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Abstract

Engineered protein ligands with specific, high-affinity binding to a biomarker that
are differentially expressed in a disease state have been applied in a variety of therapeutic
and diagnostic applications. Yeast surface display libraries coupled with high-throughput
selection strategies have shown effectiveness in discovering and maturing ligands
towards a variety of target molecules. These high-throughput selection strategies often
require soluble protein as a target molecule. This requires that cell surface biomarkers
with transmembrane domains, constituting a large class of interesting targets, be
produced as recombinant extracellular domains due to the hydrophobic nature of the
transmembrane domain. However, a variety of factors including poor stability, improper
folding, incorrect post-translational modifications, the addition of chemical purification
tags, and the lack of plasma membrane may result in additional non-natural epitopes or
the masking of native epitopes. Thus, ligand discovery campaigns performed using
recombinantly-produced extracellular domains may result in ligands that bind to the
recombinant target but fail to recapitulate that binding towards full-length target on
target-expressing cells or tissues. The use of either whole cells or detergent-solubilized
cell lysate expressing full-length target has been successfully applied as an alternative to
recombinant target in discovering ligands that translate binding to target-expressing cells
and tissues in the context of cancer and blood-brain barrier targets. However, these
selections lack the throughput to effectively screen full-sized yeast surface display
libraries and are limited in their ability to select ligands from naive libraries with limited

affinity if overexpressing cell lines are not available. Finally, the heterogeneous nature of
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the mammalian cell surface often results in non target-specific ligands dominating the
campaign, making the isolation of target-specific ligands difficult. All these factors limit
the wide-spread use of cell-based selections. The work presented below aims to tackle
each of these issues, as well as to elucidate the factors that affect successful cell-based
selections and isolate panels of ligands with specific, high-affinity binding to biomarkers
overexpressed in cancer. Naive affibody and fibronectin libraries were sorted against
cluster of differentiation 276 (CD276 or B7-H3) and cluster of differentiation 90 (CD90
or Thy1) by five selection strategies using recombinant extracellular domains and target-
expressing cells. Cellular selection strategies provided a higher frequency of ligands that
translate to binding on target-expressing cell monolayers, albeit with a relatively high
degree of non target-specific binding. Sequential depletion on target-negative cell
monolayers was insufficient to deplete these non target-specific binders, but pre-blocking
yeast populations with disadhered target-negative cells provided significant depletion.
Directed evolution through helix walking of a preliminary affibody molecule with modest
but specific binding to CD276 (AC2, Kd¢ = 310 £ 100 nM) resulted in a panel of CD276-
specific ligands, including a sub-nanomolar binder (AC12, K¢ = 0.9 £ 0.6 nM). Next, the
use of mammalian cell-magnetic bead conjugates was investigated for use as effective
cell-based pulldown agents to provide a new method of cell-based selection. This method
displayed an order of magnitude higher throughput than traditional adherent cell panning,
putting it on par with recombinant target magnetic-activated cell sorting (MACS), and
was effective in enriching ligands under the same conditions as adherent cell panning in
an EGFR model system, but failed to provide sufficient enrichment in a CD276 model
system. Additionally, the use of an extended 641-amino acid linker was investigated to

Vi



provide more consistent yeast-mammalian cell engagement and enhanced avidity. This
extended linker provided enhanced enrichment in a >600-nM affinity ligand, 10 EGFR
per cell system where the original 80-amino acid linker failed to provide effective
enrichment (23 + 7 vs. 0.8 £ 0.2, p = 0.004). This enrichment benefit was generalizable to
a CD276 model system and mathematical modelling of the linkers as random chain
polymers confirmed that this enhanced enrichment was likely due to the ability of an
increased number of ligands to access the extracellular environment. Lastly, a method of
high-throughput clonal specificity screening was developed using deep sequencing to
observe clonal frequency in populations differentially panned on target-expressing and
target-negative populations in the context of insulin-like growth factor receptor (IGF1R)
and insulin receptor isoforms A (InsRA) and B (InsRB). Adherent cell panning yielded
affibodies that were preferentially enriched on IGF1R-expressing cells relative to IGF1R-
negative cells and affibodies and fibronectins that were preferentially enriched on InsR-
expressing cells relative to parental HEK293T cells, but with limited isoform specificity.
Deep sequencing of the IGF1R populations revealed several affibody sequences with
specificity towards IGF1R-expressing cells. In total, the results contained in this thesis
elucidate the factors that dictate successful cell-based panning and provide new methods
to increase the throughput, enrichment, and specificity of cell-based panning to motivate
wider adoption, as well as panels of compelling molecules with high-affinity, specific

binding to cancer-relevant biomarkers for therapeutic and diagnostic applications.
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Chapter 1 — Introduction

1.1 Engineered Protein Ligand Applications and Discovery

Engineered protein ligands, proteins that are designed to possess high affinity and
specific binding activity towards a biomolecule, have been utilized extensively in
numerous applications including immune system recognition, specific activation and
inhibition of cell signaling pathways, and targeted delivery of molecular agents?, as well
as in vitro diagnostics, such as the detection of endogenous? or synthetic® biomarkers in
blood and urine. The broad functionality and high specificity of protein ligands make
them compelling molecules for disease treatment and diagnosis and has resulted in a
substantial increase in demand as new ligands continue to be approved. This demand is
expected to continue to drastically increase in the coming years as discovery and
approval rates increase. Therapeutic monoclonal antibodies, the predominant form of
clinically available protein ligand therapeutics, generated an approximate 115 billion
USD in sales in 2018, and is expected to reach as high as 300 billion USD by 2025 In
keeping with this demand, the rate of antibody discovery and approval has also
drastically increased. Of the 100 current FDA-approved monoclonal antibodies, the first
half took 29 years to be approved, while the latter half took just 6 years®.

Despite the dramatic increase in clinical antibody approval, the discovery pipeline
for protein ligands is far from optimal, with all approved antibodies only targeting 60
unique biomolecules®, a high degree of redundancy and only a small fraction of the over
4,000 estimated druggable proteins in the human proteome’. Part of this difficulty in

discovery is due to the vastness of protein sequence space, combined with the sparseness
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of functional sequences and potential ruggedness of functional sequence landscape
caused by protein epistasis®. These factors necessitate either the use of de novo protein
design, which requires target crystal structures that are not available for all druggable
proteins, or combinatorial ligand libraries that require the use of high-throughput
screening strategies to assay binding activity.

Traditional high-throughput methods for antibody discovery involve the
immunization of animals, effectively utilizing the host’s natural immune system as a
naive combinatorial library, followed by B-cell or hybridoma screening to isolate lead
candidates. However, this method is costly, time-intensive, has limited affinity selection
pressure, and is intractable for the discovery of non-antibody ligands®, which have been
shown to have superior tissue penetration, stability, and producibility’®. As an alternative,
in vitro high-throughput selection methods for binding activity have been developed. The
core concept of these technologies is the genotype-phenotype linkage, by which the
expressed protein ligand and encoding DNA are physically tethered. This allows for the
screening of up to 102 protein ligand variants with effective downstream identification
and propagation of selected ligands. Common genotype-phenotype linkage strategies
include in vitro (DNA, RNA, and ribosome), virus (bacteriophage and eukaryotic virus),

and cell (bacterial, mammalian, and yeast) display technologies!! (Figure 1-1).
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Figure 1-1. Genotype-phenotype linkage display formats. Several different types of
genotype-phenotype linkage strategies are shown here, with a scale bar below. In DNA
display, DNA encoding for the ligand is tethered to the ligand by a DNA binding protein.
Ribosome and mRNA display tether the RNA encoding for the ligand to the ligand either
by the ribosome or a noncoding DNA linker conjugated to puromycin, respectively. Viral
and phage display contain the genetic information encoding for the ligand within their
capsid and display the ligand as a fusion of a capsid or coat protein. Yeast surface display
contains plasmid encoding for the ligand within the yeast cell and displays the ligand as a
fusion protein of Aga2p, which is immobilized to the yeast cell by a pair of disulfide
bonds between Agalp and Aga2p. Encoding genetic material is shown in red and the
ligand is shown as fibronectin®?.

1.2 Protein Display Formats

In vitro display methods involve the direct attachment of the genetic material to
the encoded protein ligand. In DNA display***°, the linkage of the display construct to
the encoding DNA occurs by exploiting specific proteins that bind to their own gene
sequence, while RNA display*®8 links encoding mRNA to the expressed ligand through
a covalent linkage with single-stranded DNA modified with a puromycin molecule on the
3’ end. Ribosome display®?! utilizes mMRNA lacking stop codons to stall translation,
resulting in mMRNA-ribosome-ligand complexes that can be stabilized by altering solution
conditions. These display technologies are not limited by cellular transformation
efficiencies and thus are capable of library sizes on the order of 10'2-10*° ligands!41"22,
but suffer from difficulties expressing larger proteins, multichain proteins with disulfide
bonds, and proteins with post-translational modification — such as antibodies — due to the
lack cellular protein folding and modification pathways?3. Despite this, in vitro display
methods have been used to successfully screen libraries of peptides'#?*2, antibody
fragments!32627 and non-immune scaffolds? including affibodies?®, and fibronectin

domains®.



Viral display methods generally involve the expression of encoded protein ligand
as a fusion with a constituent coat or envelope protein, with the genetic material
contained within the viral particle. Eukaryotic virus display technologies (including
baculoviruses®:%, retroviruses®*-*, and adeno-associated viruses**3") were originally
generated for targeted delivery of viral vehicles®® and modulation of immunogenicity®®,
but have limitedly expanded into peptide®“° and antibody fragment*! libraries with sizes
on the order of 108-108 ligands®!, constrained by the growth and transfection efficiency
of eukaryotic cells. However, the use of the eukaryotic host’s native folding and
modification pathways allows for the proper expression of more complex proteins. In
contrast, bacteriophage display*?~**, commonly referred to as phage display, has been
extensively used for a variety of libraries including peptides®, antibody fragments*®, and
a wide variety of non-immune scaffolds?®, with a phage-displayed Kunitz domain being
the only FDA-approved non-immune scaffold identified by display technologies to
date*”. Phage display also exhibits larger library sizes, up to 10*? ligands**, due to the
higher cell densities and enhanced transformation efficiency of bacterial cells, as well as
several molecular biology enhancements, but is limited to displaying proteins that can
fold with prokaryotic machinery. One major advantage of viral display technologies is
the ability to encode for multiple copies of an individual ligand on the capsid surface,
termed multivalent display. Multivalent display can provide avidity*®, the observed
affinity of multiple ligand-antigen binding interactions, to lower selection stringency and
aid in the recovery of lower affinity ligands that can be further evolved through directed
mutagenesis. Viral display can also be monovalent, providing for finer affinity

discrimination in selection campaigns.



Cell display functions by expressing the encoded protein on the cell plasma
membrane and/or the cell wall through fusion with integral membrane, outer membrane,
or cell-wall binding proteins*® while the genetic material is either incorporated into a
plasmid located in the cytoplasm or nucleus or directly integrated into the host cell’s
genome. Bacterial cell display®®°! has seen limited use to screen peptide®>°® and antibody
fragment™ libraries with limited sizes on the order of 106-108 ligands®?>4. However,
since bacterial transformation is the limiting step, the upper bound of bacteria display
library sizes could theoretically approach that of phage display. Mammalian cell
display®>®® provides an alternative to bacterial cell display with eukaryotic protein
folding and has been used to screen antibody fragment libraries®’~>° with limited sizes on
the order of 108-108 ligands that could theoretically scale up to 10° ligands®’.

Yeast surface display®®-5? combines many of the benefits of existing display
technologies. In yeast surface display, plasmids are used that encode for the ligand of
interest as a fusion protein with yeast mating protein agglutinin 2 (Aga2p) or another cell-
wall anchoring protein®3. Aga2p is secreted and immobilized on the yeast cell surface
through conjugation of a pair of disulfide bonds with the GPl-anchored protein agglutinin
1 (Agalp)®. The high expression of Agalp on the yeast cell surface allows for the
immobilization and display of tens of thousands of ligands®®, which provides high avidity
for the selection of weak binding ligands in manner similar to phage display.
Additionally, while yeast surface display has not been designed for monovalent display,
the use of dithiothreitol to reduce the effective valency of yeast displayed ligand®® or
modification of local antigen concentrations* has been used to modulate the affinity of
binders that are enriched. Yeast surface display also possesses similar eukaryotic folding,
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modification, and secretion pathways to eukaryotic virus and mammalian cell display
techniques, which may aid in the proper expression of complex proteins®. In one study,
phage and yeast were transformed with identical antibody fragment libraries for display
and selected against soluble HIV-1 glycoprotein gp120, with yeast surface display
discovering several unique ligands that could not be effectively expressed by phage
display®’. Yeast surface display has also been used to screen a wide variety of ligand
libraries, including antibody fragments® and a variety of non-immune scaffolds?3, such
as affibodies®®, fibronectin domains®®’°, and Gp2 domains’. While yeast surface display
libraries are smaller than their in vitro and phage display counterparts due to limits on
yeast transformation efficiency, advancements in yeast transformation allows the
construction of libraries with as many as 10'° ligands‘?, allowing substantially larger
libraries than other cell-based display platforms. Combined, this makes yeast surface
display a highly modular and robust display platform.
1.3 Common Recombinant-Target Based Protein Selection Methods

Most in vitro modes of screening display libraries for binding ligands require
soluble protein; however, membrane proteins, which have hydrophobic transmembrane
domains, thus making them insoluble in an aqueous system, constitute a substantial
portion of compelling targets. While progress has been made in the stabilization of
membrane proteins in phospholipid bilayer nanodiscs’ 4, relatively few targets have
been successfully prepared in this manner. Thus, the most common method of soluble
membrane protein preparation is to recombinantly produce the extracellular domain.

Once produced, the soluble target protein can be used in a variety of different
techniques for ligand selection. Target-coated microtiter plates are commonly used to
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screen in vitro™%20 and viral®>“* display libraries due to the ease of preparation and high
throughput, but are not compatible with yeast surface display libraries*® (Figure 1-2A).
Target proteins are attached to the microwell surface either through direct
immobilization, which involves adsorption of the protein to the plate’s polymer surface,
or indirect immobilization, which involves the binding of an affinity tag on the target
protein to a directly immobilized molecular binding partner or capture antibody. The
display library can then be introduced to the immobilized target and allowed to incubate
for a sufficient time to induce binding. The plate surface is then washed, removing
unbound ligands. The remaining binding ligands can then be recovered and propagated

for future rounds of selection, sequencing, or characterization.
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Figure 1-2. Common high-throughput ligand selection techniques. (A) Soluble target
immobilized to well plates are commonly used to screen small surface display construct
(invitro, viral, or phage) libraries for target binding (phage display shown). (B)
Magnetic-activated cell sorting (MACS) screens libraries for target binding by magnetic
pulldown and allows for avid interactions (yeast display shown). (C) Fluorescence-
activated cell sorting (FACS) uses fluorescently tagged target, either recombinant (upper
right) or detergent-solubilized cell lysate (lower left) to label yeast for sorting by flow
cytometry. (D) Cell panning utilizes target-expressing cell monolayers as a source of
native target. Ligand (fibronectin shown'?) and target (EGFR™'’) are enlarged to show
binding.



As an alternative high-throughput selection assay, magnetic-activated cell sorting
(MACS), which uses functionalized magnetic beads as substrate for both direct and
indirect immobilization has been successfully applied to select ligands from ribosome?*8,
phage’®, and yeast surface*®® display libraries (Figure 1-2B). Magnetic bead selections
can be run in either a multivalent or monovalent format. In multivalent format, beads are
coated with immobilized target and washed prior to the introduction of the display
library. After sufficient incubation time, a magnet is applied, and the beads are washed.
In the case that the display library is also multivalent, the combined avidity and high local
surface concentration allows the capture of even weak binding interactions. By contrast,
monovalent selection involves mixing the display library with a specified concentration
of soluble target before adding magnetic beads. Eliminating avidity in this manner allows
for more stringent selection, but avidity can still occur to a lesser degree in multivalent
display systems, allowing the capture of moderate affinity binders.

Fluorescence-activated cell sorting (FACS) using soluble target is another
monovalent selection technique used to screen cell-based display platforms>*# (Figure 1-
2C). Displayed ligands are labelled with a fluorescent antibody to quantitate expression
and incubated with fluorescent-tagged target protein prior to screening by a cell sorting
flow cytometer. The control over target protein concentration and ability to collect cells
by their ligand-to-target fluorescence ratio allows for fine tuning of sorting stringency, as
well as high single-round enrichment. While useful for selections from focused display
libraries, the current throughput of FACS (107-108 per hour) is lacking to effectively

screen full-size yeast surface display libraries.
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1.4 Drawbacks of Recombinant Extracellular Domains

While campaigns using recombinantly-produced extracellular domains have been
previously successful in selecting ligands whose binding translates to full-length target on
expressing mammalian cells®-8 many other campaigns conducted in such a manner fail
to produce ligands with translatable binding, discussed more in depth in Chapter 2 of this
dissertation. This failure is likely caused by differences in the epitopes present on the
soluble extracellular domain relative to the full-length protein on the cell surface.

Improper folding of the extracellular domain may result in different tertiary
and/or quaternary structure of the soluble protein as compared to its cellular equivalent,
resulting in differing conformational epitopes. Misfolding can be caused by instability
related to the absence of accompanying transmembrane domain or plasma membrane, as
well as association with other misfolded proteins. Additionally, the choice of production
host may result in misfolding. As previously discussed, protein production in prokaryotic
cells may induce misfolding due to differing conditions between the bacterial cytoplasm
and mammalian cell endoplasmic reticulum, limited molecular chaperones to assist
partially folded proteins, difficulties forming proper disulfide bonding pairs, and
propensity for misfolded protein to induce aggregation in newly synthesized protein
molecules®”8. Even non-mammalian eukaryotic cells, such as yeast, fungi, and insect
cells, may cause misfolding due to differential environmental factors such as temperature,
pH, and oxidative stress®’,

Even in the event of properly folded protein, other modifications can result in
non-native epitopes absent from cell-bound protein or the masking of native epitopes.
Affinity tags may be added to recombinantly-produced protein to aid in purification or
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immobilization, but such tags may generate additional non-native epitopes while masking
native neighboring epitopes’. As well, the lack of transmembrane domain, plasma
membrane, or molecular crowding of additional membrane proteins may expose
additional epitopes that are not sterically accessible on the cell surface. In addition,
improper glycosylation and lack of co-receptors can both introduce improper epitopes or
mask native epitopes®®°%91, Combined, these factors reduce the number of natural
epitopes available for selection while increasing the number of non-native epitopes that
may result in ligands that bind to soluble extracellular domains but not to full-length
target on expressing cells.
1.5 Protein Selections Against Mammalian Cells

Mammalian cells have been used as an alternative selection agent to recombinant
soluble extracellular domains to avoid many of the issues mentioned above. Both phage
and yeast surface display libraries have been screened against mammalian cells in a
variety of selection formats to generate ligands that bind to specific biomarkers or cell
types.

In vivo panning of phage display libraries®% a method that flips the paradigm of
animal immunization strategies by injecting the library and using the host’s cells as a
source of target, has been used to isolate peptides and antibody fragments targeting
healthy and diseased organs in humans and mice®, as well as tumor xenografts in
mouse models. This technique allows for binding of ligands in the native context of tissue
but suffers from the limited biodistribution of the phage particles and potential high

nonspecific uptake of phage by the liver, spleen, and kidney®’.
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In vitro selection methods utilizing mammalian cells have also been applied to
isolate binding ligands to cell lines and specific biomarkers. Selection methods with
adherent cell monolayers function similarly to methods with surface immobilized
recombinant protein and have effectively screened yeast®®* and phage!®®%! display
libraries for cancert®192-195 and blood-brain barrier targets'®®-1% (Figure 1-2D).
Suspended whole mammalian cells or detergent solubilized cell lysates have been used as
antigen sources for FACS to sort yeast®1%11! and phage!>!* display libraries for cancer
targetst1114-116 Two phage display selection campaigns conducted with differential
centrifugation to separate phage-mammalian cell complexes were able to isolate binding
ligands where adherent mode selections failed, indicating that suspension mode panning
may provide some advantages over adherent mode panning*’1*8, However, differential
centrifugation of yeast-mammalian cell complexes requires density gradient
centrifugation, which has only been applied to screening millions of yeast!'®. Selection
strategies with whole mammalian cells immobilized to magnetic beads, a cell-based
analog of soluble protein MACS, have been successfully applied to phage display
libraries!?%12L,

Despite the variety of selection methods using mammalian cells, selecting binding
ligands yeast surface display libraries using mammalian cells has not been optimized. All
existing methods lack the throughput necessary to effectively screen full size yeast
surface display libraries. In addition, a study using yeast surface displayed fibronectins
with specific binding to epidermal growth factor receptor (EGFR) found that selections
on adherent cell monolayers have limited enrichment when using cells with fewer than
10° receptors per cell or when using micromolar or weaker affinity ligands®, which
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indicates that the use of adherent cell panning to select ligands from naive libraries of
small, nonimmune scaffolds may be hindered if highly overexpressing cell lines are not
available. Finally, the heterogenous nature of the mammalian cell surface allows the
enrichment of off-target or nonspecific binding ligands that may quickly dominate the
population in cell-based selections, hindering the ability to select target-specific ligands
by clonal screening®. While methods have been developed to deplete off-target and
nonspecific interactions in phage display libraries, including panning against target-
negative cells'?2124 or masking with polyclonal mixture enriched for binding to a target-
negative cell line!?, depletion against target-negative cell monolayers in the yeast surface
display context has shown limited efficacy in depleting nonspecific ligands®.

1.6 Thesis Overview

This thesis discusses methods to improve the throughput, enrichment, and
specificity of existing mammalian-cell based selections in the context of yeast surface
display and applies these new methods to the discovery of binding affibody and
fibronectin molecules to cancer-relevant biomarkers including cluster of differentiation
276 (CD276 or B7-H3), cluster of differentiation 90 (CD90 or Thyl), insulin-like growth
factor 1 receptor (IGF1R), and insulin receptor (IR).

To determine the optimal sorting method to generate ligands with specific cellular
binding, naive fibronectin and affibody ligand libraries were sorted using recombinant
extracellular domain and mammalian cell-based methods to select binding ligands to
CD276 and Thy1. Cell-based selections alone or a combination of recombinant protein
and cell-based selections were able to generate ligands with binding to full-length target
on expressing mammalian cells in a higher frequency of campaigns (9/16 campaigns)
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than recombinant protein-based selections alone (1/4 campaigns). However, all
campaigns using adherent cell panning coenriched ligands that bound to both target-
expressing and target-negative cells, with depletion against adherent target-negative cell
monolayers failing to effectively eliminate non target-specific ligands. Pre-blocking yeast
populations with disadhered target-negative mammalian cells prior to panning on
adherent target-expressing mammalian cells conferred a significant specificity advantage
to a panel of CD276-specific clones relative to a panel of non CD276-specific clones,
motivating the use of this technique in future adherent cell panning selections. A lead
CD276-specific binding affibody, AC2 (K4 = 310 + 100 nM), was used to generate
focused, rationally-designed libraries that were aggressively sorted with a combination of
soluble CD276 ectodomain and CD276-expressing cell lysate FACS, which generated a
panel of high affinity CD276-specific binding affibodies. Together, this study motivated
the use of adherent cell panning, either in tandem with pre-blocking with target-negative
mammalian cells or recombinant MACS to deplete non target-specific ligands and
created a panel of affibodies with high-affinity, specific cellular binding that were
successfully applied to in vivo targeted imaging studies.

While the adherent cell panning selections were functional in yielding binding
ligands to CD276 and Thy1, the number of screened ligands was limited by the method’s
throughput. Guided by the success in selecting phage display libraries on whole
mammalian cells immobilized to magnetic beads, as well as the high throughput of
traditional recombinant protein MACS, a yeast sorting method utilizing both direct and
indirect immobilization of target-expressing mammalian cells was compared to adherent
cell panning in model EGFR and CD276 systems consisting of binding ligands of known

15



affinities diluted in plasmidless EBY100 panned against immobilized cells of known
target expression. This system exhibited a 25-fold greater throughput than adherent cell
panning, on par with recombinant protein MACS, while effectively enriching binding
ligands in the same EGFR systems as adherent panning, albeit with a moderate reduction
in enrichment. However, suspension cell panning was unsuccessful in enriching binding
yeast in the CD276 system, indicating that some cell types may not be appropriate for this
technique.

As previously noted, selections with libraries containing micromolar or lower
affinity ligands or cells expression fewer than 10° targets per cell result in poor
enrichment and difficulty isolating binding yeast from background nonbinding yeast.
Motivated by prior work in extending the yeast surface display linker and research
indicating stearic hinderance by the yeast cell wall limits ligand-target engagement with
shorter linkers, an efficient molecular biology technique to exponentially lengthen
repetitive DNA segments was adapted to construct a 641-amino acid linker. Adherent cell
panning of binding yeast expressing this new construct in comparison to binding yeast
expressing a construct containing the existing 80-amino acid linker in the above EGFR
and CD276 systems showed an enrichment advantage for yeast expressing the 641 amino
acid linker, with the longer linker successfully enriching binding yeast in a low affinity (>
600 nM), high expression (4 x10° EGFR/cell) EGFR system where the 80-amino acid
linker could not, despite fewer of the 641-amino acid construct being expressed on the
yeast cell surface. This, combined with mathematical modeling of the linkers as random
coils, suggests that the observed enrichment advantage is due to improved ligand access
to the extracellular space, increasing the effective avidity of the system.
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While the physical depletions developed above showed promise, the expanding
bandwidth and reduction in cost of next-generation sequencing techniques prompted
investigation into the generation of clonal ligand specificity information through
sequencing differentially sorted yeast populations. Affibody and fibronectin yeast
libraries were initially enriched on adherent cell monolayers overexpressing IGF1R or
insulin receptor isoform A (InsRA). The IGF1R-enriched population was split and
panned in parallel on either IGF1R-expressing or IGF1R-negative cell monolayers in
triplicate, while the InsRA-enriched population was split and panned in parallel on
InsRA-expressing, InsRB-expressing, or parental HEK293T cell monolayers in triplicate.
The IGF1R populations were deep sequenced and the observed frequencies of ligands in
the target-positive populations relative to the target-negative populations used to infer
specificity.

Altogether, this thesis expands the practical application of cell-based selections by
improving throughput to be on par with existing yeast surface display library sizes,
increasing enrichment to provide efficient selection of naive non-immune scaffold
libraries on cells expressing moderate levels of target, and providing an informatic-based
method of determining ligand specificity. This thesis also expands upon the fundamental
knowledge of the factors that dictate successful yeast displayed ligand-mammalian cell
interactions in cell-based panning. Combined, this information motivates the application
of these techniques to ligand selection campaigns against targets that cannot be currently
produced in a soluble format, are not highly overexpressed on the cell surface, and have
high sequence homology among protein family members such as G-coupled protein
receptors or ion channels.
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Chapter 2 — Cellular-Based Selections Aid Yeast-
Display Discovery of Genuine Cell-Binding
Ligands: Targeting Oncology Vascular Biomarker
CD276

Adapted with permission from “Stern, L.A.; Lown, P.S.; Kobe, A.C., Abou-Elkacem, L.;
Willmann, J.K.; Hackel, B.J. “Cellular-Based Selections Aid Yeast-Display Discovery of
Genuine Cell-Binding Ligands: Targeting Oncology Vascular Biomarker CD276” ACS
Comb. Sci. 2019, 21 (3), 207-222” Copyright 2019 American Chemical Society. Initial
ligand discovery campaigns, clonal specificity characterizations, clonal Sanger
sequencing, cell panning incubation optimization, error-prone PCR, and depletion studies

with clones HS, LS, HN, LN, and A were conducted by Professor Lawrence A. Stern.

2.1 Summary

Yeast surface display is a proven tool for the selection and evolution of ligands
with novel binding activity. Selections from yeast surface display libraries against
transmembrane targets are generally carried out using recombinant soluble extracellular
domains. Unfortunately, these molecules may not be good models of their true,
membrane-bound form for a variety of reasons. Such selection campaigns often yield
ligands that bind a recombinant target but not target-expressing cells or tissues. Advances
in cell-based selections with yeast surface display may aid the frequency of evolving
ligands that do bind true, membrane-bound antigens. This study aims to evaluate ligand
selection strategies using both soluble target-driven and cellular selection techniques to

determine which methods yield translatable ligands most efficiently and generate novel
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binders against CD276 (B7—H3) and Thy1, two promising tumor vasculature targets. Out
of four ligand selection campaigns carried out using only soluble extracellular domains,
only an affibody library sorted against CD276 yielded translatable binders. In contrast,
fibronectin domains against CD276 and affibodies against CD276 were discovered in
campaigns that either combined soluble target and cellular selection methods or used
cellular selection methods alone. A high frequency of non target-specific ligands
discovered from the use of cellular selection methods alone motivated the development of
a depletion scheme using disadhered, antigen-negative mammalian cells as a blocking
agent. Affinity maturation of CD276 binding affibodies by error-prone PCR and helix
walking resulted in strong, specific cellular CD276 affinity (Kd = 0.9 £ 0.6 nM).
Collectively, these results motivate the use of cellular selections in tandem with
recombinant selections and introduce promising affibody molecules specific to CD276

for further applications.

2.2 Introduction

Advances in genomic and proteomic methods!?® have increased knowledge of
disease biomarkers at a rate that has outpaced the development of new molecularly
targeted agents for diagnosis and therapy. Several classes of molecules can be applied to
bridge this gap including engineered proteins®?8127 A variety of scaffolds have shown
therapeutic effectiveness as inhibitors, targeting agents for drug delivery, radioisotope
carriers, and immune system engagers! as well as diagnostic success for early disease
detection, patient stratification, and treatment monitoring®?2,

Numerous high-throughput screening methods for selection of engineered

proteins with novel specific binding activity have been applied. Most often, the discovery
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of ligands targeting cell surface receptors is directed using recombinantly produced
soluble extracellular domains. The use of these molecules as selection targets allows for
efficient screening via immobilization on solid supports*12° or fluorescent tagging®’.
However, these targets are unlikely to be perfect models of full length targets expressed
on intact cells due to several factors including (a) improper folding of the soluble
domains®”89130.131 "(1) differential post-translational modification due to the production
host3°, (c) the presence of non-natural epitopes resulting from the biological or
chemical addition of tags for purification and/or selection’, and (d) possible exposure of
epitopes that would not be accessible to ligands in the presence of the transmembrane
domain or cell membrane. Despite selection against these molecules yielding successful,
translatable engineered ligands in numerous cases® 3, many ligand engineering
campaigns end in failure due to the inability of isolated soluble domain binding ligands to
bind full length targets expressed on intact cells. As there is no good outlet, these results
are seldom reported, skewing perception of the difficulties of ligand discovery. Herein,
we will use the term “translatable” to refer to ligands that bind a molecular target in the
genuine cellular form.

This study aims to evaluate different ligand selection methods to advance our
understanding and technical ability to robustly generate ligands that bind intact,
extracellularly expressed target molecules. We compare the following selection methods:
(1) magnetic bead sorting*®32 and fluorescence activated cell sorting (FACS)®%132 using
biotinylated soluble extracellular domains, (2) magnetic bead sorting using biotinylated
soluble extracellular domains followed by FACS with detergent-solubilized cell
lysate®®11°, (3) magnetic bead sorting using biotinylated soluble extracellular domains
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followed by direct yeast panning on adherent cell monolayers®>%9%°, (4) direct yeast
panning on adherent cell monolayers, and (5) direct yeast panning on adherent cell
monolayers preceded by magnetic bead depletion using biotinylated soluble proteins.
Magnetic bead sorting enables very high valency (up to five million targets per 3 um
magnetic bead*®) and efficiently scalable volumes. Fluorescence-activated cell sorting
enables stringent quantitative analysis for fine affinity and selectivity discrimination®°.
Detergent-solubilized cell lysate provides complete membrane-spanning protein albeit in
a modified detergent context. Direct yeast panning on adherent cell monolayers provides
a complete target in the full cellular context, though the nature of cell-cell (yeast-human)
interactions is fundamentally different than cell-protein interactions in the other modes of
selection.

The comparative analysis of selection methods is performed toward the discovery
of ligands for tumor vasculature biomarkers CD276 (also known as B7-H3) and
thymocyte differentiation antigen 1 (Thy1). CD276 is an immune checkpoint molecule
that has both costimulatory and coinhibitory roles in T cell regulation®®, It is
overexpressed in a variety of cancers, including clear cell renal cell carcinoma®*,
cutaneous melanoma?®®, diffuse intrinsic pontine glioma%, hypopharyngeal squamous
cell carcinoma®®, prostate cancer'®, ovarian cancer*®, and pancreatic cancer. Its
expression is associated with progression and metastasis in several of these
diseases'® 137141 Thy1 overexpression in the neovasculature of pancreatic ductal
adenocarcinoma differentiates the diseased tissue from normal pancreas or chronic
pancreatitis, allowing for detection of disease with superior sensitivity and specificity
relative to the current standard of care!*2. These characteristics make both molecules

22



attractive targets for molecular ultrasound imaging as well as other diagnostic and
therapeutic applications.

This study uses two alternative ligand scaffolds, the beta-sandwich fibronectin
domain® 13 and the three-helix bundle affibody!*+4°, whose small, single-domain
architectures provide for efficient chemical conjugation and rapid physiological
distribution!®146-148 Selections from both libraries efficiently yielded subpopulations
with measurable binding activity.

Clonal characterization shows that campaigns utilizing cellular-based enrichment
in part or entirely (9/16 campaigns) have a higher success rate for yielding at least one
target-specific cellular binder relative to campaigns relying on completely soluble
extracellular domains for enrichment (1/4 campaigns). The ability of selections using
soluble extracellular domains to yield target-specific cellular binders appears to be
dependent on both the target molecule and ligand library used. Selections using direct
yeast panning against mammalian cell monolayers yielded a high frequency of non
target-specific binders, motivating the development of a depletion scheme using
disadhered antigen-negative mammalian cells as a blocking agent. This method confers a
14 + 6-fold selectivity advantage to recovery of a dilute high-yield antigen-specific ligand
from a pool containing a high-yield non target-specific ligand and a nonbinding ligand.

While affinity maturation of Thy1-binding affibodies by error-prone PCR yielded
a prevalently non target-specific population, maturing CD276-binding affibodies pooled
from all five campaigns resulted in the isolation of a specific ligand of modest affinity

(AC2, Kg = 310 = 100 nM). Further maturation by helix-walking resulted in the
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successful discovery of a panel of strong, specific binding ligands to cellular CD276 (K4

= 0.9-20 nM).

2.3 Results

Twenty ligand selection campaigns were carried out using two naive ligand
scaffold libraries—fibronectin domain and affibody—to discover binders to two vascular
biomarkers—CD276 and Thyl—via five selection approaches. Three approaches used
soluble extracellular domains immobilized on magnetic beads for initial sorting followed
by recombinant extracellular domain FACS selections, detergent-solubilized lysate
FACS, or yeast cell panning selections added as translatable sorts after sufficient
monovalent affinity for soluble domains was established (Figure 2-1). Two approaches
used panning on adherent mammalian cells with or without depletion of nonspecific
binders with streptavidin-coated magnetic beads. Iterative selections and affinity
maturation were performed until monovalent binding detectable by flow cytometry was
observed in the FACS-based schemes or strong yield enrichment were observed in the

adherent cell panning schemes.
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Figure 2-1. Ligand discovery methods. An affibody library and a fibronectin domain
library were sorted for ligands that bound CD276 or Thy1 specifically. Libraries were
sorted by five different schemes: (1) magnetic bead selection with recombinant
extracellular domains followed by FACS with recombinant extracellular domains, (2)
magnetic bead selection followed by FACS with detergent solubilized cell lysate, (3)
magnetic bead selection followed by cell panning selection, (4) cell panning selection
with magnetic bead depletion, and (5) cell panning selection.

2.3.1 Ligand Selections Using Soluble Extracellular Domain Driven Methods

Ligand selections using magnetic bead sorting and FACS with only soluble
extracellular domains successfully generated ligands that exhibit binding at 100 nM
target concentrations (Figure 2-2A-D). Ligands from both campaigns isolated against
CD276 appear to have high specificity for their targets, showing no cross-reactivity with
streptavidin, the reagent used for both immaobilization and fluorescent labeling in all

sorts. Ligands evolved against Thyl-Fc, despite depletion during magnetic bead selection
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with biotinylated human 1gG exclusively, do still show a significant amount of cross-
reactivity for human IgG, suggesting that depletion was not complete enough. This
phenomenon is similarly prevalent in the fibronectin and affibody populations. Through
stringent gating, ligands that appear to bind Thyl-Fc differentially were isolated but were

not further validated prior to clonal screening.
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Figure 2-2. Enriched ligands evaluated for soluble extracellular domain and detergent-
solubilized cell lysate binding. Yeast-displayed ligand populations were enriched for
binders against CD276 and Thy1 using soluble extracellular domains immobilized on
magnetic beads followed by FACS with either soluble extracellular domains or detergent-
solubilized cell lysates. Binding specificity for each enriched population was assessed by
comparison to negative controls. For FACS with soluble extracellular domains, yeast was
labeled with 100 nM soluble CD276 or Thy1-Fc extracellular domains (blue) or
irrelevant negative control proteins (300 nM streptavidin for CD276 or 100 nM human
IgG for Thyl-Fc; orange; A-D). For selection of ligands with detergent-solubilized cell
lysates against CD276, yeast was labeled with lysate from Mile Sven 1 cells stably
transfected to express human CD276 (MS1-CD276) (blue) or human Thyl (MS1-Thy1l)
(orange). For selection of ligands with detergent-solubilized cell lysates against Thy1,
yeast was labeled with MS1-Thy1 lysate (blue) or MS1-CD276 lysate (orange; E-H).

The use of detergent-solubilized cell lysate FACS as a translatable sort was
largely not beneficial to isolation of target-specific binders (Figure 2-2E—H). The Thy1-

targeted affibody campaign did not yield substantial binding while the Thy1-targeted
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fibronectin campaign yielded minimal Thy1 binding and comparable cross-reactivity.
Enrichment of affibodies to CD276 yielded frequent binders but prevalent cross-
reactivity. The CD276-targeted fibronectin population was likewise cross-reactive albeit

with some preferential CD276 binding.

The introduction of cellular panning selections after enrichment on target-
conjugated magnetic beads allowed for isolation of cellular target specific binding in
several cases (Figure 2-3A-D). Single-trial ligand selections against CD276, initially via
recombinant CD276-coated magnetic beads and then via adherent MS1-CD276 cell
panning, showed a strong yield preference for MS1-CD276 cells relative to MS1-Thyl
cells (3% vs 0.3% for fibronectin after three rounds and 7% vs 0.1% for affibody after a
single round of panning). Nominal yield preference was observed for both ligand
campaigns selected against Thy1-Fc, with reasonable yield for fibronectins and negligible

yield of affibodies.
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Figure 2-3. Enriched ligands evaluated for cellular binding. Yeast-displayed ligand
populations were enriched through sequential rounds of selection for binding against
CD276 and Thy1 using cell panning methods. Rec. + Panning indicates recombinant
target-coated magnetic bead selections followed by cellular panning. Depleted Panning
and Panning indicate cellular panning with or without, respectively, depletion of
nonspecific binders via streptavidin-coated magnetic beads. Binding specificity for each
enriched population was assessed by cell panning. Yeast were panned for binders on
monolayers of target-positive MS1 cells (blue) or target-negative MS1 cells as a negative
control (orange). In the depleted panning case, recovery of yeast from the first (white)
and second (gray) magnetic beads was also quantified. Data represent single-run analyses
during the course of each discovery campaign.

2.3.2 Ligand Selections Using Cell Panning Driven Methods
The enrichment-only selection strategy for adherent cellular panning yielded
enrichment of ligands after three rounds of selection in all cases (Figure 2-31-L). For

fibronectin-based campaigns, yield preference was not observed for target-expressing
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cells relative to target negative cells. Nominal yield preference was observed for both
affibodies selected against MS1-Thy1 (2.6% vs 2.0%) and MS1-CD276 (2.8% vs 1.8%).
These outcomes are reasonable given the use of a naive library, which likely contains
binders to a variety of common cellular epitopes.

Depletion selections using streptavidin-coated magnetic beads were employed as
a facile way to attempt to remove nonspecific ligands. Unfortunately, the recovery of
yeast during magnetic bead depletions was minimal across all campaigns and did not
result in yield preference for target-expressing cells relative to target-negative cells after
three rounds of selection (Figure 2-3E—H). Notably, the populations exhibit substantially
higher yields on mammalian cell panning (both target-positive and target-negative) than
on streptavidin-coated magnetic bead selections.
2.3.3 Cellular Target Specificity and Relative Binding Strength Characterization

While the previous analyses provide valuable binding characterization of the
enriched populations, ligand discovery relies on the identification of individual clones
with the desired function. Thus, characterizations of cellular target specificity and relative
binding strength of isolated clones were carried out using a clonal cell panning
microscopy assay (Figure 2-4). Forty-eight clones from each enriched population were
grown, induced for yeast display, and evaluated for binding to target-expressing and
target-negative cells via yeast display/adherent mammalian cell panning. Binding
strength was characterized by a relative count of yeast present in a microscope field
(Figure 2-4B). Clones were characterized as “hits” if ligand-displaying yeast
substantively bound target-expressing cells and did not appreciably bind target-negative
cells. Ligands characterized in this way have previously translated to binding cellular
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targets as soluble ligands'%. Unsuccessful clones, or “misses,” have multiple phenotypes:
binding to both target-expressing and target-negative cells (not specific for target of
interest), binding only to target-negative cells (counterspecific), and nonbinding to target-
expressing and target-negative cells (nonbinding). Clones that specifically bound to

target-expressing cells were sequenced to assess the diversity of the selected populations.

A

CellularBinding Hit Binding Strength Sequences
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Target+ Cells| Yes Yes No No Uniques from Hits Legend
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1 0 18 0 (26 O 3 0 3/5 N.D.
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Figure 2-4. Clonal assessment of specificity for cellular target by yeast-displayed cell
panning. Clonal assessment of specificity for cellular target by yeast-displayed cell
panning. (A) Forty-eight individual clones from each sorted population were panned for
binding to target-expressing and target-negative MS1 cells and characterized by phase
microscopy. Binding specificity was characterized as described in the text. Relative
binding strength was classified by yeast density observed in a random microscopy field.
Sequence diversity of specific binders was determined by Sanger sequencing random
hits. Each box contains results for four scaffold/target pairs as detailed in the legend at
the right. (B) Representative images of yeast displaying “+++,” “++,” “+” and “~ clones
are shown.
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Fibronectins selected against both soluble Thyl-Fc and CD276 ectodomains, as
well as affibodies selected against Thy1-Fc, failed to yield any cell-binding ligands, with
all attempts falling into the nonbinding category. In contrast, affibodies selected against
soluble CD276 showed a hit rate of 47/48 with various binding strengths. This population
also retained ample diversity with three unique sequences out of five analyzed (Table 2-
1). Similarly, when selections with detergent-solubilized cell lysates were added to
soluble target magnetic selections, only affibodies selected against CD276 yielded hits,
albeit with weaker relative binding strength than the analogous population selected with
soluble target methods only. This result is contrary to expectations as the concentration of
soluble CD276 used for FACS (100 nM) is less stringent than the estimated CD276
concentration in the detergent-solubilized cell lysate (~33 nM). It is possible that the
avidity afforded by multiple proteins present in individual detergent micelles encouraged
the recovery of ligands with lower binding affinity, yielding this observation. These same
clones would not be recovered using soluble CD276 for FACS, as the target would be
monovalent. This hypothesis is supported by the lack of overlap in sequences recovered

from both campaigns, albeit with a small sample size (Table 2-1).

The addition of cellular selections to soluble target methods yielded hits from
both the fibronectin and affibody populations selected against CD276. The fibronectin
domains bound weakly and have converged on a single sequence, whereas the affibodies
exhibit diversity of both binding strength and sequence (Table 2-1 and Table 2-2).
Cellular selections were not able to salvage cell-binding activity from either the

fibronectin or affibody populations selected against soluble Thy1-Fc.
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Isolated Affibody Sequences

Soluble Target

Soluble Target + Lysate

Soluble Target + Cell Panning

Depleted Cell Panning

Cell Panning

Cell Panning

CD276-Targeted
AEAKYAKEKIFAVGEIYWLPNLTHGQIMAFIAALNDDPSQSSELLSEAKKLNDSQAPK
AEAKYYKELHNAIVSIRVLPNLTVDQITAFIRALVNDPSQSSELLSEAKKLNDSQAPK

AEAKYSKEWFNAYVSIWGLPNLTVDQKSAFSYALDDDPSQSSELLSEAKKLNDSQAPK

AEAKYNKEWKYAYFSIVALPNLTGTQVHAFIQALHNDPSQSSELLSEAKKLNDSQAPK
AEAKYSKEWFTAYYQIGYLPNLTEYQRYAFVKALYDDPSQSSELLSEAKKLNDSQAPK
AEAKYYKELHNAIGVIRNLPNLTPIQKVAFAIALANDPSQSSELLSEAKKLNDSQAPK

AEAKYAKEYANAMVEIVCLPNLTLSQSGAFIAALLDDPSQSSELLSEAKKLNDSQAPK

AEAKYTKEKANAIVQILVLPNLTVSQLHAFLSALHNDPSQSSELLSEAKKLNDSQAPK
AEAKYSKEWFNAYVSIWGLPNLTVDQKSAFSYALDDDPSQSSELLSEAKKLNDSQAPK
AEAKYAKERLKAWLEIVELPNLTYTQLHAFIRALSDDPSQSSELLSEAKKLNDSQAPK

AEAKYNKEKFNAIASIFNLPNLTHTQKTAFIVALNDDPSQSSELLSEAKKLNDSQAPK

AEAKYTKEMYTAFDEIAQLPNLTQVQKVAFIVALWNDPSQSSELLSEAKKLNDSQAPK
AEAKYSKEKADAILSILLLPNLTRAQVVAFMHALHNDPSQSSELLSEAKKLNDSQAPK

AEAKYAKEFSSALVEILTLPNLTVRQSSAFIRALHDDPSQSSELLSEAKKLNDSQAPK

AEAKYAKESSDAWHEIVQLPNLTHGQIHAFIRALHDDPSQSSELLSEAKKLNDSQAPK
AEAKYAKEFSSALVEILTLPNLTVRQSSAFIRALHDDPSQSSELLSEAKKLNDSQAPK
AEAKYSKERLRAWMEITGLPNLTKPQRIAFILALRDDPSQSSELLSEAKKLNDSQAPK

AEAKYYKELHNAIYSIRWLPNLTRVQKAAFLRALANDPSQSSELLSEAKKLNDSQAPK

Thyl-Targeted
AEAKYSKELHDAVDSIIALPNLTGHQMDAFISALINDPSQSSELLSEAKKLNDSQAPK
AEAKYAKEMDAAIVILQLPNLTGYQMAAFIDALADDPSQSSELLSEAKKLNDSQAPK
AEAKYNKEMPTADYVIRQLPNLTLSQKQAFIHALHDDPSQSSELLSEAKKLNDSQAPK
AEAKYYKEQDDAIDEILSLPNLTGLQMRAFIVALYDDPSQSSELLSEAKKLNDSQAPK

AEAKYNKEMDTAFDEILALPNLTGFQMDAFIYALSNDPSQSSELLSEAKKLNDSQAPK

Table 2-1. Isolated Affibody Sequences and Frequencies
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Isolated Fibronectin Domain Sequences

CD276-Targeted Frequency
Soluble Target + Cell Panning SSDSPRNLEVTNATPNSLTISWDAPCNTDTSGYRITYGETGGNSPSQESTVPGSNSATISGL
KPGQDYTITGYAVSYGDYWWSNPISINYRTEIDKPSQ "
SSGSPRNLEVTNATPNSLTISWDAPCNTDTSGYRITYGETGGNSPSQESTVPGSNSATISGL
KPGQDYTITGYAVSYGDYWWSNPISINYRTEIDKPSQ "
SSDSPRNLEVTNATPNSLTISWDAPCNTDASGYRITYGETGGNS
PSQESTVPGSNSATISGLKPGQDYTITGYAVSYGDYWWSNPISINYRTEIDKPSQ o
Depleted Cell Panning SSDSPRNLEVTNATPNSLTISWDDSYDRAYYYRITYGETGGNSPSQEFTVPGTTNATISGL
KPGQDYTITVYAVSYVNYAYYRSNPISINYRTEIDKPSQ 1
SSDSPRNLEVTNATPNSLTISWDAPYYVYTYGYRITYGETGGNSPSQEFTVPGYNTATISG
LKPGQDYTITVYAVSYHNTRYYSSNPISINYRTEIDKPSQ 1
SSDSPRNLEVTNATPNSLTISWDAPCRYYAYGYRITYGETG
GNSPSQEFTVPGNTNATISGLKPGQDYTITVYAVSNINYRYYASNPISINYRTEIDKPSQ 3
Thyl-Targeted
Depleted Cell Panning SSDSPRNLEVTNATPNSLTISWDAPYVYTFGYRITYGETGGNSPSQEFTVPGTNSATISGL
KPGQDYTITVYAVSYDNYKYAHSNPISINYRTEIDKPSQ H
Cell Panning SSDSPRNLEVTNATPNSLTISWDAPDDGYTNGYRITYGETGGNSPSQEFTVPGSNNTATIS "

GLKPGQDYTITVYAVSYTSYAYYLSNPISINYRTEIDKPSQ

Table 2-2. Isolated Fibronectin Domain Sequences and Frequencies

Selections for ligands using cell panning with magnetic bead depletion yielded
hits for fibronectin against CD276 as well as affibody against CD276. These hits
generally had weak to moderate binding strength with high sequence diversity (Table 2-1
and Table 2-2). Conversely to the methods that started with recombinant target-coated
magnetic beads, the major source of misses was a lack of desired target specificity, with
all populations having at least 20/48 within this category. Similarly, direct cell panning
without depletion yielded hits for affibodies against both Thyl and CD276. These
populations generally showed weak to moderate binding, high sequence diversity, and a

high frequency of undesired specificity (Table 2-1). In total, 8 of 12 campaigns that
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involved adherent cell panning yielded specific hits, whereas 2 of 8 campaigns without
adherent cell panning yielded specific hits.
2.3.4 Depletion of Nonspecific Binders Against Adhered Mammalian Cells

The ability to recover cellular binders via adherent mammalian cell panning that
were not enriched via recombinant target approaches motivates further study. Yet, the
abundance of enriched ligands that were not specific for the desired target warrants
development of improved selection methods. One identified potential avenue for
decreasing the prevalence of non target-specific ligands was sequential depletion against
target-negative mammalian cell monolayers. Unfortunately, the previously demonstrated
effective incubation time for cellular selections is 2 h®°, which limits the number of
sequential depletion steps that can be completed in a day. However, optimization of
incubation time has not been reported. To determine if a reduced incubation time can be
comparably effective, two CD276-specific affibody clones (named HS and LS for high-
and low-yielding in the clonal panning assay) were panned against MS1-CD276 with 15,
30, 45, 60, or 120 min incubation times. Both clones showed yields that were effectively
invariant with time, with the slope of the recovery versus incubation time plot being
essentially zero in both cases (0.5 x 10+ 2 x 10*for LS and 0.45 x 103 + 1 x 10~ for
HS; Figure 2-5). Thus, 15 min was the chosen duration for depletion steps for the

remainder of the study.
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Figure 2-5. Optimization of incubation time for yeast-displayed ligand enrichment. Yeast
displaying affibody clones LS (A) or HS (B) were panned for binding to adherent MS1-
CD276 with varying incubation times. Recoveries are presented as the mean + standard
error of 7-12 trials.

2.3.5 Sequential Depletion of Nonspecific Binders Against Adhered Mammalian Cells
The ability to deplete nonspecific binders while retaining specific binders was
then experimentally investigated. Mixtures of CD276-specific, nonspecific, and
nonbinding ligands were sorted by depleting with 0, 2, 4, or 6 sequential exposures to
MS1-Thy1 cells followed by an enrichment step against MS1-CD276 (Figure 2-6). For
the mixture of high-yield binders (clones HS, HN (high-yield nonspecific), and A5
(nonbinder)), the 0-depletion case yielded similar enrichment ratios for clones HS (24 +
20) and HN (29 + 7). The use of sequential depletion steps, on average, conferred an
enrichment advantage to the CD276-specific HS clone relative to the nonspecific HN
(Figure 2-6A), but these differences largely lack statistical significance (p = 0.08 for two
depletions, p = 0.03 for four depletions, and p = 0.3 for six depletions). As additional
depletion steps were added, the enrichment ratio of both clones HS and HN remained
essentially unchanged (p > 0.05 for all comparisons). However, it was difficult to draw

conclusions from this data set because the enrichments after mammalian cell depletion
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were moderately inconsistent. For example, the average enrichment ratio of clone HS
with two depletion steps was 140 + 130. The enrichment ratios that yield this average
were 220, 260, 270, 24, 20, and 17. Importantly, the final three trials listed essentially
matched the average enrichment ratio of clone HN under this condition (24 £ 2), which
suggested that there was no advantage conferred to clone HS despite the two depletion
steps in these instances. Yet, no depleted experiment was ever appreciably less enriched
than the nondepleted samples, suggesting the potential for benefit over multiple
iterations. Results using the low-yield binder mixture (LS (low-yield specific), LN (low-
yield nonspecific), and A5) showed similar performance (Figure 2-6B). Thus, sequential

depletions exhibited potential efficacy for high-yielding clones, although performance

was variable.
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Figure 2-6. Sequential depletion of nonspecific binders with mammalian cell

monolayers. Mixtures of high-yield (A) or low-yield (B) CD276-specific, nonspecific,
and nonbinding yeast were subjected to selection with 0, 2, 4, or 6 depletion steps
followed by a single enrichment step. All individual enrichment ratios are shown for 3—
10 trials as well as the average.
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2.3.6 Ligand Selections Using Cellular-Based Depletion

As an alternative to sequential depletion against mammalian cell monolayers, a
preblocking strategy using disadhered mammalian cells was employed. In this approach,
yeast mixtures are incubated with disadhered target-negative mammalian cells for 2 h
prior to introduction of the whole mixture to a target-positive mammalian cell monolayer.
Application of this scheme to a high-yield binder mixture conferred a considerable
enrichment advantage to CD276-specific clone HS (120 £ 32) relative to nonspecific
clone HN (12 % 10), resulting in 14 + 6-fold selectivity in favor of clone HS (Figure 2-
7A). This was a significantly higher selectivity (p = 0.0002) than the nondepletion
scheme (0.7 £ 0.6), the current standard in the field. However, application of the same
strategy to the low-yield mixture resulted in a weaker selectivity advantage of 7 + 10 for
CD276-specific clone LS relative to nonspecific clone LN (Figure 2-7B). This selectivity

was nominally improved over, but not definitively better than, the nondepletion case (0.2

+0.1, p = 0.07).
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Figure 2-7. Depletion of nonspecific binders with mammalian cell preblocking. Mixtures
of high-yield (A) or low-yield (B) CD276-specific, nonspecific, and nonbinding yeast
were incubated with either CD276-negative disadhered MS1-Thy1 cells (mammalian cell
preblock) or buffer only (no depletion) followed by incubation with MS1-CD276 cell
monolayers. Enrichment ratios for CD276-specific (black), nonspecific (gray), or
nonbinding (white) clones are shown as the mean + standard deviation of 6-12 trials. (C).
Specific (black) or non target-specific (gray) clones were subjected to selection with or
without mammalian cell preblocking for a total of 13 clones. Each point represents the
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yield of a single well of selection using preblocking normalized by a corresponding well
selected without preblocking. Each clone was panned either in duplicate or triplicate.

To further investigate this trend, we panned 13 clones previously assayed for their
cellular specificity (five CD276-selected specific clones, four non target-specific ligands
isolated from selections against MS1-CD276, and four non target-specific ligands
isolated from selections against MS1-Thy1) in parallel with and without preblocking.
Nonspecific clones were effectively depleted relative to specific binders (p = 0.006;
Figure 2-7C). For a majority of clones, preblocking by target-negative mammalian cells
was able to deplete the nonspecific clones (p < 0.05 for 6 of 8 clones; median yield ratio
= 0.33) without altering the recovery of specific ligands (p > 0.05 for 5 of 5 clones;
median yield ratio = 0.93) compared to panning without preblocking (Figure 2-7C). Thus,
preblocking nonspecific ligands with suspended target-negative mammalian cells
provides a compelling approach to improving yeast cell panning on adherent mammalian

cells.

2.3.7 Directed Evolution of CD276-Binding Affibodies

The preceding sections elucidate and enhance the ability to discover and select
ligands against cellular targets using yeast surface display. To further exemplify this
ability and to engineer synthetic ligands for targeting cancer vasculature, we also
performed directed evolution of affibodies targeting CD276. Collectively across the
selection campaigns, a diverse set of specific CD276-binding affibodies was identified.
These clones were pooled for further directed evolution to select mutants with improved
affinity amenable to preclinical development. DNA from this pooled population was

mutated via error-prone PCR on the whole gene and on shuffled helices. The resulting
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diversified population was subjected to one round of cell panning, one round of FACS
with 5 nM recombinant CD276, and one round of FACS with cell lysate. DNA
sequencing of the enriched affibodies revealed a dominant clone hereafter termed AC2.
Notably, this clone was also identified in sequencing binders from the unmutated soluble,
recombinant target selection (Table 2-1). AC2 was produced and purified from E. coli
and evaluated for binding to MS1-CD276 cells. Despite isolation by binding to low
concentrations of antigen in the yeast-displayed context, affinity titration experiments
with soluble AC2 revealed a weak binding affinity (K¢ = 310 £ 100 nM) to MS1-CD276
(Figure 2-11).

Prior work evolving antibodies, Gp2 domains, and fibronectin type 111 domains
has shown success in isolating binders by loop-walking®14%1% in which each structural
segment of the binding paratope is independently evolved and then improved segments
are merged. To perform an analogous maturation of the AC2 affibody, combinatorial
libraries were created by diversifying helix one while retaining parental helix two and
vice versa. The genetic diversity was designed to include the parental amino acid and
chemically homologous amino acids accessible with degenerate codons (Figure 2-8). The
diversity of each library was limited to 5 x 107 to retain high confidence of sampling any
sequence through yeast surface display by FACS. Each sublibrary was subjected to a
single magnetic bead sort, with nontarget depletion, to eliminate nonbinders and non
target-specific binders, followed by FACS with 5 nM soluble extracellular CD276 and
then FACS with 150 nM solubilized MS1-CD276 cell lysate. Analysis showed an
increase in the binding to CD276-positive lysate with minimal cross-reactivity toward
target-negative lysate (Figure 2-9A). Deep sequencing of the resulting populations
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showed a relatively diverse first helix with at least four mutations from parental AC2 in
the top sequences (Figure 2-10). Sites K9 and W18 were conserved, while 110 was either
conserved or mutated to homologous valine. F11 and G14 tolerated numerous options
including the parental residue, while V13 and Y17 strongly favored two hydrophobic
residues other than parental. Conversely, the second helix library retained less diversity,

with parental being the dominant clone.

Library
Helix 1 Helix 2
K9 HIKLMNQRS K
110 ADFHILNPSTVY |
F11 ADFHILNPSTVY F
Vi3 ADFHILNPSTVY v
G14 ACDFGINSTVY G
Y17 ADFHILNPSTVY Y
= w1 AEGKLMRSTVW W
H24 H ACDFGHILNPRSTVY
G25 G ACDFGHILNPRSTVY
127 | ACDFGHILNPRSTVY
N28 N ACDFGHILNPRSTVY
A32 A ACDFGHILNPRSTVY
N35 N ACDFGHILNPRSTVY

Figure 2-8. Affibody helix walking library designs. Amino acid diversity for each site of
the sublibrary.
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Figure 2-9. Evolved populations of yeast-displayed ligands show increasing binding to
CD276 lysate while maintaining target specificity. (A) Yeast populations collected after
preliminary sorting on recombinant target beads (first column) or final sorting on target-
positive lysate (second column) were labeled with 150 nM target cell lysate and analyzed
for binding by flow cytometry. Yeast collected after sorting on target-positive lysate
(third column) was labeled with 150 nM target-negative cell lysate and analyzed for
specificity by flow cytometry. Substantial binding improvement can be observed between
preliminary sorting and the final population, with low cross-reactivity to target-negative
lysate. (B) A mixture of the merged library and triple-sorted single-helix library was
labeled with 0.5 nM target lysate (left) or 50 nM target-negative lysate (right) and
analyzed for binding by flow cytometry. The population shows significant binding to
target-positive lysate with minimal cross-reactivity to target-negative lysate.
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Figure 2-10. Deep sequencing of sorted single-helix libraries reveals substantially
improved mutants. (A) Top unique sequences of each single-helix library listed by
number of reads. Parental AC2 is supplied as a reference. Blue lettering indicates
diversified residues in the helix-walking libraries and dashes indicate parental amino
acids at the indicated position. Clone names are supplied for sequences that were pursued
for characterization. (B) Sitewise amino acid enrichments for the helix one (left) and
helix two (right) libraries. Amino acid frequencies were calculated by grouping, counting,
and quad-root dampening identical sequences. Values shown are change in amino acid
frequency in sorted populations compared to theoretical amino acid diversity of the naive
library. Amino acids not allowed by library design are shown in grey, except in cases
where they are substantially enriched or depleted.

DNA from the diversified helix from both libraries was extracted and merged to
create a library with both helices diversified. The merged library and final single-helix
library populations were combined and sorted stringently on FACS with 0.5 nM target-
positive cell lysate. Analysis of this final library showed significant binding to CD276
cell lysate relative to control Thy1 lysate (Figure 2-9B).
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Clonal Sanger sequencing returned three unique sequences: AC9 (5 of 8
sequences), AC12 (2 of 8 sequences), and AC16 (1 of 8 sequences). Consistent with the
single-helix enrichment data, while each clone possessed mutations in the first helix, all
clones retained the parental genotype in the second helix (Figure 2-11). Affinity titration
of each of these clones revealed strong specific binding (Kd =18 + 4 nM for AC9, Kq =
0.9 £ 0.6 nM for AC12, and Kq = 20 + 4 nM for AC16; Figure 2-11A and B), an increase
of 15-300x% compared to parental AC2. Notably, these clones did not strongly bind to
MS1-Thyl cells relative to MS1-CD276 cells (Figure 2-14). The thermal stability,
secondary structure, and refoldability of all affibody variants was evaluated by circular
dichroism spectroscopy. The thermal stability of all clones was substantially increased
(Tm=61.5%£0.1°C for AC9, Tm=62.4£0.1 °C for AC12, and Tm =58.5 £ 0.1 °C for
ACL16) relative to AC2 (48.6 £ 0.1 °C; Figure 2-11D and Figure 2-12). As expected, the
secondary structure was shown to be predominately a-helical (Figure 2-11C and Figure
2-13). Additionally, both parental AC2 and AC12 were tested for refolding by cooling
after thermal denaturation. Both AC2 and AC12 showed almost no change in their CD
spectra after cooling, indicating that they were likely refoldable (Figure 2-11C and Figure

2-13).
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A

Name Sequence K, (68% Cl)
AC2 AEAKYAKEK|FAVGEIYWLPNLTHGQIMAFIAALNDDPSQSSELLSEAKKLNDSQAPK 310(240-390) nM
AC9 AEAKYAKEKI|I TALSEI IWLPNLTHGQIMAFIAALNDDPSQSSELLSEAKKLNDSQAPK 18 (15-22) nM
AC12 AEAKYAKEK | AALSEI IWLPNLTHGCQIMAFIAALNDDPSQSSELLSEAKKLNDSQAPK 0.9(0.4-1.6)nM
ACl6 AEAKYAKEKVHALSEI IWLPNLTHGQIMAFIAALNDDPSQSSELLSEAKKLNDSQAPK 20 (16-23) nM
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Figure 2-11. Characterization of parental and evolved CD276-binding affibodies. (A)
Affibody variants AC2, AC9, AC12, and AC16 were characterized for their binding
affinity (Ka). Blue lettering indicates diversified residues in the helix-walking libraries.
(B) Purified affibody variants AC2 (upper-left), AC9 (upper-right), AC12 (lower-left),
and AC16 (lower-right) were used to label MS1-CD276 cells at the indicated
concentrations. Binding was quantified by flow cytometry. The best-fit estimate of Kg
and 68% confidence interval are indicated by solid and dashed lines, respectively. (C)
Purified affibody AC12 was analyzed by circular dichroism spectroscopy in triplicate
between 200 and 260 nm wavelengths before (solid) and after (dashed) thermal
denaturation and cooling. (D) Purified affibody AC12 was scanned at a wavelength of
220 nm during heating from 20 to 98 °C (1 °C/min). The midpoint of thermal
denaturation (Tm) was calculated by linear least-squares regression using a two-state
protein unfolding model.

44



£ 1 |AC2 P £, [ACY
- W - -
o T,=486+01°C 2 ] T,=615+0.1°C
a 08 a 0.8
3 B
D o6 B o6
€ €
D 04 D 04
8 g
s 02 0.2
o =]
e » o
L Y 9
20 30 40 50 60 70 80 90 20 40 50 60 70 80 90
Temperature Temperature
£ 1 [AC12 £ . |AC16
= ]
8 |T.,=624+0.1°C 8 |T,=585+0.1°C
a 08 a 08
3 3
I o6 I 06
£ £
D 04 D 04
s 5
B 02 B o2
jd T
* ook — o s
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
Temperature Temperature

Figure 2-12. Thermal denaturation curves of affibody variants. Purified affibody variants
were scanned at a wavelength of 220 nm during heating from 20 to 98 °C (1 °C/min).
The midpoint of thermal denaturation (Tm) was calculated by linear least-squares
regression using a two-state protein unfolding model.
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Figure 2-13. Circular dichroism spectra of affibody variants. Purified affibody variants
were analyzed by circular dichroism spectroscopy in triplicate between 200 and 260 nm
wavelengths before (solid) and after (dashed) thermal denaturation and cooling. No
spectral data after cooling collected for AC9 or AC16.
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Figure 2-14. Specificity of affibody variants. Purified parental and evolved affibody
variants were used to label either MS1-CD276 or MS1-Thy1 cells at saturating conditions
(10 uM for AC2, 1 uM for all others). Binding was detected by fluorophore tagged anti-
His6 antibody via flow cytometry. Fluorescence was quantified as the difference between
affibody labelled cells and control cells labelled with secondary antibody with n = 3 trials
(68% confidence interval indicated). AC2 showed no significant binding to MS1-Thy1l
cells relative to control. All other variants, while showing significant binding to MS1-
Thy1 cells, bound significantly less strongly to MS1-Thy1 cells relative to MS1-CD276
cells.

To expand upon Sanger sequencing, the final library was also deep sequenced
(Figure 2-15). While the first helix of the merged library showed similar trends in
enrichment to the single-helix version of the library, a dominant amino acid appeared to
have emerged at each site with the exception of F11 and G14. Notably, while the
preferred amino acids in the merged G14 were not drastically altered from the single-
helix counterpart, isoleucine emerged as the predominant residue of F11, when it was
previously less prevalent in the single-helix library. As well, the top sequences once
again showed a lack of diversity in the second helix, with parental being the favored

phenotype. However, an interesting exception to this trend existed in the second most
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prevalent sequence, which possessed the parental first sequence and a number of

mutations in the second helix not seen elsewhere.
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Figure 2-15. Deep sequencing of the merged library after enrichment reveals
substantially improved mutants compared to parental.(A) Top unique sequences of the
merged library listed by number of reads. Parental AC2 is supplied as a reference. Blue
lettering indicates diversified residues in the helix-walking libraries, and dashes indicate
parental amino acids at the indicated position. Clone names are supplied for sequences
that were pursued for characterization. (B) Sitewise amino acid enrichments for the
merged library. Amino acid frequencies were calculated by grouping, counting, and
quad-root dampening identical sequences. Values shown are change in amino acid
frequency in sorted populations compared to theoretical amino acid diversity of the naive
library. Amino acids not allowed by library design are shown in gray, except in cases
where they are substantially enriched or depleted.
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2.4 Discussion

High-throughput screening methods have facilitated the discovery of proteins
with novel binding activity, but difficulties translating these interactions from the
laboratory targets to cellular targets have hampered progress in meeting clinical demands.
The majority of ligand selection campaigns for membrane-bound targets—which
represent a broadly important class of molecules—are performed with purified soluble
domains, which are not necessarily good models of their corresponding full length
antigens and can thus yield pools of binders with high affinity and specificity for the
soluble domain but no activity toward the cellular antigen. Yeast surface display methods
for direct cellular selections®®*%% and fluorescence-activated cell sorting with detergent-
solubilized cell lysates®>!? have been developed to sort for ligands with activity toward
full length, cellular antigens, but the efficacy of all of these methods for ligand
development has yet to be directly compared. We compared combinations of five
selection techniques using two different naive ligand libraries and two clinically relevant
targets to determine the most efficient method for selection of proteins with specific
activity toward cellular antigens. Hybrid selection techniques proved to yield the highest
frequency of successful campaigns.

Campaigns conducted against only purified extracellular domains of Thyl and
CD276 failed, at this point in the discovery process, to yield ligands that bound cellular
antigens in three out of four cases. It remains possible that mutation and/or additional
selections would have yielded functional ligands. In all three failed campaigns, some
level of nonspecificity was observed at levels detectable with flow cytometry analysis.
The Thy1 used in this study was an Fc fusion, and despite aggressive depletion with

48



human IgG during magnetic bead selections, the presence of this tag allowed for the
enrichment of clones that bind human IgG instead of their intended target (Figure 2-2).
Interestingly, although it did not bind other reagents, the fibronectin population selected
against CD276 also bound the soluble extracellular domain of MET (Figure 2-16), a
target it had never been exposed to during sorting. These case studies illustrate the
importance of both careful consideration in reagent selection and sort design, as
incomplete depletion or depletion with irrelevant antigens can allow specificity problems
to persist. In contrast, the affibody population sorted against soluble CD276 returned a
high frequency of diverse clones that specifically bound cellular CD276 with various
binding strengths, suggesting that the CD276 used in this study contains some unknown
number of translatable epitopes that could be accessed with the helical surface paratope

library more efficiently than the loop paratope library.

* 100 nM CD276
+ 100 nM CMET

_Binding

R
ell

Ligasc

Figure 2-16. Assessment of specificity of fibronectin population against soluble CD276
extracellular domain.The population of fibronectin domains selected by magnetic bead
sorting against soluble CD276 extracellular domain was assessed for target specificity.
The population was labeled by either 100 nM soluble CD276 extracellular domain (blue)
or 100 nM soluble CMET extracellular domain (red).
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The addition of FACS with detergent-solubilized cell lysates after magnetic bead
selections with soluble extracellular domains was not able to salvage translatable binding
ligands from any of the three failed campaigns (Figure 2-2E—H and Figure 2-4A). It is
unclear whether lysate quality or target affinity prevented the isolation of a minority
population of translatable binders in these selections. However, affibodies sorted against
soluble CD276 were able to be isolated from two rounds of FACS sorting, albeit with
weaker binding strength than the corresponding population isolated by soluble target
selection methods only.

Direct cellular selections conducted after soluble target-based enrichment were
able to enrich a population of CD276-specific fibronectin domains that consisted of a
single translatable clone family (Figure 2-3B and Figure 2-4A). This clone was likely a
minority component in the bead sorted population as it was not isolated without cellular
enrichment. However, its existence in the bead sorted population does confirm that at
least one translatable epitope exists in the soluble CD276 extracellular domain that is
accessible by a loop paratope. Cellular selections also isolated a wide variety of CD276-
binding affibodies. Interestingly, none of the affibodies isolated from bead sorting
followed by cellular selection showed sequence overlap with those isolated from soluble
target methods alone. This likely has to do with the nature of the affinity-based FACS
conducted prior to characterization of clones isolated with soluble target only.
Unmodified cellular selections provide minimal affinity pressure®, so affibodies isolated
with this method likely fall in the population of clones with weaker affinity for both
soluble and cellular CD276. Even cellular selections were not able to isolate cell-binding
ligands from the fibronectin and affibody populations selected against soluble Thy1-Fc,
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suggesting that any translatable epitopes in this protein were not accessible by either
paratope type.

Collectively, the use of cellular selections yielded hits in three out of four
campaigns attempted. In contrast with the soluble domain-driven selection methods,
which predominantly suffered from nonbinders at the cellular level, the major source of
“misses” for cellularly selected clones was nonspecificity in all cases. Because the cell
surface contains a wide array of macromolecules, including proteins, lipids, and
polysaccharides, nonspecific ligands have many options for binding partners. A subset of
nonspecific ligands potentially bind a specific antigen that is expressed on both target-
expressing and target-negative cell lines. Others could bind macromolecules
nonselectively through hydrophobic interactions, allowing them high avidity for
enrichment on any cell type. In an attempt to deplete these nonspecific binders, a set of
campaigns utilized magnetic bead depletions prior to enrichment on mammalian cell
monolayers. Population level quantification of recovery showed that this type of
depletion was insufficient, recovering sub-1% quantities of yeast displaying nonspecific
ligands in all attempts (Figure 2-3). Indeed, when individual clones were assessed, the
nonspecificity problem persisted essentially identically to the case of cellular selection
without depletion (Figure 2-4A). This result suggests that nonspecificity has different
characteristics depending on which selection method is used. Importantly, not all clones
determined as “hits” in the clonal cell panning assay showed antigen specificity. Three
affibodies against Thyl from the cellular selection only arm showed nonspecificity when
produced as soluble proteins, suggesting some unquantified level of inconsistency
between the yeast displayed and soluble versions of the proteins.
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To decrease the prevalence of nonspecific clones in cellular selections, multiple
potential depletion techniques were explored. Sequential depletion, which has previously
shown selectivity enhancement in panning for antibody fragments that bind glioblastoma
stem-like cells?®, resulted in inconsistent enrichment of target specific binders from these
mixtures, which could be a result of nonspecific yeast-mammalian cell interactions that
are not ligand mediated or sequestration of yeast in the corners of the plate wells (Figure
2-6). It is known from previous studies that there is a baseline level of background
recovery of approximately 0.1% of the yeast input®®. Loss of the rare CD276-specific
yeast through this mechanism would be impactful on their ability to be recovered. This
effect may be compounded through each additional depletion step, potentially explaining
the generally decreasing trend in enrichment of CD276-specific binders as more
depletion steps are added. It is unclear, however, why the enrichment ratio of the
nonspecific binding yeast remains essentially unchanged with increasing depletion. It is
possible that the yield of a nonspecific binder against target negative cells may have been
lower than expected, disfavoring depletion. Overall, these results suggest that sequential
depletion against target negative mammalian cell monolayers will not confer the
enrichment advantage to target specific binders in a practical setting.

Initial studies using depletion with disadhered mammalian cells yielded
encouraging results in the high-yield case (Figure 2-7). If continued through multiple
rounds, the 14 + 6-fold selectivity advantage for the CD276-specific binder relative to the
nonspecific binder would propagate, accomplishing this study’s goal of nonspecific
binder depletion. The reduced ability to accomplish the same selectivity with the low-
yield binder mixture was a surprising result. It appeared, based on the 0-depletion data,
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that the low-yield nonspecific binder enriched more strongly against target positive cells
than the low-yield CD276-specific binder. This could be the cause for the lack of
selectivity, as any nonspecific binder that is not depleted by the preblocking strategy has
a 6-fold higher enrichment ratio than the CD276-specific binder. When 13 additional
clones were tested with and without preblocking, a selective advantage to antigen-
specific binders was observed.

The ability to strongly deplete the high-yield nonspecific binders while being
unable to deplete low-yield nonspecific binders can still yield a functional improvement
in selections from naive libraries. It has been shown that strong- and midaffinity binders
can quickly out-enrich weaker binders in an EGFR-binding model system®. With the
depletion of high-yield nonspecific binders, the high- and mid-yield specific binders will
have the opportunity to similarly out-enrich the remaining low-yield nonspecific binders
that could not be effectively depleted. Although the depletion of nonspecific binders will
not be complete in this regime, it will confer an important incremental improvement for
cellular selections using yeast surface display libraries.

Toward the preclinical development of a synthetic ligand for CD276, we aimed to
further enhance the affinity of existing CD276 binders by evolving the hits from all
affibody campaigns toward CD276 via error-prone PCR and aggressive sorting. Despite
this, sequenced clones were revealed to be a single sequence, AC2, which was found
when the unmutated recombinant-selected population was sequenced (Table 2-1). This
indicates that random mutation was unsuccessful in producing a functional clone with

higher binding affinity to CD276 cell lysate. Given the moderate affinity of AC2, it is
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possible that the sparse sampling of sequence space created by error-prone PCR was

insufficient to produce a substantially improved clone over AC2.

As an alternate approach, helix-walking, analogous to CDR-walking or loop-
walking, was pursued as a mutagenesis strategy to create a more focused library with a
higher proportion of functional clones. Two libraries were created in which a single helix
was mutated while the other was constrained to parental AC2. Given the relative success
of translating affibodies matured against recombinant CD276, a preliminary bead and
FACS sort was conducted with recombinant target to deplete nonfunctional and
nonspecific molecules under low affinity pressure. Further sorting with cell lysate FACS
showed little cross-reactivity relative to previous sorts conducted on the naive library and
isolated a wide variety of CD276-binding affibodies in the helix one library (Figure 2-
10). The helix two library returned parental as the most prevalent sequence, with very
little sequence diversity observed, indicating that far fewer beneficial mutations in the

second helix exist.

Once merged and more aggressively sorted, the final population yielded a variety
of sequences more prevalent than parental (Figure2-11 and Figure 2-15). For the most
part, all sequences more prevalent than parental contained no mutations in the second
helix, with the notable exception of the second most prevalent sequence, which contained
several second helix mutations. This sequence warrants further study as to whether
combination with any of the observed first helix mutations would provide further affinity,

but is outside the scope of this study.

54



To confirm the increased affinity of the population, several top sequences were
chosen at random and tested for binding affinity and thermal stability, which displayed

substantial improvement over the parental CD276-binding affibody.

2.5 Conclusion

In conclusion, the current study advances the understanding of the advantages and
disadvantages of multiple yeast-displayed ligand selection techniques, which can lead to
the identification of more robust ligand selection strategies. Ligands isolated from soluble
extracellular domain-driven campaigns can yield surprising nonspecificity despite
aggressive depletion and ultimately cannot translate to cellular binding. Cellular
selections can be employed as a follow-up to the use of soluble targets to enrich clones
that bind translatable domains, but these are not present and accessible in all target-ligand
pairings. Cellular selections from naive libraries often lead to nonspecificity, but
depletion using disadhered mammalian cells—more so than soluble control proteins—
shows promising results. A lead affibody against CD276 was isolated through these

methods, which can be utilized for diagnostic and therapeutic benefit in future work.

2.6 Materials and Methods
2.6.1 Cells and Cell Culture

Mile Sven 1 cells stably transfected to express human CD276 (MS1-CD276)** or
human Thy1 (MS1-Thy1)*2 were grown at 37 °C in a humidified atmosphere with 5%
CO2 in DMEM with 4.5 g/L glucose, sodium pyruvate, and glutamine supplemented with

10% (v/v) fetal bovine serum.
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Yeast surface display was performed essentially as described!®?, EBY100 yeast
harboring expression plasmids were grown in SD-CAA medium (16.8 g/L sodium citrate
dihydrate, 3.9 g/L citric acid, 20.0 g/L dextrose, 6.7 g/L yeast nitrogen base, 5.0 g/L
casamino acids) at 30 °C with shaking. Protein expression was induced by transferring
yeast cells in logarithmic phase (ODgoo nm < 6) into SG-CAA medium (10.2 g/L sodium
phosphate dibasic heptahydrate, 8.6 g/L sodium phosphate monobasic monohydrate, 19.0
g/L galactose, 1.0 g/L dextrose, 6.7 g/L yeast nitrogen base, 5.0 g/L casamino acids) and
growing at 30 °C with shaking for at least 8 h. EBY100 without plasmid were grown in
YPD medium (10.0 g/L yeast extract, 20.0 g/L peptone, 20.0 g/L dextrose) at 30 °C with
shaking.

2.6.2 Naive Library Construction and Characterization

Oligonucleotides encoding for the second-generation sitewise gradient
hydrophilic fibronectin domain library” and second-generation sitewise gradient affibody
library® were synthesized by IDT DNA Technologies. Full length amplicons for each
respective library were assembled by overlap extension PCR and homologously
recombined into pCT-40 yeast surface display vector, with a linker extended by 40
additional amino acids®, within yeast strain EBY100 by electroporation transformation
as previously described”. Transformation efficiency was quantified by dilution plating
on SD-CAA agar plates.

Full-length library construction was characterized by simultaneous labeling of the
N-terminal hemagglutinin (HA) epitope and C-terminal c-Myc epitope by flow
cytometry. Two million yeast were pelleted at 12 000g for 1 min, washed once with
phosphate-buffered saline (PBS) with 1 g/L bovine serum albumin (PBSA), then labeled
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with mouse anti-c-Myc antibody 9E10 (0.5 pg/mL, BioLegend, Cat: 626802) and
biotinylated goat anti-HA polyclonal antibody (2 pg/mL, Genscript, Cat: A00203) for 30
min at room temperature. Cells were washed once with 1 mL of PBSA, labeled by goat
antimouse Alexa Fluor 647 conjugate (10 pg/mL, Life Technologies, Cat: A-21235) and
streptavidin Alexa Fluor 488 conjugate (2 pg/mL, Life Technologies, Cat: S11223) for 15
min at 4 °C, and washed once. Fluorescence was analyzed by flow cytometry (Accuri C6,
BD Biosciences).

2.6.3 Magnetic Bead Selections with Soluble Extracellular Domains

Recombinant human Thy1 extracellular domain Fc fusion (Thy1-Fc; Abcam, Cat:
ab157072) was biotinylated on free amines using EZ-Link NHS-PEG4-Biotin (Thermo
Fisher Scientific, Cat: 21330) with a NHS-PEG4-biotin/protein ratio of 5:1. Biotinylation
was verified using matrix-assisted laser desorption ionization mass spectrometry (Sciex
5800, Applied Biosystems). Recombinant human CD276 extracellular domain (Sino
Biological, Cat: 11188-H08H-B) was obtained already biotinylated from the
manufacturer.

Magnetic bead selections were carried out essentially as previously described*®
using 15-fold oversampling of ligand diversity at all stages. For the first round of
selection, libraries were depleted of magnetic bead binders three times with streptavidin
coated Dynabeads (Thermo Fisher Scientific, Cat: 11205D). Remaining yeast were
incubated with CD276 or Thyl-Fc coated magnetic beads at 4 °C and washed twice with
ice cold PBSA. Beads with attached cells were resuspended in SD-CAA for growth.
Magnetic beads were removed using a Dynal magnet prior to the induction of protein
expression for the next round of selection. For subsequent rounds, nonspecific binders
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were depleted with streptavidin-coated magnetic beads and negative control protein-
coated magnetic beads prior to enrichment with target-coated magnetic beads. Negative
control targets included human IgG (Rockland Immunochemicals, biotinylated by
manufacturer), glucose-6-phosphate dehydrogenase (Sigma, biotinylated by
manufacturer), and a scrambled peptide of a loop from prostate stem cell antigen (United
Peptide, biotinylated during peptide synthesis). Selections were carried out at room
temperature, and target-coated beads were washed three times with PBSA before
regrowth of the attached yeast. Dilution plating on YPD plates of all negative control and
target-coated bead populations was completed to quantify yield for each round.
2.6.4 FACS with Soluble Extracellular Domains

Fluorescence-activated cell sorting (FACS) was carried out essentially as
described™2. Induced yeast were simultaneously labeled with mouse anti-c-Myc antibody
(9E10, BioLegend, Cat: 626802, 2.5 pg/mL) and 10-100 nM biotinylated target protein
or biotinylated negative control protein for at least 30 min at room temperature. Cells
were washed once with PBSA, labeled with goat antimouse Alexa Fluor 647 conjugate
(Thermo Fisher Scientific, Cat: A-21235, 10 pg/mL) and streptavidin Alexa Fluor 488
conjugate (Thermo Fisher Scientific, Cat: S-11223, 2 pg/mL) for 15 min at 4 °C, and
washed with 1 mL of PBSA. Cells with the highest binding/ligand display ratio
(AlexaFluor488/AlexaFluor647) were sorted using a FACS Aria Il (BD Bioscience).
2.6.5 FACS Selections with Detergent Solubilized Cell Lysates

Detergent-solubilized cell lysates were prepared essentially as described®®. MS1-
Thy1 and MS1-CD276 cells were grown to 70-90% confluence in 75 cm? tissue culture-
treated flasks. Culture medium was removed, and the cells were washed once with 5 mL
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of PBS. Cells were detached by trypsin-EDTA treatment for 4-7 min, quenched with
serum-containing culture medium, and centrifuged at 500g for 3 min. Pelleted cells were
washed three times with ice cold PBS and pelleted at 300g for 3 min at 4 °C. Washed
cells were resuspended in PBS with 0.5 mg/mL fresh sulfo-NHS-biotin (Thermo Fisher
Scientific, Cat: 21217), rotated for 30 min at room temperature, and washed twice with
ice cold PBSA to quench and remove excess biotin. Cells were resuspended in 100-200
uL of FACS lysis buffer (PBS with 1% (v/v) Triton X-100, 2 mM EDTA, and 1 x
cOmplete protease inhibitor cocktail (Roche)) and incubated with rotation at 4 °C for 15
min. Cell debris was pelleted at 15 000g for 30 min at 4 °C and removed. Induced yeast
were washed once with PBSA, then incubated with cell lysate and mouse anti-c-Myc
antibody (2.5 pg/mL) simultaneously for 2 h at 4 °C with rotation. Yeast were washed
with 1 mL of ice cold PBS containing 1% (v/v) Triton-X 100 and then with 1 mL of ice
cold PBSA. Cells were incubated with goat antimouse Alexa Fluor 647 conjugate (10
pg/mL) and streptavidin Alexa Fluor 488 conjugate (2 pg/mL) at 4 °C for 15 min and
washed with 1 mL of ice cold PBSA. Cells with the highest binding/ligand display ratio
(AlexaFluor488/AlexaFluor647) were sorted using a FACS Aria Il.
2.6.6 Yeast Cell Panning Selections

Cell panning selections were carried out essentially as described®. Mammalian
cells were grown in six-well plates to approximately 90% confluence. Culture medium
was removed, and cells were washed three times with ice cold PBSA with 1 mM
CaCl2 and 0.5 mM Mg2S04 (PBSACM). For the first round of selection, 2.4 x 10° yeast
(3-fold diversity of fibronectin library, 6-fold diversity of affibody library) were washed
once with ice cold PBSACM, resuspended to 1 x 108 yeast/mL in ice cold PBSACM, and
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applied to mammalian cells in 1 mL aliquots dropwise. Cells were incubated without
shaking for 2 h at 4 °C, and unbound yeast were removed by aspiration. Cells were
washed with 1 mL of ice cold PBSACM four times with 25 gentle tilts and 5 nutations
and one time with 10 nutations. Bound yeast were recovered by scraping cell monolayers
and resuspending them in SD-CAA growth medium. Yield was quantified by dilution
plating on YPD plates. For each subsequent round, at least 15-fold of the recovered yield
was washed and resuspended to no more than 1 x 108 yeast/mL in ice cold PBSACM.
Yeast were panned, in parallel, against one target-positive and two target-negative cell
lines.
2.6.7 Clonal Characterization of Sorted Populations by Yeast-Cell Panning

Forty-eight colonies from each selection campaign, obtained by plating yeast
populations on SD-CAA, were picked and resuspended in 1 mL of SG-CAA in deep-well
96-well plates. Plates were covered and grown at 30 °C with shaking for at least 8 h.

Target-positive and target-negative mammalian cells were grown to
approximately 80% confluence in 24-well plates. Cells were washed three times with ice
cold PBSACM. Aliquots of 250 uL of induced clonal yeast were added dropwise directly
to one well of target-positive and one well of target-negative mammalian cells. Cells
were incubated without shaking for at least 2 h at 4 °C. Cells were washed with 250 pL
of ice cold PBSACM twice with 25 gentle tilts and five nutations and once with 10
nutations. Yeast binding was visualized using the EVOS FL Cell Imaging System
(Thermo Fisher Scientific) at 40x total magnification.

Individual clone binding strength was categorized as —, +, ++, or +++ through

(133

counting associated yeast in a random microscope field. Clones were characterized as
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if fewer than 15 yeast were observed, “+” if 15 to 50 yeast were observed, “++” if greater
than 50 yeast were observed but mammalian cells were still visible, and “+++ if yeast
were the dominant organism seen in the frame.
2.6.8 DNA Sequencing

Plasmid DNA from yeast clones that bound target-positive but not target-negative
cells was recovered by a Zymoprep of 200 pL of each individual clone. Ligand sequences
were amplified in 50 pL of PCR mixtures containing 2 uLL of Zymoprep DNA, 1%
Phusion High Fidelity buffer, 0.5 uM each of primers W5 and W3, 0.2 mM dNTP
mixture, and 2.5 U Phusion polymerase (New England Biolabs). PCR products were
purified by agarose gel electrophoresis and Sanger sequenced with GeneAmp5 primer
(5'-CGACGATTGAAGGTAGATACCCATACG-3'; Eurofins MWG Operon).
2.6.9 Error-Prone PCR of Fibronectin and Affibody Domains

Random mutation of fibronectin domains and affibodies was performed
essentially as described®! by error-prone PCR with nucleoside analogs®2. Zymoprepped
plasmid DNA was mutated by error-prone PCR of full fibronectin domain or affibody
genes using primers W5/W3; fibronectin loops using primers BCHPEP5/BCHPEP3,
DEHPEP5/DEHPEP3, and FGHPEPS5/FGHPEP3; and affibody helices using primers
ABY1F-b/ABY1R and ABY2F/ABY2R-b (Table 2-3). PCR products were purified by
agarose gel electrophoresis, amplified in four 200 uL. PCR mixtures, concentrated by
ethanol precipitation, and resuspended in 30 pL of buffer E (1 M sorbitol, I mM CaCl>)
several hours before electroporation. Mutated sublibraries were homologously
recombined with linearized pCT-Gene (cut with Ndel, Pstl-HF, and BamHI-HF), pCT-
40-FnHP-Loop (cut with Smal, Ncol-HF, and Ndel) for fibronectin loop shuffling, or
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pCT-40-Helix (cut with Smal, Ncol-HF, and Ndel) for affibody helix shuffling in
EBY100 yeast by electroporation transformation as described’®. Transformation

efficiency was quantified by dilution plating on SD-CAA plates.

W5 5-CGACGATTGAAGGTAGATACCCATACGACGTTCCAGACTACGCTCTGCAG-3'

W3 5-ATCTCGAGCTATTACAAGTCCTCTTCAGAAATAAGCTTTTGTTCGGATCC-3'

BCHPEP5 5-CTGGAGGTTACCAACGCAACTCCGAACTCTCTGACTATTTCTTGG-3'

BCHPEP3 5'-CGGAACAGTGAATTCCTGGCTCGGGGAGTTACCACCAGTTTCGCCGTAGGTGATACGGTA-3'
DEHPEP5 5-TACCGTATCACCTACGGCGAAACTGGTGGTAACTCCCCGAGCCAGGAATTCACTGTTCCG-3'
DEHPEP3 5-TACAGCGTACACGGTAATGGTATAATCCTGGCCCGGTTTCAGACCGCTGATGGTCGC-3'
FGHPEP5 5-AAACCGGGCCAGGATTATACCATTACCGTGTACGCTGTA-3'

FGHPEP3 5-GTCGATTTCGGTGCGATAATTGATGCTGATTGG-3'

ABY1F-b 5-TTCTGGTGGTGGTGGTTCTGCTAGCGCCGAAGCAAAATAC-3'

ABY1R 5-GGTCAGGTTCGGCAG-3'

ABY2F 5-CTGCCGAACCTGACC-3'

ABY2R-b 5-TTTCTTCGCCTCAGACAGGAGTTCAGAGCTCTGGGACGGGTC-3'

Table 2-3. Error-Prone PCR Oligonucleotide Sequences

2.6.10 Expression Plasmids for Depletion Model

CD276-specific or nonspecific affibody clones were chosen from populations
selected to bind either soluble CD276 extracellular domain or MS1-CD276 cells with
relative binding strength defined with a phase microscopy assay. Clones HS (high-yield
specific) and LS (low-yield specific) bind MS1-CD276 cells as “+++” and “+,”
respectively while binding MS1-Thy1 as “—” when assessed by microscopy (Table 2-4).
Clones HN (high-yield non target-specific) and LN (low-yield non target-specific) bind
both MS1-CD276 and MS1-Thyl as “+++” and “+,” respectively (Table 2-4). Clones HS
and LS were cloned into pCT-40 vector by Nhel and BamHI restriction sites. Nontarget
specific affibody clones HN and LN were cloned into pCT-40V®® vector (pCT-40 with

the c-Myc tag replaced by a V5 tag) by Nhel and BamHI restriction sites. Affibody clone
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A524 an affibody with no known binding partner, was cloned into pCT-40E®® vector

(pCT-40 with the c-Myc tag replaced by an E-tag) by Nhel and BamHI restriction sites

(Table 2-4).
HS AEAKYTKEKANAIVQILVLPNLTVSQLHAFLSALHNDPSQSSELLSEAKKLNDSQAPK
HN AEAKYAKESSYASLYIGILPNLTHSQYYAFIYALQDDPSQSSELLSEAKKLNDSQAPK
LS AEAKYNKELANAALSIVYLPNLTGDQKSAFWLALQDDPSQSSELLSEAKKLNDSQAPK
LN AEAKYAKERHRAWMEITGLPNLTRPQRIAFILALRDDPSQSSELLSEAKKLNDSQAPK
A5 AEAKYAKENFNATSEIYYLPNLTHFQRSAFSNALFDDPSQSSELLSEAKKLNDSQAPK

Table 2-4. Sequences for Depletion Model System

2.6.11 Determination of Optimal Incubation Time for Cellular Selections

MS1-CD276 was grown to approximately 90% confluence in 12-well plates.
Culture medium was removed, and cells were washed three times with 500 pL of ice cold
PBSACM.

A total of 5 x 107 yeast expressing CD276-specific affibody clone HS or LS were
pelleted at 8000g for 1 min, washed once with ice cold PBSACM, and resuspended in
500 uL of'ice cold PBSACM. Yeast were then applied to MS1-CD276 monolayers
dropwise and incubated at 4 °C without shaking for 15, 30, 45, 60, or 120 min. Cells
were washed five times with 500 uL ice cold PBSACM as described®. Briefly, cells were
tilted 25 times and rotated five times for the first four washes and rotated 10 times only
for the fifth wash. A total of 500 puL of SD-CAA was added dropwise to the washed
wells, and cells were recovered by scraping. Yeast recovery was quantified by dilution
plating on YPD plates (10 g/L yeast extract, 20 g/L peptone, 20 g/L dextrose, 16 g/L

agar).
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2.6.12 Depletion of Nonspecific Clones with Sequential Depletion

Mixtures of 0.2 £ 0.1% CD276-specific, 3 £ 2% nonspecific, and 97 + 2%
nonbinding affibody-displaying yeast were generated, and compositions were quantified
by flow cytometry analysis. Yeast were pelleted and washed once with ice cold
PBSACM, then resuspended to a concentration of 1 x 108 yeast/mL in ice cold PBSACM.

MS1-Thyl and MS1-CD276 were grown to approximately 90% confluence in 12-
well plates. Culture medium was removed and cells were washed three times with 500 uL
of ice cold PBSACM. A total of 500 pL of yeast mixture were added to MS1-Thy1l
monolayers dropwise and incubated at 4 °C for 15 min without rotation. The binding
buffer containing unbound yeast were collected. Monolayers were washed four times as
described in the previous section, with unbound yeast collected and pooled. The collected
yeast were concentrated into 500 pL of ice cold PBSACM and applied to the next washed
MS1-Thyl monolayer. This process was repeated for zero, two, four, or six depletion
steps against MS1-Thyl monolayers. Recovered yeast were then applied to an MS1-
CD276 monolayer and incubated at 4 °C for 120 min. Monolayers were washed five
times, and bound yeast were recovered by scraping as before. Yeast recovery was
quantified by dilution plating on YPD plates. Recovered yeast were grown in 5 mL of
SD-CAA at 30 °C with shaking. Protein expression was induced by resuspending a
portion of the outgrowth in SG-CAA at ODsoonm < 1 and growing these yeast for at least
8 h at 30 °C with shaking.

Mixture compositions were quantified by flow cytometry analysis. Yeast were
pelleted and washed once with 1 mL PBSACM. Yeast were then labeled with 20 uL of
goat anti-c-myc FITC conjugate (Bethyl Laboratories, Cat: A190-104F, 2 ug/mL), goat
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anti-V5 FITC conjugate (Bethyl Laboratories, Cat: A190—-119F, 2 ug/mL), or goat anti-E-
tag FITC conjugate (Bethyl Laboratories, Cat: A190-132F, 2 pg/mL) for 20 min at room
temperature. Yeast were then pelleted and washed once with PBSACM. Fluorescence
was analyzed using an Accuri C6 (BD Biosciences). Enrichment ratios were determined
by dividing the percentage positive for one tagged construct by the total percentage of
induced yeast.
2.6.13 Depletion of Nonspecific Clones by Pre-Blocking with Disadhered Mammalian
Cells

MS1-Thy1 was grown to approximately 90% confluence in a 75 cm? tissue
culture-treated flask. Culture medium was removed, and cells were washed once with 5
mL of PBS. Cells were disadhered by trypsin-EDTA treatment for 6 min, then quenched
by the addition of serum-containing culture medium. Cells were then pelleted at 500g for
3 min, trypsin-containing culture medium was removed, and cells were resuspended in
fresh culture medium for counting using a Countess Il FL (Thermo Fisher Scientific).

Mixtures of 0.3 £ 0.1% CD276-specific, 1.9 £ 0.8% nonspecific, and 98 £ 0.7%
nonbinding affibody-displaying yeast were generated, and compositions were quantified
by flow cytometry analysis. Yeast were pelleted and washed with ice cold PBSACM and
resuspended to 5 x 107 yeast in 500 uL of ice cold PBSACM containing 1 x 106 MS1-
Thyl. Yeast and MS1-Thy1 were incubated at 4 °C with rotation for 2 h. After
incubation, samples were added dropwise to washed MS1-CD276 monolayers in 12-well
plates and incubated at 4 °C without rotation for 15 min. Monolayers were washed five
times with 500 pL of ice cold PBSACM as described above. Bound yeast were recovered
by scraping. Yeast recovery was quantified by dilution plating on YPD plates. Recovered
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yeast were grown, protein expression was induced, and final mixture composition was
determined by flow cytometry as described above.
2.6.14 Helix Walking Library Construction

CD276 rational mutagenesis libraries were constructed using an analogous
method to CDR-walking®+14%1%0 The first affibody helix was diversified at seven sites
using degenerate oligonucleotides while retaining the parental sequence in the second
helix. Separately, the second affibody helix was diversified at six sites using degenerate
oligonucleotides while retaining the parental first helix. The diversified oligonucleotide
for one helix and parental oligonucleotide for the other helix were assembled by overlap
extension PCR and homologously recombined into pCT-Helix yeast surface display
vector within yeast strain EBY100 by electroporation transformation. Transformation
efficiency was quantified by dilution plating on SD-CAA agar plates. Full-length library
construction was characterized by flow cytometry as previously described.
2.6.15 Protein Production

Gel-purified PCR amplicons were digested by Nhel-HF and BamHI-HF and
ligated into a pET-22b vector containing a C-terminal Hiss tag (Novagen, EMD
Millipore) using T4 DNA ligase (New England Biolabs). Plasmids were transformed via
heat-shock into T7 Express E. coli (New England Biolabs) and plated on lysogeny broth
(LB; 10.0 g/L tryptone, 5.0 g/L yeast extract, 10.0 g/L sodium chloride) agar plates
containing kanamycin (50 mg/L). Clones were verified by Sanger sequencing of plasmids
recovered by bacterial miniprep (Epoch Life Science).

E. coli were grown to saturation in 5 mL of LB containing kanamycin at 37 °C
with shaking. Cultures were diluted to ODeoonm = 0.03 with 100 mL of LB in 250 mL of
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baffled culture flasks. At ODsoonm = 0.5-1.0, protein expression was induced with 0.5
mM isopropyl B-d-1-thiogalactopyranoside overnight at 30 °C with shaking. Cells were
pelleted at 3220g for 20 min, resuspended in bacterial lysis buffer (50 mM sodium
phosphate (pH 8.0), 0.5 M sodium chloride, 5% glycerol, 5 mM CHAPS, and 25 mM
imidazole supplemented with protease inhibitor) and subjected to four to five freeze—
thaw cycles. Insoluble cell debris was removed by centrifugation at 12 000g for 10 min
followed by filtration (0.2 pm). Protein was purified by metal affinity chromatography on
2 mL of Cobalt HisPur Resin (Thermo Fisher Scientific) or HisPur Cobalt Resin Spin
Columns (Thermo Fisher Scientific) according to the manufacturer’s protocol. Eluted
fractions were pooled and buffer exchanged by HPLC prior to lyophilization. Lyophilized
protein was resuspended in PBS, and protein concentration was quantified by absorbance
at 280 nm*®3, Protein identity was verified by MALDI-TOF-MS using a 5800 matrix-
assisted laser desorption ionization mass spectrometry.
2.6.16 Affinity Titration of Affibody Domains

Detached MS1-Thyl and MS1-CD276 cells were washed and individually labeled
with varying concentrations of purified affibody for 25 min at 4 °C with rotation unless
additional time was needed to approach binding equilibrium. Cells were pelleted at 5009
for 3 min and washed with 1 mL of ice cold PBSACM prior to labeling with 50 uL of
anti-Hiss FITC conjugate (Abcam ab1206; 10 pg/mL) for 25 min at 4 °C. Cells were
again pelleted and washed with 1 mL of ice cold PBSACM. Fluorescence was analyzed
using an Accuri C6. The dissociation constant was calculated by nonlinear least-squares

regression using a 1:1 binding model.
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2.6.17 Thermal Stability of Affibody Domains

Secondary structure, midpoint of thermal denaturation (Tm), and protein refolding
were determined using circular dichroism spectroscopy performed on a Jasco-815
spectrophotometer. Purified and lyophilized protein was resuspended in PBS to a
concentration of 20 uM and placed in a 1 mm path length quartz cuvette. Ellipticity was
measured between 200 and 260 nm wavelengths at 20 °C before and after heating to 98
°C in order to observe secondary structure of the folded affibody. Samples were then
heated at 1 °C/min from 20 to 98 °C, while the ellipticity was monitored at 220 nm. The
midpoint of thermal denaturation was calculated by nonlinear least-squares regression

using a two-state protein unfolding model.
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Chapter 3 — Magnetic Bead-Immobilized
Mammalian Cells Are Effective Targets to Enrich
Ligand-Displaying Yeast

Adapted with permission from “Lown, P.S; Hackel, B.J. “Magnetic Bead-Immobilized
Mammalian Cells Are Effective Targets to Enrich Ligand-Displaying Yeast” ACS Comb.
Sci. 2020, 22 (5), 274-284” Copyright 2020 American Chemical Society
3.1 Summary

Yeast surface display empowers selection of protein binding ligands, typically
using recombinant soluble antigens. However, ectodomain fragments of transmembrane
targets may fail to recapitulate their true, membrane-bound form. Direct selections
against adhered mammalian cells empower enrichment of genuine binders yet benefit
from high target expression, robustly adherent mammalian cells, and nanomolar affinity
ligands. This study evaluates a modified format with mammalian cells immobilized to
magnetic beads; yeast-displayed fibronectin domain and affibody ligands of known
affinities and cells with expression ranges of epidermal growth factor receptor (EGFR)
and CD276 elucidate important parameters to ligand enrichment and yield in cell
suspension panning with comparison to adherent panning. Cell suspension panning is
hindered by significant background of nondisplaying yeast but exhibits yield advantages
in model EGFR systems for a high affinity (Kd = 2 nM) binder on cells with both high
(108 per cell) target expression (9.6 + 0.6% vs 3.2 + 0.4%, p < 0.0001) and mid (10°)
target expression (2.3 £ 0.5% vs 0.41 + 0.09%, p = 0.0008), as well as for a low affinity
(Kd > 600 nM) binder on high target expression cells (2.0 £ 0.5% vs 0.017 £ 0.005%; p =

0.001). Significant enrichment was observed for all EGFR systems except the low-
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affinity, high expression system. The CD276 system failed to provide significant
enrichment, indicating that this technique may not be suitable for all targets. Collectively,
this study highlights new approaches that yield successful enrichment of yeast-displayed
ligands via panning on immobilized mammalian cells.

3.2 Introduction

Protein ligands have been engineered!®?6127 to clinically treat diseases with
altered biomarker expression through direct inhibition, targeted drug/radioisotope
delivery, and immune system engagement™>*, Similar ligands have been used for
diagnostic purposes, such as targeted molecular imaging?® and biomarker detection in
blood and urine®®1°8, Recent advances in clinical biomarker discovery, such as next-
generation sequencing®®, mass spectrometry-based proteomics®®!6! and other chemical
biology techniques, have drastically increased the number of well-characterized,
clinically relevant targets. This has resulted in a growing demand for engineered ligands
to target these new biomarkers.

Common high-throughput methods, such as yeast®%1162 and phage*?43122 display
technologies linking genotype to phenotype, coupled with selections via magnetic bead
capture2048.163-165 and fluorescence activated cell sorting (FACS)*>%°, have been used to
address this demand. Experimental screening strategies require the use of the biomarker
to isolate binding ligands; however, many clinically relevant biomarkers possess
hydrophobic transmembrane domains, making them difficult to work with in an aqueous
environment. In lieu of full-length proteins, recombinantly produced soluble ectodomains
are often used as analogs during ligand selections. While this strategy has proven
successful®7081-84111 ‘many engineered ligands fail to bind to genuine antigen on target-
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expressing cells (Chapter 2)1%. As negative results may be less likely to be published?®’,
there is a lack of research thoroughly investigating this problem, thus understating the
need for more reliable methods of translatable ligand discovery.

The failure of recombinant soluble ectodomain-based selection methods indicates
that these ectodomain fragments may not fully recapitulate the protein in its true,
membrane-bound form. While this issue remains largely unstudied, a number of factors
may cause this failure, including the improper folding and aggregation of the soluble
ectodomains®”#%130131 ‘non-natural post-translational modification due to the production
host cell type®9, the addition of biological or chemical tags for purification and
selection’, and the absence of a transmembrane domain or cell membrane. All of these
factors may create epitopes that are masked or not present in the true, membrane-bound
antigen.

To avoid these issues, a number of selection techniques utilizing target-expressing
cells have been developed, including FACS using detergent-solubilized cell lysatg®%:110.162
or whole cells!21%8 and panning on adherent cell monolayers®®%9; however, these
techniques leave room for improvement. While FACS with cell lysate or whole cells is an
effective method for enrichment, its throughput (10°—108 per hour) is substantially below
current display library sizes?®#467% and its lack of avidity limits the enrichment of
weaker affinity ligands, such as those isolated from some de novo libraries. While
adherent cell panning has been employed successfully in multiple scenarios?0-192-
109,122,189 3 study using EGFR-binding fibronectins found that enrichment is hindered
when using cells with low-to-moderate (<10° targets/cell) expression or ligands of
micromolar or weaker affinity®®.
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The use of cells in suspension has been investigated as an alternative method of
cell panning in phage display libraries®:112123.170 and has shown success in isolating
binding ligands to cell biomarkers'’*1"2, There is also some evidence that cell suspension
panning may outperform adherent cell panning in the phage display context, as two phage
library campaigns against cells in suspension succeeded after equivalent campaigns
against adherent cells failed*'”*8, This success motivates adaptation of these methods to
yeast surface display libraries; however, cell suspension panning methods for phage
display use differential centrifugation to separate cell-bound phages from nonbinding
phages, which has been limitedly studied in yeast surface display*'®. Selections using
mammalian cells conjugated to magnetic beads is an attractive alternate method of
sorting because of the effectiveness of conjugation’®, as well as the high capacity (10°
binding yeast per 10 magnetic beads), throughput (10 cells per selection), and
established reliability of isolating specific binders to the immobilized target associated
with magnetic bead selections*®7°,

This study aims to evaluate a new method of ligand selection using suspended
mammalian cells immobilized to magnetic beads as a selection agent in comparison to
traditional adherent mammalian cell panning. It is hypothesized that the use of suspended
mammalian cells may aid in enrichment and enhance capacity by increasing the exposed
mammalian-cell surface area for ligand binding while potentially enabling ligand
campaigns against cell lines that cannot be cultured adherently for traditional cell

panning.
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To optimize and better understand the parameters for successful cell-based
selections using yeast surface display in this new system, washing stringency, target
expression on mammalian cells, ligand binding affinity, ligand protein scaffold, and
target of interest were systematically varied to understand how each parameter affects
enrichment ratio and yield of ligand-displaying yeast in EGFR-expressing and CD276-
expressing systems. While a significantly increased background yield of nondisplaying
yeast limits the effectiveness of cell suspension panning, it shows a significant increase in
the yield of binding yeast compared to adherent panning. In addition, cell suspension
panning demonstrates substantially increased throughput, which allows the sorting of
larger libraries in shorter timespans. The use of a CD276-expressing model failed to
provide effective enrichment, indicating that not all targets may be suitable for this
technique. Together, these results advance understanding and development of protocols
for ligand selection experiments.

3.3 Results

Two different magnetic beads were used to generate bead-mammalian cell
conjugates for testing in yeast-displayed ligand selections: a carboxylic acid-
functionalized magnetic bead that was covalently conjugated to amines present on the
mammalian cell surface and a streptavidin-functionalized magnetic bead that was
noncovalently conjugated to biotinylated cells. These bead-cell conjugates were used as a
pulldown agent to test enrichment of high affinity binder-displaying yeast from
nondisplaying yeast. In parallel, conventional adherent mammalian cell panning was used
to compare the ability of cell suspension panning to enrich ligand-displaying yeast
relative to established techniques.

73



3.3.1 Streptavidin and Carboxylic Acid Beads Both Effectively Conjugate Mammalian
Cells

A431 cells were conjugated, in a 1:1 mixture at 5 x 10° cells or beads per mL, to
carboxylic acid-functionalized magnetic beads in moderate, albeit highly variable, yield
(29 = 7%) (Figure 3-1A). Examination of conjugated cells visualized by phase contrast
microscopy showed individual cells attached to several (3.3 £ 0.4) beads with no
observable aggregation of cells and beads (Figure 3-1B). A431 cells conjugated in this
manner showed fluorescence similar to unconjugated cells when labeled with an anti-
EGFR antibody, indicating that EGFR expression was not appreciably blocked (Figure 3-

1C).
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Figure 3-1. Mammalian cells can be efficiently conjugated to magnetic beads. (A)
Beads and A431 cells were incubated in a 1:1 ratio prior to washing on a magnet to
remove all unbound cells. The yield of conjugates was quantified by flow cytometry.
(B) Bead-A431 conjugates (n = 39) were visualized to ensure proper conjugation.
Carboxylic acid beads (black spheres) can be seen attached to the majority of A431
cells. Scale bar is 200 um. Two cells (outlined) are enlarged and contrast-enhanced to
show detail. (C) A431 cells were labeled with an anti-EGFR antibody and their
fluorescence quantified by flow cytometry before and after conjugation to carboxylic
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acid beads to assess whether EGFR expression was extensively masked by
conjugation to beads. (D) A431 cells were labeled with an anti-EGFR antibody and
their fluorescence quantified by flow cytometry before and after biotinylation to
assess whether EGFR expression was extensively masked. A small number of cells
had their expression masked by the labeling with 9 uM biotin. (E) Unbiotinylated
A431 cells with no beads and biotinylated A431 cells conjugated to streptavidin
beads were labeled with biotin-FITC and the fluorescence of the cell population (as
gated by scatter) was analyzed to detect the presence of streptavidin beads attached to
A431 cells. While biotin-FITC significantly labels the cell surface in the absence of
streptavidin beads, a further significant increase in signal is observed after
conjugation occurs. Fluorescence is presented as mean + standard error of three trials.

To explore an alternative method of conjugation, A431 cells were biotinylated for
capture by streptavidin-functionalized magnetic beads. Sulfo-NHS-LC-biotin with a 22.3
A linker failed to provide substantial conjugation to streptavidin beads (data not shown),
despite substantial biotinylation of the cell surface. The use of an analogous sulfo-NHS
biotin with a 20,000 Da PEG linker provided significantly enhanced conjugate yield,
perhaps due to the increased accessibility of the biotin moiety to the extracellular space.
This increase allowed streptavidin bead conjugation to become comparable to the
carboxylic acid beads (Figure 3-1A). Varying biotin labeling concentrations from 0.9-90
uM were tested, with all conditions providing similar yield (Figure 3-2A). Nine
micromolar was chosen as a conservative balance between limiting material consumption
and ensuring sufficient biotinylation. No significant difference in yield was observed for
labeling times varied from 30 min to 2 h (Figure 3-2B). Thus, a 30 min labeling time was
selected for subsequent experiments. Biotinylated A431 cells showed a similar
fluorescence to unbiotinylated cells when labeled with an anti-EGFR antibody, indicating
that EGFR expression was not masked on the majority of cells (Figure 3-1D).
Streptavidin bead-cell conjugates exhibited significantly increased signal relative to

unbiotinylated cells when labeled with biotin-FITC and analyzed for fluorescence by
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flow cytometry (gating for mammalian cells by scatter), confirming the presence of

streptavidin beads (Figure 3-1E).

>
=]

100 100

o o -] [
2 ° T wlba
> [} = °
z — — P °
o [ ] © L ]
£ ) —
2 10 } - ° . 2 10 L R -~
8 & S ®
o °
3 &
5 it
™
S 2
1 T T 1 T T
0.9 9 90 30 60 120

Biotin Concentration (uM) Incubation Time (minutes)

Dayl ® Day2 Day3 @ Day4 Day5

Figure 3-2. Biotinylated mammalian cell conjugation to streptavidin beads is relatively
insensitive to biotin concentration or mammalian cell-biotin incubation time. (A) A431
cells were labelled with various concentrations of biotin for 30 minutes prior to
conjugation to streptavidin beads. The yield of conjugates was quantified by flow
cytometry. (B) A431 cells were labelled with 9 uM biotin and rotated for various time
periods prior to conjugation to streptavidin beads. The yield of conjugates was quantified
by flow cytometry.

In summary, both carboxylic acid bead capture using native cellular amines and
streptavidin bead capture using biotinylated cells were relatively effective. In cases where
cell supply is limited, thereby motivating higher yield, increased concentrations or
stoichiometric excess of beads could be evaluated.

3.3.2 Cell Suspension Panning Enriches Yeast-Displayed EGFR-Binding Fibronectin
Domains

Target-expressing mammalian cells conjugated to magnetic beads were assessed
for their ability to effectively enrich yeast displaying binding ligands. A mixture of
10° yeast harboring display plasmids encoding for a fibronectin domain with high affinity
for EGFR (E6.2.6' Kd = 2 + 2 nM)®! and 102 plasmidless EBY 100 were panned against
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bead-immobilized A431 cells, which express 4 + 1 x 10 EGFR/cell. The mixture of
yeast and bead-cell conjugates was incubated, placed on a magnet to collect bead-cell
conjugates along with bound yeast and washed twice. This baseline condition resulted in
an enrichment that was highly variable but significantly greater than unity (9 £ 1 with
carboxylic acid beads, p < 0.0001; 11 + 2, p = 0.0004 with streptavidin beads) of binding
yeast relative to nondisplaying yeast with high yield of binding yeast (19 £ 6% with
carboxylic acid beads; 10 £ 2% with streptavidin beads). Binder yields were comparable
or moderately lower for the less stringent one-wash condition as well as with three to five
washes (Figure 3-3A). Surprisingly, the yield of nondisplaying yeast did not decrease as
expected across sequential washes in the streptavidin bead system and only slightly
decreased in the carboxylic acid bead system, suggesting some form of interaction
prevented the effective removal of nondisplaying yeast from the system by washing
(Figure 3-3B). As a result, the enrichment did not exhibit a substantial increase at any

alternate washing conditions (Figure 3-3C).
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Figure 3-3. Cell suspension panning enrichment is relatively insensitive to washing
conditions. Mixtures of yeast displaying E6.2.6" and nondisplaying EBY 100 yeast were
incubated with bead-A431 conjugates and washed 1-5 times. (A) Binding yeast yield, (B)
nondisplaying yeast yield, and (C) enrichment ratio were quantified. An asterisk (*)
indicates p < 0.05 (with Bonferroni correction) relative to the 2-wash baseline.
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To further probe the unexpected result of sustained yield of nondisplaying yeast
even with extensive washing, 108 nondisplaying yeast were mixed with bare beads and
the yield quantified after washing. In the case of the carboxylic acid bead system, bare
beads resulted in a high yield of nondisplaying yeast compared to the streptavidin bead
system (2.2 £ 0.8% vs 0.19 £ 0.06%), indicating that the retention of nondisplaying yeast
on the carboxylic acid bead system may be due to yeast-bead interactions, despite
extensive quenching of beads after mammalian cell conjugation (Figure 3-4A). When
nondisplaying yeast were mixed with bead-A431 conjugates, the yield of nondisplaying
yeast rose significantly (2.8 £ 0.9%) in the streptavidin system while remaining similar in
the carboxylic acid system (1.2 + 0.1%) relative to bare beads (Figure 3-4B). This
appears to indicate that an underlying yeast-A431 interaction may also be preventing
proper removal of nondisplaying yeast. While these results were obtained with 0.1%
(w/v) bovine serum albumin to limit nonspecific interactions, more complex inhibitors,
1% (w/v) milk powder or 1% (v/v) fetal bovine serum, were tested to further screen any
potential nonspecific interactions. Only the addition of serum in the carboxylic acid
system resulted in a significant decrease in the yield of nonbinding yeast, and this
decrease was not nearly as substantial as expected if nonspecific interactions were being
effectively screened. Combined, this indicates that even the addition of complex blocking

mixtures was not sufficient to hinder nonspecific yeast recovery (Figure 3-4B).
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Figure 3-4. Nondisplaying yeast show nonspecific interactions with both beads and bead-
cell conjugates. Nondisplaying yeast were incubated with (A) bare magnetic beads or (B)
bead-A431 conjugates and washed twice with PBSACM or alternate buffers prior to
quantifying yield. An asterisk (*) indicates p < 0.05 (with Bonferroni correction) relative
to washing with PBSACM.

3.3.3 Cell Suspension Panning Enriches EGFR-Binding Fibronectins with High
Throughput and Capacity

One of the potential benefits of the suspension cell panning approach is to
efficiently process a large library of yeast cells. To assess the throughput of the bead-cell
conjugate system, increasing amounts of nondisplaying yeast were incubated with bead-
cell conjugates while holding the number of binding yeast constant at 108, which mimics
an initial sort of a naive library with a moderate number of binders within a large pool of
nonfunctional clones. The highest tested condition (10%° nondisplaying yeast) showed no
significant difference in the yield of binding yeast compared to 100-fold fewer
nondisplaying yeast (16 + 3% vs 15 + 2%, p = 0.67; Figure 3-5A). Moreover, the yield of
nondisplaying yeast decreased slightly, thereby resulting in nominally increased
enrichment given constant binder yield (Figure 3-5B). This result of up to 10° yeast
panned per 10° target mammalian cells compares favorably to adherent panning
recommendations which limit the number of panned yeast to 5 x 107 yeast per cm? or

about 4 x 108 yeast per 10° mammalian cells, given an estimate of 1.2 x 10° cells per well
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in a 6-well platel®®. This is comparable to magnetic bead selections with soluble
recombinant target*8. The capacity for recovering binding yeast was also tested by
incubating increasing amounts of binding yeast with bead-cell conjugates, while holding
the number of nondisplaying yeast constant. While a 10-fold increase in the amount of
binding yeast resulted in a similar yield, the use of 102 binding yeast did have a
significantly decreased yield relative to baseline (9 £ 2% vs 2.1 + 1.2%, p = 0.004; Figure
3-5C), meaning that there are limitations to panning populations containing greater than
107 binding yeast per 10°® input mammalian cells. While there is a significant increase in
the number of binding yeast recovered across all tested conditions, the reduction in yield
at 102 input binding yeast may indicate that a recovery of roughly 10° binding yeast per

10° input mammalian cells may be at or approaching the system capacity (Figure 3-5D).
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Figure 3-5. Cell suspension panning shows high binding yeast capacity and throughput.
(A and B) Mixtures of 10° binding yeast and increasing numbers of nondisplaying yeast
were sorted against bead-A431 conjugates and the yield of binding yeast and enrichment
ratio were quantified. (C and D) Mixtures of 108 nondisplaying yeast and increasing
numbers of binding yeast were sorted against bead-A431 conjugates and the yield of
binding yeast and absolute number of binding yeast were quantified. An asterisk (*)
indicates p < 0.05 (with Bonferroni correction) compared to the baseline conditions. The
reduced yield of the 10° binding yeast conditions is hypothesized to be due to a small
nonspecific loss of yeast due to binding to the tube surface that is negligible at all other
conditions.

3.3.4 Cell Suspension Panning Provides Higher Binder Yield and Lower but Effective
Enrichment Relative to Adherent Cell Panning

To compare the efficacy of this system relative to traditional adherent cellular
panning, 18 replicates of both cell suspension and adherent cell panning were conducted
in parallel over 3 days using the highly EGFR-expressing cell line A431 and high affinity
E6.2.6' ligand with carboxylic acid beads. Compared to adherent panning, cell suspension
panning showed higher yield of binding yeast (12 £ 3% vs 3.4 + 0.4%, p = 0.005; Figure
3-6A) and lower yield of nondisplaying yeast (0.043 + 0.009% vs 0.15 £ 0.03%, p =
0.001; Figure 3-6B), resulting in an increase in enrichment (500 + 200 vs 160 £ 50, p =
0.01; Figure 3-6C).
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Figure 3-6. Initial cell suspension panning data demonstrates enhanced yield and
enrichment compared to adherent cell panning in a high affinity, high target expression
system. Mixtures of yeast displaying E6.2.6" and nondisplaying yeast were sorted in
suspension and adherently in parallel using bead-A431 conjugates as a pulldown agent.
(A) Binding yeast yield, (B) nondisplaying yeast yield, and (C) enrichment ratio were
quantified.

Initially, this data suggested that, while variable, suspension cell panning could
provide more effective enrichment compared to traditional adherent panning. However,
the exceptionally low yield of nondisplaying yeast in the cell suspension panning system
contradicted our earlier results (Figures 3-3 and 3-4). To investigate this discrepancy, two
additional sets of experiments were run using both carboxylic acid and streptavidin
beads. These results were consistent with the earlier analysis, with cell suspension
panning showing an increase in the yield of binding yeast (9.6 + 0.6% vs 3.2 + 0.3% with
carboxylic acid beads, p < 0.0001; 9 £+ 1% vs 3.8 + 0.2% with streptavidin beads, p =
0.002; Figure 3-7A and D) along with an increase in the yield of nondisplaying yeast (1.0
+ 0.1% vs 0.08 £+ 0.01% with carboxylic acid beads, p < 0.0001; 2.0 £ 0.3% vs 0.051 +
0.007% with streptavidin beads, p < 0.0001; Figure 3-7B and E), which results in a
decrease in the enrichment (11 £+ 2 vs 60 + 20 with carboxylic acid beads, p = 0.006; 10
3 vs 100 + 20 with streptavidin beads, p < 0.001; Figure 3-7C and F) relative to adherent
cell panning but still allows for enrichment significantly greater than unity (p < 0.001
with carboxylic acid beads, p = 0.0006 with streptavidin beads), enabling practical use of

this system.
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Figure 3-7. Further cell suspension panning data shows enhanced yield relative to
adherent cell panning but does not recapitulate the increased enrichment. Mixtures of
yeast displaying E6.2.6" and nondisplaying yeast were sorted in suspension and
adherently in parallel using bead-A431 conjugates using (A—C) carboxylic acid beads or
(D—F) streptavidin beads as a pulldown agent. (A and D) Binding yeast yield, (B and E)
nondisplaying yeast yield, and (C and F) enrichment ratio were quantified.

The variability regarding the yield of nondisplaying yeast across the multiple data
sets was unable to be explained. All experiments were conducted by the same researcher,
with cells displaying similar EGFR expression from the same master stock, and using the
procedures listed herein. Nonetheless, the variability observed with the method is
important to note. The results place a lower limit, which is still in the functional regime,
on the enrichment while also offering optimism for even stronger performance. The

relative bimodality of the nondisplaying yield suggests impact of an undefined parameter
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without adequate experimental control. However, at this time, no speculation regarding
this possible parameter is evident.
3.3.5 Cell Suspension Panning Enhances Binder Yield Relative to Adherent Cell Panning
Robustly Across Ligand Affinities and Target Expressions but Not to All Targets

The effect of lower ligand affinity or cellular target expression on yield and
enrichment in cell suspension panning was studied, as well as how this effect compared
to adherent panning. Because of the similar results observed in the high affinity, high
target expression system these experiments were conducted only in the carboxylic acid
bead system. Similar to the high expression system, yeast displaying E6.2.6’ panned on
midexpressing cells MDA-MB-231 (2.9 + 1.7 x 10° EGFR/cell) showed a higher binding
yeast yield compared to adherent panning (2.3 £ 0.5% vs 0.41 + 0.09%, p = 0. 0008;
Figure 3-8A) but lower enrichment (2.0 £ 0.3 vs 8 + 2, p = 0.006; Figure 3-8C). Though
lower, the enrichment was still significantly greater than unity (p = 0.007). Low affinity
ligand AASV (K4 > 600 nM for EGFR) panned on high-expressing A431 cells yielded
more binding yeast than observed for adherent panning (2.0 = 0.5% vs 0.017 £ 0.005%, p
= 0.001; Figure 3-8D), but a higher yield of nondisplaying yeast resulted in similar
enrichment compared to adherent panning (1.5 + 0.3 vs 1.7 £ 0.8, p = 0.79; Figure 3-8F),
neither of which was significantly greater than unity (p = 0.053 and 0.20, respectively).

Thus, weaker affinity ligands remain challenging for cellular panning enrichment.
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Figure 3-8. Effect of ligand affinity, target expression, and target/protein type on yield

and enrichment. Mixtures of binding and nonbinding yeast were sorted in parallel by cell
suspension and adherent panning and binding yeast yield, nondisplaying yeast yield, and
enrichment ratio were quantified. (A—C) Ligand: E6.2.6". Cell Line: MDA-MB-231. (D-

F) Ligand: AASV. Cell Line: A431. (G-I) Ligand: AC2 Cell Line MS1-CD276.

with an alternative protein scaffold and target, sorts in parallel with a cell line that highly

To test how cell suspension panning compares to adherent panning in a system

expresses CD276 (MS1-CD276; 1.2 + 0.1 x 10% CD276/cell) and a midaffinity affibody
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ligand AC2 (Kd =310 £ 75 nM for CD276) were conducted. Surprisingly, cell suspension
panning displayed both lower binding yeast yield (1.5 + 0.4% vs 22 + 4%, p < 0.0001
Figure 3-8G) and enrichment (3 = 1 vs 140 + 20, p < 0.0001 ; Figure 3-8I) relative to
adherent panning and was unable to provide significant effective enrichment (p = 0.11).
This result suggests that, while cell suspension panning provides a yield advantage to
fibronectin domains in an EGFR model system, this might not translate to all protein
scaffolds or targets.
3.4 Discussion

Existing high-throughput methods have successfully isolated binding ligands to
soluble ectodomain analogs; however, difficulties translating binding to genuine antigen
on target-expressing cells have hampered the clinical development and use of such
molecules. The failure of such recombinant soluble ectodomain-based selection methods
to generate ligands that bind to full-length, membrane-bound target indicate that these
ectodomains may not fully recapitulate protein expressed on the cell surface. Surface
display library selection techniques using target-expressing cells have been developed
and successfully employed in many cases to overcome translatability issues but could be
further improved. FACS-based selections employing target-expressing mammalian cells
or cell lysate provide effective enrichment but are limited by throughput and lack avidity
for weak affinity ligand enrichment. Adherent cell panning, on the other hand, provides
high-throughput, avid selections with effective enrichment in a variety of cases; although
prior work with EGFR-binding fibronectins indicate limited effectiveness in weak
affinity or low expression conditions, motivating further improvement®1%, Likewise, the
effective selection of binding ligands from a phage display library using cells in
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suspension and anecdotal evidence of cell suspension panning campaigns succeeding in
cases where adherent panning failed provide motivation to adapt these methods to yeast
surface display libraries'!"1'8, This adaptation, utilizing target-expressing mammalian
cells immobilized to magnetic beads, was compared to adherent cell panning and
displayed yield advantages and functional enrichment using a high affinity binder on cells
with both high and mid target expression and provided only a yield advantage using a
low affinity binder on cells with high target expression.

The conjugation of A431 cells to both carboxylic acid- and streptavidin-
functionalized magnetic beads was accomplished in sufficient yield to produce a
functional number of conjugates with limited optimization. No extensive networking of
cells and beads was observed, and the target expression was essentially maintained across
both conjugation methods. In both cases, it remains possible that higher concentrations or
stoichiometric excess of beads could enhance conjugate yield. Additionally, while the
20,000 Da PEG biotin employed aided in enhancing conjugate yield, the optimal linker
length to enable a biotinylated cell-bead linkage was not studied. Combined, this provides
several avenues for further improving conjugation yield.

Cell suspension panning provided functional enrichment in an EGFR system
using a high affinity binder and a high expression cell line with increased throughput
relative to adherent panning. The high yield and relative insensitivity of nondisplaying
yeast to washing was apparently due to a combination of bead-yeast and mammalian cell-
yeast interactions that were not appreciably mitigated by buffers that have been
previously used to screen nonspecific interactions. This limits the possible enrichment of
the system which, while still functional, could be improved by further depletion of
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nondisplaying yeast. While not tested in this study, it is possible that the use of mild
surfactants or a presort against bare beads or target-negative bead-cell conjugates could
help mitigate these interactions.

The first set of experiments performed using carboxylic acid beads in the high
affinity, high target expression system showed a consistent, lower yield of nondisplaying
yeast that was not replicated across any other experiment, which all showed a consistent,
moderate yield of nonbinding yeast. Despite not knowing the precise parameter inducing
this bimodality in the data, the observed variability provides a lower bound for
performance with the potential that further optimization can promote even higher
enrichment.

Follow-up experiments conducted with a high affinity ligand on high and mid
target-expression cell lines and a low affinity ligand on a high target-expression cell line
showed a significant increase in the yield of binding yeast across all conditions compared
to adherent panning. In addition, all conditions with the exception of low affinity, high
target-expression produced functional enrichment. This indicates that, while enrichment
of weaker affinity ligands remains challenging in cell panning selections, cell suspension
panning is a practical alternative selection across a wide range of ligand affinities and
target expressions.

When testing cell suspension panning using a midaffinity CD276-binding
affibody and a high CD276-expressing cell line, we found that cell suspension panning
failed to provide the yield advantage or functional enrichment observed in the EGFR
system. It is unclear whether the protein scaffold, cellular target, or another uncontrolled
parameter is responsible for this reversal in the observed trend of binding yeast yield, but
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this result indicates that cell suspension panning may not be appropriate for all protein
scaffolds or targets.

While expression was measured biweekly over the course of this study and
observed to remain consistent, it is possible that the use of presort analysis of mammalian
cell target expression could yield additional insight regarding the interday variability
observed in cell suspension panning. Target expression on mammalian cells has been
previously shown to strongly impact the yield of binding yeast in adherent mode
panning®. Additionally, the use of sequential sorts is expected to also aid in the reduction
of interday variability through the averaging of enrichment values.

3.5 Conclusion

In conclusion, the above work presents and characterizes a new system for
translatable ligand selection using suspended mammalian cells immobilized on magnetic
beads. Both streptavidin and carboxylic acid beads can be used to effectively conjugate
mammalian cells without forming large aggregates or masking native cell expression.
Optimization of washing conditions enabled a system that can effectively enrich binding
yeast relative to nondisplaying yeast; however, an unexplained high background of
nondisplaying yeast is present that was not able to be reduced with increased washing or
alternate buffers to screen nonspecific interactions. While these interactions seem to be
both yeast-bead and yeast-cell driven, their exact cause is still unknown. Despite this, cell
suspension panning provides practical enrichment to high affinity ligands on cell lines
expressing 10°-10° targets per cell, while low affinity ligands fail to be effectively
enriched due to the increased background. Cell suspension panning also compared
favorably to traditional adherent panning with a significant yield advantage in both high
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and low affinity ligand cases, as well as increased throughput allowing up to 10%° cells to
be sorted in a single tube. However, cell suspension panning failed to provide a benefit in
a CD276 system, indicating that this panning approach may not be suitable for all targets
or protein scaffolds. Ultimately, the findings of this study provide an alternate, higher
throughput method for translatable selection to increase the efficiency of translatable
ligand discovery and motivating further study into the limiting factors of this mode of
selection.

3.6 Materials and Methods

3.6.1 Cells and Cell Culture

MDA-MB-231 were provided by Professor Jayanth Panyam (Department of
Pharmaceutics, University of Minnesota—Twin Cities). A431 were provided by Professor
Daniel Vallera (Department of Therapeutic Radiology, University of Minnesota—Twin
Cities). Miles Sven 1 cells stably transfected to express human CD276 (MS1-CD276)'%
were provided by Juergen Willmann (Department of Radiology, Stanford University). All
cell lines were grown with DMEM containing 4.5 g/L d-glucose, sodium pyruvate, and |-
glutamine and supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) 10 000
U/mL penicillin—streptomycin. All cell lines were stored in an incubator at 37 °C in a
humidified atmosphere with 5% CO:..

Yeast surface display was performed essentially as previously described®.
Expression plasmids, detailed below, were transformed into Saccharomyces cerevisiae
yeast strain EBY100 by EZ-Yeast Transformation (Zymo Research, Irvine, CA). Yeast
harboring expression plasmids were grown in SD-CAA medium (20.0 g/L dextrose, 16.8
g/L sodium citrate dihydrate, 6.7 g/L yeast nitrogen base, 5.0 g/L casamino acids, and 3.9
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g/L citric acid in deionized H20) at 30 °C with shaking. Protein expression was induced
by transferring yeast cells in logarithmic phase (ODsoonm < 6) into SG-CAA medium
(19.0 g/L galactose, 10.2 g/L sodium phosphate dibasic heptahydrate, 8.6 g/L sodium
phosphate monobasic monohydrate, 6.7 g/L yeast nitrogen base, 5.0 g/L casamino acids,
and 1.0 g/L dextrose in deionized H20) and growing at 20 °C overnight. EBY 100 without
plasmid were grown in YPD medium (20.0 g/L peptone, 20.0 g/L dextrose, and 10.0 g/L
yeast extract in deionized H20) at 30 °C with shaking.
3.6.2 Expression Plasmids

The pCT-80 plasmid was used as the expression vector for yeast surface display
on the C-terminus of Aga2p. The vector encodes for Aga2p followed by an 80-amino
acid linker (comprising a Factor Xa cleavage site, an HA epitope, a proline/alanine/serine
peptide based on the PAS#1 motif'’#, and a glycine-rich peptide), the ligand, and a C-
terminal Myc epitope. In essence, this is the classic pCT yeast surface display plasmid®
with the addition of the 40-amino acid proline/alanine/serine peptide (as such, it was
previously named pCT-40%%). Genes were cloned into pCT-80 vector by Nhel and BamHI
restriction sites: EGFR-binding fibronectin domains E6.2.6"®! and E6.2.6" AASV®, and
CD276-binding affibody clone AC21¢6,
3.6.3 Receptor Expression Quantification

Polystyrene beads with known quantities of immobilized antimouse 1gG (Bangs
Laboratories, Inc., Fishers, IN) were used to construct a calibration curve from which the
EGFR and CD276 expression of cell lines was quantified. Beads or cells were labeled
with either mouse anti-EGFR clone ab30 (4 pg/mL) or mouse anti-CD276 clone 185504
(4 pg/mL) for 30 min at 4 °C. Beads or cells were washed once with phosphate-buffered
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saline with 0.1% (w/v) bovine serum albumin, 1 mM CaClz, and 0.5 mM M@2SO4
(PBSACM) and pelleted at 500g for 3 min. The beads or cells were then labeled with
goat antimouse Alexa Fluor 647 conjugate (Life Technologies, Carlsbad, CA) for 30 min
at 4 °C, washed once with PBSACM, and again pelleted at 500g for 3 min. Fluorescence
was analyzed by flow cytometry using an Accuri C6 Plus (BD Biosciences, San Jose,
CA).

3.6.4 Mammalian Cell-Magnetic Bead Conjugation

Mammalian cells were grown to approximately 70-90% confluency in 75
cm? tissue culture-treated flasks. The culture medium was removed, and the cells were
washed once with 5 mL of PBS. The cells were then detached by trypsin-EDTA
treatment for 10 min, followed by the addition of culture medium with serum. The
detached cells were then pelleted at 5009 for 3 min. The trypsin-containing medium was
removed, and the cells were resuspended in fresh culture medium for counting using a
Countess Il FL (Thermo Fisher Scientific). The cells were pelleted at 500g for 3 min at 4
°C and washed twice with ice cold PBS before being pelleted again, and the supernatant
was removed.

For streptavidin bead conjugation, washed cells were resuspended in 1 mL of a 9
1M solution of 20 kDa biotin-PEG-SVA (Laysan Bio Inc., Arab, AL) in PBS per 10°
mammalian cells and rotated for 30 min at room temperature. The biotinylated cells were
washed five times with ice cold PBSACM to quench and remove excess biotin prior to
incubation with an equimolar amount of streptavidin-coated Dynabeads (Thermo Fisher
Scientific, Cat: 11205D) in 50 pLL of PBSACM at 4 °C for an hour. The bead-cell
conjugates were then placed on a DynaMag-2 magnet (Thermo Fisher Scientific, Cat:
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12321D) for 2 min to capture all conjugated cells and washed once with PBSACM to
remove any unconjugated cells.

For carboxylic acid bead conjugation, carboxylic-acid-coated Dynabeads (Thermo
Fisher Scientific, Cat: 14305D) were mixed with 200 pL of a 10 mM sodium hydroxide
solution per 10° beads and rotated at room temp for 10 min. The beads were placed on a
DynaMag-2 magnet for 2 min and washed twice with 200 puL of 4 °C deionized water per
10° beads, then resuspended in 200 uL of a 4 °C, 50 mg/mL 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide solution per 10° beads. This mixture was allowed to
rotate at room temperature for 30 min before being placed again on the magnet and
washed once with 200 pL of 4 °C deionized water and twice with 200 uL of 100 mM
MES. An equimolar amount of activated beads was added to the pelleted cells and mixed
thoroughly prior to rotating at room temperature for 30 min. The bead-cell conjugates
were placed on the magnet and washed once with 500 puL of 0.05 M Tris and once with
500 uL of PBSACM.

For both types of bead-cell conjugation, reaction yield was quantified by flow
cytometry on an Accuri C6 Plus to count the number of cells in both the pre- and
postconjugation mixtures.

3.6.5 Cell Suspension Panning

Yeast mixtures containing 1 x 108 plasmidless EBY100 and 1 x 10° yeast
harboring ligand display plasmids were washed in PBSACM and added to a 1.7 mL tube
containing 10° mammalian cells conjugated to either streptavidin or carboxylic-acid-
coated beads in 1 mL of ice cold PBSACM. This mixture was rotated for 15 min at 4 °C.
The mixture was placed on a magnet, unbound yeast were aspirated, and bead—cell
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conjugates were washed twice with 1 mL of ice cold PBSACM. The yield of plasmid-
harboring yeast was quantified by dilution plating on SD-CAA plates, while the yield of
total yeast was quantified by dilution plating on YPD. Enrichment ratio was calculated as
the yield of plasmid-harboring yeast divided by the yield of plasmidless yeast.
3.6.6 Adherent Mammalian Cell Panning

Adherent cell panning selections were carried out essentially as described®.
Mammalian cells were grown in 12-well plates to approximately 70-90% confluency.
The culture medium was aspirated, and the cells were washed once with ice cold
PBSACM. Yeast mixtures containing 1 x 108 plasmidless EBY100 and 1 x 10° yeast
harboring ligand display plasmids were washed in PBSACM and added dropwise to each
well in 1 mL of ice cold PBSACM. Cells were incubated without shaking for 15 min at 4
°C and unbound yeast were aspirated. Cells were washed with 1 mL of ice cold
PBSACM four times with 25 gentle tilts and 5 nutations and one time with 10 mutations.
Bound yeast were removed by scraping cell monolayers and resuspending them in 1 mL
of PBSACM. The yield of plasmid-harboring yeast was quantified by dilution plating on
SD-CAA plates, while the yield of total yeast was quantified by dilution plating on YPD.
Enrichment ratio was calculated as the yield of plasmid-harboring yeast divided by the
yield of plasmidless yeast.
3.6.7 Optimization of Washing Conditions

The washing conditions of adherent mammalian cell panning have been optimized
in prior work®%1%6_Tgo determine the optimal number of washes for the cell suspension

panning, the baseline conditions described above were repeated while varying the number
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of washes from one to five. Yield and enrichment were quantified by dilution plating on
YPD and SD-CAA plates.
3.6.8 Quantification of System Capacity and Nonbinding Yeast Blocking

The capacity of cell suspension panning was determined by conducting sorts
using the baseline conditions above while varying the number of initial displaying yeast
from 10° to 108. The ability of nonbinding yeast to block binding yeast was determined
by conducting sorts using the baseline conditions above while varying the number of
initial nondisplaying yeast from 108 to 10'°. In both cases, yield and enrichment were
quantified by dilution on YPD and SD-CAA plates.
3.6.9 Statistical Analysis

Washing data and functional enrichment were tested for significance using
Welch’s t test, while comparisons between cell suspension and adherent panning were
binned by day and method prior to significance testing by two-way ANOVA with only
main effects. Samples containing greater than six replicates were subjected to Grubb’s

test to remove potential outliers. All statistics are reported as the mean + standard error.
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Chapter 4 — Extended Yeast Surface Display
Linkers Enhance the Enrichment of Ligands in
Direct Mammalian Cell Selections

Adapted with permission from “Lown, P.S; Cali, J.J., Ritter, S.C., Otolski, J.J., Wong, R.,
Hackel, B.J. “Extended Yeast Surface Display Linkers Enhance the Enrichment of
Ligands in Direct Mammalian Cell Selections” Protein Engineering, Design and
Selection 2021, 34, 1-9” Copyright 2021 Oxford University Press. The pCT-641 plasmid
was constructed by Dr. Seth C. Ritter.
4.1 Summary

Selections of yeast-displayed ligands on mammalian cell monolayers benefit from
high target expression and nanomolar affinity, which are not always available. Prior work
extending the yeast—protein linker from 40 to 80 amino acids improved yield and
enrichment but is hypothesized to be below the optimal length, prompting evaluation of
an extended amino acid linker. A 641-residue linker, chosen to be roughly an order of
magnitude longer than the existing linkers, provided enhanced enrichment with a 2-nM
affinity fibronectin ligand and 10° epidermal growth factor receptors (EGFR) per cell (14
+2vs. 8+ 1, p=0.008) and a >600-nM affinity ligand, 10 EGFR per cell system (23 +
7vs. 0.8 £0.2, p=0.004). Enhanced enrichment was also observed with a 310-nM
affinity affibody ligand and 10* CD276 per cell, suggesting a generalizable benefit to
other scaffolds and targets. Spatial modeling of the linker suggests that improved
extracellular accessibility of ligand enables the observed enrichment under conditions not

previously possible.
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4.2 Introduction

Protein scaffolds have enabled the efficient engineering of specific molecular
binding activity while maintaining desirable biophysical properties for both therapeutic
and diagnostic applications'®*?’, Often, the discovery of binding ligands to clinically
relevant biomarkers is conducted through the generation of large combinatorial
libraries® 70175176 Tq effectively screen these libraries, high-throughput selection
strategies including magnetic bead capture?°48.163.164 and fluorescence-activated cell
sorting®® have been coupled with yeast®®1162 and phage*?43122 display technologies.
These strategies often use recombinantly produced, soluble ectodomains as analogs for
full-length proteins. While proven successful'’?, these methods may generate ligands that
bind strongly to the biomarker analogs yet fail to translate binding to genuine antigen on
target-expressing cells'® (Chapter 2). As a solution, several selection techniques utilizing
target-expressing cells have been developed to use full-length, native biomarkers to aid in
translatable ligand selection, including biopanning on adherent cell monolayers®®%:%,
magnetic bead-immobilized cells'’®1"® (Chapter 3), or flow cytometry with suspended
cells®®. Adherent cell panning has isolated high-affinity, translatable binders in multiple
scenariost?0102-109.122 et studies conducted using epidermal growth factor receptor-
(EGFR-) binding fibronectins found that enrichment—the ratio of the yields (fractions of
yeast collected) of ligand-displaying and nondisplaying yeast in a sort and a metric for
the relative increase in frequency of ligands with desired target-binding relative to
nonbinding background—is hindered when using cells with low-to-moderate (< 10°
targets/cell) expression or ligands of micromolar or weaker affinity in both adherent and
suspension systems®17° (Chapter 3).
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One hypothesis for the inability of these studies to effectively enrich ligands in
nonideal systems is due to limited ligand—target binding. The yeast cell wall is ~115 nm
thick8?, throughout which the yeast surface display construct is distributed by
glycosylphosphatidylinositol (GPI)-mediated anchoring® 8!, Previous research with
similar constructs indicated that cell wall glycans cause steric occlusion of ligand
binding, with a 649-amino acid linker providing consistent molecular engagement
regardless of target molecular weight'®2. Similarly, a 122-nm linker was required for a
plasma membrane-tethered yeast surface construct to reliably contact an extracellular
molecular probe®. The linker of the classic pCT yeast surface display construct is 40
amino acids with a maximum end-to-end distance of 15 nm (assuming an average
distance of 3.8 A between alpha-carbons), far below either studied limit. This may
decrease the number of yeast-displayed ligands able to access the extracellular space and
engage with their target, lowering the effective avidity of the system. Further supporting
this, a study that appended an additional 40-amino acid flexible linker showed enhanced
binding of high- and low-affinity EGFR-binding fibronectins on high-expressing cells®®.
However, even this 80-amino acid linker is expected to be far under the length for
optimal mammalian cell surface engagement, thus motivating the creation of even longer
yeast surface display linkers for the purpose of adherent mammalian cell panning.

This study aims to evaluate the effectiveness of a substantially extended linker, 8-
fold longer at 641 amino acids, in providing more robust ligand-biomarker interaction in
the context of adherent mammalian cell panning in comparison to the previously
established 80 amino acid linker. To create a generalizable comparison, parameters
including mammalian cell target expression, ligand binding affinity, ligand protein
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scaffold, and target biomarker were studied. Sorting mixtures containing a low frequency
of yeast expressing pCT-80 or pCT-641 display plasmids and a majority of plasmidless
EBY 100 were used to mimic de novo selection from naive libraries and panned in
parallel. The longer linker significantly increased enrichment in both high affinity,
moderate target expression and low affinity, high target expression EGFR systems. In the
latter case, the longer linker provided significant effective enrichment whereas the shorter
linker could not. However, the longer linker did not provide significant enrichment in the
low affinity, moderate target expression system, indicating that further modifications to
the yeast surface display may be needed to enrich low affinity ligands in non-ideal
conditions. Significantly increased enrichment was also observed in a low affinity, low
expression CD276 system, indicating this benefit may be generalizable to other protein
scaffolds and biomarkers. This increased enrichment was observed despite significantly
decreased display levels of the pCT-641 construct on the yeast surface. Modeling the
dynamics of the two linkers as stiffness-modified Gaussian chains®-& uniformly
distributed throughout the cell wall indicated that the longer linker spends more time
extended into the extracellular environment, supporting the hypothesis that the increased
performance is a result of more robust ligand accessibility to the extracellular space.
Combined, these results advance understanding of the factors that dictate binding ligand
yield and enrichment in adherent mammalian cell panning and provide tools for isolating

binding ligands in conditions not previously possible.
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4.3 Results

Iterative restriction enzyme digestion and destructive ligation8 were used to
exponentially expand the existing pCT-80 linker (SI Table 1)®. In short, the existing
vector was digested in parallel by Avrll and BamHI to generate an insert and by Nhel and
BamHI to create an acceptor vector. While compatible for ligation, the resulting hybrid
recognition site of Avrll and Nhel cannot be digested by either enzyme, effectively
breaking the recognition site while doubling the linker region. To achieve the desired 8-
fold increase in linker length, this process was repeated over sufficient iterations to create
a 641 amino acid linker (Figure 4-1). This new linker, containing a truncated version of
the original linker with 18 amino acids of a proline-alanine-serine rich segment (based on
PAS#1) and (G4S)3 bridged by alanine and arginine encoded for by the broken
restriction site (Table 4-1), was expected to have similar conformational flexibility and
secondary structure due to its similar composition. However, detailed characterization
was outside the scope of this study.

Name Sequence
PASss PAAPAPASPAAPAPSAPAASPAAPAPASPAAPAPSAP

Repeat A
Sequences PASs PAAPAPASPAAPAPSAPA

(GsS)s  GGGGSGGGGSGGGGS
[Aga2p] - KDNSSTIEGRYPYDVPDYALQAS - PAS40 -

PCT-80  (Gi5)s- AS
Linkers [Aga2p] - KDNSSTIEGRYPYDVPDYALQAS - PASu -
pCT-641 (GaS)s - APR - [PASis - (G4S)s - AR]15 — PASis - (G4S)s -
AS

Table 4-1. A list of repetitive amino acid sequences and linker sequences used in pCT-80
and pCT-641.
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Avrll Nhel BamHlI
CCTAGG GCTAGC Ligand GGATCC
GGATCC CGATCG Igan CCTAGG

Digest with Digest with
Nhel and BamHI Avrll and BamHI

CTAGG GCTAGC . G

N
4 a

¥

CCTAGG G

Acceptor HGGATCC CGATC GATCC“
l Ligate G

CCTAGG GCTAGG GCTAGC Lizand GGATCC
GGATCC CGATCC CGATCG 8 CCTAGG
hybrid
site

Repeat 3x

Avrll Nhel BamHlI
CCTAGG GCTAGC Ligand GGATCC
GGATCC CGATCG 8 CCTAGG

Figure 4-1. Exponential expansion of repetitive linker by iterative restriction enzyme
digest and destructive ligation. Digesting the initial construct in parallel creates an insert
and acceptor with compatible overlaps. Ligation results in a hybrid sequence of Nhel and
Avrll that is recognized by neither restriction enzyme, preventing further digestion and a
doubling of the linker region. Each repetition of the procedure doubles the existing linker
region.

4.3.1 Longer Linkers Increase the Yield of Displaying Yeast and Enrichment in Low
Affinity or Moderate Target Expression Systems

To compare the efficacy of the extended linker in enriching binding ligands,
adherent cell panning was conducted in parallel with both the 80- and 641-residue
linkers. The A431 cell line, which highly overexpresses EGFR (4 + 1 x 10° EGFR/cell),
was the panning target for a mixture of yeast containing plasmidless EBY100 yeast and
yeast expressing display plasmids encoding high affinity (K¢ = 2 + 2 nM) EGFR-binding

fibronectin domain E6.2.6°8! from either the pCT-80 or pCT-641 construct. Upon
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selection, the yield of nondisplaying and ligand-displaying yeast were measured via
dilution plating, and ligand enrichment was computed. Compared to the pCT-80
construct, pCT-641 showed a higher yield of ligand-displaying yeast (7.5 + 1.0% vs. 2.8
+ 0.5%, p < 0.0001; Figure 4-2B) accompanied with a moderate increase in the yield of
nondisplaying yeast (0.15 £ 0.03% vs. 0.10 £ 0.03%, p = 0.05; Figure 4-2C), resulting in
a nominal, statistically insignificant elevation in enrichment (120 £ 40 vs. 50 £ 10, p =

0.12; Figure 4-2A).
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Figure 4-2. The effect of ligand affinity and target expression on yield and enrichment
across 80- and 641- amino acid linkers in an EGFR system. Yeast displaying either pCT-
80 or pCT-641 tethered ligands were mixed with nondisplaying yeast and sorted in
parallel by adherent cell panning. (A) Enrichment ratio (B) ligand-displaying yeast yield,
and (C) nondisplaying yeast yield were quantified on both high- (E6.2.6”) and low-
(E6.2.6° AASV) affinity ligands as well as high- (A431) and mid- (MDA-MB-231)
expressing cell lines. Dotted lines (A) indicate the limit of functional enrichment. *
indicates p < 0.05 relative to the 80-amino acid linker.

The lack of a significant increase in enrichment suggested that, while the
extended linker may effectively increase avidity, E6.2.6 is sufficiently high affinity that
very little avidity is needed to provide consistent attachment of displaying yeast to the
highly-expressing mammalian cell surface. Thus, it was decided to move to more
challenging systems, which is also where more technological advancement is needed for
binder isolation. On mid-expressing MDA-MB-231 cells (2.9 + 1.7 x 10° EGFR/cell) the
longer linker improved enrichment of the high affinity E6.2.6° (14 +2 vs. 8+ 1,p=
0.008; Figure 4-2A) as well as yield (5.6 £ 0.8% vs. 1.0 £ 0.2%, p < 0.0001; Figure 4-
2B). The increased stringency of panning with the roughly 14-fold reduction in
mammalian cell expression between the mid- and high-expressing system is sufficient to
reveal the extended linker’s avidity advantage. Even more striking, for low affinity ligand
E6.2.6 AASV (Kd > 600 nM for EGFR)% panned on high-expressing A431 cells the
641-residue linker increased ligand-displaying yeast enrichment from non-functional 0.8
+ 0.2 to highly effective 23 = 7 (p = 0.004; Figure 4-2A). This was driven by an increased
yield (1.4 + 0.2% vs. 0.036 + 0.007%, p < 0.0001; Figure 4-2B).

However, while E6.2.6" AASV panned on mid-expressing MDA-MB-231 cells
provided significantly higher ligand-displaying yeast yield (1.3 £ 0.2% vs. 0.53 £ 0.08%,
p < 0.0001; Figure 4-2B) for the longer linker, this did not translate to significantly

increased enrichment (1.4 £ 0.1 vs. 1.39 + 0.07, p = 0.73; Figure 4-2A), indicating that
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any potential increase in ligand accessibility by the longer linker is not enough to
overcome a combination of low ligand affinity and limited biomarker expression. Thus,
enriching weaker affinity ligands on all but the highest expressing cell lines remains
challenging in adherent cell panning. Additionally, the moderate but significant increase
in nondisplaying yeast yield, seen for the longer linker across all model EGFR systems,
somewhat hindered enrichment. The increased accessibility may allow additional
nonspecific interactions between the linker and/or ligand with nondisplaying yeast, which
could potentially be ameliorated using blocking agents such a milk powder or fetal
bovine serum; however, this has not been evaluated.
4.3.2 Improved Linker Performance is Generalizable to CD276 and Affibodies

To assess whether the increased performance of the pCT-641 construct was target
or ligand dependent, further sorts were conducted with a cell line that has low expression
of CD276 (MDA-MB-231: 4 + 2 x 10* CD276/cell) and a low affinity affibody ligand:
AC2 (Kg = 310 nM; 240-390 nM 68% C1)*%. This system showed similar trends to the
EGFR system, with an increase in ligand-displaying yeast yield (0.9 + 0.1% vs. 0.6 +
0.1%, p = 0.003; Figure 4-3B) and enrichment (7.5 £ 0.8 vs. 4.3 £ 0.4, p = 0.0003; Figure
4-3A) of the pCT-641 construct relative to pCT-80. This indicates that the observed
benefit of a longer linker is not limited to EGFR and fibronectin domains and may be
generalizable to other targets and protein scaffolds. Cell panning is a potential method for
screening libraries for ligands of micromolar affinity on cell lines expressing on the order
of millions of targets per cell or libraries of ligands of up to 300 nM affinity on cell lines

expressing tens-to-hundreds of thousands of targets per cell. Despite this, nonspecific
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interactions remain a significant issue in cell panning screens and sufficient depletion
strategies should be employed when conducting cell panning.
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Figure 4-3. Yield and enrichment of 80- and 641-amino acid linkers in a CD276 system.
Yeast displaying either pCT-80 or pCT-641 tethered ligands were mixed with
nondisplaying yeast and sorted in parallel by adherent cell panning. (A) Enrichment ratio,
(B) ligand-displaying yeast yield, and (C) nondisplaying yeast yield were quantified.
Ligand: AC2 Cell Line: MDA-MB-231. The dotted line (A) indicates the limit of
functional enrichment. * indicates p < 0.05 relative to the 80-amino acid linker.

4.3.3 Improved Linker Performance is Observed Despite Lower Yeast Cell Surface
Expression

We hypothesize that the increased binding and enrichment for the extended linker
results from improved ligand accessibility, which translates to elevated functional
valency. Yet it is possible that the extended linker constructs achieved higher valency by
simply expressing more abundantly on the yeast surface. To assess this possibility, the
amount of surface displayed ligand was quantified using a single aliquot of each
population after induction and before sorting (apart from AC2, which used a different
induction). Yeast containing the pCT-641 plasmid were found to express significantly
fewer ligands per cell relative to yeast containing pCT-80 (25% fewer for E6.2.6', 10%

fewer E6.2.6° AASV and 34% fewer for AC2) (Figure 4-4A). This lower expression
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indicates that the longer linker allowed the ligand to engage more reliably with its
molecular target despite decreased ligand surface expression. Additionally, if a large
portion of ligand-negative yeast cells contain plasmid offering antibiotic resistance, a
lower percent induction could artificially deflate the displaying yeast yield, and therefore
the enrichment ratio, of the assay. However, enrichment benefit was observed despite the
percent induction of pCT-641 being comparable or moderately lower compared with the
pCT-80 counterparts (Figure 4-4B). Additional experiments evaluating per cell
expression and percent of cells displaying ligand, while displaying a differing trend of per
cell expression, indicated that the induction conditions used to generate data were

roughly optimal for both linkers (Figure 4-5).
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Figure 4-4. Yeast populations displaying ligands via pCT-641 have a lower surface
expression and induction percentage. Yeast containing pCT-80 or pCT-641 and encoding
for E6.2.6', E6.2.6° AASV or AC2 were labeled with an anti-C-Myc antibody and FITC
secondary. Their fluorescence was analyzed by flow cytometry and compared to a
quantitative bead standard labeled with the same antibody mixture to determine ligand
expression. The same induction of E6.2.6" and E6.2.6° AASV ligands were used to
generate the sorting data in Figure 4-2. (A) Ligand expression is presented as the mean of
>10,000 events from a single culture. 95% ClIs were calculated but are <0.8% of the
mean and therefore not visible. P < 0.05 difference in expression levels. (B) The percent
of ligand-displaying cells (fluorescein isothiocyanate [FITC] positive) in each sample
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Figure 4-5. The effect of induction time on surface display levels and percentage of
induced yeast for populations displaying E6.2.6” via pCT-80 and pCT-641. Yeast
containing pCT-80 or pCT-641 expression plasmids encoding for E6.2.6” were grown at
30 °C and induced at 20 °C. Aliquots were taken from each sample at specified
timepoints and labelled with an anti-c-myc antibody and anti-mouse-FITC secondary
antibody. Their fluorescence was analyzed by flow cytometry and compared to a
quantitative bead standard labelled with the same antibody mixture to determine ligand
expression. Ligand expression (A) and percent induction (B) are presented as the mean of
three samples + standard deviation. * indicates p < 0.05 difference between pCT-80 and
pCT-641.
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4.3.4 Gaussian chain model shows linker stiffness and length drives extracellular
accessibility

To further understand the impact of the yeast surface display linkers and the
parameters that affect extracellular accessibility, we constructed and evaluated geometric
models of the two linker systems. Both GGSGGS and PAS#1, polypeptides of similar
composition to the (G4S)3 and PAS#1-based repeats that primarily make up the pCT-80
and pCT-641 linkers, have been previously described as random coil structures 187188,
This guided the selection of the Gaussian chain model to describe both linkers!8-18° To
account for the nonideal behavior of real polypeptide chains, the model was modified
with a characteristic ratio correction factor, using homopolymer values for glycine,
alanine, and proline!8®1%, While experimental characterization of the characteristic ratios
for the 80 and 641 amino acid linkers is outside the scope of this study, GGSGGS linkers
have a characteristic ratio similar to polyglycine®’, and PAS#1 has been described as
having a stiffness between polyalanine and polyproline!®. This indicates that, while not
experimentally determined, the characteristic ratio of the linkers should fall within the
range of values provided, thus allowing for a semi-quantitative framework for
comparison of length distributions between both linkers. To account for the GPI-
mediated attachment of Agalp, the model allowed linkers to anchor anywhere within the
cell wall (assumed to be 115 nm thick)*8°. Lacking any prior knowledge of the
distribution of Agalp in the cell wall, a uniform distribution was chosen for simplicity.

With this model, we calculated the probability distribution of ligand distance from
the yeast cell surface, assuming the linker is a homopolymer consisting of either poly-
glycine, poly-alanine, or poly-proline. This reveals a relatively constant probability
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within the cell wall, due to the homogenous distribution of the yeast surface display
construct, with a sharp decrease across the boundary of the cell wall (Figure 4-6A). The
fraction of ligands in the extracellular space correlated with both length and stiffness,
with pCT-641 having a higher fraction of extracellular ligands compared to pCT-80
regardless of stiffness. Increasing the number of linker amino acids from 80 to 641
provided a 2.8-3.2 fold increase in the fraction of ligands in the extracellular space,
supporting our hypothesis that the improved performance of pCT-641 is more consistent
ligand-target engagement as a result of increased ligand accessibility to the extracellular

space (Figure 4-6B).
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Figure 4-6. pCT-641 extends farther than pCT-80, on average, regardless of material
composition. (A) Probability distribution functions of ligand distance from the cell
surface were constructed for pCT-80 and pCT-641 using a characteristic ratio corrected
Gaussian chain model. Curves were constructed for the characteristic ratios of glycine,
alanine, and proline. The vertical dotted line indicates the approximate boundary between
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the cell wall and the extracellular space. (B) The area under each curve beyond the cell
wall boundary was integrated to determine the percentage of total ligand accessible to the
extracellular space. (C) Schematic of a yeast cell and mammalian cell in close contact.
Agalp-Aga2p anchor complexes are uniformly distributed throughout the cell wall with
ligands tethered through representative linkers to illustrate how increased length relates to
extracellular accessibility

While the model does not take into account the observed expression levels or the
exact stiffness of the linker, we can make a reasonable approximation for the number of
ligands with accessibility to the extracellular space by estimating the fraction of
accessible ligands for each linker as a linear combination of the values from Figure 4-6B
weighted by the fractional composition of glycine, alanine, and proline, using expression
levels from Figure 4-4A, and assuming a yeast cell to be an 8 um diameter sphere. This
estimate suggests 24-36 accessible ligands per um? for yeast expressing pCT-80 versus
63-69 accessible ligands per um? for pCT-641, a moderate increase in spite of the
expression difference. Dependent upon cell-cell shape complementarity and target
density, these estimates make it reasonable that the longer linker transitions these
interactions from monovalent to multivalent

Our model theoretically suggests an infinite length linker to maximize ligand-
target engagement but does not account for several factors including genetic efficiency,
extracellular shuttling, and stability. These factors may restrict the length of realistically
functional linkers and reduce ligand expression that would create an optimum that is not
readily extractable from our existing data. However, the inability of a 40, 80, or 641
flexible linker to effectively enrich the low affinity linker in low expression conditions®
either suggests that the length needed for effective avidity may be prohibitively long or
that other approaches may be needed to enhance the extracellular exposure of ligands.

For instance, stiffer linkers provide a higher fraction of accessible ligands relative to
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flexible linkers with the same number of residues. This could potentially motivate the
design of a hybrid linker with a stiff base to allow extracellular access and a flexible
distal portion to allow the ligand to sample space. Another suggestion is to pre-treat the
yeast with Zymolyase to effectively thin the cell wall'®, although this may also result in
the removal of ligand attached to the degraded portion of the cell wall.

While the above data highlights the usefulness of extended linkers in yeast surface
display systems when conducting cell panning, recommendations for linker length in
other display platforms (ribosome, phage, and mammalian cell) are less clear. In the case
of ribosome and phage display, the small size of the display platform limits steric
hinderance between the platform and target cell. In these cases, short linkers are often
incorporated more to aid in the stability of the displayed protein fusion. However, it
remains possible that the analytical study of linker length in these systems could see a
useful improvement. While there is no need to penetrate through a cell wall in
mammalian cell display, the size of yeast and mammalian cells remain similar. Thus, a
similar level of steric hindrance could be expected, which motivates the switch from
existing linkers to one similar in length to those mentioned above and a more thorough
investigation of the effect of linker length on cell panning performance in mammalian
cell display systems.

4.4 Conclusion

A dramatically extended yeast surface display linker provides more robust
extracellular engagement with cell surface biomarkers. The 641-amino acid linker
provided significantly improved ligand yield and enrichment in adherent cell panning for
both high affinity ligands on cells with moderate target expression and low affinity
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ligands on cells with high target expression relative to the existing 80-amino acid linker.
This enhanced yield and enrichment was observed despite 10-34% fewer ligands
displayed per yeast cell and was observed with multiple scaffolds and targets. In addition,
modelling the linkers suggests pCT-641 has a higher fraction of extracellularly accessible
ligands, which suggests the observed performance benefits are due to more consistent
ligand-target interactions. Ultimately, the findings of this study provide a new yeast
surface display construct for use in adherent cell panning while motivating further study
into other construct improvements.

4.5 Materials and Methods

4.5.1 Cells and Cell Culture

A431 cells were provided by Professor Daniel Vallera (Department of
Therapeutic Radiology, University of Minnesota — Twin Cities). MDA-MB-231 were
provided by Professor Jayanth Panyam (Department of Pharmaceutics, University of
Minnesota — Twin Cities). All cell lines were grown with DMEM containing 4.5 g/L D-
glucose, sodium pyruvate, and L-glutamine and supplemented with 10% (v/v) fetal
bovine serum and 1% (v/v) 10,000 U/mL penicillin-streptomycin. All cell lines were
incubated at 37 °C in a humidified atmosphere with 5% CO..

Yeast surface display was performed largely as previously described.'®2
Expression plasmids, explained below, were transformed into Saccharomyces cerevisiae
yeast strain EBY100 by EZ-Yeast Transformation (Zymo Research, Irvine, CA). Yeast
harboring expression plasmids were grown in SD-CAA medium (16.8 g/L sodium citrate
dihydrate, 3.9 g/L citric acid, 20.0 g/L dextrose, 6.7 g/L yeast nitrogen base, and 5.0 g/L
casamino acids in deionized H20) at 30 °C with shaking for at least 7 hours. Protein
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expression was induced on the yeast surface by transferring yeast cells in logarithmic
phase (ODsoonm<6) into SG-CAA medium (10.2 g/L sodium phosphate dibasic
heptahydrate, 8.6 g/L sodium phosphate monobasic monohydrate, 19.0 g/L galactose, 1.0
g/L dextrose, 6.7 g/L yeast nitrogen base, and 5.0 g/L casamino acids in deionized H20)
and growing at 20 °C for 24 to 48 hours. EBY100 without expression plasmids were
grown in YPD medium (20.0 g/L peptone, 20.0 g/L dextrose, and 10.0 g/L yeast extract
in deionized H20) at 30 °C with shaking.

4.5.2 Expression Plasmids

The pCT-80 and pCT-641 plasmids were used as the expression vectors for yeast
surface display on the C-terminus of Aga2p. pCT-80 encodes for Aga2p followed by an
80-amino acid linker (composed of a Factor Xa cleavage site, an HA epitope, a
proline/alanine/serine peptide based upon the PAS#1 motif [PAS40], a glycine-rich
peptide [(G4S)s], and an Nhel recognition site), the ligand, a BamHI recognition site, and
a C-terminal Myc epitope (Sl Table 1). This is, essentially, the classic pCT yeast surface
display plasmid with the addition of a 40-amino acid PAS#1-based domain.

To further extend the linker, the latter 38 amino acids of PAS40 (PAS38), the
ligand, and C-terminal Myc epitope were PCR amplified with the addition of an Avrll
recognition site 5° of PAS38. This construct was inserted into Nhel and BamHI digested
pCT-80 by HiFi DNA Assembly (New England Biolabs), creating the starting construct
for further expansion. The linker was then exponentially expanded through iterative
restriction enzyme digestion and destructive ligation, as previously described 8. The
construct was digested with Avrll (New England Biolabs) and BamHI (New England
Biolabs) to generate an insert containing PAS38, (G4S)s, an Nhel recognition site, and the
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ligand. The same plasmid was separately digested with Nhel and BamHI to create an
acceptor vector. Ligation resulted in the duplication of PAS38-(G4S)s as well as the
destruction of the cut Nhel and Avrll sites. This process was repeated three additional
times. Each plasmid was digested by Avrll and BamHI before being analyzed by gel
electrophoresis to confirm proper duplication of the linker. The longest plasmid
constructed was named pCT-641 as it is, essentially, the classic pCT yeast surface display
plasmid with the addition of a 601-amino acid linker (Table 4-1).
4.5.3 Receptor Expression Quantification

Cellular expression of EGFR, CD276, and yeast-displayed ligand were quantified
using polystyrene beads with known quantities of immobilized anti-mouse 1gG (Bangs
Laboratories, Inc., Fishers, IN) to construct a calibration curve. Beads and cells were
separately labelled with either mouse anti-EGFR clone ab30 (4 pg/mL) (Abcam), mouse
anti-CD276 clone 185504 (4 ug/mL) (Biotechne), or anti-c-Myc clone 9E10 (4 pug/mL)
(BioLegend) for 30 minutes at 4 °C. Beads and cells were washed once with phosphate-
buffered saline with 0.1% (w/v) bovine serum albumin, 1 mM CaClzand 0.5 mM
Mg2SO4 (PBSACM) and pelleted at 5009 for 3 minutes. The beads and cells were then
labelled with goat anti-mouse Alexa Fluor 647 conjugate (10 pg/mL) (Life Technologies
A-21235) or goat anti-mouse FITC conjugate (10 pg/mL) (Sigma-Aldrich F0257) for 30
minutes at 4 °C, washed once with PBSACM, and again pelleted at 500 g for 3 minutes.
Fluorescence was analyzed by flow cytometry using an Accuri C6 Plus (BD
Biosciences). Bead fluorescence was used to construct a calibration curve from which the

EGFR, CD276, or yeast-displayed ligand expression was quantified
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4.5.4 Adherent Mammalian Cell Panning

Adherent cell panning selections were carried out with minor modifications from
previous literature®®. Mammalian cells were grown in 12-well plates to approximately 70-
90% confluency. The culture medium was aspirated, and cells washed once with ice cold
PBSACM. Yeast mixtures containing 1x10° or 1x10 ligand-displaying yeast and 1x10%
EBY100 were washed in PBSACM and added dropwise to each well in 1 mL of ice cold
PBSACM. Plates were incubated statically for 15 minutes at 4 °C and the unbound yeast
were removed. Wells were washed with 1 mL of ice cold PBSACM four times with 25
gentle tilts and 5 gentle nutations and a fifth time with 10 nutations. Cell monolayers with
bound yeast were removed by scraping and resuspended in 1 mL of PBSACM. The yield
of plasmid-harboring yeast was quantified by plating mixture dilutions on SD-CAA
plates, while the yield of total yeast was quantified by plating mixture dilutions on YPD
plates. Enrichment ratio was calculated as the yield of plasmid-harboring yeast divided
by the yield of plasmidless yeast.
4.5.5 Modeling Ligand Distribution on the Yeast Cell Surface

Linker length was substantially shorter than yeast cell radius; thus, curvature was
neglected and the cell surface was approximated as an impermeable plane. The linker was
modelled as a 1-D Gaussian chain model and P(z), the probability distribution function
of the linker extending an end-to-end distance z in the direction perpendicular to the cell

surface, is given by:

3
21(r?)

P(2) = —322/2(r?)

e

where (r?) is the mean-square end-to-end length of the peptide chain and is given by:
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(r?) = C,nl?

where C,, is the length-independent characteristic ratio, n is the number of peptide bonds,
and [ is the average distance between adjacent C. atoms (3.8 A) 1. The linker was

assumed to be uniformly distributed within the cell wall (estimated as 115 nm) 8 and the
conditional probability of the linker ending a distance y from the plasma membrane given

that the linker starts a distance a from the plasma membrane is given by:

6 1 —-3(y-a)?

) ¢
wr 3a?
1+ erf( m)

P(yla) =

This equation was multiplied by the probability distribution of linker in the cell
wall and numerically integrated to generate the probability distribution function P(y)
using the law of total probability. The characteristic ratios for polyglycine (2.16),
polyalanine (9.27), and polyproline (116)*®°1% were used to generate curves for
polypeptides of 80 and 641 residues and the fraction of ligands extending beyond the cell
wall.
4.5.6 Statistical Analysis

All cell panning was binned by day and linker prior to significance testing by two-
way ANOVA with only main effects. Significance testing of yeast surface display levels
was conducted by constructing 95% confidence intervals. All statistics are reported as
mean * standard deviation except for the following: yeast surface display levels were
reported as 95% confidence intervals and AC2 affinity was reported as a 68% confidence

interval.
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Chapter 5 — Combined Differential Yeast
Biopanning and Deep Sequencing Enables Highly
Specific Ligand Discovery in the Context of
Oncology Biomarkers IGF1R and InsRA

5.1 Summary

Protein ligand selection strategies often utilize recombinantly-produced
extracellular domains in-lieu of full-length protein targets. Such selections have been
successfully applied against a variety of targets but may result in ligands that fail to
translate binding to full-length target on expressing cells. As an alternative, selections
utilizing target-expressing cells have been investigated. However, the heterogenous
nature of the mammalian cell surface often results in the enrichment of non target-
specific ligands that may dominate the population, thus hindering the isolation of target-
specific ligands by traditional screening via binder enrichment and clonal analysis of
specificity. This study evaluates the ability to identify specific binders by deep
sequencing yeast populations sorted on either target-expressing cells or target-negative
cells in the context of insulin-like growth factor receptor (IGF1R) and insulin receptor
isoforms A (InsRA) and B (InsRB). Sorting of affibody libraries yielded preferential
enrichment on IGF1R-expressing cells relative to IGF1R-negative cells, which translated
to affibodies with significant specificity towards IGF1R-expressing cells being identified
through deep sequencing. Additionally, both fibronectin and affibody libraries yielded
preferential enrichment on both InsRA- and InsRB-expressing cells relative to parental
HEK?293T cells but showed little isoform specificity. Combined, these results motivate

the evaluation of a subset of the identified IGF1R-specific sequences by traditional clonal
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specificity screening to verify the accuracy of this new method, along with the deep
sequencing of the InsRA and InsRB sorted populations to identify rare clones with
isoform specificity.
5.2 Introduction

Protein ligands have been previously engineered with high affinity, specific
binding activity to a wide range of clinically relevant biomarkers while maintaining
desirable characteristics for diagnostic and therapeutic applications!®?”, Binding ligands
are often generated from engineered naive libraries or libraries isolated from immunized
animals presented using surface display technologies — such as phage*** or yeast®°-¢2
surface display — and selected using techniques including target immobilized to
microwell plates*, magnetic-activated cell sorting (MACS)*787° or fluorescence-
activated cell sorting (FACS)®%8°, Many biomarkers of interest are transmembrane
proteins, therefore possessing transmembrane domains that are insoluble in an aqueous
environment. While progress has been made in stabilizing membrane proteins in
phospholipid bilayer nanodiscs ", relatively few targets are commercially available in
this format, with the preparation of new targets requiring either expensive custom
synthesis or using protocols that have not been robustly optimized relative to existing
recombinant production strategies. Thus, these selections are often conducted using
recombinantly-produced extracellular domains. While proven successful in numerous
discovery campaigns®-8, campaigns utilizing solely recombinant extracellular domains
may produce ligands that bind to recombinant target but not full-length, membrane-bound
target on expressing cells due to missing native epitopes or the addition of non-native
epitopes?®® (Chapter 2).
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As a solution, whole cells and detergent-solubilized cell lysates expressing full-
length target have been implemented as antigen sources in MACS/8179.191 (Chapter 3)
and FACS®9111.112.166,168 (Chapter 2), with success in yielding binders that translate to
target-expressing cells and tissues. Yet, it has been shown that campaigns conducted in
this manner, despite extensive depletion by a number of different strategies including
panning against target-negative cells!®®122-124166 (Chapter 2), masking with polyclonal
mixtures enriched for binding to a target-negative cell line!?, or sequential selections
with recombinant extracellular domains and target-expressing cells'®® (Chapter 2), can
enrich high frequencies of off-target or nonspecific ligands, making the identification of
specific ligands difficult by conventional clonal testing®®®1% (Chapter 2).

This problem motivates the investigation of alternative methods to increase the
throughput of the specificity screening of ligands to difficult targets, such as
transmembrane proteins. A compelling approach involves the use of massively parallel
sequencing (also known as deep sequencing), which allows the sequencing of millions of
ligand variants. Deep sequencing of library populations after the application of selection
pressure allows the correlation of sequence abundance and function®21%, This sequence-
function mapping has been utilized to identify ligands with target specificity. Such
methods commonly involve either sorting in parallel against a panel of fluorescently-
labelled recombinant proteins by FACS!®*1% or the sorting an already matured
population by competitive labelling FACS with fluorescently-labeled target and
unlabeled non-target proteins!®’. Deep sequencing of these populations allows
identification of specific variants through the frequency of sequences in the target-
positive pool relative to the off-target pools in the former case and the enrichment of
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sequences in the post-sort population relative to the pre-sort population in the latter case.
These successes, combined with the increased translatability of ligands discovered by
cell-based methods and increased throughput of adherent cell panning, make the
adaptation of these methods to cell panning campaigns compelling.

This study applies the principles of ligand specificity engineering through parallel
deep sequencing of yeast surface display populations differentially sorted on target-
expressing and target-negative cells via panning on adherent cell monolayers in the
context of insulin-like growth factor receptor (IGF1R) and insulin receptor (InsR). IGF1R
is commonly overexpressed in breast, prostate, and thyroid cancers and negatively
associated with patient outcome!®1%°, Additionally, InsR has been shown to be
overexpressed in breast and thyroid cancers, with the A isoform (InsRA) being the
predominant isoform over the B isoform (InsRB) in these cancers®®. Combined, this
makes the discovery of panels of ligands with binding to IGF1R or InsR — with a focus
on InsRA — compelling. Ligands with specific binding to IGF1R and InsRA could
provide more efficient screening for cancers associated with IGF1R and InsRA
overexpression via molecular imaging!?. As well, the use of ligands to detect IGF1R and
InsR expression on patient biopsies would also allow effective treatment stratification
based upon tumor molecular profiling, since the lack of IGF1R expression has been
associated with tamoxifen resistance?® and the co-expression of IGF1R and InsR is
associated with resistance to IGF1R-targeted therapies in mouse models?®, InsRA-
binding ligands could also aid in treating cancer cells or resensitize cancer cells to
IGF1R-targetted therapies®®* while limiting side effects of inhibiting InsRB in normal
tissues. The combined inhibition of IGF1R and InsR by a tyrosine kinase inhibitor
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showed promise in antitumoral activity?®?, highlighting the potential for treatment using
both IGF1R- and InsRA-binding ligands. The discovery of InsRA specific ligands is also
motivated by a prior study, which used a Gp2 library’* to isolate InsR-specific ligands
with high affinity binding*'!. However, these molecules showed low isoform specificity
(unpublished) despite InsRA being the major isoform used for selections, indicating that
additional methods may be required to screen for isoform specific molecules.

In this study, naive fibronectin domain’ or affibody®® libraries were initially
sorted via adherent cell panning on cells expressing either IGF1R or an InsSRA-mCherry
fusion protein to enrich IGF1R and InsRA binding ligands. Yeast populations enriched
against IGF1R were then sorted in parallel on either IGF1R-negative or IGF1R-
expressing cells, while yeast populations enriched against InsSRA were sorted in parallel
on either InsSRA-mCherry expressing, InsSRB-EGFP expressing, or parental HEK293T
cells. Significant yield preference was noted in several of the IGF1R and InsRA
campaigns, suggesting the presence of target-specific — but not necessarily isoform-
specific — ligands within the sorted populations. Populations from the IGF1R campaigns
were deep sequenced and the relative frequencies of sequences in the populations from
both the IGF1R-negative and IGF1R-expressing sorts were compared, with the
hypothesis that clones with a significantly higher frequency in the IGF1R-expressing
sorts possess specificity to IGF1R. Deep sequencing revealed 174 affibody sequences and
1 fibronectin domain sequence that were significantly more frequent in populations
resulting from IGF1R-expressing sorts relative to IGF1R-negative sorts, further

suggesting that this sorting strategy can identify ligands with target-specific binding.
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Future work should focus on deeper sequencing of the IGF1R populations to
discover additional IGF1R-enriched affibodies and fibronectins along with a similar
analysis of the InsRA campaigns. To confirm the hypothesis that sequences preferentially
observed in target-expressing sorts are specific, a subset of sequences observed at a
significantly higher frequency in either the IGF1R or InsRA sorts along with several
sequences with no observed frequency preference should be produced as soluble ligands
and tested for binding to target-expressing and target-negative cells in order to
experimentally determine clonal specificity and verify the accuracy of this method
5.3 Results
5.3.1 Differential Panning Shows Affibody Specificity Towards IGF1R-Overexpressing
Cells

Four selection campaigns were carried out to select ligands with binding to
IGF1R. Two scaffolds — fibronectin and affibody — were expressed using yeast surface
display constructs with either an 80-amino acid linker (pCT-80) or a 641-amino acid
linker (pCT-641). Fibronectin domain and affibody libraries using pCT-80 were
previously used to isolate ligands with binding to CD276 and Thy1% (Chapter 2), while
pCT-641 showed improved enrichment in adherent cell panning sorts with limited
avidity?® (Chapter 4) which may potentially allow the enrichment of lower affinity
ligands from the naive library. All four libraries were initially panned against mouse
embryonic fibroblast cells with a homozygous disruption of IGF1R (R-)?* that were
stably transfected with cDNA encoding for human IGF1R (R-/IGF1R)?® to remove any
nonbinding yeast and limit the population to a size that could be efficiently deep
sequenced, while acknowledging that IGF1R-specific ligands are likely coenriched with
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off-target specific and nonspecific ligands. pCT-641 libraries were then sorted via FACS
for full-length ligand expression. All four populations were then panned in triplicate

against either R- or R-/IGF1R cells (Figure 5-1).

Target +
/ Pan
Naive Target + Myc+ Deep
Library Pan FACS Sequencing
Off Target
Pan

Figure 5-1. Overview of differential cell panning. Naive fibronectin domain and affibody
libraries are initially screened by panning on target-overexpressing, adherent cell
monolayers. The resultant population is then selected for full-length ligands via FACS
using a C-terminal Myc-tag (Myc+ FACS). The target-positive cell enriched population
is then split and panned in parallel either a second time on target-overexpressing cells or
one of several additional cell lines (target-negative cells, cells overexpressing an
additional target, or parental cells with basal level target expression).

While neither fibronectin campaign showed a significant yield preference for R-
/IGF1R cells over R- cells (pCT-80: 0.09 £ 0.02% vs. 0.05 + 0.01%, p = 0.19; pCT-641:
0.15 £ 0.04% vs. 0.0033 = 0.0008%, p = 0.07; Figure 5-2), both affibody campaigns
showed a significantly increased yield on R-/IGF1R cells (pCT-80: 0.57 £ 0.05% vs. 0.15
+ 0.02%, p = 0.01; pCT-641: 0.100 £ 0.001% vs. 0.017 £ 0.004%, p = 0.001; Figure 5-2),
suggesting that the affibody populations may contain a substantial subset of IGF1R-
specific ligands. Interestingly, despite our previous observation that pCT-641 aids
enrichment in sub-optimal model cell panning systems?%® (Chapter 4), the pCT-641
fibronectin domain library showed no significant advantage over pCT-80 on either cell

line (p = 0.3 for R-/IGF1R; p = 0.06 for R-; Figure 5-2) while the pCT-80 affibody

124



library showed significantly increased yields on both cell lines compared to pCT-641 (p =
0.01 for R-/IGF1R; p = 0.02 for R-; Figure 5-2). However, each library is a separate
transformation from DNA with a diversity far exceeding the capacity of yeast surface

display libraries, which makes it difficult to make a direct comparison between the two

linkers.
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Figure 5-2. Differential cell panning on R- and R-/IGF1R cells exhibit modest, and
sometimes significant, yield preference to IGF1R-overexpressing cells. Fibronectin
domain and affibody ligands tethered to the yeast surface by either an 80-amino acid
linker (pCT-80) or a 641-amino acid linker (pCT-641) were enriched in a single round of
panning on R-/IGF1R cell monolayers and subjected to an additional round of panning on
either R-/IGF1R (blue) or R- (yellow) cell monolayers in triplicate, denoted by the two
strip plots for each library. Yield was quantified by plating on SD-CAA plates. An
asterisk (*) represents p < 0.05 difference in yields.

5.3.2 Campaigns Conducted on IRA-Overexpressing Cells Shows High IR-Expressing
Cell Specificity but Low Isoform Specificity

Fibronectin domain and affibody libraries expressed using pCT-641 were
similarly panned on HEK293T cells stably transfected to overexpress an InsSRA-mCherry
fusion protein (HEK-InsRA) and sorted for full-length ligand expression by FACS prior
to parallel sorting in triplicate on either HEK-InsRA cells, HEK293T cells stably

transfected to overexpress an InsSRB-EGFP fusion protein (HEK-InsRB), or parental
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HEK293T cells with basal levels of InsR expression. Despite being initially sorted on
HEK-InsRA cells, the fibronectin domain campaign showed significantly higher yield on
HEK-InsRB cells (0.54 + 0.03% vs. 0.32 + 0.02%, p = 0.008; Figure 5-3) and both InsR
cell lines exhibited higher yield relative to parental HEK293T cells (0.14 £ 0.02%, p =
0.004 for HEK-InsRA and p = 0.0006 for HEK-InsRB). On the other hand, the affibody
campaign did not show a significant increase in yield on HEK-InsRA cells relative to
HEK-InsRB cells (2.4 £ 0.3% vs. 1.8 + 0.3%, p = 0.2), but only the yield on HEK-InsRA
cells were significantly higher than on HEK293T cells (1.0 £ 0.1%, p = 0.02 for HEK-
InsRA and p = 0.08 for HEK-InsRB). Combined, this seems to indicate that there may be
a substantial number of InsR-binding ligands in the populations, but without a

preponderance of ligands with substantial specificity towards InsRA.
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Figure 5-3. Differential cell panning on InsR-overexpressing and HEK293T cells
exhibits limited InsRA specificity, but high InsR cell line binding. Fibronectin domain
and affibody ligands tethered to the yeast surface by 641-amino acid linker (pCT-641)
were enriched in a single round of panning on HEK-InsRA cell monolayers and subjected
to an additional round of panning on either HEK-InsRA (blue), HEK-InsRB (yellow), or
HEK293T (magenta) cell monolayers in triplicate, denoted by the three strip plots for
each library. Yield was quantified by plating on SD-CAA plates. An asterisk (*)
represents p < 0.05 difference in yields.
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5.3.3 Deep Sequencing Aids in the Identification of Sequences That Are Preferentially
Enriched on IGF1R-Overexpressing Cells

With the encouraging yield data from the IGF1R campaigns suggesting that the
pCT-80 and pCT-641 affibody campaigns contained IGF1R-specific ligands, both the
affibody and fibronectin domain campaigns were deep sequenced to provide clonal
frequency data from both R-/IGF1R and R- cell pans. In general, the deep sequencing
data showed good correlation with the preliminary yield data, with the majority of
sequences being only observed in the R-/IGF1R cell pans, suggestion some degree of
IGF1R specificity (Figure 5-4). However, a mixture of low sequencing depth and high
variance of sequence frequency across replicates limited the number of clones with
significant frequency preference. The pCT-80 and pCT-641 affibody populations
contained 44 and 130, respectively, sequences that had significantly higher frequencies in
the R-/IGF1R cell pans with few clones showing significantly higher frequencies in the
R- cell pans (Table 5-1). The pCT-80 and pCT-641 fibronectin domain populations only
yielded a single clone from pCT-641 with any frequency preference towards R-/IGF1R
cells (Table 5-1). Notably, the most frequent clone in the pCT-80 affibody R-/IGF1R
population is also the most frequent clone in the R- populations (shown in the upper right
corner of Figure 5-4A), indicating both that it is likely non target-specific and the clone
most likely to be selected by traditional clone picking. This highlights the strength of this
deep sequencing approach to identify rare, yet potentially IGF1R-specific clones. While
not confirmed to be IGF1R-specific, the preliminary yield data, along with the significant
enrichment observed in deep sequencing provides strong evidence that the panel of
affibodies identified by deep sequencing have preferential binding to R-/IGF1R cell lines.
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Affibody Fibronectin
pCT-80 pCT-641 pCT-80 pCT-641
R-/IGF1R specific 44 130 0 1
R- specific 4 3 0 0
Nonspecific 3,952 6,833 2,328 5,515

Table 5-1. Deep sequencing results show ligands with specificity towards R-/IGF1R
cells. All IGF1R campaigns were deep sequenced and the resulting reads paired and
filtered for quality. MATLAB was used to eliminate any truncated reads, calculate the
frequency of each sequence in each cell sort population, and test for statistical difference

in frequency between the frequency in the pools. Nonspecific reads may be truly

nonspecific, specific to a target on both cell lines, or nonbinding ligands that were not
thoroughly eliminated from the sort.
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Figure 5-4. Affibody populations show a preference for R-/IGF1R cells. Sequences were
plotted by frequency in both the R- and R-/IGF1R panned populations. Sequences with
the same frequencies were combined into a single point, with the point size increasing as
the square root of the number of sequences.

5.3.4 Low Avidity Sorting Conditions Result in a Reduction of High Yield, InsRA-Binding
Ligands

Given the relatively high diversity of ligands collected from each cell line in the
InsR campaigns and limited number of sequences with significant frequency preference
to the R-/IGF1R cell pans observed in the R-/IGF1R deep sequencing, we desired the
ability to increase the selection pressure of the cell panning to winnow the population
down to the highest affinity ligands. Prior work showed that reducing the disulfide bonds
of the Agalp-Agaz2p yeast surface display construct using dithiothreitol (DTT) was
effective in reducing the valency of ligands on the yeast surface, thus increasing the
selection pressure of adherent cell panning and preferentially enriching high affinity
ligands®®. The affibody and fibronectin domain yeast populations that were enriched with
a single round of adherent panning on HEK-InsRA cells were incubated with DTT to
reduce the number of ligands on the yeast surface by roughly 4-5 fold. These yeast were
then sorted as previously in parallel on either HEK-InsRA, HEK-InsRB, or HEK293T
cells. As expected, these sorts yielded fewer ligands on average in each case, with no
significant difference in yield between cells panned on HEK-InsRA, HEK-InsRB, or

HEK293T, thus making the estimation of potential specificity difficult (Figure 5-5).
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Figure 5-5. Differential cell panning on InsR-overexpressing and HEK293T cells under
reduced avidity conditions displays no significant yield preference. Fibronectin domain
and affibody ligands tethered to the yeast surface by 641-amino acid linker (pCT-641)
were enriched in a single round of panning on HEK-InsRA cell monolayers and subjected
to an additional round of panning after using DTT to reduce the number of ligands on the
yeast surface by 4-5 fold. Selections were conducted on either HEK-InsRA (blue), HEK-
InsRB (yellow), or HEK293T (magenta) adherent cell monolayers in triplicate, denoted
by the three strip plots for each library. Yield was quantified by plating on SD-CAA
plates. An asterisk (*) represents p < 0.05 difference in yields.

5.4 Discussion

Cell-based panning methods have shown efficacy in isolating ligands that
translate to binding on full-length target on target-expressing cells or tissues where
recombinantly-produced extracellular domains have failed'®®. However, the
heterogeneous nature of the mammalian cell surface often results in non target-specific
ligands either co-enriching or out-enriching specific ligands, resulting in difficulties
isolating specific ligands by traditional clonal screening methods*®. While a variety of
depletion methods have been devised, few provide any significant ability to limit the
enrichment of non target-specific ligands in the context of yeast surface display!®®122-
125,166 This study explored an alternative, bioinformatics-based method of screening for

target-specific ligands by enriching naive fibronectin domain and affibody libraries in a
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single round of adherent cell panning on target-expressing cells to eliminate the majority
of nonbinding ligands while retaining the majority of binding ligands and limiting the
likelihood of non target-specific ligands dominating the ligand pool. These populations
were then sorted in parallel on either target-expressing and target-negative cells in the
IGF1R campaign and target-expressing, off-target expressing, or parental cells in the
InsRA campaign. The affibody libraries showed substantially higher binding on R-
/IGF1R cells, while the fibronectin domain libraries did not, suggesting that the potential
binding epitopes of IGF1R are more amenable to the flatter helix paratope of affibody
than the convex paratope of fibronectin domains. As well, the longer pCT-641 linker
failed to provide any substantial advantage over the pCT-80 linker in either fibronectin
domain or affibody campaign, However, the library transformations (on the order of 108
for each yeast library) is vastly smaller than the actual amino acid diversity of the
underlying libraries (on the order of 10 for the second-generation sitewise gradient
affibody library, 10%° for the second-generation sitewise gradient fibronectin library, and
10*° for the third-generation sitewise gradient fibronectin library), making it highly
unlikely that the pCT-80 and pCT-64 yeast libraries possess any clones in common and
thus limiting the ability to directly compare the linkers.

The resultant populations were then deep sequenced and their frequencies
compared under the hypothesis that clones significantly more prevalent in the target-
positive sort relative to other sorts possess target-specific binding. The deep sequencing
frequencies showed general agreement with the yield data, with a higher number of cell-
line specific clones observed in the affibody deep sequencing populations mirroring the
observed higher yield of the affibody population on R-/IGF1R cells relative to R- cells.
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Combined, these data suggests the IGF1R specificity of the identified clones but further
work is needed to confirm their specificity.

First, while deep sequencing identified a panel of affibodies with significantly
higher frequency in the target-positive pool, most of the sequences in all libraries were
single reads (83.7% of pCT-80 affibody, 81.3% of pCT-641 affibody, 99.7% of pCT-80
fibronectin, and 97.5% of pCT-641 fibronectin). This suggests that the depth of
sequencing is shallow relative to the estimated underlying diversity of the populations,
and that deeper sequencing will discover more sequences and adjust the frequency of
existing sequences to align more closely with the actual population frequency. While this
is unlikely to alter the significance of the higher frequency R-/IGF1R-specific clones, it is
possible that deeper sequencing might reveal additional R-/IGF1R-specific clones that are
lower frequency. Additionally, while having a significantly higher frequency in the R-
/IGF1R pool suggests that a clone has specificity to IGF1R, experimental clonal
screening is required to determine the accuracy of this new method, which could be
succinctly determined by taking a selection of the highest frequency (and therefore likely
the highest affinity) R-/IGF1R-specific and non cell line specific clones and labelling R-
and R-/IGF1R cells with the same concentration of His-tagged soluble ligand followed by
an anti-His tag antibody. Analyzing cellular fluorescence by flow cytometry would
provide an experimental measure of ligand specificity, which could then be compared to
the deep sequencing specificity scoring.

Additionally, the higher yield of fibronectin- and affibody-expressing yeast when
panned against adherent HEK-InsRA and HEK-InsRB cell monolayers relative to
parental HEK293T cells, thus suggesting the population contains InsR-specific ligands,
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creates makes conducting a similar analysis to identify InsRA-specific ligands
compelling. Deep sequencing of the HEK-InsRA, HEK-InsRB, and HEK293T population
to generate sequence frequency data will allow the identification of sequences that are
likely InsR-specific by comparing their frequency on HEK-InsRA and HEK-InsRB to
HEK?293T, while isoform specificity can be determined for those same sequences by
comparing the frequencies on HEK-InsRA and HEK-InsRB. Similarly, experimental
verification of potential InsRA-specific, InsR-specific, and nonspecific clones will be
necessary to determine the accuracy of this methodology.
5.5 Conclusion

In conclusion, the above work provides a method of clonal specificity analysis
that allows the screening of potentially millions of clones simultaneously, with the caveat
that further deep sequencing is likely required to better determine the specificity of clones
and additional experimental clonal specificity screening of a subset of target-specific and
non target-specific ligands is needed to determine the accuracy of this new method. Initial
panning of affibody and fibronectin domain libraries on adherent target-expressing cell
monolayers prior to parallel sorting either on target-expressing cells or target-negative
cells showed substantially increased yield of affibodies on IGF1R-expressing cells
compared to IGF1R-negative cells. Similarly, both affibodies and fibronectin domains
exhibited substantially increased yields on InsR-expressing cells compared to parental
HEK293T cells with basal levels of InsR expression, although no InsR isoform
specificity was observed. This limited level of sorting was used to ensure a high diversity
of clones in each library and prevent non target-specific ligands from dominating the
pool. Deep sequencing identified a panel of affibodies hypothesized to be IGF1R-
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specific, while the limited sequencing depth and highly variable frequency of fibronectin
domains in the deep sequencing data likely explain the failure to identify any significant
clonal specificity. It is hypothesized that a similar analysis on the InsRA campaign will
result in the identification of InsR-specific ligands that can be further analyzed for
isoform specificity, potentially resulting in a panel of IGF1R-specific and InsRA-specific
ligands that can be further applied for imaging and therapeutic applications.
5.6 Materials and Methods
5.6.1 Cells and Cell Culture

Mouse embryonic fibroblast cells with a homozygous disruption of IGF1R (R-)?%*
and R- cells that were stably transfected with cDNA encoding for human IGF1R (R-
/IGF1R)? were a generous gift from Professor Deepali Sachdev (Department of
Medicine, Pharmacology, and Cancer Center, University of Minnesota — Twin Cities).
HEK?293T cells stably transfected to overexpress an InsSRA-mCherry fusion protein
(HEK-InsRA) and HEK293T cells stably transfected to overexpress an InsSRB-EGFP
fusion protein (HEK-InsRB) were a generous gift from Professor Douglas Yee
(Department of Medicine, Pharmacology, and Cancer Center, University of Minnesota —
Twin Cities). HEK-InsRA and HEK-InsRB cells were grown in DMEM containing 4.5
g/L D-glucose, L-glutamine, and 110 mg/L sodium pyruvate supplemented with 10%
(v/v) fetal bovine serum and 1% (v/v) 10,000 U/mL penicillin—streptomycin
(supplemented DMEM). R- cells were grown in supplemented DMEM with 50 pg/mL
G418 (Geneticin) added. R-/IGF1R cells were grown in supplemented DMEM with 50
png/mL G418 (Geneticin) and 100 pg/mL hygromycin B. All mammalian cells were
cultured at 37 °C in a humidified atmosphere with 5% CO:
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Yeast surface display was performed essentially as described!®2, EBY100 strain
yeast without expression plasmids were grown in autoclaved YPD (10 g/L yeast extract,
20 g/L bacto peptone, and 20 g/L dextrose) at 30 °C with shaking. EBYQ0O strain yeast
containing expression plasmids were grown in sterile-filtered SD-CAA medium (16.8 g/L
sodium citrate dihydrate, 3.9 g/L citric acid, 20 g/L dextrose, 6.7 g/L yeast nitrogen base,
and 5 g/L casamino acids) at 30 °C with shaking for at least 7 hours prior to induction.
Yeast in logarithmic phase growth (ODsoonm < 6) were transferred to sterile-filtered SG-
CAA medium (10.2 g/L sodium phosphate heptahydrate, 8.6 g/L sodium phosphate
monohydrate, 19 g/L galactose, 1 g/L dextrose, 6.7 g/L yeast nitrogen base, and 5 g/L
casamino acids) and grown at 20 °C with shaking for at least 24 hours to induce protein
expression on the yeast surface.

5.6.2 Naive Library Construction and Characterization

Oligonucleotides encoding for the third-generation sitewise gradient fibronectin
domain library (unpublished) and second-generation sitewise gradient affibody library®
(Integrated DNA Technologies) were amplified by overlap extension PCR. The resulting
gene fragments were incorporated into yeast surface display vector pCT-641%% by
homologous recombination within yeast strain EBY 100 through electroporation
transformation as previously described”. Transformation efficiencies were quantified by
serial dilution of transformation mixtures and plating on SD-CAA plates. Proper library
construction was verified by Sanger sequencing of yeast clones.

Proper expression of ligands on the yeast surface was characterized by
simultaneous labelling of the N-terminal hemagglutinin (HA) and C-terminal c-Myc
epitope. One million yeast were pelleted at 1,5009 for 3 minutes and washed once with
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phosphate-buffered saline with 0.1% (w/v) bovine serum albumin, 1 mM CaClzand 0.5
mM Mg2SO4 (PBSACM) before being labelled with a monoclonal mouse anti-c-Myc
antibody 9E10 (4 pg/mL, MilliporeSigma, Cat# OP10) and a chicken anti-HA polyclonal
antibody (10 pg/mL, Abcam, Cat# ab9111). The cells were then incubated for 30 minutes
at 4 °C, pelleted again, washed once with PBSACM, and labelled with a goat anti-mouse
Alexa Fluor 647 conjugate antibody (20 pg/mL, Invitrogen, Cat# A21235) and goat anti-
chicken Alexa Fluor 488 conjugate antibody (20 pg/mL, Invitrogen, Cat# A11039) prior
to being incubated for 30 minutes at 4 °C. The labeled cells were then pelleted, washed
once with PBSACM, and resuspended in PBSACM before being filtered through a 35
pm nylon filter. Cells were analyzed for fluorescence using a Accuri C6 Plus (BD
Biosciences).
5.6.3 Mammalian Cell FACS

To improve cellular InsR expression, HEK-InsRA and HEK-InsRB cells were
sorted for receptor expression. The cell culture media was aspirated from HEK-InsRA
and HEK-InsRB cells adherently cultured in T75 flasks. Cell cultures were washed with 5
mL of PBS prior to the addition of 3 mL of 0.05% trypsin-EDTA (Gibco). Cells were
incubated at 37 °C for 3 minutes to promote dissociation and then the trypsin-EDTA
mixture was neutralized with 6 mL of supplemented DMEM. Cells in suspension were
aspirated, pelleted at 500g for 3 minutes, and washed with fresh supplemented DMEM to
neutralize any remaining trypsin. The cells were again pelleted and washed once with
PBSACM prior to being labelled with a monoclonal mouse anti-InsR antibody 83-711
(4.83 pg/mL, provided by the Yee Lab), incubated for 30 minutes at 4 °C, and washed
once again with PBSACM. Cells were then labelled with a goat anti-mouse Alexa Fluor
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647 conjugate antibody (20 pug/mL, Invitrogen A21235), incubated for 30 minutes at 4
°C, and washed once with PBSACM. Labeled cells were resuspended in PBSACM and
filtered through a 35 um nylon filter. Cells with the highest InsR and fluorescent protein
signal (mCherry for InsSRA, EGFP for InsRB) were sorted under aseptic conditions using
a FACS Aria Il (BD Biosciences).

5.6.4 Yeast-Displayed Ligand Avidity Reduction with DTT

The reduction of ligand avidity on the yeast surface was conducted essentially as
previously described®®. 5 x 108 yeast were pelleted at 1,5009 for 3 minutes and washed
twice with 10 mM Tris buffer pH 7.5 (0.26 g/L Tris base, 1.24 g/L Tris-HCI).
Dithiothreitol (DTT) was dissolved in 10 mM Tris buffer to a concentration of 7.5 mM
and yeast were resuspended in 2 mL of the DTT solution and statically incubated for 20
minutes at 30 °C. The yeast were then pelleted and washed twice with ice cold PBSACM
prior to use in adherent cell panning.

5.6.5 Adherent Mammalian Cell Panning

Adherent cell panning was conducted essentially as previously described®®2%, R-
/IGF1R and HEK-InsRA cells were seeded in 6-well plates and allowed to grow to
between 70-90% confluency. The cell culture media was aspirated, and the mammalian
cells were washed once with ice cold PBSACM.

For the initial round of selection, yeast were oversampled as allowed by the
capacity of adherent cell panning (3-22 fold diversity). Yeast expressing either affibody
or fibronectin domain ligands were washed once with ice cold PBSACM and
resuspended at a concentration of fewer than 4 x 108 yeast/mL. 1 mL of the yeast mixture
was added to each well dropwise. Plates containing yeast and mammalian cells were
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statically incubated for 15 minutes at 4 °C and the unbound yeast aspirated. Wells were
washed with 1 mL of ice cold PBSACM four times with 25 gentle tilts and 5 gentle
nutations. Wells were washed a fifth time with 1 mL of ice cold PBSACM with 10 gentle
nutations. Bound yeast were removed by scraping and resuspended in SD-CAA. The
yield of plasmid-harboring yeast was quantified by plating dilutions of the final and
initial mixtures on SD-CAA plates. The collected yeast were outgrown and reinduced
prior to use in the next round of sorting.

For differential cell panning, yeast were oversampled at greater than 19-fold
diversity to have a high confidence of library completeness in both the positive and
negative cell pans. Yeast expressing either affibody or fibronectin domain ligands
isolated from the R-/IGF1R sort were panned against either R-/IGF1R or R- cell
monolayers in triplicate while yeast isolated from the HEK-InsRA sort were panned
against either HEK-InsRA, HEK-InsRB, or HEK293T cell monolayers in triplicate.

5.6.6 Full-Length Ligand FACS

In order to isolate yeast with full-length ligand expression, yeast were
simultaneously labelled at the N-terminal hemagglutinin (HA) and C-terminal c-Myc
epitope. At least 20-fold diversity of ligand-displaying yeast were pelleted at 1,500g for 3
minutes, washed once with PBSACM, and labelled with a monoclonal mouse anti-c-Myc
antibody 9E10 (4 pg/mL, MilliporeSigma, Cat# OP10) and a chicken anti-HA polyclonal
antibody (10 pg/mL, Abcam, Cat# ab9111). The cells were then incubated for 30 minutes
at 4 °C, pelleted, washed once with PBSACM, and labelled with a goat anti-mouse Alexa
Fluor 647 conjugate antibody (20 pug/mL, Invitrogen, Cat# A21235) and goat anti-
chicken Alexa Fluor 488 conjugate antibody (20 pug/mL, Invitrogen, Cat# A11039). The
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yeast were then incubated for 30 minutes at 4 °C, pelleted, washed once with PBSACM,
resuspended in PBSACM, and filtered through a 35 um nylon filter. Labeled yeast were
then sorted for Alexa Fluor 488 and Alexa Fluor 647 signal above nondisplaying yeast
using a FACS Aria Il (BD Biosciences).
5.6.7 Deep Sequencing of Yeast Populations

Yeast plasmid DNA from clones selected by differential cell panning was
extracted by a Zymoprep of 4 x 107 yeast. lllumina barcodes and adapters were added to
ligand genes by a two-step PCR. Ligand DNA was amplified by PCR with scaffold-
specific primers prior to further amplification with primers encoding for Illumina
barcodes and adapters. Deep sequencing was run on an Illumina MiSeq v3 in 300 bp
paired end mode. Deep sequencing resulted in approximately 32,000 reads across all
IGF1R populations. All reads were paired, searched for scaffold-specific sequences, and
quality filtered by USEARCH?®. The resulting high-quality reads were translated and
dereplicated on an amino acid sequence basis.
5.6.8 Ligand Specificity Determination

Amino acid sequences and their number of occurrences in each cell panning
population were imported into MATLAB and sequence frequencies were calculated for
each population. To determine whether a given sequence was specific to a cell line, the
frequency of the sequence in the R-/IGF1R populations was compared to the frequency
of the sequence in the R- populations by significance testing.
5.6.9 Statistical Analysis

All adherent cell panning yield data is presented as mean + standard error.
Significance testing of yield data was conducted using Welch’s t-test. All significance
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testing to determine ligand specificity was conducted by Welch’s t-test using MATLAB’s

two-sample t-test function, ttest2.
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Chapter 6 — Conclusion and Future Work

The work presented in this thesis builds upon the adherent cell panning technique
created by the Shusta lab, along with the significant advances made by prior members of
the Hackel lab. This work provides new methods to significantly deplete nonspecific
ligands (Chapter 2) or determine the specificity of ligands within a population (Chapter
5), along with a cell panning technique that increases selection throughput by an order of
magnitude compared to adherent cell panning, putting it on par with recombinant MACS
and allowing the screening of full-size yeast surface display libraries (Chapter 3). Finally,
the new extended yeast surface display linker described herein provides effective
enrichment of moderate affinity ligands (on the order of 100 nM) on low-expressing cells
(on the order of 10* targets per cell) and micromolar affinity ligands on high-expressing
cells (on the order of 10° targets per cell), drastically expanding the conditions under
which ligand selection campaigns can be accomplished (Chapter 4).

Combined, these advances open avenues of possible innovation not previously
possible. Primarily, the above advances motivate the discovery of ligands to difficult
targets that are intractable to recombinant-based sorting, such as GPCRs, ion channels,
and targets with unique post-translational modifications or structure. Pre-blocking with
parental cells prior to sorting on cells transfected to express the target of interest would
limit the enrichment of non target-specific ligands, while differential cell panning on cells
transfected with several sub-family proteins followed by deep sequencing would allow

the identification of ligands with specific binding to disease-implicated sub-family
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members. After finding ligands with specific binding, mammalian cell-based FACS could
be conducted to further isolate ligands with agonistic or antagonist activity?°.

Additionally, the ability of modest affinity ligands to be sorted on even low-
expressing mammalian cells opens the possibility of ligand-biomarker co-discovery for
both poorly characterized cell lines and patient biopsies. Sorting against these cell lines
with some form of depletion (either pre-blocking or differential cell panning followed by
deep sequencing) using cells with established proteomic profiles or normal tissue would
result in a population of ligands with preferential binding to the target cell line. This
population could then be labelled with a panel of recombinant targets and screened by
FACS to identify the ligand’s conjugate biomarker.

While the advancements made with the pCT-641 yeast surface display construct
allows the enrichment of ligands in suboptimal systems, enrichment is still lacking on
micromolar or weaker affinity ligands in cases where cells express fewer than 10°
biomarkers per cell. Given that relatively few ligands in a naive library possess binding
activity to a given target but even weak ligands can readily be evolved into high affinity
ligands through directed evolution methods, the ability to recover weak binding ligands is
critical to discovery efforts. Further efforts to design effective yeast surface display
linkers is stymied by the large space of potential linker designs and limited understanding
of the distribution of display constructs on the yeast surface. One method of
experimentally determining the distribution would be to take yeast populations
expressing ligands attached to the yeast surface by linkers of varying length and label the
ligands with a fluorescent antibody prior to analysis by confocal or TIRF microscopy.
The spatial resolution of either technique would be able to map the distribution of ligands
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on the cell surface. If most ligands still lack access to the extracellular environment in
pCT-641, this would motivate the creation of even longer linkers. However, if ligands
generally extend into the extracellular space, focus would need to shift to improving local
avidity by boosting per cell ligand expression. Since pCT-641 suffered from lower yeast
cell expression, likely due to the inefficiencies of producing and trafficking such a large
construct, a linker with a similar physical length but fewer amino acids could be
designed. This could be accomplished by building hybrid linkers that contain a stiff, N-
terminal alpha-helical domain such as EAAAK to provide more extension per amino acid
with a PAS-based C-terminus to provide conformational flexibility so that the ligand can
sample the mammalian cell surface. Another potential method for boosting ligand display
levels is to investigate the use of stronger promoters and secretion factors?®” or
overexpress yeast proteins implicated in protein synthesis, secretion, or cell wall
binding?°8.

Finally, the collation of deep sequencing data garnered from multiple ligand
discovery campaigns has shown great benefit in designing new combinatorial scaffold
libraries to include broadly applicable binding motifs’®8*. However, these studies used
recombinantly-produced extracellular domains, whose binding epitopes are not
necessarily the same as full-length target. This motivates the collective probing of the
deep sequencing datasets of the CD276, Thyl, R-/IGF1R, and InsRA campaigns for
ligands with cell line specificity. Analyzing the sitewise amino acid enrichment of these
specific sequences could inform the design of new affibody and fibronectin domain
libraries containing a higher frequency of ligand with binding to cell-bound targets.
Conversely, probing these datasets for sequences prevalent in two or more campaigns
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would provide information on what amino acids or motifs are associated with nonspecific
binding and these motifs could be depleted from the library.

In conclusion, the above research provides a suite of tools that can be applied to
utilize cell-based selections more effectively in ligand discovery campaigns, thus
enhancing the ability of the field to generate ligands with translatable binding to target-
expressing cells and tissues. This work also elucidates the key factors involved in
successful yeast-mammalian cell engagement, providing a framework for further research
to improve cell-based selections. Extension of this research has the potential to generate
ligands with binding to targets, such as GPCRs and ion channels, that have evaded
discovery by traditional selection techniques, co-discover ligands and targets on cancer
cells, optimize the yeast surface display construct for low avidity conditions, and design

new combinatorial libraries with ligands biased towards binding cell-based targets.
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