
immunomagnetic recovery is not because more Fab0.11 molecules are binding to
cells at each concentration, but it is more likely because the bound Fab0.11 resists the
pull between the cell and the bead in the presence of a magnetic field more efficiently

than Fab0.35.

Furthermore, calculating the number of bound Fab0.11 molecules to cells in the 45%
percentile of the FL1 peak (at 0.01 pg/mL) suggests that for a cell to be
immunomagnetically isolated using a Fab of affinity 0.11 nM, the cells needs to bind
approximately 3,064 + 220 Fab molecules (Fig. 3.8B). This value is strikingly lower
than that of Fab0.35 (12,300 + 370, Fig. 3.4B). This difference emphasizes the
importance of a high affinity primary antibody that can strongly link the cell and

magnetic particle and thereby isolate cells expressing low levels of antigen.
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Figure 3.8. Quantitating the amount of Fab0.11 bound to cells using flow cytometry. A.
Flow cytometry of BT474 cells labelled with the indicated concentration of mono-
biotinylated Fab0.11 and detected with mSA-488. B. Measuring the fluorescence of cells in
the 45" percentile of the 0.01 pg/mL FL1 peak, to calculate the number of bound Fab0.11 at
that level, which is then estimated to be 3,064 + 220 Fab0.11 molecules. C. Relation between
Fab0.11 concentration and number of Fab0.11 bound per cell.

3.5 Reducing the number of protein-protein links between the cell and magnetic

particle improved cell recovery

After evaluating the significance of affinity between the primary antibody and target

protein using the Fab affinity series, it was important to determine how the linkage
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between the primary antibody and the magnetic bead influenced immunomagnetic

isolation.

For this purpose, I compared the stability of two commonly-used linkages to my
direct biotin-streptavidin link (Fig. 3.9A, B). Keeping the same primary antibody
affinity (strongest binder Fab0.11, mutation DI102W), and using the same
streptavidin-coated beads in each case, we evaluated the efficiency of using

intermediary links like secondary antibody and Protein L (Fig. 3.9A, B).

In the first condition, the direct biotin-streptavidin link was tested by labeling BT474
cells with biotinylated Fab0.11 and capturing the cells using streptavidin-coated
magnetic beads. In the second condition, cells were labelled with non-biotinylated
Fab0.11, and then mixed with streptavidin beads that had been coated with excess
biotinylated anti-human secondary antibody. Using secondary antibodies to recognize
the primary on cells is widely used in immunomagnetic isolation. For the third
condition, cells were labelled with non-biotinylated Fab0.11 and mixed with
streptavidin beads coated with excess biotinylated Protein L. Protein L is a 95 kDa
surface protein from Peptostreptococcus magnus and is an immunoglobulin binding
protein that binds with high affinity (K; = 1.5 nM to human « light chain) and
specificity to mammalian light chain variable regions (Akerstrom and Bjorck, 1989).
As the better known Protein A and Protein G do not have strong affinities for human
Fabs (Tashiro and Montelione, 1995), Protein L was used to bind the « light chain of

our humanized Fab0.11.

Among the three conditions, the direct biotin-streptavidin linkage showed the best
profile of cell recovery at all Fab concentrations (Fig. 3.9C). Even under saturating
Fab conditions of 10 and 1 pg/mL, the direct biotin-streptavidin linkage gave better
recovery than the indirect linkages. At the critical Fab concentration of 0.1 pg/mL, the
biotin-streptavidin linkage recovered 20% more cells than secondary antibody linkage
(Fig. 3.9C, P < 0.05, n = 3, unpaired t-test) and secondary antibody linkage recovered
40% more cells than Protein L linkage (Fig. 3.9C, P < 0.001, n = 3, unpaired t-test).
The detection threshold also differed for the various linkages: to isolate >40% cells,
Protein L linked beads required 1 pg/mL Fab, secondary Ab linked beads required 0.1
pg/mL, whereas direct biotin-streptavidin linked beads only required 0.01 pg/mL

(Fig. 3.9C). Therefore, not only does the increase in the number of links between the
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cell and bead lead to a decrease in immunomagnetic cell recovery, but the affinity of
the secondary linking agent also has an effect on cell isolation. This effect is
especially conspicuous when the number of bound Fab molecules (or similarly, the

antigen expression on the cell surface) is low.
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Figure 3.9. Dependence of cell recovery on cell-bead linkage. A. Flow diagram of the
different linkages tested. From left to right: direct biotin-streptavidin linkage with biotinylated
Fab0.11; Secondary antibody linkage with biotinylated secondary antibody binding non-
biotinylated Fab0.11; Protein L linkage with biotinylated Protein L binding non-biotinylated
Fab0.11. B. Pictorial representation of different linkages tested. In each case the same
streptavidin-magnetic particles are used. C. Magnetic cell isolation efficiency using different
linkages. BT474 were labelled with the indicated concentration of Fab0.11 and cell recoveries
using the different linkages to the magnetic particle are shown (mean of triplicate + 1 s.d.).
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3.6 Decreasing the number of biotins per Fab fragment decreased

immunomagnetic recovery

The final link to be tested was the biotin-streptavidin binding. Although the affinity of
this interaction is extremely strong, the binding of biotin on the AP tags to
streptavidin on the magnetic bead could be limited by the availability of biotins on the
cell surface. Once the initial interaction between a few bound Fabs and the magnetic
bead is made, more HER?2 receptors with bound Fabs could be recruited to the cell-
bead synapse, making the synaptic binding stronger. Based on this model, I wanted to
test if reducing the number of AP tags from two to one on each Fab, while keeping

the amount of Fab bound on cells the same, would reduce isolation efficiency.

We synthesized high affinity Fab0.11 with AP tag only on the heavy chain, termed
Fab0.11-monobio, and confirmed complete biotinylation by SDS-PAGE (Fig. 3.10A).
After Fab titration on BT474 cells, cells were isolated using streptavidin-beads and
the recovery profiles of bis-biotinylated Fab0.11 and mono-biotinylated Fab0.11 were
compared (Fig. 3.10B).

Mono-biotinylated Fab recovered fewer cells than bis-biotinylated Fab at all
concentrations, although the difference was not significant at concentrations above
0.1 pg/mL (Fig. 3.10B, P > 0.1, n = 3, unpaired t-test), where both Fab types isolated
more than 60% cells. The difference was maximum at 0.01 pg/mL, where mono-
biotinylated Fab recovered 30% fewer cells than bis-biotinylated Fab. (Fig. 3.10B, P
< 0.001, n = 3, unpaired t-test). Neither of the Fabs isolated cells at concentrations <
0.001 pg/mL. Therefore, despite its high affinity, biotin binding to streptavidin may
be a limiting factor, and needs to be further optimized for immunomagnetic cell
isolation. There are now stronger binding streptavidin variants available and their use
in immunomagnetic cell isolation might overcome such problems (Chivers et al.,

2010).
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Figure 3.10. Dependence of cell recovery on the number of biotins per Fab. A. SDS-
PAGE with Coomassie staining of mono-biotinylated Fab0.11. AP tag was inserted only in
the heavy chain. On reduction and addition of streptavidin, only the biotinylated heavy chain
showed a band-shift. B. BT474 were incubated with the indicated concentration of either bis-
biotinylated Fab0.11 (2 AP tags) or mono-biotinylated Fab0.11 (1 AP tag) and recovered
using SA-beads (mean of triplicate + 1 s.d.).
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3.7 Chemically biotinylated Fab0.35 recovered the same amount of cells as site-

specifically biotinylated Fab0.35

Since genetically inserting the AP tag into Fabs and then expressing and purifying the
modified Abs required knowing the Ab sequence and is time-consuming, it was
essential to check if chemically biotinylated Fab is also efficient in immunomagnetic
cell recovery. Most commercially available biotinylated antibodies (monoclonal and
polyclonal IgG or antibody fragments) are generated by chemically modifying
residues non-specifically to covalently bind biotin (Even-Desrumeaux and Chames,
2012). This is generally done by labeling primary amines such as lysines and N-
terminal a-amines using biotin linked to N-hydroxysuccinimide esters (NHS-esters)
(Fig. 3.11A). Sulthydryl groups can also be targeted for biotinylation using sulfhydryl
reactive groups such as maleimides, but these require disulfide bonds to be reduced
and are therefore rarely used for biotin conjugation to complete antibodies, although it

is a common way to conjugate biotin to Fabs.

To compare the immunomagnetic isolation efficiency of AP-tagged Fab versus
chemically biotinylated Fab, I kept the affinity of the Fab constant (0.35 nM), and
either biotinylated the Fab site-specifically by insertion of AP tags (termed Fab0.35 as
before), or chemically by using biotin-NHS (termed Fab0.35-chemB) (Fig. 3.11A).
Fab with the intermediate affinity of 0.35 nM was chosen so that any shift in cell
recovery, higher or lower, could be easily detected. I had previously checked from the
crystal structure that the HER2-hu4D5 binding interface did not contain any lysines
(Cho et al., 2003), suggesting that NHS-mediated biotinylation of the Fab should not

interfere with antigen binding.

The homogeneity and complete biotinylation of Fab0.35-chemB was checked on
SDS-PAGE; as the Fab does not contain any AP tags, the band is seen at 45 kDa (Fig.
3.11B). Addition of streptavidin shifted the Fab0.35-chemB bands, both under non-
reduced and reduced conditions, confirming biotinylation of both the heavy and light
chains (Fig. 3.11B). As there are more than two biotins on each Fab, and there are
four biotin-binding sites on streptavidin, multimers of Fab-streptavidin complexes can

be seen in the gel shift assay (Fig. 3.11B).
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For immunomagnetic isolation, site-specifically biotinylated Fab0.35 or Fab0.35-

chemB was titrated onto BT474 cells, and streptavidin-beads were used to isolate the

labelled cells. The recovery profile of Fab0.35-chemB was strikingly similar to that of
site-specifically biotinylated Fab0.35 (Fig. 3.11C). Although Fab0.35-chemB gave

slightly lower recovery at saturating Fab concentration of 1 ug/mL, the decrease was

not significant (Fig. 3.11C, P > 0.05, n = 3, unpaired t-test). Both Fabs gave more

than 50% recovery at Fab concentration of 10 ug/mL, 1 ug/mL and 0.1 ug/mL. More

importantly, at the critical concentration of 0.01 ug/mL, both Fabs recovered ~10%

cells. Chemically biotinylated primary antibodies with high affinities for their antigen

can therefore in principle be used to immunomagnetically isolate cells with good

efficiency.
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Figure 3.11. Isolating cells using chemically biotinylated Fab. A. Spontaneous amide bond
formation between Biotin-NHS and lysine side chain. Biotin gets covalently attached to
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lysine via the linker and NHS is a by-product. B. SDS-PAGE of chemically biotinylated
Fab0.35 without or with reducing agent. Addition of streptavidin shifted both the Fab dimer
and the individual Fab chains. C. BT474 were incubated with the indicated concentration of
either the bis-biotinylated AP-tagged Fab0.35 or chemically biotinylated Fab0.35 before
isolation with SA-beads. Cell recoveries are shown (mean of triplicate + 1 s.d.).

3.8 Discussion

In this chapter, I first designed an anti-HER2 Fab that was site-specifically
biotinylated and used it to isolate HER2 expressing cancer cells via streptavidin-
coated magnetic beads. This model was then used to investigate how antigen number,
antibody affinity, bead linkage, number of links and chemical biotinylation all have

an effect on immunomagnetic cell isolation.

A clear dependence of antigen binding sites on cell isolation ability was established.
From Figures 3.2-3.4 in this chapter, it is seen that by titrating in primary antibody
with K= 0.35 nM, a minimum of 12,300 + 370 connections needed to be made
between a cell and magnetic bead for the cell to be isolated. This result can also be
interpreted as the minimum number of HER2 molecules that need to be present on the
cell; any cell expressing fewer than 12,300 receptors was beyond the isolation limit
via Fab0.35. However, the Fab concentrations used in this experiment were 10-fold
apart and therefore further characterization using more closely spaced Fab
concentrations might give a more precise receptor value. The notion presented here,
that of the necessity for a minimum number of connections for a cell to be isolated,
has previously been explored in various other contexts. Cell surface receptor density
has been suggested to act like a switch for particle capture, with a threshold value of
>1,600 receptors per um’ of cell surface to isolate B cells using a 1 nM K,
biotinylated anti-CD19 antibody and streptavidin-magnetic beads (Sarda et al., 2004).
Similarly, antibody binding capacity has also been shown to linearly affect the
mobility of particle-bound cells in a magnetic field (McCloskey et al., 2000; Comella
et al., 2001). Thus the number of antigens expressed on a cell is related to the cell’s
probability of being isolated in an affinity-based cell separation approach. This should
be kept in mind when defining and quantitating various cell subtypes in cell isolation
experiments. However, the limit posed by antigen density varies according to the
affinity of the Fab used and, as seen in Fab affinity experiments, higher affinity Fabs

can isolate cells expressing fewer antigens.
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The second part of my data here suggests that antibody affinity is crucial in isolating
low antigen-expressing cells. Monoclonal and polyclonal antibodies, produced in
normal immune responses, have an affinity ceiling of around 10" M (Foote and
Eisen, 1995). Figures 3.5-3.8 in this chapter describe the production and assessment
of anti-HER2 Fab mutants with varying affinities. It is seen that immunomagnetic
isolation increases with stronger affinity antibodies, but even a highly optimized Fab
K, = 0.35 nM is not enough. There have been enormous efforts to improve antigen-
antibody affinity and other protein-protein interactions (reviewed in 1.1.5-1.1.8).
However, such improvements in antibody affinity are not beneficial to targeting
tumours for imaging or direct killing, as there is no improvement in sensitivity with
antibody affinities beyond K;=10 nM for such experiments (Wittrup et al., 2012). For
simply delivering a dye or radioisotope to a tumour, there is minimal force favouring
dissociation, and so antibody stability is less crucial. However, in cell isolation, the
force between the ligand and its antibody must exceed the shear force between the
cell and the magnetic bead, exercised by the flow of surrounding solution or the
magnetic field (Dharmasiri et al., 2010). A sharp drop in antigen threshold from
12,300 + 370 to 3,064 + 220 can already be seen when using Fab0.11 instead on
Fab0.35 for cell isolation (Fig. 3.4B and 3.8B). It is therefore important to assess
antibody affinity when designing immunomagnetic cell isolation experiments and it
will be valuable to consider the impact of recent antibody engineering techniques on

cell isolation.

On investigating the other links between a cell and bead, it was found that apart from
the primary antibody, any other weak interaction in the chain between target receptor
and magnetic particle would also impair cell isolation. The direct and highly stable
linkage between biotinylated primary Fab and streptavidin-coated beads, was much
better at isolating cells bearing few primary Fabs. In comparison, the interaction
between a primary monoclonal and secondary polyclonal antibody is much weaker
(K4 = 1-10 nM) (Foote and Eisen, 1995) than biotin-streptavidin interaction (K, = 4 x
10" M) (Green 1990) and can therefore break more easily on induction of a magnetic
field. A number of secondary antibody-coated magnetic particles are commercially
available (Dynabeads by Invitrogen, MagnaBind by Thermo Fisher, MACS beads by
Miltenyi Biotec.), but their affinities are rarely specified. Similarly, Protein L has a

K=1.5 nM (Akerstrom and Bjorck, 1989), which is 100,000 times worse than the
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biotin-streptavidin interaction. Secondary antibody-binding amplification in cell
isolation has previously been investigated for its effects on magnetophoretic mobility
of the cell, but not on isolation of low-expressing cells (McCloskey et al., 2001;
Chosy et al., 2003). Introducing more proteins in the chain increases the number of
points at which the chain can break, thereby reducing overall cell isolation efficiency.
Thus the nature of linkage between the magnetic bead and the primary antibody has a
dramatic effect on recovery of cells with low biomarker levels and should be

optimized for increased cell isolation efficiency.

Although recombinant antibodies with site-specific enzymatic biotinylation were used
in this project, regular monoclonal and polyclonal antibodies are generally functional
after chemical biotinylation (Cho et al., 2007), and can therefore be used for
streptavidin-based immunomagnetic capture of cells. To confirm the efficiency of
chemical biotinylation, enzymatically biotinylated Fab0.35 was compared with
chemically biotinylated Fab0.35-chemB and both were found to be equally efficient
in immunomagnetic cell isolation. The AP tag projects 25 A outwards, allowing for
ample clearance from the Fab surface for the biotin to enter its binding site in
streptavidin (Williams et al., 2008). Most chemically biotinylating reagents also
consist of a long linker so that after conjugation to the protein, biotin is still easily
accessible to its binding site in streptavidin. The use of biotin-streptavidin interaction
is therefore advantageous for cell isolation and in future, it may also be interesting to
explore antibody-bead interactions with even greater stability than streptavidin

(Chivers et al., 2010; Haun et al., 2010; Zakeri et al., 2012).

Considering that the antibody affinity and bead type remain constant, the number of
biotin molecules on the cell-surface could affect the number of beads bound to each
cell and the strength of each cell-bead interaction. The number of biotin molecules on
the cell-surface required for binding of streptavidin-coated beads has been determined
using laser tweezers, but the force applied in this case is different from that of
magnetic sorting and the biotin was chemically conjugated to surface proteins of live
cells (Reichle et al., 2001). A recent study (Sarda et al., 2004) has also suggested that
although several thousand receptors are involved in the cell particle contact at the end
of the binding process, only eight bonds may be required for the initial capture of the

particle. The dependence of cell-bead adhesion strength on individual bond numbers
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in the contact area is assessed in Figure 3.10, where the same affinity Fab is inserted
with 1 or 2 AP tags. Thus the number of Fab molecules per cell at each Fab
concentration remains the same, but the number of biotins per cell is halved. It is seen
that halving the number of biotins decreases the efficiency of immunomagnetic cell
isolation. One explanation for this result could be that fewer biotins on cell surface
make fewer initial contacts with the streptavidin bead, thereby leading to fewer bead
cell interactions. However, it could also be hypothesized that fewer biotins leads to
fewer individual contacts at each bead-cell synapse, thereby making the interaction
weaker and prone to dissociation under magnetic force. However, further experiments

need to be carried out to explore this mechanism.

The issues analysed in this chapter can also be applied to various other approaches
where antibody recognition is used to attach cells to a solid-phase, such as cell
isolation using antibody-coated pillars on a CTC-chip (Nagrath et al., 2007) or CTC
trapping for detection within the bloodstream (Galanzha et al., 2009). Although HER?2
and hu4D5 formed a good model to explore the cell-bead interaction because of the
well-characterized Fab mutant series, it might be interesting to study other cancer
related cell surface proteins such as EpCAM and EGFR, as they are also often used as
target antigens to isolate cancer cells (Yu et al., 2011). Another major variable that
should be kept in mind during cell isolation is the size of the magnetic bead. Here I
used 2.8 um Dynabeads, but a number of other magnetic particles with varying sizes
are also available for various cell-sorting protocols (4.5 um and 5 um Dynabeads,
Invitrogen; 50 nm MACS beads, Miltenyi Biotec). We used BT474 cells and titrated
the Fab level as a proxy for cells with different levels of antigen expression. However,
different cell-lines also differ in a number of other cell-related variables such as size,
shape, membrane fluidity, cell signalling and these might also affect the way a bead
binds to the cell. It is therefore important to study the cell-related aspects of
immunomagnetic isolation, so that efficient capture of cells is possible independent of

antigen down-regulation.
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Chapter 4: Enhancing Immunomagnetic recovery of cells

with low antigen expression levels

Exploring the cellular parameters affecting immunomagnetic cell

isolation and improving recovery of cancerous cells from blood

4.1 Introduction

Exploring protein interactions between a cell and magnetic bead provided useful
insights on how this interaction between a live cell and solid phase could be carefully
optimized to ensure force-resistant and secure binding. Having investigated the
antibody affinity and linking parameters, it was also important to explore how the
structure and dynamics of the cell membrane affected receptor binding to the
magnetic bead. An initial weak interaction between the cell and bead could be
consolidated as new receptors are recruited to the cell-bead interface by diffusing
through the membrane (Sarda et al., 2004). As this recruitment of receptors to the
cell-bead synapse is controlled by various cytoarchitectural and membranal factors, I
set out to research these factors by inhibiting certain cell processes and studying how

they affected magnetic sorting.

HER2 was continued to be used as the cancer cell biomarker, as I had already
constructed and characterized the antibody affinity series against it. Using the high
affinity biotinylated Fab0.11 would allow a strong protein interaction between the cell
and bead, while being able to alter and study cellular processes. The main aim of this
work was to identify ways in which immunomagnetic recovery could be enhanced.
Once the different ways in which immunomagnetic recovery of cells could be
improved were established, the enhanced protocol could be tested on different cancer
cell-lines, varying in HER2 expression levels, and used to isolate low HER2
expressing cells. Cancer cells circulating in the peripheral blood, or CTCs, are
isolated from the blood of patients with metastatic disease, as cancer prognosis guide
(O’Flaherty et al., 2012). Therefore, to demonstrate the advantage of my approach,
the enhanced approach was applied to recover low HER2 expressing cells, which

could not be isolated using the standard approach, from whole blood.
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4.2 Effects of modifying cytoskeletal rigidity, cell membrane fluidity and HER2

activation status on immunomagnetic cell isolation

To assess the different ways in which cell membrane dynamics could affect
immunomagnetic binding, I used a series of small molecules to modify membrane

structure and fluidity.

4.2.1 Cytoskeletal modifications did not affect immunomagnetic cell isolation

According to the picket-fence model, the plasma membrane of a cell is a partitioned
fluid with actin-based membrane-skeleton “fences” and anchored transmembrane
protein “pickets”, which together form compartment boundaries (Kusumi et al.,
2005). Protein diffusion in the membrane is controlled by the actin-based
cytoskeleton and its associated protein “pickets” through their partitioning and

tethering effects (Kusumi et al., 2005).

To disrupt this network, thereby disturbing the movement of HER2 in the membrane,
I incubated BT474 with actin inhibitor cytochalasin D for 1 hr, before
immunomagnetically isolating the cells. Cytochalasin D is a fungal metabolite that
sequesters actin monomers, binding and blocking the barbed ends of actin filaments,
thereby inhibiting actin polymerization (Fenteany and Zhu, 2003). 0.01 pg/ml
Fab0.11, which only partially recovers BT474 cells (Fig. 3.7C), was used so that even
slight changes in cell-bead interaction could have a big effect on cell recovery. Fab-
labelled cells were isolated using streptavidin-beads, and the recovery was calculated
as the fold change compared to the DMSO control. Cytochalasin D slightly increased
recovery, but its effect were not statistically significant (Fig. 4.1A, P = 0.06, n = 3,

unpaired t-test).

Microtubules play a vital role in cell shape, cell movement through structures like
cilia and flagella, intracellular transport of proteins and vesicles and also connect to
actin dynamics (Fenteany and Zhu, 2003). To understand the role of microtubules in
controlling the efficiency of magnetic bead binding, I added the microtubule
destabilizer nocodazole. BT474 cells were incubated with the drug for 1 hr before
labelling with 0.01 pg/ml Fab0.11 and isolating using streptavidin-beads (Fig. 4.1B).
It was found that microtubule depolymerization did not affect cell isolation (Fig.

4.1B, P =04, n =3, unpaired t-test).
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Figure 4.1. Effect of small molecules on immunomagnetic cell recovery. BT474 cells were
incubated with the indicated drug or appropriate DMSO/water control for 1 hr before
labelling with 0.01 pg/mL Fab0.11 and isolating with SA-beads. Results are represented as
the fold change in recovery, with the control sample normalized to one (mean of triplicate + 1
s.d.). A. 50 uM cytochalasin D. B. 16.5 pM nocodazole. C. 10 mM methyl-B-cyclodextrin. D.
250 pg/mL water-soluble cholesterol. E. 1 mM sodium azide. F. 10 uM AGS825. P values
were calculated using unpaired t-tests, n = 3.
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4.2 .2 Modifications to the cell membrane fluidity changed isolation efficiency

HER?2 and other ErbB receptors are sometimes found to be associated with lipid rafts
in the cell membrane (Nagy, 2002). According to the shell model, lipid rafts are
membrane microdomains that are enriched in cholesterol and regulate membrane
fluidity and interaction with surface proteins (Jacobson et al., 2007). Cholesterol has
also been shown to control the movement of HER?2 in the plane of the cell membrane

(Orr et al., 2005).

Since cholesterol depletion confines receptor movement (Orr et al., 2005), I used
methyl-B-cyclodextrin to decrease BT474 membrane cholesterol content. Methyl-[3-
cyclodextrin is a cyclic oligosaccharide with a hydrophilic exterior and a hydrophobic
internal cavity (Christian et al., 1997) and has high affinity for sterols. This makes
methyl-B-cyclodextrin effective as a cholesterol complexing agent and for modifying
the cholesterol content of cells (Christian et al., 1997). Incubating BT474 cells with
methyl-B—cyclodextrin for 1 hr, labelling with 0.01 pg/ml Fab0.11 and then isolating
using SA-beads led to a striking decrease in cell recovery when compared to the

untreated cells (Fig. 4.1C, P <0.01, n = 3, unpaired t-test).

On further investigation, it was found that the converse is also true. I wanted to
improve cell isolation, so I added excessive cholesterol to cells for 1 hr, in the
presence of methyl-B—cyclodextrin. Methyl-B—cyclodextrin chelates cholesterol
making it water soluble and so enables effective loading of cholesterol onto the cell
membrane (Christian et al., 1997). Thereafter I labelled cells with 0.01 pg/ml Fab0.11
and isolated using SA-beads. Interestingly, cell isolation improved by more than 50%

(Fig. 4.1D, P < 0.05, n = 3, unpaired t-test).

4.2.3 Receptor kinase activity but not cell metabolic activity decreased cell isolation

To investigate the contribution of the cell’s metabolic activity to trafficking of HER2
to and from plasma membrane, and HER2-Fab binding, I inhibited cellular active
processes using sodium azide. Sodium azide leads to rapid depletion of cellular ATP
and is commonly used as a component of buffers for flow cytometry. Cell viability
remained high over the period of measurement. Previously sodium azide has been
shown to increase cell recovery by 15%, by increasing the number of magnetic

particles bound to cells (Sarda et al., 2004). However, in my experiments, a small

109



decrease in recovery was observed with sodium azide treatment of BT474 cells,
although the change did not reach significance (Fig. 4.1E, P =0.2, n = 3, unpaired t-
test).

Activation of ErbB receptors increases their movement in the cell membrane and
changes their clustering patterns (Abulrob et al., 2010; Nagy et al., 2010) . To
evaluate the effect of inhibiting HER2 kinase activity, I used the small molecule
tyrphostin AG825, which inhibits the HER2 tyrosine kinase domain by competing
with ATP binding (Osherov et al., 1993) but may also have non-specific suppressive
effects on certain signalling pathways such as gpl130/STAT3 signalling (Lee et al.,
2008). When incubated with AG825 for 1 hr before immunomagnetic isolation, cell
recovery decreased dramatically (Fig. 4.1F, P < 001, n = 3, unpaired t- test),
implying that HER?2 kinase activity plays an important role in beading efficiency.

4.3 Further investigation of the role of cholesterol in increasing cell isolation

4.3.1 Addition of cholesterol did not affect surface HER2 expression level

Adding cholesterol to cells increased the efficiency of their immunomagnetic
isolation (Fig. 4.1 D). However, the causation of this increase was not clear. There are
a number of hypotheses that could explain this improvement in immunomagnetic cell
isolation. Firstly, the HER2 surface expression could be modified by cholesterol
content, either in terms of the total number of surface HER2 receptors or the way they
are distributed in the cell membrane. An increase in receptor clustering could lead to
stronger bead-cell synapses. Secondly, as cholesterol content affects the mechanical
properties of the cell membrane and has been shown to influence the stiffness of
membrane tethers (Khatibzadeh et al., 2012), addition of cholesterol could make the
cell-bead synapse more mechanically flexible and less prone to tearing apart in the
presence of the force from a magnetic field. Cholesterol content could also affect the
activation status of HER2 and its endocytosis, as cholesterol influences downstream
signalling in cells and has been associated with the migration, invasion and
angiogenesis of breast cancer cells (Raghu et al., 2010). Unfortunately, due to time
constraints and the limited scope of my project, it was not possible to test all of these

hypotheses individually.
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However, keeping in mind my bigger aim of increasing immunomagnetic isolation of
lower antigen expressing cells, it was important to check if cholesterol content
changed HER2 expression levels in cells. To test this hypothesis and to understand
whether the change in cell recovery related to a change in the amount of Fab0.11
bound to cells, I detected bound Fab0.11 using flow cytometry (Fig. 4.2A and B).
BT474 cells were treated with methyl-f—cyclodextrin or cholesterol loading and
allowed to bind 0.01 pg/ml Fab0.11. The bound Fab was detected using streptavidin
conjugated to phycoerythrin (SA-PE). For each condition, there was a no Fab control
to make sure that the background signal in the absence of Fab0.11 was the same in the
three conditions. Overall, Fab binding did not change substantially with change in
cholesterol content (Fig. 4.2A and B). Treating cells with methyl-—cyclodextrin
decreased Fab0.11 binding by 17% (P < 0.001, n = 3, unpaired t-test) and cholesterol
loading increased Fab0.11 binding by only 9% (P < 0.001, n = 3, unpaired t-test).

4 .3.2 Increasing incubation time with cholesterol further improved cell isolation

I also wanted to check if loading the cells for more time with cholesterol would
further increase isolation efficiency. Therefore, I added the same amount of methyl-f§
—cyclodextrin and cholesterol (as in Fig. 4.1C and 4.1D) but incubated for 3 hr (as
compared to 1 hr in Fig. 4.1). Again, depleting cholesterol decreased recovery by 5-
fold (Fig. 4.2C, P < 0.01, n = 3, unpaired t- test), and adding cholesterol led to an
80% increase in recovery ((Fig. 4.2C, P < 0.05, n = 3, unpaired t- test). This increase
was higher than when cells were incubated for 1 hr (50% increase in isolation
efficiency). Therefore, incubating cells with cholesterol for a longer period of time

slightly increased the isolation efficiency.
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Figure 4.2. Investigating the role of cholesterol in increasing cell recovery. A. Change in
HER2 staining with cholesterol loading or depletion. Flow cytometry of BT474 cells
untreated, loaded with 250 pg/mL cholesterol or depleted of cholesterol with 10 mM methyl-
-cyclodextrin for 1 hr at room temperature, before labelling surface HER2 with 0.01 pg/mL
mono-biotinylated Fab0.11 and staining with 0.41 pM streptavidin-phycoerythrin (in green).
Each condition had a control in which no Fab was added (in purple). B. Graph of the
geometric mean fluorescence of samples from A (mean of triplicate + 1 s.d.). C. Change in
cell recovery with cholesterol loading or depletion. BT474 cells were treated with 10 mM
methyl-B-cyclodextrin or 250 pg/mL cholesterol for 3 hr, before labelling with 0.01 pg/mL
Fab0.11 and isolating with SA-beads. Results are represented as the fold change in recovery,
with the control sample normalized to one (mean of triplicate + 1 s.d.). P values were
calculated using unpaired t-tests, n = 3.
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4.4 Assembling a cell-line panel with varying levels of HER2

Having investigated the different parameters affecting cell-bead interaction and from
the data presented in the previous chapter, I found that cell isolation efficiency could
be enhanced by the following three steps: 1.) Using a high affinity biotinylated Fab,
with K, in the sub-nanomolar range, 2.) Decreasing the number of links between the
cell and bead by using the direct high-affinity biotin-streptavidin binding, and 3.)

loading cells with cholesterol.

To test if these enhanced conditions could help isolate cancer cells expressing lower
levels of antigen, I assembled a panel of various human cancer cell-lines, spanning a
wide range of HER2 expression (Fig. 4.3). BT474 cells, with their high HER2
expression, were used as the standard positive. MDA-MB-453 cells derived from the
pericardial effusion of a breast cancer patient, express medium levels of HER2
(Brinkley et al., 1980; McCabe et al., 2005; Rusnak et al., 2007). MCF-7 is also a
breast cancer cell-line, expressing very low levels of surface HER2 (McCabe et al.,
2005; Rusnak et al., 2007), such that the HER2 expression is often not detected on
Western blots and by immunocytochemistry (Bayraktar et al., 2011; Ignatiadis et al.,
2011). A431 is an epidermoid carcinoma cell-line also expressing low levels of HER2
(Rusnak et al., 2007; Larson et al., 2010). I used MDA-MB-468 as the HER2-
negative cell-line (Brinkley et al., 1980; Rusnak et al., 2007).

To confirm HER?2 expression levels of the cell-line panel, I labelled cell surface
HER?2 with mono-biotinylated Fab0.35, and detected the binding using mSA-488 by
flow cytometry. mSA-488 is monovalent streptavidin that binds in a 1:1 ratio with the
mono-biotinylated Fab0.35 (Fig. 3.3B). As both Fab0.11 and Fab0.35 bind cells
equally well (Fig. 34C and Fig. 3.8C), either of these two could be used for
quantification. The flow cytometry representation in Fig. 4.4A allowed us to compare
HER?2 levels and it was seen that HER?2 levels decreased in the following descending
order: BT474, MDA-MB-453, MCF-7, A431 and MDA-MB-468. It should also be
noted that the autofluorescence (no Fab control) in each cell-line differed, and was
therefore deducted individually for each cell-type. I further quantified the absolute
number of HER?2 binding sites on the cancer cells using MESF-488 beads (as done
previously in Fig. 3.4): BT474 cell had 735,000 + 17,000 anti-HER?2 antibody binding
sites per cell (Fig. 44B). MDA-MB-453 had 6.5 times fewer HER2 binding sites.
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MCEF-7 and A431 had only 15,300 + 160 and 12,300 + 36 bound Fab/cell respectively,
and the level of Fab0.35 bound to MDA-MB-468 cells was not significantly different
from zero, thereby confirming their HER2-negative status (Fig. 4.4B).

I then used this cell panel, spanning a few orders of magnitude of HER2 expression,
to assess the efficiency of the enhanced immunomagnetic cell isolation approach on
isolating low-expressing cells. The different cell-lines also allowed me to evaluate the
protocol’s efficiency across various cell-types which may differ in shape, size and

cellular dynamics.

Breast cancer cell line
BT474 from invasive ductal High
carcinoma

Metastatic breast

MDA-MB-453 : . Medium
carcinoma cell line
MCE-7 Breast adenqcarcmoma Low
cell line
A431 Epidermoid carcinoma Low
cell line
MDA-MB-468 Metastatic breast Negative

adenocarcinoma cell line

Figure 4.3. Panel of human cancer cell-lines used in this study. Details of cancer cell-lines
with their origin and surface HER2 expression level.
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Figure 4.4. Quantifying surface HER2 expression on different cell-types. A. Indicated
cells were labelled with or without 10 pg/mL mono-biotinylated Fab0.35, and detected with
mSA-488, for quantitating surface HER2 by flow cytometry. 488 MESF beads were used to
calibrate fluorescence units versus 488 dye numbers. B. Relation between cell-type and the
calculated number of anti-HER?2 binding sites per cell.
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4.5 Using enhanced conditions to immunomagnetically recover cell-types with

varying antigen expression levels

The standard approach of isolating cells based on affinity capture generally uses a
primary antibody against the target antigen and then detects the binding using a
secondary antibody that is either conjugated directly to the solid phase or via a strong
protein interaction such as biotin-streptavidin (McCloskey et al., 2001; Antolovic et

al., 2010; Mikolajczyk et al., 2011).

To mimic these existing standard approaches for cancer cell isolation, I used the high
affinity Fab0.35 and anti-human biotinylated secondary antibody linked to
streptavidin-coated magnetic beads. For the enhanced condition, I used the higher
affinity Fab0.11 that was directly biotinylated, linkage through streptavidin on
magnetic beads, and cholesterol loading on cells. I used the high Fab concentration of

1 pg/ml so that all HER?2 binding sites were saturated.

For the high HER2-expressing BT474 cells, both the standard and enhanced protocols
gave equally high recovery (Fig. 4.5). For the moderate HER2-expressing MDA-MB-
453 cells, enhanced conditions gave a 20% higher recovery than standard conditions
(Fig. 4.5, P <0.01, n = 3, unpaired t-test). However, with the low expressing MCF-7
cells, the improvement with enhanced conditions was even higher as it doubled the
percentage of cells recovered (Fig. 4.5, P < 0.001, n = 3, unpaired t-test). Finally for
the very low HER?2 expressing A431 cells, the standard approach isolated only 3% of
cells, whereas the enhanced approached gave a more than 8-fold higher isolation
efficiency (Fig. 4.5, P < 0.001, n = 3, unpaired t-test), making A431 cells easily
differentiable from the HER2 negative MDA-MB-468 cells. Both protocols isolated
less than 2% of the MDA-MB-468 cells, thereby confirming their specificity for
HER?2 (Fig. 4.5).
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Figure 4.5. Comparing standard and enhanced conditions to immunomagnetically
isolate various cell-types. Under the standard conditions, cells were labelled with 1 pg/mL
non-biotinylated Fab0.35, and recovered using streptavidin magnetic beads coated with
biotinylated secondary antibody. For the enhanced conditions, cells were loaded with
cholesterol for 1 hr, labelled with 1 pg/mL biotinylated Fab0.11 and isolated using
streptavidin-beads. Cell recovery is shown as the mean of triplicate + 1 s.d.

To break down the contribution of each enhancement and to check how each of the
three improvements affected the high, medium and low HER2 expressing cells, the
enhanced parameters were changed independently. In Fig. 4.6A, using the same
amount of biotinylated Fab, comparing Fab0.35 or Fab0.11, the various cell-types
were isolated with SA-beads (by laboratory member Gianluca Veggiani, 2012). The
improvement in affinity increased the recovery of A431 cells by 30% (Fig. 4.6A, P <
0.01, n = 2, unpaired t-test), but did not affect the recovery of other cells. Next,
keeping the same affinity Fab0.11, either the direct linkage with biotinylated Fab0.11
and SA-beads, or secondary antibody linkage with non-biotinylated Fab0.11 and
biotinylated secondary antibody linked to SA-beads, was used (by laboratory member
Gianluca Veggiani, 2012) (Fig. 4.6B). The direct linkage enhanced the recovery of
MCEF-7 by 20% (Fig. 4.6B, P < 0.05, n = 2, unpaired t-test) and A431 by 30% (Fig.
4.6B, P <001, n= 2, unpaired t-test). Finally, using biotinylated Fab0.11 and SA-
beads, I loaded cells with cholesterol and compared to unloaded cells (Fig. 4.6C).
Cholesterol loading increased A431 recovery by more than 2-fold (Fig. 4.6C, P <
0.05, n = 3, unpaired t-test). Thus, all three changes made to the beading protocol
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enhanced the recovery of low HER2-expressing cells. None of the enhancements
increased the recovery of MDA-MB-468 cells, thus verifying that the improvements

did not increase non-specific background recovery.
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Figure 4.6. Effect of individual modifications on recovery of different cell-lines. A. Cells
were incubated with 1 pg/mL biotinylated Fab0.35 or Fab0.11 and recovered using
streptavidin-beads (mean of duplicate measurements + 1 s.d.) (Data from G. Veggiani). B.
For secondary antibody linkage, cells were labelled with 1 pug/mL non-biotinylated Fab0.11
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and isolated using streptavidin beads coated with secondary antibody. For direct linkage, cells
were labelled with biotinylated Fab0.11 and isolated with streptavidin beads. % Recovery is
shown as the mean from duplicate measurements + 1 s.d. (Data from G. Veggiani). C. Cells
were incubated with or without 250 pg/mL cholesterol for 1 hr at room temperature before
labelling with 1 pg/mL biotinylated Fab0.11 and magnetic isolation using streptavidin-
magnetic particles (mean from triplicate measurements + 1 s.d.).

4.6 Using the enhanced immunomagnetic approach to recover cancerous cells

from rabbit blood

Once the improvement in cell recovery under enhanced conditions was confirmed, it
was important to check the efficiency of the enhanced approach in isolating cancerous
cells from blood. Circulating tumour cells are typically isolated from a 10 mL sample
of patient blood using CellSearch or microfluidic chambers (Kling, 2012). Since the
concentration of CTCs in peripheral circulation can be extremely low (one CTC in
10°-10” mononuclear cells), highly sensitive isolation approaches are desired (Sun et
al., 2011). To validate the enhanced protocol for isolating cells from blood, I

performed cell spiking experiments in rabbit blood.

Cancer cell-lines were first labelled with carboxyfluorescein diacetate, succinimidyl
ester (CFSE) to make them easily traceable and then spiked into rabbit whole blood
(Fig. 4.7). The sample was then treated like a patient blood sample; the red blood cells
were lysed and removed and the remaining cell mixture containing cancer cells, white
blood cells and a few unlysed red blood cells was resuspended in DMEM (Fig. 4.7).
Cancer cells from the cell mixture were then immunomagnetically isolated under
either the standard or enhanced condition, counted and their identity confirmed on the

basis of CFSE labelling by microscopy.
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Figure 4.7. A schematic representation of cell spiking into blood. To mimic CTC isolation,
cancer cells were spiked and recovered from blood. Cells were labelled with tracer dye CFSE,
before spiking into 1 mL rabbit whole blood. Red blood cells were lysed using a hypotonic
solution, discarded after centrifugation and the remaining cell mix containing the labelled
cancer cells (green) and remaining white blood cells (white) was resuspended in DMEM with
1% FCS (D1). Cancer cells were then recovered from the blood cell mixture using the
standard or enhanced immunomagnetic isolation protocol. Recovered cells were checked for
CFSE labelling by fluorescence microscopy.

BT474, MCF-7 and A431 cells were spiked and recovered from rabbit blood (Fig.
4.8A). The standard protocol recovered >70% of high HER2 expressing BT474 cells,
but recovered less than 5% of low HER2 expressing MCF-7 and A431 cells (Fig.
4.8A). On the other hand, under enhanced conditions, more than >70% of all three
cancer cell-types were recovered from rabbit blood, regardless of the variation in their
HER?2 expression. This increase (Fig. 4.8A, MCF-7 P < 0.0001, A431 P <0.001,n=
3, unpaired t-test) in recovery using enhanced conditions was more prominent in
isolation from blood than in isolation from cell media, where some MCF-7 and A431
cells could be recovered even under standard conditions (Fig. 4.5). To ensure that the
recovery was not due to non-specific binding of the magnetic beads in blood, I

applied enhanced conditions to isolate cancerous cells from rabbit blood, in the
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absence of Fab0.11 (Fig. 4.8B). No cells were recovered, consistent with HER?2
specificity of the protocol. On checking the CFSE status of the recovered cells by
microscopy, it was found that almost all recovered cells were CFSE-positive (BT474
983 £ 1.6%, n = 3; MCF-7 989 + 1.9%, n = 3; A431 99.2 + 1.4%, n = 3). The
conditions gave minimal isolation endogenous blood cells, thereby allowing a high

purity of recovery of the spiked cancer cells.
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Figure 4.8. Cancer cell isolation from rabbit blood. Rabbit blood was spiked with the
different cell-types varying in HER2 expression level. A. Cells were isolated using either the
standard or enhanced approach, as described in Fig. 4.5. % Recovery is shown as the mean
from triplicate measurements = 1 s.d. B. To check the specificity of the enhanced approach,
cell-lines were spiked into rabbit blood and recovered under enhanced conditions, with or
without the biotinylated Fab0.11. No cells were recovered in the absence of Fab0.11 (mean
from triplicate measurements + 1 s.d.).
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4.7 Using enhanced immunomagnetic approach to recover low HER2 expressing

cells from human blood

The enhanced conditions were further used to isolate cancerous cells from human
blood. MCF-7, A431 and HER2-negative MDA-MB-468 cells were spiked into
human blood and the recoveries of cells using standard or enhanced protocols were
compared (Fig. 4.9A) (by laboratory member Gianluca Veggiani, 2012). Again, the
enhanced conditions gave a higher recovery of MCF-7 cells (Fig. 4.9A, P<001,n=
2, unpaired t-test) and A431 cells (P < 0.01, n = 2, unpaired t-test) compared to the
standard approach. No MDA-MB-468 cells were isolated, thereby confirming that the
magnetic beads specifically bound cells via anti-HER2 Fab0.11 (Fig. 4.9A). The
CFSE status of the counted cells is shown in Fig. 4.9B. Recovered A431 and MCF-7
cells were positive for CFSE and negative for the leucocyte marker CD45,
authenticating the high purity of recovered cell-lines (Fig. 4.9B). The whole blood
sample, following hypotonic lysis, had many CD45-positive cells (Fig. 4.9B).
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Figure 4.9. Evaluating enhanced approach to isolate cancer cells from human blood. A.
Low HER?2 expressing cell-lines were labelled with CFSE and spiked into human blood.
After red blood cell lysis, cancer cells were recovered using the standard or enhanced
approach. For standard conditions, cells were incubated with 10 ug/mL non-biotinylated
Fab0.35, and isolated using SA-beads coated with biotinylated secondary antibody. Under
enhanced conditions, cells were loaded with cholesterol, labelled with 10 pg/mL biotinylated
Fab0.11, and isolated using SA-beads (mean from duplicate measurements = 1 s.d.) (Data
from G. Veggiani). B. Recovered cells were analysed by fluorescent microscopy for CFSE
labelling. A431 (top row) and MCF-7 (middle row) were stained with CFSE, spiked into
human blood and isolated by the enhanced approach. Left column shows CFSE labelling,
middle column shows anti-CD45-PE staining and right column represents the overlay (CFSE:
green, anti-CD45-PE: red, brightfield: grey). As a positive control for CD45 staining, whole
human blood was lysed and stained with anti-CD45-PE (bottom row) (Data from G.
Veggiani). Scale bar 50 um.
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4.8 Imaging the cell-bead synapse

An interesting parameter to explore was how elastic and malleable the cell membrane
is around the cell-bead synapse. In T cells bound to anti-CD4 coated beads, cell
polarization and reorganization of adhesion molecules, chemokine receptors and lipid
rafts have been observed (Nguyen et al., 2005). During immuno-isolation, once the
bead attaches to the cell membrane and strengthens its interaction via multiple
antigen-antibody binding, the bead may then exert pull or push forces on the cell
membrane, as the bead drags the cell through the fluid towards the magnet. On the
application of a magnetic field, the magnetic beads exert a unidirectional pull force on
the cell. Assuming that the protein interaction between the cell and the bead resists
breaking apart, if the membrane is not malleable enough, the force may lead to the
magnetic bead pulling out a part of the membrane from the cell (Rubbi et al., 1993).
Similarly, if the cell lies between the magnet and the bead, the bead then exerts a
unidirectional push force on the cell, and this might lead to the cell membrane

wrapping around the bead (Costa et al., 2012).

To investigate this phenomenon and visualize the cell-bead synapse, I used cell tracer
DiD, a lipophilic carbocyanine dye that is incorporated into the cell membrane (Honig
and Hume, 1986). BT474 cells that had been isolated using biotinylated Fab0.11 and
SA-beads (Fig. 3.11C) were stained with DiD and then visualized by fluorescent
microscopy (Fig. 4.10). Two fields of view showing two different cells from the same
sample are presented; both cells had magnetic beads attached to them. The attached
beads had a ring of DiD staining around them, suggesting the presence of cell
membrane. Magnetic beads in the same plane that were not attached to the cell
(indicated by the red arrows in the brightfield image) did not show any DiD signal.
Thus, the beads did not bind DiD non-specifically. Only the beads attached to the cell
showed DiD staining.
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Figure 4.10. Imaging the cell-bead synapse. BT474 cells were labelled with 0.01 pg/mL
biotinylated Fab0.11 and isolated using SA-beads. Recovered cells were stained with DiD and
analysed by fluorescent microscopy. Left column shows DiD staining and right column
shows the brightfield image. Two fields of view from the same sample are shown. White
arrows indicate magnetic beads bound to cells; the red halos around the beads suggest the cell
membrane has wrapped around the beads. Red arrows indicate magnetic beads not bound to
the cell, but present in the same plane as the cell. Scale bar 30 pm.

4.9 Discussion

In this chapter, I explored how changes to the target-cell affected immunomagnetic
sorting and devised an enhanced approach to improve cell isolation. The improved
efficiency of this approach in isolating low HER2 expressing cells from rabbit and

human whole blood was shown.

The use of small molecules to inhibit various cellular components is generally fraught
with problems of non-specificity and often interferes with various non-targeted
functions of the cell. However, the drugs’ widespread use, thorough characterization,
easy availability and cost-effectiveness made them suitable for the general aims of my
project. Inhibiting cytoskeletal components, such as actin and microtubule polymers,

did not affect the amount of cancer cells that could be immunomagnetically recovered.
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Actin and microtubule depolymerization has been shown to cause rounding up of
adherent cells, as they lose their stress fibers (Spector et al., 1989). However, the cells
used for magnetic sorting in my experiments were trypsinized and in suspension
before drug treatment. Since trypsin also disrupts microfilaments and microtubules in
the cell and causes changes to the cell morphology ((Furcht and Wendelschafer-Crabb,
1978), the action of the added actin and microtubule inhibitors was probably

redundant and therefore did not affect immunomagnetic cell recovery.

Actin has been shown to associate with HER2 after addition of Transforming Growth
Factor- (TGF-p) (Wang et al., 2009b). TGF-f induces focal-adhesion kinase
dependent clustering of HER2 in HER2 over-expressing epithelial cells without
altering the surface expression level of HER2. TGF-f thereby integrates HER2
receptors and F-actin at cell protrusions to induce cell migration and survival in breast
cancer (Wang et al., 2009b). Therefore, in future experiments, it might be interesting
to see if TGF-[3 stimulation induced actin reorganization leads to larger HER?2 clusters,

thereby strengthening the bead-cell synapse and improving cell isolation recovery.

Modifying cholesterol content in the cell membrane led to the most exciting change in
magnetic recovery. Cholesterol depletion results in the disorganization of lipid rafts in
plasma membrane and dissociation of the proteins bound to the lipid rafts (Barman
and Nayak, 2007). Quantitative fluorescence microscopy has also shown that lipid
rafts facilitate the formation of large HER?2 clusters involving 100-1,000 molecules in
SKBR-3 cells, and disintegration of such rafts leads to the dissociation of HER2
clusters (Nagy, 2002), which would thereby lead to lower immunomagnetic recovery
consistent with my results. Since cholesterol modification does not change the amount
of Fab bound to cells by a large degree, it is more likely the distribution of HER2
clusters that affect bead binding and immunomagnetic recovery. Furthermore, single-
molecule fluorescence tracking of receptors has shown that cholesterol depletion
confines HER?2 receptors by restricting their mobility in the plasma membrane (Orr et
al., 2005) and would therefore inhibit the recruitment of new HER?2 to stabilize an
initial cell-bead interaction. On the other hand, cholesterol enrichment facilitates
receptor diffusion (Orr et al., 2005), leading to easy formation of HER?2 clusters at the
bead-cell synapse and increasing immunomagnetic recovery. Cholesterol levels of

cells can be easily modified externally by applying a water-soluble form of
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cholesterol and so this approach should be easy and practical for isolation of CTCs

from patient blood samples.

From my work, sodium azide seems safe to be used for cell preservation during
immunomagnetic isolation, as sodium azide does not significantly affect cell recovery.
Inhibiting HER2 kinase activity using AG825 dramatically decreased cell recovery.
HER?2 receptors are present in pre-formed aggregates of 5-15 molecules in the cell
membrane of high HER2 expressing cells (Nagy et al., 2010). It has previously been
shown that a tyrosine kinase inhibitor, AG1478, causes partial dispersal of EGFR
clusters in A431 cells (Clayton et al., 2007) and decreases the fraction of EGFR
receptors colocalising with lipid rafts in HeLa cells (Abulrob et al., 2010). As EGFR
and HER?2 belong to the same ErbB family and HER2 molecules have also been
shown to be present in preformed clusters, it could be postulated that the HER2
clusters behave similar to EGFR clusters and are dispersed on treatment with AG825
in BT474 cells. This would explain why the cell-magnetic bead synapse weakens and
reduces immunomagnetic recovery of BT474 cells treated with AG825. However,
variable results in different cell-lines may arise due to differences in HER2 expression
level and the diversity in the cells’ steady-state. Therefore, further experiments
involving single molecule tracking and FRET analyses of HER?2 clusters on treatment

with AG825 in various cell-lines should be carried out in subsequent studies.

My preliminary experiments studying the cell-bead synapse by microscopy suggested
that the cell-bound magnetic beads were covered with plasma membrane. A recent
study on detecting cancer cells with magnetic nanoparticles employed scanning
electron microscopy and visualized finger-like cell membrane protrusions
surrounding a magnetic bead attached to the cell (Costa et al., 2012). Such physical
structures comprising the cell-bead synapse are important to study, since uprooting of
antigens from the cell membrane by an attached magnetic bead would not only
damage the cell but also lower the cell’s chances of being recovered. For instance, a
fraction of Daudi cells that were incubated overnight with anti-CD19 coated
Dynabeads, showed depletion of surface antigen and did not bind the magnetic beads
even in the second round of immunomagnetic incubation (Rubbi et al., 1993). In my
experiment I incubated the cell-bead mixture for 30 min and although the cell-bound

beads were covered with cell membrane, the free beads did not have any cell
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membrane on them and therefore antigen detachment of the cell had not occurred.
This shows the importance of optimizing cell mixing techniques and incubation times
during the isolation. Very long incubation and harsh mixing conditions could lead to
more cells getting depleted of their antigens (Rubbi et al., 1993). Furthermore,
comparing the cell-bead interface to a more dynamic cell-cell synapse can give us
valuable insights on membrane curvature, stretching and force resistance of protein-
protein links at the point of contact. Immunological synapses are also often
accompanied by the transfer of membranous structures and cell surface proteins
(Williams et al., 2007). In future experiments, it would also be interesting to see how
cholesterol modulates the membranous structures around the beads and if cholesterol

can be used to prevent shearing tearing of cell membranes during CTC isolation.

Having assessed cellular parameters that affect cell-bead interaction and from
observations about antibody links in the previous chapter, I identified three ways in
which immunomagnetic isolation could be improved. First, load cells with cholesterol,
then use the highest affinity biotinylated primary antibody available, and finally
capture cells using a direct linkage to the magnetic surface via covalently-bound
streptavidin. Together, I termed these three conditions the “enhanced approach” and

validated its efficiency on a panel of cell-lines.

I ensured that I included a wide range of HER2 expressing cell-lines in the test panel,
so that I could quantify the improvement in cell recovery in high as well as low HER2
expressing cells. There is much variability in the published number of HER2
receptors expressed on the surface of various cell-types. For example, BT474 cells
have been reported to have 478,000+75,800 (Gaborit et al., 2011), 499,795.2 (Larson
et al.,2010) and 1,706,601 (McDonagh et al., 2012) receptors/cell. I therefore decided
to quantify surface HER2 using the mono-biotinylated Fab0.35 and monovalent-
streptavidin-488 on flow cytometry, avoiding any misinterpretation due to bivalent
binding by whole IgGs or multivalent binding by tetravalent streptavidin. Relative
HER?2 levels in the cell panel were as expected, although the absolute receptor
numbers were different from previous studies (Gaborit et al., 2011). Apart from cell
passage numbers, antibodies and detection techniques, this variation could also have
arisen due to the kind of calibration beads used to map the standard curve of

fluorescence units vs. dye molecules. The monovalent binding approach using a 1:1:1
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ratio of HER2:Fab:mSA described here can also be useful for biological assays that

are otherwise hampered by the clustering of receptors after divalent IgG binding.

The cell-line panel was used to compare a standard immunomagnetic sorting
approach and the enhanced approach I had devised based on the factors identified as
important for this process. The conventional protocol involving the use of a standard
antibody and linking to beads via a secondary antibody, gave good cell recovery for
high HER2 expressing cells, but did not isolate low HER2 expressing cells. On the
other hand, the enhanced approach isolated low HER?2 expressing cells much more
efficiently, greatly improving the detection limit of immunomagnetic sorting. With
the recent data on how low-level HER2 overexpression in prostate cancer is
associated with rapid tumour cell proliferation and poor prognosis (Minner et al.,
2010), the enhanced approach would be even more useful in diagnosing and
monitoring CTCs in such cases. Applying each of the three enhancements
individually on the cell-line panel showed that all three were beneficial for recovery

of low expressing cells and so can be independently applied wherever possible.

The impact of the enhanced approach in isolating low HER2 expressing cells was
even greater on isolation of cancer cells from blood. From both rabbit and human
blood, low expressing cells could not be recovered even in low percentages when
isolated under the standard conditions. This is probably because when isolating from
blood, cancer cells have to travel through a denser mixture of contaminating cells and
debris, and therefore a stronger bead-cell synapse is required to resist the drag forces
of the solution. However, the enhanced approach still captured the low HER?2

expressing cells as efficiently as the highest HER2 expressing cell-line.

The work presented in this chapter made affinity-based capture of cells less dependent
on the antigen expression level of cells. Due to the heterogenous expression of
antigen levels on CTCs in breast cancer (Braun et al., 1999), such an enhancement in
recovery would be particularly advantageous. With the downregulation of EpCAM in
invading metastatic cells (Rhim et al., 2012), using alternate tumour markers such as
HER?2 to isolate CTCs would also be useful. The enhanced approach described here
has also recently shown success in isolating low EpCAM-expressing cells, thereby
confirming its validity on a second antigen-antibody interaction (see attached

manuscript).
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The issues discussed in this chapter can also be applied to other cell isolation
techniques, used for sorting of immune or stem cells. The existing cancer cell
detection and isolation techniques rely heavily on high expression of antigens, and
reducing this dependence by understanding antigen detection limits is especially
important. Efficient cell capture will make the use of existing biomarkers less
vulnerable to antigen-down regulation and also increase the possibility of using novel

low-expressed biomarkers for detecting and isolating cancer cells.
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Chapter 5: Towards antibody clamping

Exploring an approach to surround the antibody-antigen complex,

to increase the stability of antibody interactions
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Chapter 5: Towards antibody clamping

Exploring an approach to surround the antibody-antigen complex,

to increase the stability of antibody interactions

5.1 Introduction

In previous chapters, we saw how an antibody with improved affinity could
significantly improve the sensitivity of immunomagnetic cell isolation, a diagnostic
method of great potential in cancer. Antibody affinities are indeed the limiting factor
in a number of research, diagnostic and therapeutic approaches. Antibodies with
exceptional affinities in the 10°-10"" M range are sometimes insufficient to neutralize
lethal agents like botulinum neurotoxins and have to be used in combinations of two
or more antibodies (Nowakowski et al., 2002). Antibody constructs with picomolar
affinities are often needed for the visualization of tumour markers in vivo (Orlova et
al., 2006). Antibody affinity can also be a limiting factor in live cell imaging, as
antibody off-rates are on the order of minutes (Foote and Eisen, 1995; Houk et al.,
2003), whereas certain cell surface proteins have lifetimes of a few days (Bruneau et

al., 2005).

In the mammalian immune system, the various possible gene segments and affinity
maturation produce mature antibodies with affinities typically in the range K ,=10"-
10°M (Houk et al., 2003). However, the inability of B cells to discriminate between
antibody dissociation kinetics and intrinsic B-cell receptor internalization rates during
affinity maturation create an affinity ceiling of 10°-10"°M (Foote and Eisen, 1995).
Furthermore, antibody fragments, such as Fabs and scFvs, which are often favoured
over intact antibodies because of the fragments’ smaller size and higher tumour
penetration, display reduced binding stability because of their reduced avidity and
faster off-rates (Batra et al., 2002). The on-rate for an antibody to bind its antigen is
approximately 10°-10° M''s™', and is limited by the diffusion coefficient of the reactant
molecules (Foote and Eisen, 1995; Caoili, 2012). As detection of protein biomarkers
with antibody-based affinity assays is the basis of molecular diagnostics in clinical
practice today, enormous efforts have been taken to artificially generate antibodies

with slower dissociation rates.

134



As discussed in Chapter 1 (sections 1.1.5-1.1.8), some approaches to increase antigen-
antibody binding include selection from large libraries (containing > 10’ clones),
generated from technologies like phage display, mRNA display and ribosome display
(Lipovsek and Pluckthun, 2004; Dufner et al., 2006). However, generating libraries
for each antigen-antibody combination can be painstaking, time consuming and
expensive. Irreversibly binding antibodies, such as metalloantibodies (Trisler et al.,
2007) and electrophilic affibodies (Holm et al., 2009) need various accessory groups
in the active site and may promote non-specific binding of the antibody. Binding
proteins based on non-immunoglobulin domains also require each construct to be

individually optimized to increase its affinity (Binz et al., 2005).

In this chapter, I work towards an alternative idea on increasing antigen-antibody
stability. The ideal Ab engineering approach should be able to 1.) dramatically
decrease the off-rate of the antibody 2.) not affect the specificity of the antibody, and
3.) be a generic technique that could be applied to different antibodies and antibody
fragments. To fulfill these aims, it is necessary to keep the antigen-antibody
interaction site unmodified. I therefore introduce a third player, a clamp, which is
engineered to bind the Fab after the Fab has bound its antigen and block the Fab’s
dissociation from the antigen. I made use of the high affinity and tetravalency of the
biotin-streptavidin interaction (Green, 1990), to try to engineer a clamp that could
surround the antigen—Fab complex and physically block the antigen from leaving the
binding site (Fig. 5.1). I used Fab instead of intact IgG, as Fab fragments are easier to
express and avoid problems related to bivalency of IgG. As antigen-binding sites are
often like clefts or grooves with the heavy and light chain variable domains on each
side, I aimed to exploit this characteristic to clamp the antigen into the binding site

from both directions, to form a loop around the antigen (Fig. 5.2).

A similar approach has been used to generate an artificial clamp around a DNA
polymerase to increase its processivity in single strand DNA sequencing (Williams et
al., 2008). Bringing a surface directly above a binding protein, and trapping the
interaction between two surfaces has also shown to decrease dissociation and has
been used in eukaryotic transcription factor arrays (Maerkl and Quake, 2007). Such

interactions where the target is surrounded and locked from dissociating out, as in
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rotaxanes and pseuodorotaxanes, is also a feature of growing importance in

supramolecular chemistry (Haussmann and Stoddart, 2009).

Initially basing the clamping model on a rotaxane (section 1.5.1), I used a peptide-
binding Fab, 9E10. 9E10 is an IgG1/x murine monoclonal antibody raised against
mycl, a synthetic peptide immunogen derived from human c-myc proto-oncoprotein
(Evan et al., 1985). 9E10 is commonly used as a detection and purification tool for
proteins that are fused with myc1 as an affinity tag (Lobbestael et al., 2010; Weidner
et al., 2010). As interactions between a peptide and its antibody are limited due to the
decreased surface area available for interaction and lack of structural rigidity (Wilson
et al., 1994; Houk et al., 2003), anti-peptide antibodies generally have low affinities,
and there exists considerable scope for improvement. I also applied the clamp
blocking strategy to HER2-binding mouse monoclonal 4D5 Fab, to test clamping of a
protein domain (Cho et al., 2003) and to assess the generality of the clamping
approach.

Peptide + Fab Clamped interaction

Figure 5.1. Cartoon representation of antibody clamping. Recombinant Fab fragment,
consisting of four immunoglobulin domains (heavy chain:blue; light chain:green), in complex
with a peptide antigen (pink) fused to globular domains at each end (yellow, grey). Each oval
represents an immunoglobulin domain; lighter shades represent variable domains (V,, Vy)
and darker shades represent constant domains (C;, Cy;). Disulfide bonds (=== ) hold the two
chains together. The engineered clamp will trap the peptide in the binding site.
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5.2 9E10-APLH generation and clamp development

9E10 Fab had previously been generated by linking the variable domains of mouse
9E10 with human IgG Cjl and C» domains in a bacterial expression vector
(Schiweck et al., 1997). To engineer the recombinant 9E10 Fab, I genetically inserted
an acceptor peptide (AP) into the N-termini of the heavy and light chains of the 9E10
Fab, and termed the resultant Fab 9E10-APLH. The N-termini of the heavy and light
chains of 9E10 are on either side of the myc-binding pocket, allowing the AP tags to
extend out on each side of the binding pocket. To help the AP tag to be flexible, I
inserted glycine-serine linkers between the AP tags and the N-termini. As mycl is a
very small peptide (11 amino acids), I expressed mycl fused to the C-terminus of
Maltose Binding Protein (MBP) (Fig. 5.2A). The AP tags can be specifically
biotinylated at their lysine side chain using E. coli biotin ligase, BirA, allowing the
AP tags to strongly and non-covalently interact with streptavidin (Beckett et al.,
1999). As streptavidin is a tetramer with four equal affinity binding sites, it was
hypothesized that streptavidin could bind to both AP tags on each side of the myc
binding groove in the Fab, and thus clamp the myc1-9E10 interaction (Fig. 5.2A).

The bacterial cytoplasm has a reducing environment and is therefore inappropriate for
the expression of Fab fragments, which rely on disulfide bonds for structure stability
(Martin et al., 2006). Therefore, both chains in 9E10 Fab contained leader sequences,
so that 9E10-APLH could be expressed in the periplasm of E. coli strain C43 (DE3).
This process required a highly optimized environment with low temperature (18-
25°C) to control cotranslation and secretion, addition of glucose to avoid leaky Fab
expression that could otherwise be toxic, and occasional addition of sucrose to assist
in correct Fab folding (Bannister et al., 2006). Even under these conditions, I found
that bacterial cells would often grow up to a certain density and then undergo lysis,

before reaching the required optical density for protein induction.

When the cells did survive up to the optimal density, a 6-His tag on the C-terminus of
the heavy chain allowed the Fab to be purified on a Ni-NTA column. After
biotinylation with BirA, biotinylated 9E10-APLH, termed 9E10-APLHb, was further
purified on a Protein G column to remove BirA and other impurities. To check for
Fab purity and biotinylation, 9E10-APLHb was mixed with streptavidin and run on a
SDS-PAGE (Fig. 5.2B). Biotinylated Fab gave a band at around 56 kDa, and shifted
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upwards to 120 kDa in the presence of streptavidin. However, there was some
degradation of 9E10-APLHD, as indicated by the presence of a smear between 30—40
kDa (Fig. 5.2B). On reduction of the disulfide bonds, 9E10-APLHb split into its
constituent heavy and light chains, giving bands at ~30 kDa (Fig. 5.2B). Both light
and heavy chains formed complexes with streptavidin, confirming complete
biotinylation of both AP tags. There was also a faint band at around 28 kDa below the
reduced Fab chains (Fig. 5.2B). Its smaller size and inability to bind streptavidin on
SDS-PAGE, indicated the presence of Fab chains whose AP tags had been cleaved
during the purification and biotinylation process. As 9E10-APLH induction in
bacterial periplasm was not very strong and some protein would be lost during
processing, the overall yield of the final 9E10-APLHb was very low, ranging from
0.05 — 0.10 mg from a 750 mL bacterial culture. Although the obtained yield and
purity of 9E10-APLHDb were not ideal, in the interest of time we decided to use this
antibody stock for some preliminary tests, while I continued optimising the

expression and purification of 9E10-APLH (section 5.6 and appendices 1 and 2).
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Figure 5.2. 9E10-APLHDb synthesis and clamp development. A. Schematic representation
of clamping with streptavidin. Myc tag is expressed on the C-terminus of Maltose Binding
Protein (MBP, based on PDB 2KLF). 9E10 (based on PDB 20R9) expressed with AP tags on
the N-termini, and biotinylated in vitro, binds to myc. Tetravalent streptavidin (PDB 1SWE)
binds biotin on both AP tags and locks the peptide in the binding site. B. 9E10-APLHb
purification and biotinylation analysed using SDS-PAGE and Coomassie staining. On
reduction with 2-ME and addition of streptavidin, both biotinylated Fab chains show a band
shift. The faint band at ~28 kDa (denoted by *) is probably representative of the Fab chains in
which an AP tag has been cleaved.
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5.3 Generation of the myc series

To test the functionality of the recombinant 9E10-APLHb, a series of myc mutants
was constructed (Fig. 5.3). As the efficiency of clamping could depend upon the size
of the folded domain on either side of the part recognized by the antibody, it was
important to test clamping efficiency using the myc peptide in different positions. I
therefore engineered the myc peptide attached to either one or two globular proteins.
In the MBP-myc series, myc was expressed at the C-terminus of Maltose Binding
Protein, giving the Fab easy access to the peptide (Fig. 5.3). In the MBP-myc-CFP
series, Cyan Fluorescent Protein was attached to the C-terminus of MBP-myc,
forming a dumbbell shaped protein with myc tag in the centre (Fig. 5.3). This would
also allow us to assess if the clamp worked better on the rotaxane model, with the two
globular domains inhibiting the “slipping off” of the Fab-SA clamp from the myc
peptide. Glycine-serine linkers were inserted between the different domains to
provide flexibility to the tag. To test the clamping efficiency on different affinity
interactions, three variants of myc tag were used (Fig. 5.3). Mycl is the original myc
tag composed of 11 amino acids (Glu-Gln-Lys-Leu-Ile-Ser-Glu-Glu-Asp-Leu-Asn)
and binds 9E10 with a K, =5 x 10”"M in PBS (KrauB et al., 2008). Myc2 is a shorter
myc tag, comprising 9 amino acids (Lys-Leu-Ile-Ser-Glu-Glu-Asp-Leu-Asn) and has
a lower affinity for 9E10, K, = 2.5 x 10°M in PBS (KrauB et al., 2008). MycK (Glu-
Gln-Lys-Leu-Ile-Ser-Lys-Glu-Asp-Leu-Asn) is a point mutant that does not bind
9E10 and was therefore used as a negative control in experiments (Hilpert et al.,

2001).

The various myc constructs were cloned and expressed in the cytoplasm of E. coli
strain RIPL (DE3) and purified on an amylose-agarose column. To check for protein
purity and uniformity, the myc proteins were analysed by SDS-PAGE (Fig. 54).
MBP-myc constructs gave single bands at ~40kDa. MBP-myc-CFP constructs
appeared at ~70kDa, with some degradation in MBP-myc1-CFP and MBP-mycK-
CFP.
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Name Constructs

myc1
MBP-myc1 N @ C

MBP-myc2 N

MBP-mycK N
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myc1
Maltose binding protein \L\ EQKLISEEDLN
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myc2

Figure 5.3. A list of the myc constructs used to test 9E10-APLH clamp. Myc mutants
were attached to either MBP only, or to MBP and CFP. Mycl has high affinity for 9E10,
myc2 has lower affinity and mycK does not bind 9E10.
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Figure 5.4. Expression of the myc series. SDS-PAGE, stained with Coomassie dye,
showing purified myc constructs under non-reducing and reducing conditions. The MBP-myc
series is 40 kDa and the MBP-myc-CFP series is 70 kDa. No disulfide bonds are present in
these constructs.

5.4 ELISA showed improved myc : 9E10-APLHb binding with SA block

9E10-APLHb was tested for its binding to the different myc constructs by ELISA. 1
uM of each myc construct was coated overnight onto wells in an ELISA plate. 10
pg/mL 9E10-APLHb was then allowed to bind to the myc construct, and excess Fab
was washed off. Fab binding to the myc construct was detected using an anti-human
IgG-HRP secondary antibody. As expected, 9E10-APLHb showed strongest binding
to mycl (Fig. 5.5A, P < 0.01, n = 2, unpaired t- test, comparing MBP-mycl and
MBP-myc2; P < 0.001, n =2, unpaired t- test, comparing MBP-myc1-CFP and MBP-
myc2-CFP). Binding to myc2 was much lower and mycK binding was negligible,
comparable to the PBS control (Fig. 5.5A, P> 0.4, n =2, unpaired t- test, comparing
MBP-mycK and PBS). Thus the 9E10-APLHb binding pattern was similar to that
expected from 9E10, and the insertion of AP tags had not affected the specificity of
myc-9E10 interaction. Overall, binding to the MBP-myc-CFP constructs showed

142



higher absorbance compared to the MBP-myc constructs. One explanation for this
difference could be that the presence of the second globular domain in MBP-myc-
CFP constructs limits the myc peptide into a conformation that favours Fab binding.
As CFP absorbs at 450 nm, its presence might also contribute to the higher absorption
observed for MBP-myc-CFP and 9E10-APLHb binding in ELISA.

To test for clamping, I first used 9E10-APLH or 9E10-APLHD as a primary antibody
to bind to 1 uM MBP-mycl on ELISA, and then treated the wells with or without
streptavidin, before detecting Fab binding with the secondary antibody (Fig. 5.5B). As
hypothesized, treating with streptavidin increased the signal from the myc-9E10-
APLHb binding, but not myc-9E10-APLH, confirming that SA was specifically
binding to the biotins on the AP tags (Fig. 5.5B). The absorbance for 9E10-APLHb
binding increased 2.5-fold in the presence of streptavidin, greatly stabilising the
interaction (Fig. 5.5B, P < 0.01, n = 2, unpaired t- test). However, it was also noted
that the initial binding of 9E10-APLHb to myc was worse than that of 9E10-APLH
(Fig. 5.5B, P < 0.01, n = 2, unpaired t- test), suggesting that the presence of biotins
was somehow inhibiting 9E10-APLHb binding to myc. Therefore, the improvement
by clamping was just a restoration to the level of the original 9E10-APLH binding
(Fig. 5.5B). One reason for the difference in 9E10-APLH and 9E10-APLHb binding
to myc could be the uncertainty about their purity and concentration. The
biotinylation of the AP tag could also inhibit binding to myc, either by direct steric
hindrance or by altering the way that the AP tags interacted with the CDRs. As the
Fab I purified degraded easily, it was difficult to measure the exact concentrations of
well-folded Fab constructs in use. There could be small amounts of BirA present in
the 9E10-APLHb sample and removing this BirA would require another cycle of
purification that would further lower 9E10-APLHDb yield. Therefore the unavailability
of a pure, uniform, high yielding Fab construct was a major deterrent in further
exploring the reasons for lower 9E10-APLHb binding to myc. However, the SA
blocking did show initial promise as once 9E10-APLHb had bound myc1, adding SA

greatly enhanced the signal.
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Figure 5.5. ELISA to test 9E10-APLHb binding. A. Microtitre plate wells were coated with
1 uM of the indicated myc protein construct and 10 pg/mL 9E10-APLHb was used as the
primary antibody. Anti-human IgG-HRP was used as secondary Ab to detect binding and A
was measured. Binding levels to the different myc constructs are shown (mean of duplicate +
1 s.d.). B. ELISA to compare 9E10-APLH and 9E10-APLHb binding. 10 pg/mL 9E10-APLH
or 9E10-APLHb was used as primary Ab against 1 uM MBP-mycl. SA binding improved
binding with 9E10-APLHbD but not 9E10-APLH (mean of duplicate + 1 s.d.).

To further investigate how clamping efficiency varied with a change in myc
concentration and if the SA blocking improved myc detection limit, MBP-mycl was
titrated onto an ELISA plate and 9E10-APLHb was used as the primary antibody,
with or without the SA clamp (Fig. 5.6A). Overall, blocking dissociation with SA
showed greater absorbance than the unblocked antibody. At the highest MBP-mycl1
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concentration of 1 pM, adding SA gave a ~2.5-fold increase in absorbance (Fig. 5.6A,
P < 001, n = 3, unpaired t- test), and this increase was consistent until 10 nM
concentration of MBP-myc1 (Fig. 5.6A, P < 0.0001, n = 3, unpaired t- test). When
MBP-mycl concentration was below 1 nM, 9E10-APLHb did not bind the antigen,
and there was no improvement with the SA block (Fig. 5.6A, P> 0.2, n = 3, unpaired
t- test). This suggests that the SA clamp does not increase the original binding of the
Fab to the antigen, but rather stabilizes the interaction once 9E10-APLHb has bound
to mycl, by inhibiting dissociation. It was also important to check if the increase in
myc-Fab stability was due to SA locking and clamping the myc peptide in the
antigen-binding groove, or due to the mere presence of the bulky SA molecule. When
monovalent streptavidin (mSA) with only one biotin-binding site (Howarth et al.,
2006) was used to block 9E10-APLHb, instead of the regular tetravalent SA, there
was a small but significant increase in absorbance (Fig. 5.6A, P < 001, n = 3,
unpaired t- test). This is consistent with the design of the clamp, as each mSA would
bind only one of the two AP tags, thereby leaving the antibody:antigen complex
unlocked, but the mere presence of the bulky mSA would still provide a physical

block and hinder the dissociation of myc to a slight extent.

A similar titration was done using MBP-mycl-CFP, which gave a comparable
binding pattern (Fig. 5.6B). As the initial binding of 9E10-APLHb for MBP-myc1-
CFP is stronger, the increase in absorbance with SA clamp was only ~2-fold (Fig.
5.6B, P <0.01, n =3, unpaired t- test). Again, there was no increase in absorbance for
MBP-myc1-CFP concentrations lower than 1 nM (Fig. 5.6B, P> 0.3, n = 3, unpaired
t- test), consistent with the design of the clamp that is engineered to maintain binding
for longer periods of time rather than to increase the intrinsic affinity of the Fab (Fig.
5.6A and B). Thus, although the SA clamp stabilized the myc-9E10 interaction
consistently, SA did not improve the detection limit of the assay. No increase in
absorbance was observed on applying the SA clamp to mycK constructs, confirming
that the SA clamp did not interfere with Fab specificity (Fig. 5.6A, P >0.2, n = 3,
unpaired t- test; and Fig. 5.6B, P> 0.2, n = 3, unpaired t- test).
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Figure 5.6. ELISA to test SA clamping on mycl. Clamping efficiency was analysed on a
dilution series ranging from 0-1000 nM of A.) MBP-myc1 and B.) MBP-myc1-CFP. 9E10-
APLHDb was added to myc constructs, before treatment with or without SA. MBP-mycK and
MBP-mycK-CFP were used as respective negative controls. Monovalent streptavidin (mSA)
binds only one AP tag and is therefore inefficient in clamping the myc-Fab complex (mean of
triplicate = 1 s.d.).

5.5 9E10-APLHDbD recognition of myc expressed on the mammalian cell surface

As the clamp had been designed to be used on live cells and given its partial success
in increasing antigen-antibody complex stability in vitro, it was important to test if
9E10-APLHb could bind to myc expressed on the cell surface. For this purpose, I
used a gene construct with the mycl tag between CFP and a transmembrane domain

(TM), termed CFP-mycl-TM, and inserted the gene construct into a mammalian
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expression vector. HelLa cells transfected with CFP-mycl-TM expressed mycl on
their cell surface and were easily recognizable as the CFP positive cells by fluorescent
microscopy (Fig. 5.7). 9E10-APLH or 9E10-APLHb was used to label cell surface
mycl and binding was detected using anti-human IgG AlexaFluor555 (Fig. 5.7).
9E10-APLH showed clear binding to mycl, as represented by the co-localization of
CFP and AlexaFuor555 signals, which form rings on the transfected cells’ plasma
membranes. However, very faint to no binding was observed with 9E10-APLHb
(Fig. 5.7). The presence of biotins on the AP tags could obstruct the myc-binding site,
thereby leading to weaker binding of 9E10-APLHb to cell surface mycl. Therefore,
9E10-APLHb was not ideal for clamping on cells, as further optimization of the Fab

was required.

CFP 555 Brightfield

9E10-
APLHD %

Figure 5.7. Live cell imaging to test 9E10-APLHb binding. Mycl was cloned with CFP
and a transmembrane domain (CFP-myc1-TM) and transfected into HeLa cells. Transfected
cells display CFP and myc extracellularly on the plasma membrane and can be identified
from the ring of CFP fluorescence. 9E10-APLH or 9E10-APLHb was used to bind surface-
expressed myc; binding was detected using anti-human IgG AlexaFluor555 and analysed by
fluorescent microscopy. 9E10-APLH, but not 9E10-APLHb, bound specifically to myc-
expressing cells.
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5.6 Efforts to improve 9E10-APLH expression and purity

In order to develop the clamp, it was important to first optimise 9E10-APLHb so that
1.) the Fab was easier to fold, express and purify and 2.) the reduced binding
efficiency to myc compared to the original 9E10 was overcome. Both these targets

were interdependent and multiple ways were tried to achieve these.

Expressing 9E10-APLH in the periplasm of bacterial cells required the Fab chains to
be individually translated in the cytoplasm and translocated to the periplasm through
the Sec-dependent pathway (Baneyx and Mujacic, 2004). However, protein
overexpression in the periplasm can trigger oxidative stress or improper formation of
disulfide bonds, leading to misfolding or aggregation of Fab fragments (Missiakas et
al., 1996). This limits the amount of correctly folded Fab that can be produced in the
bacterial periplasm. To overcome this issue, the Rosetta Gami bacterial strain
favouring disulfide bond formation in the cytoplasm, by mutating thioredoxin
reductase (trxB) and glutathione reductase (gor) genes, has been developed (Proba et
al., 1995; Bessette et al., 1999; Levy et al., 2001). I deleted the leader sequences from
the light and heavy chains of 9E10-APLH and expressed the constructs in E. coli
Rosetta Gami 2 (DE3) (Fig. 5.8A). No band of the appropriate size was detected for
9E10-APLH. Under reduced conditions, extremely faint Fab chains could be detected,
but the presence of other impurities rendered this expression and purification process

unsuccessful.

I then moved on to the mammalian system, which is more suited for the expression of
recombinant eukaryotic proteins (Geisse and Henke, 2005; Backliwal et al., 2008).
9E10 Fab chains with the AP tags were inserted into mammalian expression vectors
and targetted for extracellular secretion in HEK-293T cells (Durocher et al., 2002;
Backliwal et al., 2008) (Fig. 5.8 B). Although faint Fab chains were detected on
reduction, a clear Fab dimer was absent from the eluted samples (Fig. 5.8B). The

presence of multiple impurities of various sizes also made this process undesirable.

I next went on to redesign the linkers between 9E10 Fab chains and the AP tags.
Linkers confer structural flexibility to a multidomain protein and a bad linker can lead
to poor product expression and function (Wriggers et al., 2005). The AP tag, attached
via a (Gly-Ser-Gly), linker at the N-terminus of the heavy and light chains, may have
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been interrupting proper folding of 9E10-APLH. One way to overcome this issue was
to modulate the length and flexibility of the linkers between the 9E10 Fab and AP
tags, such that the AP tags stay clear of the myc binding site but are still close enough
to be clamped by tetravalent streptavidin. I therefore modulated the (Gly-Ser-Gly),
linker in two ways. First, I elongated it to (Gly-Ser-Gly),. In a second version, I
inserted a rigid helical linker, Ala-(Glu-Ala-Ala-Ala-Lys),-Ala, which controls
distance to an estimated length of 51 A, and could reduce interference between
adjacent domains (Arai et al., 2001). I expressed both constructs in HEK-293T cells,
isolated the Fab with Ni-NTA and ran purified fractions on SDS-PAGE (Fig. 5.8C). A
strong band at 60 kDa represented BSA, which is present in high amounts in cell
culture media. For 9E10-APLH with long linker, a Fab dimer was observed and the
band split into two chains on reduction (Fig. 5.8C). However, the yield was less than
0.06 mg from a 250 mL cell culture. No Fab was isolated for the 9E10-APLH

construct with the helical linker.

As all efforts to express 9E10 with AP tags had been ineffective, it was possible that
the AP tags themselves were causing misfolding. I therefore replaced the AP tag with
the BirA Substrate Peptide (BSP) (LHHILDAQKMVWNHR) that can also be
biotinylated in vitro (Jia et al., 2007). The BSP tags were attached via (Gly-Ser-Gly);,
linkers to the N-termini of heavy and light chains of 9E10 Fab. After expression in
293T cells, the purified fractions were run on SDS-PAGE (Fig. 5.8D). The 9E10-BSP
dimer was observed at ~50 kDa, and its reduced Fab chains were present at ~25 kDa.
The yield was still very low and impure: <0.2 mg 9E10-BSP from 250 mL cell

culture.

After exploring further conditions, without substantial improvement in antibody
expression (appendices 1 and 2), I focussed instead on testing clamping with anti-

HER?2.
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Figure 5.8. Efforts to improve 9E10-APLH expression. A. 9E10-APLH without leader
sequences was expressed in the cytoplasm of E. coli strain Rosetta Gami 2. B. 9E10-APLH
was expressed using HEK-293T cells and purified using Ni-NTA. C. 9E10-APLH, with long
linker (GSG-GSG-GSG) or helical linker (A-EAAAK-EAAAK-A) between the AP tag and
the N-termini of the Fab chains, was expressed extracellularly in HEK-293T cells. Fab was
purified on Ni-NTA and run without or with reducing agent. D. 9E10, with BSP tag on the N-
termini of heavy and light chains, was expressed in HEK-293T cells and purified on Ni-NTA.
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5.7 Developing a clamp based on the HER2-4DS interaction

As the expression of 9E10-APLHb was a major hindrance in obtaining robust and
reliable results, it was important to test the clamping technique on an alternate
antibody. 4D5, the mouse monoclonal precursor to hu4D5 and Herceptin, binds the
HER?2 receptor with high affinity (Carter et al., 1992) and is often used as a tool to
detect HER2 on the cell surface. As 4D5 binds the B-sheets in domain IV of HER2
(Fig. 5.9A) (Cho et al., 2003), testing clamping using 4D5 would allow us to explore
if the clamping approach was restricted to peptide antigens like myc, or if clamping
could also be applied to clamp folded protein domains. Furthermore, as 4D5 binds
HER?2 with high affinity (K; = 6 nM for mouse 4D5 IgG) (Shepard et al., 1991), it
would be interesting to explore if clamping improved the binding characteristics of a

protein interaction where binding was already strong.

For this purpose, I engineered to clamp 4D5 by genetically inserting the AP tags into
the N-termini of the heavy and light chains of 4D5 Fab, attached via glycine-serine
linkers, and termed the construct 4D5-APLH. As the N-termini are on either side of
the HER?2 binding interface, the AP tags were designed to extend out on both sides of
the HER2 domain and be bridged by tetravalent streptavidin as previously outlined
for myc-9E10 (Fig. 59A). 4D5-APLH was expressed in HEK-293T cells. After
purification on Ni-NTA column, the AP tags on the Fab were biotinylated with BirA,
and the doubly biotinylated 4D5-APLH was termed 4D5-APLHb. To check for
purity, 4D5-APLH and 4D5-APLHb samples were run on SDS-PAGE (Fig. 5.9B).
The Fab dimer showed a clear band at ~52 kDa, and a fainter band at ~53 kDa, which
may result from glycosylation of a fraction of the Fab produced. On reduction, the
Fab dimer split into its constituent heavy and light chains at ~26 kDa, both of which
shifted upwards on the addition of streptavidin. Therefore, complete biotinylation of
both Fab chains was achieved. The overall purity of the Fabs was not ideal, as faint
bands of various sizes could be seen in each lane. Ideally, the Fab should be purified
further under more stringent conditions to obtain a cleaner uniform band. However, as
the 4D5-APLHD yield I obtained was low (0.15 mg-0.2 mg from 250 mL cell culture),
additional purification cycles were not deemed feasible in the interest of time and

resources.
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Figure 5.9. Designing the clamp on the HER2-4DS interaction. A. Cartoon representation
of HER2 extracellular domain in complex with hu4D5 (PDB 1N8Z). AP tags inserted on N-
termini of light and heavy chains of mouse 4D5 can be biotinylated in vitro and bound by
tetravalent streptavidin (PDB 1SWE), clamping the HER2 domain within the binding site.
HER2-hu4D5 complex is used in this representation although the actual modifications were
made on mouse 4D5 Fab. B. SDS-PAGE to analyse the purity and biotinylation of 4D5-
APLHD, stained with Coomassie blue.
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5.8 Improved stability of the SA-bound antibody on HER2-expressing cells

A sturdy protein lock should be able to survive multiple dissociation forces including
chemical interference, physical pulling and time-dependent dissociation. To test the
clamp for these features, I exposed the antibody complex to various stringent
environments and then compared its binding to the original 4D5 Fab. Using an acidic
buffer, 1 tested whether the antibody complex could maintain its non-covalent
interaction in a low pH environment, which would otherwise strip off the antibody. I
then proceeded to compare how much longer the clamp would remain bound to cells
in a time-course experiment. Finally, I assessed the complex’s resistance to physical

pulling force on immunomagnetic cell isolation.

5.8.1 Stability of anti-HER?2 antibody binding with streptavidin in acid wash

Firstly, to test the functionality of 4D5-APLHb, I used the Fab to bind surface HER2
on high HER2-expressing BT474 cells. Live BT474 cells were labelled with 4D5-
APLHb as the primary antibody and then incubated with streptavidin, before
detecting bound Fab using anti-mouse IgG conjugated to AlexaFluor555 (Fig. 5.10).
As a positive control, I used the unmodified 4D5 Fab to bind BT474 cells. When
analysed by fluorescent microscopy, both 4D5 Fab and 4D5-APLHb showed strong
binding to the BT474 cell surface (Fig. 5.10, left panel). When 4D5-APLHb was pre-
incubated with streptavidin, and then added to BT474 cells, very little to no binding to
the cell surface was observed (Fig. 5.10). This is consistent with the clamp design,
because incubating with streptavidin should bridge the AP tags and block the HER2
binding site in 4DS5, inhibiting HER2 from entering its binding site on the Fab.
However, if SA was binding AP tags on different Fab molecules, leading to
multimerization of Fabs instead of clamping individual Fabs, the HER2 binding site
would still be open and 4D5-APLHb prebound to SA would be able to bind HER2.
The effectiveness of the clamp under chemically harsh conditions was assessed by
subjecting labelled cells briefly to a pH 3 buffer. Acid wash disrupts weak non-
covalent interactions and removes bound antibody, without impairing cell viability

(Sugawara et al., 1987).

Cells labelled with primary Fab, with or without SA, were washed with the acid
buffer and the bound Fab was detected using anti-mouse IgG-555 (Fig. 5.10, right
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panel). Acid wash did not obviously damage cells, as they appeared healthy in the
brightfield images (Fig. 5.10). None of the unmodified 4D5 Fab was detected on cells
after acid wash, suggesting that 4D5 had dissociated on treatment with the acid (Fig.
5.10). However, almost all of the SA-bound antibody survived acid wash, showing
strong binding to cells (Fig. 5.10). This was a promising result as it clearly
demonstrated the improved stability of the recombinant antibody in the presence of

streptavidin compared to the regular antibody.
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Figure 5.10. Acid wash to test 4DS5 stability. BT474 cells were labelled with 10 pg/mL of
the indicated 4D5 construct and binding to surface HER2 was detected with anti-mouse IgG
AlexaFluor555 and fluorescent microscopy. Acid washing can strip bound 4D5 from the
cells, but was unable to remove 4D5-APLHb when SA was added. 4D5-APLHb pre-
incubated with SA (bottom row) resulted in weak staining of BT474.

5.8.2 Clamp stability with different SA constructs

As a further control, I tested clamping with various streptavidin constructs containing
four (tetravalent SA, SA), two (divalent SA, dSA) or one (monovalent SA, mSA)
biotin binding sites on the streptavidin tetramer (Howarth et al., 2006). After labelling
with 4D5-APLHb, BT474 cells were incubated with the indicated SA construct, acid
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washed as before and analysed by microscopy (Fig. 5.11). Tetravalent streptavidin
clamped most efficiently and Fab stayed bound to the cells despite acid wash. As
expected, mSA was incapable of bridging the two AP arms, and therefore behaved in
a similar fashion as unclamped Fab; no 4D5-APLHb remained bound to cells after
acid wash (Fig. 5.11). Interestingly, dSA also increased Fab stability, although it was
less efficient than SA (Fig. 5.11).
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Figure 5.11. Acid wash to test clamping with various SA constructs. BT474 cells were
labelled with 10 pg/mL 4D5-APLHb and then incubated with 0.2 uM of the indicated

streptavidin construct. After acid wash, bound Fab was detected using anti-mouse IgG
AlexaFluor555 and analysed by fluorescent microscopy.
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5.8.3 Time-course experiments to assess clamp stability

In order to evaluate the dissociation rate of SA-bound Fab, time-course experiments
were conducted. BT474 cells were labelled with 4D5-APLHD and then treated with or
without SA. After removing excess Fab and SA, cells were incubated at 37°C for O, 1,
3, 6 or 21 hr in a cell-culture incubator. The Fab that remained bound to cells after
these time periods was detected with anti-mouse IgG-555 and analysed by
microscopy (Fig. 5.12). At 0 hr, 4D5-APLHb showed strong binding to HER?2
expressing cells, independent of the presence of SA. Within 1 hr, the 4D5-APLHb
signal was much weaker compared to its original binding (Fig. 5.12). 4D5-APLHb
sustained some binding on cells until 3 hr but had gave almost no signal after 6 hr. On
the other hand, in the presence of SA, there was no decrease in the 4D5-APLHb
signal at 1 hr: the signal remained high even after 3 hr, and still showed signal at 6 hr
(Fig. 5.12). No Fab remained bound at the cell-surface after 21 hr under either
condition. Thus SA blocking considerably prolonged the time for which 4D5 stayed
bound to HER2 at the cell-surface, suggesting it might show promise as a tool for
long-term imaging (Hayashi-Takanaka et al., 2009). As some decrease in the cell
surface signal could also be due to endocytosis of the Fab or Fab-SA complex, longer
signal on addition of SA could also mean that the SA binding to the Fab is inhibiting

its endocytosis and retaining the HER2 on the cell surface.
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Figure 5.12. Time-course experiment to study clamping efficiency at the cell-surface.
BT474 cells were labelled with 15 pg/mL 4D5-APLHb and incubated without or with
tetravalent SA. Cells were washed and incubated in cell media for the indicated duration of
time. Fab that remained bound at the cell-surface was detected with anti-mouse IgG 555 and
imaged with fluorescent microscopy.

5.9 Clamping vs. multimerization

Although the anti-HER2 Fab had shown greater apparent stability in the presence of
streptavidin, the mechanism by which SA was reducing Fab dissociation was not

confirmed. Bridging two AP tags on the same Fab, thereby locking the antigen
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domain, is one way of mechanically restraining dissociation. However, it is also
conceivable that SA could bind two AP tags on adjacent Fab molecules. As
tetravalent SA can bind up to four biotins, SA could easily crosslink multiple Fabs,
forming multimers of 4D5-APLHb and SA (Fig. 5.13A). Therefore, increased Fab-SA
stability could be due to multivalency and not protein locking. To test this hypothesis,
I designed 4D5-LHAPb bearing AP tags on the C-termini of the heavy and light
chains of 4D5 Fab. If Fab stability was mostly due to streptavidin’s tendency to bind
two AP tags on the same Fab, 4D5-LHAPb would not be able to lock HER2 and
would behave similarly to unmodified 4D5 (Fig. 5.13B). However, if SA-enhanced
stability was a result of multimerization, 4D5-LHAPb would be as stable as 4D5-
APLHbD (Fig. 5.13B).

Figure 5.13. Schematic representation of clamping versus multimerization model.
Tetravalent SA (orange) could bind AP tags on the Fab (blue, green) in two ways: - it could
bind both AP tags on the same Fab, locking the antigen (pink) into the binding site, or it could
bind AP tags on different Fabs, crosslinking multiple antigen-Fab interactions. As multimers
dissociate slower than individual interactions, both clamping and multimerization can be
associated with more stable Fab binding. A. The two models on N-terminally inserted AP
tags, 4D5-APLHbD. B. The two models on C-terminally inserted AP tags, 4D5-LHAPD. If the
clamping model is dominant, 4D5-LHAPD will not be as stable as 4D5-APLHb.
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4D5-LHAPb was expressed and purified and both AP tags were biotinylated with
BirA. The Fab dimer gave a strong band at ~56 kDa on SDS-PAGE (Fig. 5.14). On
reduction, the dimer split into individual Fab chains, which were ~28 kDa in size, and
shifted in the presence of SA, suggesting complete biotinylation (Fig. 5.14). To check
if 4D5-LHAPb was as resistant to chemical interference as 4D5-APLHD, I labelled
BT474 cells with the two different Fabs and then incubated with dSA (Fig. 5.15A).
After acid wash, the bound 4D5-LHAPb was detected with a secondary antibody and
was found to have survived acid wash with the same intensity as 4D5-APLHb (Fig.
5.15A). Thus, both Fab constructs, with AP tags in opposite directions, sustained
binding to HER2, when dSA was used to bind their AP tags. This result supports the
multimerization mechanism over the clamping mechanism (Fig. 5.13): the enhanced
antigen binding with streptavidin is most likely a result of crosslinking of multiple

Fabs rather than due to individual Fab clamps.
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Figure 5.14. Purification and biotinylation of 4D5-LHAPb. SDS-PAGE of 4D5 with C-
terminal AP tags (4D5-LHAPb) without or with reducing agent. Addition of streptavidin
shifted both Fab chains. Smeared band between 35-40 kDa (*) is probably degraded Fab.
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Furthermore, I compared the two constructs using immunomagnetic cell isolation. I
coated BT474 cells with either 4D5-APLHb or 4D5-LHAPb at 1 ug/mL or 0.1 ug/mL
and then isolated cells using SA-coated magnetic particles (Fig. 5.15B). In the
presence of a magnetic field, a pulling force is applied on the magnetic bead. As SA is
attached to the magnetic bead from one side and binds 4D5 from the other, SA will be
pulled in a direction away from the Fab. In the case of 4D5-APLHD, this force should
have less effect on the HER2-Fab interaction, as HER2 would be trapped between the
Fab and SA. However, with 4D5-LHAPDb, SA would be pulling the Fab away from
HER?2, and therefore the amount of cells recovered by immunomagnetic cell isolation
should be lower. On the other hand, if multimerization was dominating over
clamping, both constructs would form large networks of HER2-Fab-SA complexes,
and 4D5-APLHb would not have an advantage over 4D5-LHAPb. When the
immunomagnetically isolated cells were calculated as a percentage of total number of
cells, 4D5-LHAPD recovered a higher number of cells than 4D5-APLHb (Fig. 5.15B).
At 1 pg/mL, 4D5-LHAPD recovered 20% more cells than 4D5-APLHb (Fig. 5.15B, P
< 001, n = 2, unpaired t- test). At 0.1 ug/mL, recovery from 4D5-APLHb was
negligible, whereas 4D5-LHAPb recovered more than 70% cells (Fig. 5.15B, P <
0.005, n = 2, unpaired t- test). Therefore the antibody with the potential to clamp
(4D5-APLHb) did not show any improvement over the antibody that could only
multimerize (4D5-LHAPb) and in fact performed worse. This result is also

inconsistent with the clamping model and consistent with the multimerization model.

Moreover, when the bis-biotinylated 4D5-APLHb was incubated with dSA in solution
before running on SDS-PAGE, a bias towards 1Fab:2dSA was seen, and little
1Fab:1dSA complex was detected (Appendix 3, observed by laboratory member Dr.
Denis Krndija, 2011). Higher molecular weight complexes denoting multimers of
Fab-dSA complexes were also evident and were absent when 4D5-APLHb was
incubated with mSA instead of dSA (Appendix 3, observed by laboratory member Dr.
Denis Krndija, 2011).

It should however be noted that 4D5-LHAPb may not be the best control to compare
to 4D5-APLHb, as the distance between the C-termini of 4D5 Fab (9.8 A) differs
from the distance between the two N-termini in 4D5 Fab (342 A) (based on PDB
IN8Z). Furthermore, the movement of the extended AP tags might be restricted in

160



4D5-APLHb due to the presence of HER2 in the binding site, whereas the AP tags
may move more freely when they are at the C-termini of the Fab chains, away from
the binding site. This could also lead to a difference in the ratio of clamped vs.

multimerized Fab when using the two constructs.
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Figure 5.15. Comparing stability of 4DS-APLHb and 4DS-LHAPb on HER2 binding. A.
BT474 cells were labelled with the indicated Fab and binding was detected with anti-mouse
I1gG-555 by fluorescent microscopy. B. BT474 cells were labelled with the indicated
concentration of either 4D5-APLHb or 4D5-LHAPb and isolated with SA-coated magnetic
beads. Recovered cells were quantified on a Coulter counter and calculated as a percentage of
the total number of input cells (mean of duplicate + 1 s.d.).
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5.10 Discussion

Most antibodies associate with their ligands in a reversible manner to form complexes
based on non-covalent interactions. A slow rate of dissociation is important for in vivo
targetting applications when a therapeutic drug requires a longer period on target to be
effective, as well as for immunoassays or live cell imaging. In this chapter, I describe
efforts to develop an alternative way to achieve antigen-antibody complex stability,
by not modifying the primary binding interaction but, once the antigen-antibody
complex has formed, clamping the antigen in place in a way that is irrespective of the
particular antibody-antigen complex. The design of the clamp was to allow an
external SA molecule to bind to biotinylated AP tags on either side of the antigen
binding group on the Fab, physically restricting the antigen from dissociating from the
complex. The engineered clamp was tested on two Fabs, myc peptide-binding 9E10
and HER2-binding 4D5. The strategy showed some promise initially, as adding SA to
the engineered Fabs increased binding on ELISA and cell imaging. However, it was
difficult to demonstrate experimentally if the antibodies actually clamped as designed,
or if the increased stability was a result of previously unanticipated antibody

multimerization.

During the process of engineering the clamp, AP tags were chosen for clamping, as
they are short peptide tags that can be easily inserted genetically into the Fab chains.
After biotinylation, these tags bind SA with extremely high affinity, forming an
almost irreversible interaction. Alternate SA-binding tags, such as Streptag
(AWRHPQFGG, K, = 3.7 x 10° M), Streptag I (WSHPQFEK, K, = 7.2 x 10° M)
and P25 (CWHPQAGC, where C residues are disulfide-bonded, K, = 1.3 x 10”° M)
(Schmidt et al., 1996) can also be considered, especially as they are shorter than the
AP tag and would not have to undergo the additional process of biotinylation.
However, their affinity for SA is 10° fold worse than biotin-streptavidin, and would
therefore not be ideal for clamping. BSP tags were also used as a replacement for AP
tags, to try to reduce the impairment caused by AP tags on 9E10 Fab folding, but
BSP-tagged 9E10 did not express substantially better in HEK-293T cells, and was
therefore not explored further. The N-termini of the Fab chains were a convenient

place to attach AP tags, but it might be possible to insert the AP tags into loops
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surrounding the antigen binding site, as would be required to clamp single-chain Fv

fragments, although this remains to be investigated.

For the clamp, tetravalent SA was chosen as it could bind both AP tags on a Fab with
equal affinity. Divalent SA would have been preferable, as it would minimize the
issue of multimerization. However, the two species of divalent SA, 1,2 dSA (adjacent
active subunits) and 1,3 dSA (diagonally positioned active subunits), were difficult to
differentiate and the restricted distances between the two biotin binding sites may

have affected clamping the 2 AP tags.

It is now possible to isolate each dSA species separately (based on unpublished work
by Dr. Michael Fairhead, Howarth laboratory) and the use of divalent SAs can be
further explored in clamping (Appendix 4). A higher stability SA mutant, traptavidin,
with 10-fold lower off-rate for biotin conjugates (Chivers et al., 2010) is also an

interesting candidate to further optimize SA clamping.

The AP-tagged 9E10-APLHb showed binding to myc on ELISA (Fig. 5.5A). As it is
imperative that the Fab first bind its antigen for the clamp to be effective, 9E10-
APLHD clamping was tested on mycl constructs; its binding to myc2 was negligible
(Fig. 5.5A). On ELISA, > 2-fold increase in absorbance was observed when mycl
was clamped with 9E10-APLHb and SA (Fig. 5.6). This suggests that SA had
successfully bound AP tags, stabilizing the complex and holding the myc peptide in
place. This increase in absorbance was only observed at mycl concentrations above
10 nM, and the clamp did not affect absorbance for lower mycl concentrations (Fig.
5.6A and B), exposing an important limitation of the clamping technique. When there
is no initial myc-9E10 binding at lower myc1 concentrations, there is nothing for SA
to clamp and therefore there is no increase in absorbance. Thus clamping does not
increase detection of lower concentrations of antigen. However, a resulting counter
advantage of clamping is that it achieves higher Ag-Ab stability without losing
specificity of the interaction. However, in light of the later results regarding
multimerization of 4D5-APLHD by SA binding, the increase in 9E10-APLHb stability
seen here could also be due to multimerization and not clamping. However, it would
have been difficult to do all the careful experiments with ELISA, especially as the
9E10-APLH yield was so low and impure. Therefore, at this stage, it is difficult to
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predict the possible use of the rotaxane model for antibody clamping, due to the

problems posed by multimerization.

One major issue with 9E10-APLHb was its reduced intrinsic affinity to myc peptide.
The absorbance on ELISA halved when 9E10-APLHb was used to bind myc instead
of 9E10-APLH (Fig. 5.5B). The 9E10-myc interaction is an unusual one, as the
antibody forms a ternary complex, with one 9E10 Fab molecule binding to myc, and a
second 9E10 Fab binding to the peptide-Fab complex, sandwiching the myc peptide
in between the two Fabs, giving rise to a 2 Fab:1 peptide complex (Kraul} et al.,
2008). This sandwich might increase the apparent affinity of 9E10 for myc, as binding
of two Fabs amplifies the signal and therefore the absorbance on ELISA. The tags on
9E10-APLHb might lead to steric clash with the second Fab molecule, and therefore,
only one Fab binds the myc peptide instead of two, thereby giving lower absorbance.
Thus the tag may hinder the natural self-clamp in 9E10-myc, and this is restored in
the presence of the artificial SA block. If anything, the SA clamp might work better
on other peptide-Fab interactions, where self-clamping is not an issue. Fusion of the
N-terminal AP tags could interfere with mycl binding, and lower the Fab affinity, and
such complications should be kept in mind when designing N-terminal peptide tags

on antibodies.

Various methods were employed to improve the expression of 9E10-APLH and it was
indeed the most challenging aspect of this study. To improve 9E10-APLH yield, I
expressed the Fab in an oxidized bacterial cytoplasmic environment, in mammalian
HEK-293T cells, inserted alternative linkers between the Fab and AP tags, used an
alternative streptavidin binding BSP tag and a number of other techniques (Fig. 5.8
and appendices 1 and 2). However, none of these approaches were successful in
expressing high amounts of 9E10-APLH. Furthermore, the His-tag used to isolate
9E10-APLH by Ni-NTA, was only present on the heavy chain, as the light chains
have higher a tendency to homodimerize. The Ni-NTA purification could have still
pulled down heavy chain dimers and multimers, contaminating the Fab fraction. One
could also use Protein A, Protein G or Protein L columns to further purify 9E10-
APLH, but this risks losing a lot of protein yield. Low Fab expression could also be
due to premature termination of translation or the inhibition of translation by mRNA

secondary structure and it might therefore be interesting to check if codon

164



optimization of the OE10-APLH gene enhances its expression efficiency
(Chattopadhaya et al., 2006). However, even with high Fab expression, the
biotinylation process is itself inefficient and can lead to a 60% loss in protein yield

(Saviranta et al., 1998).

As efforts to express 9E10-APLH did not yield positive results, the clamping
approach was applied to HER2-binding 4D5 Fab. 4D5-APLH, with N-termini AP
tags, was relatively easier to express and purify in workable yields. As HER2 domain
IV (the antigen region for 4D5), is a much bigger domain than myc peptide, longer
linkers were used to insert the AP tags. Conducting ELISA experiments were not
deemed suitable for the HER2-4DS5 interaction, as HER2 is a much larger protein than
MBP-myc, and isolating and purifiying the HER2 domain, to be used as antigen on
ELISA, would have posed an additional set of challenges. 4D5-APLHb was therefore
directly tested on HER2-expressing cells and additions of SA helped sustain the

HER?2-Fab interaction for prolonged time and on treatment with acid buffer.

In order to differentiate between clamping of each antigen-Fab interaction and
multimerization of multiple antigen-Fab interactions, a control was synthesized with
AP tags at the C-termini of the 4D5-Fab, 4D5-LHAPb. 4D5-LHAPbD also survived
acid wash like 4D5-APLHb. Furthermore, when both constructs were tested on
immunomagnetic cell isolation using HER2 expressing cells and SA-coated magnetic
beads, 4D5-LHAPD recovered more cells than 4D5-APLHb at two different Fab
concentrations (Fig. 5.15B). Both these results indicate that the increased Fab stability
on cells in the presence of SA is due to multimerization and not necessarily due to
clamping. However, it is difficult to directly make comparisons between 4D5-APLHb
and 4D5-LHAPD, as the distance between the two AP tags is different in the two
constructs. 4D5-LHAPb might be more prone to multimerization, and 4D5-APLHb
might prefer clamping, based on the distance between the biotin binding sites in SA.
Furthermore, when SA is attached to a rigid magnetic bead, SA molecules might have
restricted movement, leading to a preference for multimerization instead of clamping
in immunomagnetic cell isolation. However, in acid wash, both 4D5-APLHb and
4D5-LHAPb survive when incubated with SA. Therefore, if enhanced binding is
required for live cell imaging and multimerization is not an issue, 4D5-APLHb or

4D5-LHAPD can still be used with SA for prolonged stabilization of antibody on cell
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surface. Furthermore, in this study we had used BT474 cells, which have an
extremely high expression of surface HER2 (Gaborit et al., 2011). In cases where the
antigen is present sparsely (Kaplan and Smith, 2000), clamping might predominate

over multimerization.

In conclusion, clamping showed some promise, but its advantages are limited and
clamping was difficult to differentiate from multimerization as we could not find a
straightforward approach to prove clamping. There may have been clamping of a
fraction of the Fabs in some of the best assays; but even if it was occurring, it was
masked by the reduced binding efficiencies of the AP-tagged Fab constructs and the
increase in Fab stability due to multimerization. While engineering such a tool, it is
imperative to consider not just the desired assembly, but all possible assemblies, their
potential occurrence rate and effects; there is great scope in further exploring this

strategy.

The final goal of clamping should be to clamp unmodified antibodies and binding
proteins, so that problems with protein expression, affinity and specificity are
avoided. Enhancing the stability of protein-protein interactions will go a long way in
discovering and studying new biomarkers for the advancement of research and

medicine.
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Chapter 6: Summary and General discussion
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Chapter 6: Summary and General discussion

6.1 Development of an enhanced approach to isolate cells

Antibodies are routinely used for a number of applications in cell separation. In the
work presented here, I show how immunomagnetic cell separation can be made more
efficient by optimizing the cell-magnetic bead interaction at the molecular level.
These efforts enhanced immunomagnetic recovery, while still giving high purity and
throughput of cells. In the light of the observations presented in Chapter 3, cell
surface-expressed antigen number, antibody affinity, antibody linkage to the bead and
membrane cholesterol levels all contribute to the ability to magnetically isolate cells.
Through this work, it can also be seen how the recovery of cells expressing low levels
of antigen can be enhanced by three steps: 1.) loading cells with cholesterol 2.)
seeking the highest affinity biotinylated antibody available and 3.) capturing the
biotinylated antibody with streptavidin conjugated to the solid phase, thereby
avoiding any intermediary weak link. Together, these steps greatly increased the
recovery of low HER2-expressing cancer cells from rabbit and human blood, and
showed the potential for use of this approach in isolating CTCs from cancer patients.
As each of these enhancements works independently, they can also be employed

individually as required.

The enhancements described here apply to capture based on HER?2 as well as EpCAM
(see attached manuscript) and are therefore likely to be relevant to other cell-surface
expressed antigen-antibody interactions. Although Fab affinity and secondary linkage
enhancements should be independent of antigen type, membrane cholesterol content
may affect different membrane receptors in a variable manner and its effect should

therefore be checked before using on other receptors.

My work here was based on immunomagnetic separation, but the results from this
thesis could be applied to other solid-phase affinity capture systems, such as CTC-
Chip, CellSearch, MACS, chromatography columns or any system where antibody-
based recognition of cells is required. These enhancements can be applied to the
current affinity-based cell isolation appliances and do not require re-engineering of

any machinery, such as capture material components or blood centrifugation/flow rate
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settings, thereby making the enhanced approach immediately applicable in the

research setting.

However, these enhancements face a number of challenges. A major deterrent in
selecting high affinity antibodies for use is that data on antibody affinity is not readily
available from commercial entities. Researchers have to select antibodies based on the
information presented via Western blots and immunofluorescence assays. However,
such data is not sufficient to predict the performance of the selected antibody in
affinity-based cell capture. Affinity-based cell capture subjects the antigen-antibody
interaction to high mechanical and physical pulling forces, created due to the drag of
the cells and the friction generated by the flow of the solution (Chalmers et al., 1999).
Therefore, antibodies that are otherwise efficient in detecting antigen in various

immunoassays may not necessarily be suitable for affinity capture of cells.

Furthermore, antibodies produced for therapy are not always optimized for the highest
affinity, as very high affinity can decrease effective tumour targeting (Carter, 2001).
However, these antibodies with medium affinities are then continued to be used for
research and diagnostic purposes due to their approved status and widespread
popularity. Such antibodies often have a number of higher affinity mutants, (such as
D102W for HER2 (Gerstner et al., 2002)) that are less well known but can be more
effective in cell capture. This study further emphasizes the need for antibodies with
very high affinities (sub-nanomolar range) and well-defined kinetics; although such
antibodies have been engineered using a variety of different techniques (Chapter 1),

extensive production and usage of such constructs is still lacking.

In CTC isolation, a cocktail of antibodies is sometimes preferred over the use of a
single antibody ((Mikolajczyk et al., 2011). A single tumour marker, such as EpCAM,
may be downregulated in CTCs and therefore a mixture of antibodies targetting
various tumour markers imparts a higher probability of isolating CTCs based on
alternate markers. In such cases, it might be difficult to obtain biotinylated high
affinity versions of each antibody and using a secondary antibody that can target all

the primary monoclonal antibodies might be preferred.

Furthermore, addition of cholesterol leads to variable increase in cell recovery

depending on cell-type, as seen in Chapter 4. Such variability could be due to
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differences in the endogenous cholesterol levels in the cell membrane. Some cell-
types have very high basal cholesterol content (Awad et al., 2003) and therefore
adding more cholesterol might not make substantial difference. However, addition of
cholesterol is the easiest and most practical of the three enhancements. Keeping in
mind that cholesterol can be added to blood after the blood has been drawn from the
patient, addition of cholesterol might be used to increase CTC isolation from cancer

patients.

The improvement of the enhanced approach over the standard approach was starker in
isolation from blood than from cell media, probably because the magnetic beads had
to pull through a denser mixture of cells and debris in blood and therefore the need for
the bead:cell synapse to be stronger was higher when isolation was from blood.
Preliminary results on cell-magnetic bead imaging showed that within just half an
hour of incubating cells with beads, the cell membrane had wrapped around the bound
beads. In future, it will be interesting to see how addition of cholesterol changes the
membrane’s flexibility and the pace with which the membrane envelops the bead.
Incubation with immunomagnetic beads can lead to a cell membrane detachment
phenomenon, which involves immunobead-induced removal of specific cell surface
antigen, without killing the cells (Rubbi et al., 1993). Data on cholesterol’s effects on
such antigen uprooting by magnetic beads can also provide useful insights on why

cholesterol addition increases immunomagnetic isolation efficiency.

In summary, I see this work having the potential to contribute to scientific research in
three main ways:- 1.) gaining a better understanding of the interaction between a cell
and the solid-phase from a molecular perspective 2.) using the enhanced isolation
approach in various areas of cell separation techniques and 3.) using the enhanced
isolation approach in isolating low antigen expressing CTCs from cancer patients.
The worked described in this thesis may have implications on designing antibodies
specifically for use in cell isolation, reconsidering the current dependence on high-
expressing cell surface antigens and the discovery and use of alternative cancer

biomarkers.
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6.2 Physically blocking the dissociation of an antigen-antibody interaction

In the second part of my thesis, I worked towards developing a molecular clamp for
the antigen-antibody interaction. As the major force induced on the cell-bead synapse
during immunomagnetic cell isolation is the physical pulling by the bead and the
friction presented by the flow of the solution, it seemed reasonable to decrease the
chances of Fab dissociation from the antigen, by introducing a physical block. I used
streptavidin to bind biotinylated peptide tags inserted on each side of the antigen
binding site in the Fab and block the dissociation of the antigen. Although my efforts
were successful in making the antigen-Fab interaction resistant to various chemical
and physical forces, a number of challenges relating to recombinant Fab production
and difficulties in testing clamping were faced and therefore my work was only

partially fruitful.

However, my findings were preliminary and there are a number of other ways varying
in size, stability, reversibility and genetic encodability that could be explored while
engineering an antibody clamp. DNA and RNA aptamers that specifically bind to the
protein region next to the antigen binding sites (Ellington and Szostak, 1990) could be
used to encircle the antigen-antibody interaction. Such an approach would allow the
clamping of unmodified antibodies, as secreted by hybridomas, thereby extending the
scope and power of this approach. This approach is similar to sandwich
immunoassays, which employ anti-metatypic antibodies raised against already
existing antigen-antibody complexes, and have shown to increase the interactions’
stability (Towbin et al., 1995). Another possibility could be chemical modification of
the antibody so that the clamp can react with the antibody and lock the antigen in the
binding site. Peptides that covalently bind their protein partners (Zakeri et al., 2012)
could also be genetically inserted into the Fab to lead to covalent clamping. However,
these ideas are theoretical and empirical testing will have to be carried out to

investigate their efficacy.

A lot of work still needs to go into designing an antibody clamp. However, once
developed, the clamp’s use will not be limited to immunomagnetic cell isolation.
Clamping could be useful for long-term imaging, for ELISA to detect low levels of
antigen, and for purification of peptide-tagged proteins. Clamping could also allow

the capture of transient interactions such as those of DNA-binding transcription
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factors and histone-binding proteins. One major advantage of the clamping approach
is that it does not change the intrinsic affinity of the antibody, but just blocks its
dissociation after the antibody has bound. This could have potential use in tumour
targeting and therapy, where very high affinity antibodies are adsorbed on the surface
of the tumour and therefore do not penetrate deeper into the tumour (Peer et al.,
2007). The clamping approach would allow the primary antibody to first enter the
tumour and then clamp the bound antibodies to ensure that they produce the desired
effect. This approach could also be applied to antibody fragments other than Fab such
as scFvs or non-immunoglobulin scaffolds (Gebauer and Skerra, 2009) such as

DARPins (Zahnd et al., 2010) and affibodies (Orlova et al., 2007).
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Appendices

Appendix 1: Efforts to express 9E10 Fab in bacterial cells

Construct Rationale Expression Yield
Express in RIPL at 22°C,
25°C or 37°C. Variable At each
9E10 temperatures to optimise temperature, some Not
per op heavy chain detectable
protein production and :
. expression
folding
Express in BL21 (DE3) .
pLysS. Lacks proteases Cells did not grow Not
9E10 . after plasmid
and good for toxic : detectable
; : transformation
protein expression
Rosetta Blue (DE3)* to Not
support enhanced Overnight cultures
9E10 expression of eukaryotic did not grow detectable
proteins
Rosetta Gami 2 (DE3)**
9E10 for enhanced disulfide Overnight cultures Not
bond formation in the did not grow detectable
cytoplasm
Addition of sucrose
B834 (DES3) pLysS for to support Fab
expression of toxic folding. Some <0.1 mg from
9E10 : : : 750 mL
proteins. Express in LB expression when culture
or 2TY media induced at 22°C in
LB
B834 (DE3) plysS for | Addition of sucrose | o5
expression of toxic to support Fab from 750 mL
9E10-APLH . folding. Some
proteins . culture
expression when
induced at 22°C
Addition of 0.4M
Arginine and 5mM
B834 (DE3) pLysS for Glutathione to <0.05 mg
9E10-APLH expression of toxic enhance folding from 750 mL
proteins and disulfide bond culture
shuffling in the
periplasm.

*Rosetta blue cells express rare tRNAs facilitating expression of genes that encode rare E. coli codons.
**Rosetta Gami 2 cells express rare tRNAs facilitating expression of genes that encode rare E. coli
codons. Also have trxB/gor mutations, which enhance cytoplasmic disulfide bond formation.

195



Construct Rationale Expression Yield
Express in K-12 RV308 | Some expression Not
9E10 (ATCC) for expression of | when induced at
. . o detectable
toxic proteins. 22°C.
Some expression
C41 (DE3) for .
9E10-APLH expression of globular when miiuced at <0.1 mg/mL
. 25°C.
and membrane proteins
C43 (DE3) for Some expression <0.1 ma/mL
9E10-APLH | expression of membrane | when induced at -1 mg
proteins 25°C.
9E10-APLH Rosetta Gami 2 (DE3) Some expression Impure
without for enhanced disulfide eXp protein and
. when induced at .
leader bond formation in the R Fab chains
25°C .
sequences cytoplasm not dimerized
Refold in vitro in
100 mM Tris, 400
9E10-APLH mM Arginine, 0.5
) . mM oxidized
without Express in RIPL as , Not
: . . glutathione, 5 mM
leader inclusion bodies detectable
sequences reduced
9 glutathione, pH
8.0. Purify using
Ni-NTA
9E10-APLH
Iezfc\;v:rr;?l\j\tith Express in RIPL or
Rosetta Gami. MBP Fab chains not Not
MBP fused . . L
.. | might help increase Fab dimerized detectable
to C-termini solubilit
of Fab Y
chains
K12 Shuffle strain***
(New England Biolabs
9E10-APLH | Inc.) to promote disulfide
) L . Not
without bond formation in No expression
- detectable
leaders cytoplasm. Carbenicillin
(degrades slower)
instead of Ampicllin

*#*K 12 Shuffle strain has deletions for the gor/trxB genes that allow cytoplasmic disulfide bond
formation. Also has mutation in the peroxiredoxin enzyme, suppressing the lethality of the gor/trxB
gene deletions. Also expresses periplasmic disulfide bond isomerase DsbC without its signal sequence,
retaining DsbC in the cytoplasm.
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Appendix 2: Efforts to express 9E10 Fab in mammalian cells

Construct Rationale Expression Yield
HEK-293T cells for _mpure Fab.
9E10-APLH | improved Fab dimerization | Not detectable - M9
. 250 mL cell
and production
culture
9E10-APLH Longer linker might help Impure Fab.
with GSG- distance the AP tags from Not detectabl <0.1 mg from
GSG-GSG the Fab, and cause less ot detectable 250 mL cell
linker interference to Fab folding culture
9E10-APLH , L Impure Fab.
with GS- Stiff poly-proline linker <0.1 mg from
might reduce interference | Not detectable
PPP-PPP- | 6f AP tags in Fab foldin 250 mL cell
GS linker 9 9 culture
9E10-APLH Impure Fab
with A- Linker known to cause less b i
) <0.1 mg from
EAAAK- interference between Not detectable 250 mL cell
EAAAK-A adjoining domains
. culture
linker
BirA substrate peptide Impure Fab.
LHHILDAQKMVWNHR <0.1 mg from
9E10-BSP | i1stead of AP tag to check Not detectable | 554 | cell
for less interference culture
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Appendix 3: 4D5-APLHD binding to mSA and dSA on SDS-PAGE

mSA dSA
12 42 12 42
4D5-APLHb + + + + - i e i
- " A
130- El* - E g#
138- - - +«—1 4D5-APLHb+1 mSA
_— ™) «—mSA
55- 4 - —— +«—4D5-APLHb
40- = «—dSA

Appendix 3. 4DS-APLHb binding to mSA and dSA. 2 ug 4D5-APLHb was boiled with
SDS loading buffer, cooled and mixed with 1, 2 or 4 ug of the indicated SA construct and
analysed using SDS-PAGE and Coomassie staining. Addition of SA constructs shifted the
Fab band. Increasing amounts of SA construct decreased the proportion of free 4D5-APLHb.
Mixing with mSA, gives either 1 Fab:1 mSA complex (at ~95 kDa) or 1 Fab:2 mSA complex
(denoted by * at ~120 kDa), which increases in intensity with increasing mSA concentration.
Mixing with dSA gives a band at ~130 kDa (#) probably representing 1Fab:2dSA. Higher
complexes (3£) are present in dSA bound Fab samples but not in mSA bound Fab samples.
Data from Dr. D. Krndija, Howarth group.
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Appendix 4: Different versions of divalent streptavidin

1-4 dSA

Appendix 4. Different versions of divalent streptavidin. Top row: Schematic
representation of a divalent streptavidin tetramer composed of two active (green) and two
dead (blue) subunits. Each square numbered 1, 2, 3 or 4 represents a monomeric subunit. The
positioning of the two active subunits relative to each other can determine the distance
between the two biotin-binding sites on a streptavidin molecule. The different versions are
termed 1-2 dSA, 1-3 dSA or 1-4 dSA based on the positioning of the active subunits. Bottom
row: Cartoon representations of the corresponding divalent streptavidins with active (green)
and dead (blue) subunits. Bound biotin is shown in spacefill. Images produced by M.
Fairhead, Howarth group.
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