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Abstract

Matrix metalloproteinases (MMPs) have long been considered promising
therapeutic targets tanderstand and combat cancer development and progression.
Given the similarity of their structuseand enzymatic functi® but the
considerable variation of their ptamorigenic or tumorigenic suppressive effects,
small molecules have proven unsuccessislltherapeuticsand more specific
inhibitors are required. Of the3anember family ohumanMMPs, strides have
been made in the development of specific inhibitors against MM®MP-9, and
MMP-14 using poteinbased affinity reagents, suggesting that gpecificity of
protein binders will enable improved targeting of these proteinases.

In this work, overall goal is the development of improved strategies for
identifying MMP inhibitors. Wesolate and examirgngle chain variable fragment
(scFv) binderdrom synthetic antibody libraries in an attempt to isolate eross
reactive inhibitors against murine and human isoforms of MiVE& a proof of
concept for the generation of novel yeast display libraries in the support of protein
small molecule hybrid (PSMHJevelopment. We further present a rapid, display
inhibitor assay to better examine the location effect of binding on enzymatic
activity, to aid characterization and the advancement of binders to become PSMHSs.
Finally, we demonstrate the challenge of nplétked magnetic bead sorting, meant
to simultaneously isolate specific binders to a multitude of antigens from a single
protein display library, to expedite the process of Hilglbughput screening and

affinity reagent enrichment.
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Chapter 1: Introduction

1.1.Introduction

1.1.1. Affinity Re agents

Affinity reagentsdescribe antibodies, peptides, nucleic acids, and other
small molecules that bind larger target molecules to identify, track, capture, or
otherwise influence their activityf the target Their highly specific binding is of
greatuse in therapeutics, diagnostics, and basic biological research. For several
decades, animal immunizatialerived monoclonal antibodies (mAbs) have been
the primary affinity reagent utilized for these various rolétowever, there is a
substantial and growing concern about the reproducibility and specificity of animal
derived mAb%3 The need for higher quality affinity reagents for improved
specificity and reproducibility has led to the further research and development of
recombinant antibody and antibetipgmentbased ragents, as well as alternative
protein and now nucleic acibased scaffolds (aptamers). Over the past decade,
alternative protein scaffolds and nucleic ababed scaffolds have received
growing attention, but have yet to display the interseatifostablity, specificity,

and versatilityof antibodies and antibody fragments for therapeutié use

1.1.1.1. Antibodies and Antibody Fragments

In their native role as key components of the adaptive immune system,
antibodies, also known as immunogltbs (Ig), are large and complex
glycoproteins capable of recognition and binding of targets substances (antigens),

with the potential for eliciting a broader immune response. Generally represented
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as Y-shaped molecules (Figuré, lantibodies are formed kiyo heavy and two

light chains. The tail of the-¢hape, the constant region (Fc domain), interacts with

cells such as macrophages that express Fc receptors. The shorter light chains
interact with the Nlerminus of the heavy chains to form the two antigiaing
fragment (Fab) Aarmso, which are composed
At the end of the Fab domains are six loops of variable amino acid composition

known as complementarity determining regions (CDRs), which are responsible for

antigenbindingf’.

Fab

Fc

Figure 1. General IgG antibody structure
Displaying the heavy (dark blue) and light (light blue) chains; antigen binding :

antigen binding fragments (Fab); and constant region ffglire adapted from

iModern affinity antaigbeondise s Ranftet@miadtha
Antibodies remain highlwttractive therapeutic agents because of their: (1)

high affinity and specificity providethy the CDRs; (2) ®tended haHives and

well-studied mechanisms of action; and (3) low immunogenicity and toxicity.

Various antibody fragment scaffolds that take one or more elements-terigth



antibodies have been created for eased protein expression and applicdéed,

in many cases, the antigen binding fragment (Fab) or a sthgi@ variable
fragment (scFv) is preferable over a fidhgth IgG to decrease nonspecific binding

or interference from other parts of the molecule, or for applications that take
advanage of their smaller siZé. scFvs in particular are frequently employed as
they are commonly the smallest antibody subunit that can be reliably reproduced
and mutatefl A singlechain variable fragment (scFv) is not actually an antibody
fragment, but insteaithe fusion of the variable regions of the heavy and light chains
of the immunoglobulin, connected with a short linker peftiddese antibody
subunits were originally created to facilitate display of the antiyeding domain

as a single peptide on the surface of phage, yeast, and other surfaceibisplay |

(see Section 1.3: Protein Librarig$)

Affibody V,domain V, domain scFv Fab

(7 kDa) (15 kDa) (15 kDa) (28 kDa) (55 kDa)
1gG F(ab‘), Diabody Minibody

(150 kDa) (110 kDa) (50 kDa) (80 kDa)

Figure 2. Commonly explored antibody and antibody fragment scaffold
depictions

Constant regions are represented in blue; the variable light chains in light
variable heavy chains by dark green; and theplecific heavy and light chains al
of duatbinding fragments represented by dark and light of&nBgyure adapted
from AMol ecul ar i magi ng tof recépiomPa(HER®

expression. &, Niu et al 2008


http://www.bioscience.org/2008/v13/af/2720/fulltext.php?bframe=figures.htm

1.1.1.2. Antibody-Drug Gonjugatest ProteinSmall MolecularHybrids

The use of antibodies in cancer treatment was first proposed mora than
century ago by Paul Ehrlich, the founder of chemothéraggrly attempts at
treatment utilized nohuman monoclonal antibodies modified to target human
antigens, and therefore evoked asyy immune responsagainst the antibodies
themselvesThe larger size of the mAbs was also problematic, as it resulted in
reduced tumor penetration and so diminished therapeutic *éffEate to these
challenges, it was only in 1997 that the Unitedt&aFood and Drug
Administration (US FDA) approved the first actincer antibody, the chimeric
mADb rituximab, for the treatment of-8ellnonHo d g k i n 6 s!L Biycetiath o ma
time, multiple advancés?in antibody engineering have resulting in a significant
increase in the development of antibdzhsed therapies against caftét

Antibodies exhibit a therapeutic effect through one or more of the following
mechanisms upon binding: (i) abrogation of tumor cell signaling, resulting in
apoptosis; (i) modulation of Icell function through antibodgependent cellular
toxicity (ADCC) or complementiependent cytotoxicity (CDCC); and (iii) exertion
of inhibitory effects on tumor vasculature and strémi Despite these
mechanisms, most mAbs display insufficient cytotoxiéjtynd current efforts
have shifted to focus on combining the selectivity of antibodies and antibody
fragments, with the potency of chemotherapeutic small molearkesting a new
class of antcancer drugs known as antibedsug conjugates (ADCY)

ADCs consist of a tumespecific mAb conjugated to a potent cytatoxia

a stable linker (Figure)®. Early ADCs offered little improvement over mAbs due



to a lack of internalization of the cytotoxiy but with the development of tumor

cell internalizing conjugatesheir therapeutic potential has increa@dedespite

these advances, however, it has proven difficult to generate a combined therapeutic

agent, with only three ADCs approved and two currently on th&ef3 though

over 30 are being developéd

Light Chain

Stable linker
that releases the
payload only in
target cell

%

Heavy Chain

CH2

@

4

&

P
CHH

Figure 3. Antibody Drug Conjugate (ADC) Template

Selective
monoclonal
antibody that
preferentially targets
tumour specific or
tumour associated
antigens

Potent cytotoxic
payload 100-1000
times more efficacious
than regular chemo-
therapeutics

> L
r g

Antibody-drug conjugates utilize the selectivity of antibodies combined \
stablelinkers for targeted release and delivery of potent cytotoxic paylc
-drligr @anjugatdsA ras i nbveld wancer
Peters and Br

Figure

adapted
chemotherapeuticso,?

ow

Similar in concept, proteismall molecule hybrids (PSMHs, Figure) 4

i ntegrate

s mal

mo |

ecul

e

functi

onal

Ity

the discovery of potent, specific inhibitors that cannot be developed using current

technologies. These hybrids are distinct from@sDand related constructs in an
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extremely important way: ADCs employ antibody specificity to deliver a small
molecular payload to be released once the antibody is bound to the target; PSMHs,
however, use chemical functionality to augment molecular recograf target
enzymes and facilitate the disruption of target function. This chemical functionality
is introducedby the integration of noncanonical amino acids (neAnd defines
unique structures not covered by current classes of therapéulit® novel
approach of combining binding proteins and small molecules will support the
discovery of constructs with distinct inhibitory capabilities for direct clinical
applications, and use as tool compounds foetheidation of the effects of single

proteins on the tumor microenvironment.

Binding protein
recognizes unique
target feature

<

Small molecule
recognizes
enzyme active site

Figure 4. Protein-small molecule hybrid (PSMH) template

Depiction of proteirsmall molecule hybrid targeting an antigen. The scFv bi
to a location near the active sié the specific protein target, delivering t
small molecule payload directly to the active site with greater specifriyre
adapted from Prof. James Van Deventer

1.1.2. Protein Display Libraries

Surface display systems enable the study and screening of proteins and
proteinprotein interactions on the scale of billiofegilitating importan advances
in protein engineering, and enabling the generation of compounds and affinity

reagents for industrial application, diagnostics, and therapeutic development.
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Display platforms have been established around numerous hosts, including:
phagé®, gram positie bacteri&, gram negative bacteffayeat®, and mammalian
cells®, while additional platforms, such as ribosome displayake use of cell free
formats. These libraries differ in the proteins they are able to express, technologies
that are available for screening, and the size of the library that can be constructed.

With display platforms, combinatorialgein libraries are expressed on the
surface of the host and screened using -tiigbughput techniques to identify
mutants of a target phenotyheThis genotypghenotype link is perhaps the most
vital component of surface display technologesjt enables the identification of
protein variants isolated through library screens. Properties such as binding affinity,
thermal stability, and catalytic efficiency can be measured and isolated against
while the proteins remain tethered to the dis@asface, enabling rapid isolation
and characterization of individual mutatits

Protein display libraries are typically designed around the sequences of one
or more starting proteins with properties similar to those of the reqtargét.
Design and construction is based around two, often conflicting, goals: conservation
and diversification. The proteins must be sufficiently diverse to ensure unique
function, while remaining suitably similar to retain fit for the tatyewWhen
utilizing antibody and antibody fragment scaffolds for novel librdriparticularly
for those without extremely specific protein targetthis balance can be more
easily achieved by maximizing diversity within the CDRs, while maintaining

structue through consistency within the other dom#ins



There are four standard antibody library types, set by thecesoof
sequences used when generating the library: immune, naive, synthetic, and semi
synthetié** Immune antibody libraries are created by the isolation of sequences
from active B cells of an immunized animal (usually a mouse). New immune
libraries must be generated for each antigen of inf8asd each library can consist
of more than 18 differing antibody clone®$®". Naive antibody braries utilize
resting B cells from healthy, nammunized humans and have been reported to
contain up to 18 clones®3® Semisynthetic and synthetic libraries costsif either
natural and artificial, or exclusily manmade CDRs, respectivély By
incorporating synthetic CDR manipulation, synthetic libraries are not bound by

natural CDR limitations.

1.1.2.1. Yeast Display Libraries

Of the display platforms and library tygpavailable, yeast display has been
rapidly gaining traction as powerful platformfor both affinity maturation and
novel affinity reagent isolation since its introduction over 15 years ago. Yeast
display is distinguished by two key advantages: €lkarytic expression
supporting complex protein expression similar to that of mammalias) eeld (2)
multi-copy display on the surface of cells that enables quantitative library analysis
and screening based on properties including binding affinity, proegaiist, and
chemical reactions without subcloning, expressowpurification of thedisplayed
proteirf®. In addition, yeast display libraries are faster growing, more robust, and

able to reach a greater chdrdiversity han mammalian display librarigg?



Yeast display platforms primarily employ cell wall anchoring of scFvs via
the Saccharomyces cerevisidga?2 protein linked to-agglutinin yeast adhesion
receptor Agal through two disulfide bridges, forming a covalent complex on the
surface of the yeast c&lI(Figure 6) The Agal gene is stably integrated into the
yeast chromosome, while the Aga2 genensodedvithin a circular yeast display
plasmid vector; both are tightly controlled by galactas#gucible promoteGAL1J,
while the tryptophan producing gefi&P1lis used forplasmid maintenance
S.cerevisiaeFor selection and replication Escherichia coliampicillin resistance
is conferred ad a pUC origin added. The yeaksplayvector employed for the

libraries associated witlhits thesis is pCTCO#2 (Figure 5.

ARSH4

CEN®
TRP1 NQ
AmpR

F1 ORI
pCTCON-2
— 6394 bp

BamHI (4147)
Sall(4132) COLE1OR

scFv ‘o

Nhel (3958)

(G4S) linker U

HA tag Gal1/10
AGA2

Figure 5. pCTCON-2 vector

This display expression gr incorporatea tightly regulatedalactose promoter t
trigger production of a scFv with HA and-Myc epitope tags, while als
incorporating ampicillin resistance for selectioifcigoliand alTRP1producing gene
for selection in Trgoroducing deficiat yeast.

When a scFv is integrated for expression, each yeast cell typically displays
1 x 10* to 1 x 16 copies of the protefd. Display of the scFv can be measured

through flanking hemagglutinin (HA) andMyc epitope tags, to ensure full
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expression expression and to assist in detection of target antigen binding for binder
isolation and population characterizatigigure6)*®. Further, yeast selections and
characterizations are performed in solution, allowing precise conttioé @ntigen
concentration to establish affinity thresholds, facilitating clone characteri#ation

c-Myc tag

= scFv
(full-length)

Agailp
(surface anchor)
=~ HAtag
Agazp
(display anchor)

Figure 6. Yeast Display

Schematic of a displayed scFv with binding anchor proteins and display epitop
on the yeast cell surface using the pCON2 vector.

1.1.2.2. CDR-H3 Library

The CDRHS3 Library is a yeast displayed synthetic scFv library with
diversity in the thircheavy chain complementaritietermining region (CDR3).
As has been recently discovered, libraries with diversity focused within the CDR
H3 region are more than sufficient to derive highly specific, nanomolar affinity
binders to multiple protein targét$® By limiting diversity within one CDR, a
library has been generated that allows for the greatest possible flexibility when
inserting TAG codors within the scFv to enable nmamonical amino acid
incorporation for PSMH construction, while simultaneously ensuring the greatest
potential diversity for binding. To diversify CDR3, varied loops lengths {I5)
were introduced and randomized, wmibe randomization designed to mimic natural

CDR-H3 antibody sequenc®gFigure7).
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Figure 7. CDR-H3 Library diversity within the CDR -H3 region

(A) The CDRH3 region is highlighted in pink in the crystal structure of i
humanized amHER2 antibody. Additionally, potential TAG codon sites ¢
highlighted in oranggB) The diversity of CDRH3, where the X codon is designe
to have amino acid diversity similar to natural antibodiegure adapted from
Professor James A. Van Deventer

1.1.2.3. Sidhu Library
We also examined the more established synthetic safftwuS.ibrary.
While not created for the purpose of generating protedsigitors, it nevertheless
provides a means of potential MMithderisolationandenables the identification
of strategies for isolating inhibitory antibodidshis library was furtheutilized in
the evaluation of multiplex magnetic bead sorting (Chapteft®).Sidhu Library
was constructed based on the phdges pl| ayed s &Fwvanmannbrr ary [ GO
previously described for %% Diversigtwasc Fab | i I
introduced into CDRs L1, L2, H1 and H2 prior to sequence randomization. Two
rounds of protein A selections were useénrich for properly folded and displayed
scFvs, and used as a template for introducing diversity into CDRs L3 and H3.
Several hundred clones from the phage library were sequenced to validate

construction, and the full diversity design is describedguiré 8.
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Figure 8. Design of scFvphage library G, the model for the Sidhu Library

f(A) Structural representation of CDR diversification. Residue numbering is based on

the Fab structure 1FV€, diversified residues are depicted as sphei@s.CDR

diversity design. Segments in red correspond to positions replaced by sections of
variable loop length, while grey sections signify rdiversified positions. At
diversified positions, allowed amino acids are shown by their singlet t er code.
represents the following AA mixture: Y (25%), S (20%), G (20%), A (10%), F,W, H,

P, V (5% eachpFigureand captionadaptetdr om A A Swi tchabl e Yeast
Sysemd, Van Devethter et al., 2015

1.1.3. High-Throughput Screening with Protein Display Libraries

Protein engineering relies heavily on higinoughput screening for the
selective enrichment and isolation of clones with the desired phenotype. Widely
used in the biotechnology, pharmaceutical, and institutionahrgsendustries,
standard highthroughput screening methods include: automated-thighughput
screening (AHTS), immobilized antigen sorting (IAS), and flow cytometry. More
recently developed techniques such as BEi#coded libraries,in vitro
compartmentgation, and phagassisted continuous directed evoluti®®ACE)

arealsoavailable, bueach requireconsiderable technical experti&e
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AHTS employs automation to direct the continuous, individual isolation
and characterization of potential targets using plate based growth artibmsola
Thiscostlymethod is most frequently utilized by the pharmaceutical industry given
the prohibitive costo most single investigator research laboratohesd enables
extensive and thorough library examination. Immobilized antigen sorting is most
frequently used for the enrichment and isolation of affinity reagents. IAS exploits
the attachment of antigen targets to varied support materials for repeat screening
against the library, as a form of biopanning. This technique enables the rapid
enrichment blibraries through the removal of clones bound to the antigen attached
to the solid target. Of the various forms of IAS, magnetic bead sorting is perhaps
the most commonly used and effective. Flow cytometgiss widely usedas a
powerful platform for gantitative, highthroughput functional analysis of cells and
biomolecules using microspheres as solid support. This approach generally
operates based on the size and fluorescent labeling of particles passing through an

electronic detection apparatus isiagle streart.

1.1.3.1. Magnetic Bead Sorting

A form of immobilized antigen sorting, magnetic bead sorting (MBS) is
perhaps the most commongmployed higkthroughput screening technique for
initial enrichment of yeast display libraries. MBS enables rapid affinity capture of
strong and weak binding interactions among large nonbinding populations for

targeted enrichment. The multivalency of theface selection allows for over
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30,0006fold enrichment in a single pass, requiring far less target antigen for each
selection than alternative screening technigfues

To perform magnetic bead sorting, antigens are attached (through various
means) to magnetic particles (of diverse composition and surface chemistry) and
then incubated with a display library, a small fraction of which expresses proteins
or peptidesapable of binding the ligand of interest. Bound cells are removed from
the population through incubation against a magnet, while unbound cells are
removed and washed away. Cells bound to the magnetic particles can then be
cultured (rescue growth) as aputation enriched fothe target, and the process
repeated until a suitable purity of cells displaying target binders is redchibs
process is depicted inigtire 9 covered in greater detail ithe Experimental
Methods of Chapter 2, and explore more Gmapter 3, Multiplexed High

Throughpt Screening with Yeast Display.

1.1.3.2. Flow Cytometry and Fluorescenéetivated Cell Sorting (FACS)

Flow cytometry and the rdked fluorescencactivated cell sorting (FACS),
are perhaps the most widely employed of all Higloughput screening methods,
unigue fortheir ability to make sensitivequantitativemeasurements of molecular
interactions in real tin%. This approach is primarily applied to the detection of
fluorescently labeled proteins or ligands bound to specific particle, cell, and tissue
samples. Bylao integrating automated sampling, flow cytometry is a robust and
adaptable method for the analysis of molecular interactions.

During flow cytometry, cell suspensions are focused through a small nozzle
using sheath fluid to pass single cells througtrkglet within the cytometer. Light

15
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Figure 9. Streptavidin-Biotin Magnetic Bead Sorting

(A) Depiction ofthe preparation of magnetic beads bound with target antigen
the biotinstreptavidin interaction, one of the strongest-nomalent interactions
Antigens are biotinylated (chemically or enzymatically), and incubatéh
magnetic beads coated in streptavidin for two hd@sSimultaneously, a proteir
display library is prepared by spinning down and washing the cells to el
removal of excess metabolites bef¢@ a 2 hour incubation of the cells wit
preparedantigencoated magnetic bead®) Cells bound to the magnetic bea
are sorted through removal with a magnetic, @fdescued to form a populatio
enriched for the antigen target, for either repetition of the MBS or isolation
characterization of sett, enriched clones.
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is scattered by passing cells or particles, and detected through both forward scatter
(FS) and side scatter (SS) detectors, while fluorescence detectors measure
positively stained cells or particles. These measunésrenable the simultaneous,
multi-parameter analysis of single cells, while also providing a template for
fluorescenceactivated sorting of individual cets(Figure D).

Fluorescenc@activated cell sorting (FACS) utilizes the fluorescent labeling
of positive cells and particles to separate those samples wddlctvithin set
parametersas a proxy for direct antigen bindiraf a rate of 10cells per hour¥.
FACS allows selection without expression level bias, wdlde enabling regime
selection based on sample dat&hen combined with yeast display, it is common
to first use forward and side scatter data to ensueetsm of single cells, before
isolating for those which correspond to fluorescence measurements of both (1) full
length display of the scFv, and (2) the presence of the fluoresdaipdied and

bound antigen target.

1.1.3.2.1. Analysis of Flow Cytometry Data

When analyzing flow cytometry datgigure 1), event plots are first
examined in log scale to ensure gating (selection by segmented areas within the
graph) of single cells using forward (FSC) and side (SSC) light scattering
measurements. Once single celhngple measurements are isolated, fluorescence
data may be examined. Frequently, and as performed for this researetpldual
fluorescence labeling is employed to ensure (1)l&nbth expression of the scFv,

and (2) binding of the target antigen. Singtdor controls enable fluorescence
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parameters to be set, while also ensuring that fluorescent reporters do not bind to
the yeast surface, so that the appearance of fluorescence dependent on scFv
expression and target antigen binding can be assured. Bgingofluorescent

labels with minimal or no overlap in their emissions spectra, targeted labeling can

be further secured.

i Sample

Sheath fluid  —— l(stained cells in suspension)
e
@
a%
§

Nozzle 2 Hydrodynamic Focusing
Cells pass through
in 'single file'
\\ ) /

. Fluorescence
emitted from
stained celis

@ detected

\ A ( « Forward and side
\ J ¢ ¢ scattered light from
= \ all cells detected
Laser light source @
\ /

Figure 10. Overview of flow cytometry
Sheath fluid and suspended cells are combined, and hydrodynamic focusing

individual cells through the nozzléaser light is passed through the fluid a
sample stream and both forward and side scattered light and fluorescence en
are collected for further analysisi gur e adapted from
Cytometr8%%0, abcam
In the work to be described in this thesisglaig for these experiments was
such that target antigen binding is expressed kgrigcal shift (Q1; Fig. 1 C2) in

the cell population, while surface display of the scFv is visualized by a horizontal
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shift (Q3; Fig.1L C3). As can be seen in the fluorescent plots of the negative control
within Figure 1L C1, Quadrant 4 (Q4) shows the péagion of cells without surface
displayed proteins or bound antigen; in all induced yeast populationsesisa
fraction d cells that remain uninduced. When cells disgaders to the target
antigen, the population will be shifted both up anth®right, forming a diagonal
lineinQ2(Fig.lB3) , t he At aThgsecellswhiclpdisplay scFvs lbut 0
do not bind to the antigen targeted are shifted only to the right (Q3) and make up
thegdinieve, displaying population. o
Percent Antigen Biding (Fig.1., B4) is used to compare results from gated
fluorescent data, and is calculated by taking the percent of the target displaying

population, as compared to the total displaying population:

22 YOATISYTI—Ap/NRAY T O MM

¢l NHSTU 57\aLJfI-e{(\n 65 M d

¢2aFt 5AraLx HaL

Percent antigen binding is often displayed thioumar graphs to more easily
visualize enrichment levels between screening rounds, be they magnetic bead

sorting or FACS.
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Figure 11. Analysis of Flow Cytometry and FACS Event Plots with Dual
Fluorescent Labeled Yeast Display

The first step to analyzing flow cytometry event plots is to ensure gatin
single cells using light scattering measurements. Primary g&fngD)
examines forward scattered (FSC) area by side scattered (SSC) area
secondary gatingB, E) utilizes contar plots to select for the single ce
population. Once single cells have been selected, fluorescence data r
examined for scFv expression and target antigen bin@@ndr). Single color
controls(G, H, I) are used during the flow cytometry experimigself, and run
directly prior to the samples to ensure (1) proper labeling of the cells, ar
that visualization of the events falls within the plot area so that settings m
adjusted as needed.
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1.1.4.In This Work

The followingchapters focus on two projects, which employ high throughput
screening of yeast giay libraries for the isolation of scFv binders against specific
target proteins. Chapter 2 employs both magnetic bead sorting and FACS against
the CDRH3 and Sidhu Libraries to isolate scFvs capable of ersstive binding
of human and murine MMB. It further describes a protocol for the benchtop
activation of MMPs, and begins to explore the development of an assay to test and
compare protein binding versus inhibition on the yeast cell surface. Chapter 3
explores the Sidhu Library in an attempt to fiert advance magnetic bead sorting
from singleplex (the isolation of binders against a single target antigen), to
multiplex (the isolation of multiplex target antigens simultaneously from which the

same cell population.
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Chapter 2: High-Throughput Matrix Metalloproteinas® (MMP-9)

Binding Proteinsolation& Yeast Display Inhibitor Assay Development

2.1.Introduction
2.1.1. Overview

Matrix metalloproteinases (MMPs) have long been considered promising
therapeutic targets to understand and combat cancer devetogmdeprogression.
Given the similarity of their structure and enzymatic function, but the considerable
variation of their pro-tumorigenic or tumorigenic suppressiveffects, small
molecues havebeenprovenunsuccessfulcross clinical trialsas morespedfic
inhibitors are required. Of th23-member family ohhumanMMPs, strides have
been made in the development of specific inhibitors against MM®MP-9, and
MMP-14 using proteifbased affinity reagents. In this work, we examine single
chain variable frgment (scFv) binders from synthetic antibody libraries in an
attempt to isolaterossreactiveinhibitors againsthe murine and humarsoforms
of MMP-9 as goroof of concepfor the generation ohovelyeast displayibraries
in the support of proteismdl molecule hybrid(PSMH)developmentWe further
presenta rapid displayinhibitor assay to better examine the location effect of
binding on enzymatic activity, to aidharacterization anthe advancement of
bindersto becomd®SMHs, and demonstrate thatossreactive isoform binders can

be selected by first performing enrichments against single isoforms.
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2.1.2. Matrix Metalloproteinases (MMP)
2.1.2.1. MMPs and the Tumor Microenvironment
Traditional cancer research has focusedyeneticmutationsin cellsthat

resut tumor

in cancerous phenotypes, but neglected the surrounding
microenvironment (TME)Recent work has shown that thBIE, in particular the
extracellular matrix (ECM)plays asignificant role in cancer progression and
malignancy outcomé. This microenvironment is broadly classified into three main
groups: cells of haematopoietic origin, cells of mesenchymal oyigimd non
cellular componentsthe major element of which is the EGM Of ECM
remodeling proteis, matrix metalloproteinases (MMPs) are among the most
significant, as thie expression levels and functions change dramaticallyearin

all human cance?$ MMPs are thus tied to tumor aggressiveness, stage, and patient

prognosis®®’ for the multitude of roles they perform withémd beyondhe TME

(Figure 2).
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Matrix metalloproteinases (MMPs) are a-B&mber family of zinc ion
dependent endeptidase¥. All MMPs, except MMP7 and MMR26, possess
similar structures, containing: a signal peptide, a propeptide domain, a catalytic
domain with zinc active site, a hinge region, and a hemopexin domain-Tehe
MMP-26 do not contain the hinge region or a hemopexin domain. Most NMk&Ps
expressed in an enzymatically inactive ¢pretate, with a cysteine residue of the
pro-domain interacting with the zinc ion of the active Sifgigure 2) Through
disruption of this interaction (known as cysteine switch) by extracellular
proteinasesthe enzyme becomes proteolytically active

Matrix metalloproteinases play crucial roles in various physiological
processes, including many of the primary activities of cancericellionomous
growth, replication, tissue invasion,cametastasis through intercellular pathway
regulation. This regulation is achieved through the degradation of physical barriers,
such as the extracellular matrix (EC®I)While many features of MMP proteolytic
action are praumorigenic, some MMPs exhibit asitimorigenic effecd%2 and
many are involved with normal physiological processes such as reproduction,
embryonic @velopment,wound healing,and tissue remodelififjy There is an
ongoing needo distinguish the specific activities ofdividual MMPs in ordeto
beter understand the effectiofdividual proteasesn the tmor microenvironment

and toacquie targets foffuture theapeutic§*.
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2.1.2.2. Current Inhibitor Development Challenges

Matrix metalloproteinases have long been considered promising therapeutic
targets for tumor progression, given their regulathimctions on cancer cell
physiological activities. However, previous attempts to devslopll molecule
inhibitors in the form of peptidomimetig€ompounds which mimic active site
binding target$ failed in clinical trials due to severe side effectaut@sg from
broad blockage of MMPs, including those which were tumorigenesis
suppressing. Therefore, development of selective inhibitors for tumorigenesis
promoting MMPs are highly desired for successful MbHzed therapies.
However the catalytic domains of the 28MP family members share high amino
acid aml structural similarity, and their active sites are extensively conserved. Due
to these similarities, researchers have found it an incredible challenge to distinguish
between MMPs with small molecule inhibité&®

Specific MMP inhibition has thus far achieved linditsuccess against
MMP-2, MMP-9, and MMR14 with biologicalbased inhibitors, including
monoclonal antibodies and macromolecular fusion proteins. Small molecular
compounds which bind the haemopexin domain and peptides which block
dimerizedinduced functionshave also demonstrated poterfialAs such,
additiona protein engineering needs to completed, and isolation methods
developed, to expand on these early successes and so generate inhibitors of specific

MMP function.
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2.1.3. Matrix Metalloproteinase-9 (MMP-9)
Matrix metalloproteinas® (MMP-9) is secreted by mostuman cancer
cells, can be secreted by infiltrating immune cells, and contributes to tumor

progression, angiogenesis, and tumor cell invagitwng with MMP-2, MMP-9

a Variable structural domains of MMPs
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; Haemopexin
Propeptide Hinge domain
/1 regiom  ° N
Furin cleavage site —— - ' ~ /\_,a— —6?,. Gytoplasmic tail
Type |l fibronectin repeats Catalytic domain
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1 M-terminal signal anchor  Cysteine array -‘/:;3* Ig-like domain —M GPIl anchor

b Subgroupings based on structural domains

Minimal domain arrangement: /?

MMP-7, MMP-26

Collagenases, stromelysins and /-‘
other MMPs: MMP-1, MMP-8, MMP-13,
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Gelatinases: MMP-2, MMP-9 /;‘ /\’g
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Structure-dependent subgrouping of the matrix metalloproteinases {MMPs)

Expert Reviews in Molecular Medicine® 2003 Cambridge University Press

Figure 13. Structure -dependent subgrouping of matrix metalloproteinases

The above depict the structural similarities of MMHSgure adapted from
fiMetalloproteinases and their inhibitors in angiogenesjs Laf | e ¥4 et

makes up the gelatinase group within the MMP fanfilgtivation of MMP-9 can

be induced in myriad ways, including by inflammatory cytokines, growth factors,
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and cell/stroma interactions, particijein the most malignant cefts By contrast,
MMP-2is thought to be constitutively expressed by many cell tyj®such, there
is great demand for inhibitstwhich can diferentiate between thesxtremely

similar MMPs.

2.1.4. Time Course MMP9 Bindingfor Inhibitor Isolation

When examining proteins enriched against pnaies for inhibitor
selection it is important to ensure that binders isolated are able to withstand
cleavaye by the enzyme. To this end, extended, time course incubations of the
library i enriched orde novoi with the active enzymare essential to ensure
sufficient time for enzymatic exposure to the affinity reagent.

By performing these screens prior toiehment, a library may be more
rapidly examined for clonal variants that are able to resist the enzymatic cleavage
of the enzyme, and the possibility of isolating an inhibitor against said target
against remaining clonedll increase When performing amne course experiment
on an enriched library, the possibility of an inhibitor may be lost, but binders may
provide a unique opportunity to otherwise inhibit or characterize the enzyme, as
well as affording a means of examining the molecular interactiobgding for
potentially novel protein engineering of new inhibito¥8hen combined with
proteinrsmall molecule hybrids or antibodyug conjugates, binders enable a new
class of therapeutics for targeted deliverysofall molecules fomore selective
inhibition, while avoiding the more commonly structured active site of enzymes

within the sameroteinfamily.
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2.1.5.MMP -9 Single Clone Binders: MO07éD03 and DX-2802

We work with MMR9 as a representative matrix metalloproteinase of great
therapeutic potential, wbih has seen some measure of binder and inhibitor success.
By comparing binders and inhibitors isolated from the @HER and Sidhu
Libraries with those previously characterized single clones, we are able to validate
this methodology of selection, inhibitoissay development, and proteimall
molecule hybrid creationM0076:D03 (i MO @ 7aBd DX-2802 are he single
clones examined her@hese binders were isolated and patented by the Dyax
Corporation prior to their acquisition by Shire Pharmaceuticals a ptential
method of treatment or prevention of systemic scletoJisrough the work of Van
Deventer Laboratory member Laura Quinto, these scFvs were cloned into
pCTCONZ2 (Figure 5) and expressed through the yeast displegtf@im for
comparative analysis to isolated binders, and when daewnela Yeast Display

Inhibitor Assay.

2.1.6.Research Objectives

The overarching goal of this thesis project vias establishmenof a
process for islating matrix medlloproteinase binders for PSMitesign through
thedevelopmenbf a benchtop means of MMPta@tion; examination of existing
and novel yeast display protein libraries for binder and inhibitor isolation and
characterization; and the establishment of a simple display inhil@geayfor
selectingscFvs capable of serving as the affinity reagevithin proteinsmall

molecule hybrids.
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2.1.6.1. Isolation (isoform crosseactivity)

The isolation of crosgeactive binders from yeast display libraries
employed magnetic bead sorting to enrich libraries against alternating human and
murine isoforms of MMP. By enriching for crosseactive binders, future
therapeutic development is more easily accomplished as a majority-dfrpcal
studies utilize mouse modeld/hen the libraries are sufficiently enriched, FACS
enabled further selection for binders of vadaategories: weak binders, strong
binders, and binders able to resist enzymatic activity. Once populations are
sufficiently characterized, individual clones are isolated for sequencing and further,

individual, analysis.

2.1.6.2. Characterization

Characterizatio of individual clones is drhe intensivecomponent irany
antibody discoveryprocess While not completed in this worklue to time
constraintsto characterize isolated affinity reagents each binding coh@eed
to be sequenced, titrated, and exandneith flow cytometry. Sequencing and
comparison to existing homological data of known binders and the antigen target
may provide insight on protejprotein interactions occurring. Titration
experimentsprovide determinations of dissociation constants) (8nd off-rates
(koff), while isoform crosgeactivity, pro- versus activdorm binding,and stability
analysisareexaminedy flow cytometry Yeast display is perfectly suited for these
tasks, aflow cytometry enables dire@uantitativemeasurements tfiese binding

propertiesGrouping of isolated clas into binders and inhibitors further enabled
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by comparison of MMPFD activity through th Display Inhiltion Assay, and all

results will becompared to those of pexisting binders M0076 and DX802.

2.2.Results and Discussion

2.2.1. MMP -9 Benchtop Activation

Before sorting against actis'ee MMP-9 could be performed, an activation
protocol needed to be established. Using existing prof§c8land knowledge of
in vivo MMP activationg""?asa guide, a simple benchtop actieat with trypsin
was developed and validatéeigure 14)

With existing activation methods a base, the following combinationsva
established: MMP (1 mg/mL) + Trypsin (0.5 mg/mL) + Activation Buffe® (M

Tris-HCI, 150 mM NaCl, 5 mM Cag@), in a ratio of 1:2:7With the activation

completed, the trypsin reaction would be quenched using PMSF (100 mM), adding

the same volume as theNWP. The duration and temperature of incubatwhere
thentestedusing our target, MMP. Most protocols utilize a 2 hour time point at
37°C (mimicking physiological conditions), but we chose to examine ®otE
and room temperature (~Z5f, incubating fo 30 minutes 1 hour, and 2 hours
Comparing theresults of these activations with the standéwdrogenic
substratd-S-6 (Sigma) activity assay, it was observed ti@h human and murine
MMP-9 activated at room temperatutisplayedahigher level of ativity than that

of MMP-9 activated at 37°QMoreover the activities seefFigure 14 A, B)all

clustered tightly based on their incubation temperature, without a dependence on

time.
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To further confirm these resulmotein gels were run on tipeo (stak and
biotinylated) and activate forms of MMP9, comparing both the incubation
conditions of duration and tim@igure 14C) and thestability of the activa¢d
MMP after storage at 4°C (Figure 14D). Examining the results, the activated protein
demonstrad a consistent decrease in size compared to the pro forms ofyIMP
similar to what would be expected with gpeptide domain cleavage. Comparing
the incubation temperatures and time points, it is clear that incubation at 37°C
results in greater degradai of the MMP, as does extending the time of incubation
(Figure 14C), further confirming our protocol (fully described below in
Experimental Methods Section 2.6). Additionally, the activated protein stored at
4°C for 3 days displayed signs of advanced degtion (Figure 14D), indicating

that MMP should be freshly activated for each use.
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Figure 14. Benchtop Activation
Validation

(A, B) Readouts of MMP
activity using fluorogenic
substrate FS$, comparing
incubation time and temperature

(C) Protein gel corresponding t
the activations seen in (A).

(D) Protein gel corresponding t
the activation results in (A) an
(B), examining protein
degradation over time.

All activations employed the
following: MMP-9 (1 mg/mL) +
Trypsin (0.5 mg/mL) + Adtvation

Buffer 5(0 M TrisHCI, 150 mM

NaCl, 5 mM Cadl), in a ratio of
1:2:7. The trypsin cleavag
reaction was quenched using 1
mM PMSF.



2.2.2.MMP -9 Single Clone Binders

With the activation protocol established, we turned to validating previously
patented(Dyax Corporatiojf’ MMP-9 single clone binder M007&nd inhibitor
DX-2802 (Section 2.1.5).

The patent states that both clones bind the human and murine forms of
MMP-9, while DX-2802 binds selectively to the active form of the protamal
displays inhibitive propertieBy comparing binders and inhibitoisolated from
the CDRH3 and Sidhu Libraries with &ése previously characterized single clones,
we could further validate this methof selection. The difference in binding and
inhibitive properties of M0O076 and DX802 also could be furthartilized to
develop an assay comjrag binding versus inhibitioof isolated proteins displayed
on the yeast cell surface.

To analyze single clone binders M0BD63 and Dx2802, flow cytometry
experiments were performed with both the pro and active forms of both fantdan
murine MMR9 isoforms and incubated at concentratioetsveen and including 50
and 2% nM for standard 30 minute primy@abeling, as well as througime course
experimersg for 1 7 6 hours at each houithe time course experiments were
employed to cofirm biding versus inhibition of the active MM® over an
extended period of time, to ensure that the single clones are able to resist cleavage

by the active form of the protein.
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2.2.2.1. Pro v. ActiveMMP-9 Binding

As stated in the patenthe results of mr vasus active binding flow
cytometry experimest (2e6 cells per sample, 50 nM30 minute primary
incubation Figure 15 demonstrate that D-2802binds preferentially to the active,
human isoform of MMPD with little to no bindingof the prohumanor murne
isoforms. MO076, however showsclearbinding to both thero and active forms
of human MMP9.

Contrary to expectations, neither clone displayed significant binding to
eitherpro or active murine MM (Figure 15 A, B) at 50 nM, 100 nM, or 200
nM. But, when binding experiments were repeated using protein that was stored at
4°C for 3 weeks, substantial murine MMFbinding was observed (Figure 15 C),
as stated in the pategtorage of MMP9 at 4°C for greater than approximately 10
days results in sigficant protein degradation, suggesting that the clones may be
binding to a site exposed by a more degraded form of the murine-81pBtein.
While further validation of this result is required (perhaps utilizing circular
dichroismi in combination with thélow cytometry and protein gels to more
directly visualize MMP9), it suggests that these single clones preferentially bind a
more degraded form of murine MM® Given theinconsistencyof the murine
MMP-9 binding observed, future experiments with MOG#&l DX-2802focused

solely onthe human MMP9 isoform.
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