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Abstract

Biomarkers are molecules present in the patients’ samples. They are used to detect the presence
of a disease or an infection. An array of laboratory tools is used to monitor changes in the
biomarker levels for diagnostic and prognostic purposes. Affimers are relatively new tools, which
can be used in similar ways to commonly used antibodies with many advantages over the later.
The work described in this PhD thesis has focused on a number of methodologies for the
generation of Affimers against purified proteins and cell-surface molecules, with the intention of

using these to detect biomarkers in cancer.

To ensure the development of functional Affimer reagents against different membrane target
molecules, EGFR, HER2, and HER3 were used as models to optimise the process of Affimers
isolation and selection using phage display technology. In vitro production of Affimers using
bacterial cells was assessed and optimised. Following optimisation, a range of Affimers that
bound to EGFR, HER2, and HER3 were generated and partially characterised by different
molecular applications, including immunofluorescence, immunohistochemistry, and pull-down
assay. Upon characterisation, the developed reagents were not only able to identify their targets
on cells and to precipitate them down from cell lysates, but also exhibited a complete inhibition
of the downstream signalling activation of both EGFR and HER3.

In addition, this thesis provides clear evidence of the potential of Affimers in biomarker discovery
studies. After multiple rounds on non-tumourigenic (HB2) and cancerous (MDA-MB-453)
breast-cell lines, eight novel anti-breast-cancer Affimers were successfully isolated and
characterised. Following pull-down assay and mass spectrometry analysis, the target proteins to
which these Affimers were found to bind was identified as CK18 and 19. Upon identification, the
specificity of Affimers was further validated on a panel of breast cells, tissues, and on multiple

breast-tissue microarrays (TMAS).

There is a need to develop the knowledge to utilise this new Affimers-based technology to
encourage adoption of this useful tool. With the aid of such technology, several novel detection
reagents were generated, partially validated and proved to be promising tools for biomarker

detection in different conventional assays.



Table of Content

ACKNOWLEDGMENTS ..ottt e e e I
A B S T R A T et e e n b r e e e aarae s Vv
TABLE OF CONTENT L.ooviii ettt eanree s VI
LIST OF TABLES ...ttt et e ba e e e eabees Xl
LIST OF FIGURES ...ttt ettt n e e ebaae e Xl
ABBREVIATIONS ...ttt e e st e s s s e e e s s sbaee e e e XV
CHAPTER 1 INTRODUCTION ...ttt ettt e b e s svaae e 1
R R Y N o] = = S 1
1.1.1 CANCER DEVELOPMENT ttvttitieiiiiiitttteteeeseesssssssssresssssesssssssssssssssssssssssssssssssssessssssssssens 1
1.1.2 PROTEINS AND CANCER PROGRESSION.........ciectttreiiieieesisisrreeereeesssssssssresssessssssssssssens 2
1.1.3 CANCER SCREENING AND DIAGNOSIS ..iieeiiiiitrrreeiieieesssiisresesssessssssssssresssssesssssssssssens 5
1.1.3.1 Analytical assays for the detection of protein-based biomarkers in cancer.......... 5
1.1.4 CANCER THERAPY ..ittttieiiieeeisseittteeessseesssssbbtbeessssesssassbbbaaessseesssssssbabenesesesssssssrrerens 7
1.2 THE HER FAMILY OF RECEPTORS AND CANCER ....cceieiiiiitrteieieieeesssssvrreeesssessssssssssens 8
1.2.1 HERS ACTIVATION, DIMERIZATION, AND CELL SIGNALLING ..........ooovvvrviireeeeeieinvrenens 9
1.2.2 THE ROLE OF HER PROTEINS IN CANCER DEVELOPMENT ..vvvvvieieiiiiiiiieeeeeeeeesesannenens 12
1.2.3 TARGETING HERS: MECHANISM OF ACTION AND RESISTANCE .....cccvvvviereeeeeiiiinrenee, 15
1.2.3.1 Currently used therapeutic agents and their inhibitory mechanism.................... 15
1.3 THE NEED FOR CANCER BIOMARKERS .....cciitiitttiiiieieeeisiiirareeeseessssssssrrseesssessssssssssens 16
1.3.1 Challenges and limitations in biomarker discovery and validation ....................... 16
1.3.2 BIOMARKERS CURRENTLY USED IN BREAST CANCER .....cuvviiiiieieiiiiiiiirieeeeeeesesssnenens 18
1.3.3 IDENTIFICATION OF NEW BIOMARKERS: WHY? ..ooiiiiiiiiiiieiiee i 20
1.4 BINDING MOLECULES FOR BIOMARKER RECOGNITION IN HEALTH AND DISEASE....... 21
1.4.1 ANTIBODY AND ITS DERIVATIVES ..tttiiiiiiiiiiiiitrtiii e e e e e sssitsbrbes e s e s e s s ssabbbaeessseessssnssssens 21
1.4.1.1 Monoclonal antibody production: the endless SUPPIY........ccccevvveriniiincinnnnn 22
1.4.1.2 Drawbacks of antibodies pushing towards the development of other engineered

antibody-based FOrMALS ..........ooviiii 23
B AN NV == S 24
1.4.2.1 Drawbacks OF QPEAMETS ......coueiiiiiiiiierie e 25
1.4.3 ENGINEERED PROTEIN BINDING TOOLS .....cccuveiiiiieeeisiisrerereseeessssssssseeesesesssssssssssens 25
1.4.3.1 The diversity of the non-antibody based protein scaffolds.............ccocoocervrinnne 26
1.4.3.2 Generation of non-antibody binding proteins ...........ccocovevivieieienene s 29
1.4.3.3 Are some scaffolds better than Others? ... 33
1.4.3.4 Current status of antibody alternatives in disease diagnosis and treatment........ 34
1.5 RESEARCH AIMS AND OBJECTIVES ....cciuviiieiitrieesiiseeeesiisreesesssssesssssssesssasssssssssnsssseesans 35



CHAPTER 2 MATERIALS AND METHODS........cooiie e 41

2.1 IMIATERIALS ...ttt etttk b etk e hb e e bt e s st e ekt e e me e e nbe e emb e e nbeeenbeennneenes 41
2.1.1 GENERAL REAGENTS ...ciiutietttatieatetateesieeesseessseesseessseessesssseaasesssseessessnsesssessnsesssessnns 41
2.1.2 MAMMALIAN CELL LINES AND THEIR CHARACTERISTICS ....cccvtiiierieeiieenieeseee e 41
2.1.3 WHOLE TISSUE SAMPLES AND TISSUE MICROARRAYS (TMAS) .....ocovviiiieiieiiesiene 41
2.2 IMIETHODS ...ttt ettt ettt ettt b et ekt e it e e bt e s a e e bt e e st e e ebe e e mb e e sbeeenneennneenes 44
2.2.1 MAMMALIAN CELL CULTURING ....cttutteiteteteesiieesteesiseesseessseesseessseessessnsesssessnsesssneenns 45
2.2.1.1 Cell CUITUIE ...ttt ettt sre e e ne e 45
2.2.1.2 Cell recovery, feeding, and pPassaging .........cccccerererererenesieieeesese e 47
2.2. 1.3 CeIl COUNTING ...ttt bbb ene s 47
A R O Vo o] (= =T Y7 LA o] SRS 48
2.2.2 AFFIMERS ISOLATION BY PHAGE DISPLAY ...coitiiiiriiinieeiesieesieesiesseesteesiesseesieessesseees 48
2.2.2.1 Target PreParation ........cccveieeieiieieeie et se e re e sre e s et e e e e sre e 49
2.2.2.2 Bio-panning: Selection roUNGS...........ccceiieiierieiie e 50
2.2.2.3Phage ELISA.. ..o 58
2.2.3 IN VITRO PRODUCTION OF SOLUBLE HISg-TAGGED AFFIMER PROTEINS .......cccovvrunene 60
2.2.3.1 Molecular subcloning of AffIMErs........ccccooveiiie i 60
2.2.3.2 Production and purification of Hisg-tagged Affimers ..........ccccccoeveiniicicnnienn 63
2.2.4 IN VITRO PRODUCTION OF VEGFR2 AFFIMER-ALKALINE PHOSPHATASE (AP) FUSION
PROTEIN ..ttt itttette ettt ekttt ettt et ettt ek e e bt e e et ekt e o he e ekt eh e e 2 be e e R b e e b et e sn e e nmeeenb e e nbneenneennneenns 65
2.2.4.1 Molecular construction of the fusion protein...........cccoccevvveviiieiicce e, 65
2.2.4.2 Production and purification of the fusion protein ..........c.ccocvovieieneiicncncnns 65
2.2.5 IN VITRO CHEMICAL MODIFICATION OF AFFIMERS......ccittiiiaitieaieesieesieesieesnsesseeeenns 66
2.2.5.1 Bio-conjugation of horseradish peroxidase (HRP) enzyme to Affimers............ 66
2.2.5.2 Biotinylation of Affimer Proteins............ccoeieeieieienesesese e 68
2.2.6 FUNCTIONAL CHARACTERISATION OF AFFIMERS .....uviiitieiiieeiiesieesieesieesieesneeeseee s 69
2.2.6.1 Affinity/immunofluorescence (AF/IF) microscopy on fixed-cells..................... 69
2.2.6.2 AF/IF microscopy 0N HIVe CEIIS .......ccoiiiiiiieicee e 70
2.2.6.3 Immunohistochemistry staining (IHC) Staining..........c.ccoovvvviinieneniicicsens 70
2.2.6.4 Pull-down assay and western blot (WB) analysis..........c.ccocvvviiiiieninicncnnnns 72
2.2.7 CELLULAR STUDIES: TREATING CELLS WITH AFFIMERS ......coiiiiiierieeiieesieeaeeeseeeens 74
2.2.8 PROTEIN IDENTIFICATION BY PULL-DOWN ASSAY AND MASS SPECTROMETRY (MS)

ANALYSIS .ttt ettt ettt etttk et st e e bt e e a bt ek e e R e e e eh e £ oAb e e R et e RE £ e R e e e R bt e Re e e bt e eRe e e beeareeereens 74
2.2.9 DATA ANALYSIS AND IMAGE CONSTRUCTION ...ccutiiiiiiaiiesitiesieeseeesieesieesinesnneeseee e 74

CHAPTER 3 PHAGE DISPLAY-BASED SELECTION STRATEGIES TO

ISOLATE AFFIMER REAGENTS AGAINST HERZ ....ovvee 76
TN [N 1270] 018 ox 1 [0 ] N TR 76
T = 4= O 1 TR 80
3.2.1 ISOLATING AFFIMERS AGAINST THE RECOMBINANT PROTEIN OF THE ECD oF HER2
......................................................................................................................................... 80
3.2.2 SELECTION OF AFFIMERS ON WHOLE-FIXED CELLS ENGINEERED TO OVEREXPRESS
HE R ..ottt e et e et e e ettt e e eeeeeeeet e e teeaeeteean i raaaaareeens 81



3.2.3 A COMBINED PHAGE SELECTION STRATEGY ..iitiiittieie ittt ieieieneieiaiaeaneinnanannnsnsnsnnnenanns 83
3.2.4 SELECTING ENRICHED POOL OF HER2-BINDING AFFIMERS ON CELLS ENHANCED THE

DIVERSITY OF ISOLATED BINDERS.......cccittteitetesteeasieeesteeastesasiseesssseesssseesssseessssesssssessnnns 89
3.2.5 MOLECULAR CLONING, BACTERIAL PRODUCTION, AND PURIFICATION OF EIGHT
ISOLATED HERZ2-BINDING AFFIMERS ......utiitiitiiaieesiteaieesireesieesieeaseesieesseessnsssseessnesnseeas 92
3.2.5.1 Optimisation of temperature, shaking speed and time for production of Affimers
......................................................................................................................................... 92
3.2.5.2 Optimisation of induction of Affimer production............cccceoeieieieiinienininns 95
3.2.6 CHARACTERISING THE BINDING ABILITY OF ANTI-HER2 AFFIMERS ON A PANEL OF
BREAST CANCER CELLS ...eiiiutiteitite it e sttt e st e sttt e e ssbe e st e e sib e e e ssb e e s nnb e e s anseesnneesnnee e e 99
3.2.6.1lmmunofluorescence staining of HER2 using Affimers.........ccccooviiiininns 99
3.2.6.2 Testing anti-HER2 Affimer reagents on live cells...........ccccocovviiiiieiiccccen, 101
3.2.6.3 Anti-HER2 Affimers pull down endogenous HER2 from cell lysates.............. 101
3.3 DISCUSSION ...ttt sttt bttt bttt b et sb e bt e st e b e enbenre et 104

ANTI-HER3 AFFIMERS. ... 109
4.1 INTRODUCTION ....uuttttiiteee et iiiitbtreeeeeessssaisbbbeeesssesssssaab b b beseeseesssaabbbbresssesssssabbbbbaaaeesens 109
A = 4=t U | I TR 110
4.2.1 SELECTION OF HER3-BINDING AFFIMERS ......ccoiiiiititieiiee e s iiitrbeees e s e e s s sssisrsnessse e 110
4.2.2 ISOLATING AFFIMERS AGAINST THE EXTRACELLULAR DOMAIN OF EGFR USING A
RECOMBINANT PROTEIN ...iicuttttiiiieeesiiiitirtreeeeeeesssesbsbssesssesssssssssbesssssesssssssssssesesesssssnnnns 117
4.2.3 MOLECULAR CLONING, PRODUCTION AND PURIFICATION OF ANTI-HER3 AND ANTI-
EGFR AFFIMER PROTEINS ...uuttteiiiiieeiiiiitstsreesseesssssssssresesssessssssssssssssssessssssssssssssesssssnssns 118
4.2.4 ANTI-HER3 AFFIMERS CAN RECOGNISE THE RECEPTOR ON CELLS AND IN CELL
(IS 1 =S 120
4.2.4.1 Binding characterisation by immunofluorescence microscopy ..........c.ccoceeve... 120
4.2.4.2 Anti-HER3 Affimers pulled-down the endogenous HER3 protein from different
CRII TYSALES ...ttt bbbt 123
4.2.4.3 Anti-HER3 Affimers as biotin-conjugated reagents for use in IHC ................. 124
4.2.5 INHIBITION OF DOWNSTREAM CELL SIGNALLING BY ANTI-HER3 AFFIMERS ......... 127
4.2.6 ABILITY OF EGFR BINDING AFFIMERS TO RECOGNISE THE RECEPTOR IN DIFFERENT
APPLICATIONS ... 129
4.2.6.1 Anti-EGFR Affimers bind to CelIS .........oooviiiiiiii e 129
4.2.6.2 All anti-EGFR Affimers pulled down the endogenous receptor from cell lysate
....................................................................................................................................... 132
4.2.7 ANTI-EGFR AFFIMERS DOWNREGULATED THE MAPK-ERK1/2 SIGNALLING
ACTIVATION IN HER2 OVEREXPRESSING CELLS ..vvvvviiieieiiiiiiiieieeeieeesssisrsreeesesesssesassveses 133
LG B ] Tl 1S1] [ P 135

CHAPTER 5 MODIFIED AFFIMER REAGENTS FOR IMPROVED

BIOMARKER DETECTION IN THC ... 139
.1 INTRODUGCTION ...t ettttt et ettt st e eeet st e ees bt eeses bt eeses st sesesta s eesestaseeses bt eeeestnssesestnreesestnreeees 139
I 2 (] U] I TR 141



5.2.1 AFFIMER-ALKALINE PHOSPHATASE FUSION PROTEIN AS A RAPID, SINGLE-STEP

DETECTION TOOL FOR THC ... 141
5.2.1.1 Construction of a monomeric alkaline phosphatase (mAP)-fused Affimer......142
5.2.1.2 Monomeric alkaline phosphatase-fused Affimer production, its catalytic activity
AN STADTIIEY ..o 142
5.2.1.3 Direct affinity staining of the VEGFR2 protein on tissue using the mAp-Affimer
L0 [0 TSRS 143
5.2.2 DEVELOPMENT OF THE OPTIMAL BIO-CONJUGATE VIA CHEMICAL MODIFICATION OF
AAFFIMERS . ...ttt ettt ettt a et e e a et e s Rt na e e R e e en b e e nb e e nes 145
....................................................................................................................................... 147
5.2.2.1 Optimisation of biotinylation incubation time, biotin concentration and

LE=] 4] 0T =V (| PRSP RTPP RPN 150
5.2.2.2 Testing different biotin linker 1engths............ccooveii i, 151
5.2.2.3 Testing different reduction techniques for biotin labelling............c.ccceenenn. 156
5.2.3 APPLICABILITY OF THE BIOTINYLATED, SINGLE CYSTEINE AFFIMER AS A DETECTION
REAGENT IN THC ..ottt 156
5.2.4 SIGNAL AMPLIFICATION ACHIEVED BY THE INTRODUCTION OF TWO CYSTEINE
RESIDUES INTO THE AFFIMER SCAFFOLD ..c.vtvitiiteaseesiesiestestestestessessessesseeseessessessessessenses 160
5.2.5 CHARACTERISATION OF AFFIMER-FC CHIMERAS IN IHC DIAGNOSTIC APPLICATION
....................................................................................................................................... 162
5.3 DISCUSSION ....eutttttetieteetta e te stttk be st be s et e et bbb et e st e st et et ebe st e nbenbenbeane e 164

o VAN ] B ] 1Y od I 169
N [N =] 016 Lo i [0 T 169
I {1 U 5= 170
6.2.1 SELECTION AND SCREENING FOR CANCER-SPECIFIC AFFIMERS.........ccvvvverereeeriinnns 170
6.2.2 IN VITRO PRODUCTION OF CANCER-SPECIFIC BINDING AFFIMERS ......cccvvvviiieieeiinnns 175
6.2.3 VALIDATION OF AFFIMER BINDING SPECIFICITY TOWARDS CANCER CELLS ........... 176
6.2.3.1 ImmunOFlUOreSCeNCE MICIOSCOPY ...c.veververrirrierieienee ittt 176
6.2.3.2 Staining on formalin-fixed paraffin embedded cell pellets.............ccceovrrene. 176
6.2.4 A2 AND C1 AFFIMERS STAINING IS INCREASED IN BREAST CANCER ....vvvvvereieeiinnns 180
6.2.5 BoTH A2 AND C1 AFFIMERS BIND TO CYTOKERATIN 19 AND 18/8 PROTEINS........ 182
6.2.6 BINDING OF A2 AND C1 TO CYTOKERATIN 19 AND 18 WAS CONFIRMED BY
FLUORESCENCE MICROSCOPY AND WESTERN BLOTTING ....cccoiiiiiiiiiiiiieeessiiirrreeeneeeesseans 183
6.2.7 CYTOKERATIN 18 AND 19 ARE EXPRESSED ON THE CELL SURFACE OF CANCER CELLS
....................................................................................................................................... 184
6.2.8 CYTOKERATIN 19 EXPRESSION UPREGULATION IS NOT SOLELY DEPENDENT ON HER?2
OVEREXPRESSION IN BREAST CANCER .....coiiiitttieiiiiee e e s s sitbtben e s s e e s s seabbbeaes s s e s s s s sssbsbensessens 186
LRSI D 11101 U 11 o] U 190
CHAPTER 7 GENERAL DISCUSSION AND FUTURE DIRECTIONS ............ 193
7.1 FIXED-CELLS PHAGE DISPLAY AS STRATEGY FOR AFFIMERS DEVELOPMENT ............ 193
7.1.1 FIXED-CELL PHAGE DISPLAY FOR THE DISCOVERY OF NEW BIOMARKERS ..........00. 195

IX



7.1.2 CELL-BASED VS PROTEIN-BASED PHAGE SELECTION STRATEGIES FOR THE ISOLATION

OF IHC -BINDING REAGENTS ... eeeteteeeteeeseeeeeeeeeteeaseeeeteeees e asseeeeesees e aeseeereeennnnaaeeaeees 197
7.2 EFFICIENT AFFIMERS FUNCTIONALISATION AND MICROSCOPIC APPLICATIONS......... 197
7.2.1 AFFIMERS AS PRIMARY REAGENTS IN THC ... 198
7.2.2 AFFIMERS AS PRIMARY REAGENTS IN FLUORESCENCE VISUALISATION MICROSCOPY

....................................................................................................................................... 199
7.3 FUTURE DIRECTIONS OF AFFIMERS AS THERAPEUTIC AGENTS . .oiieeeieeee e eeeeeeeeeeinnns 201
7.4 RECOMMENDATION FOR FUTURE WORK ....uiiieetiteeeeeteeeeeeeeteeeestaseseestseesesssessessnseeees 202
7.4.1. DESIGN AND CONSTRUCTION OF A HIGH-COMPLEXITY LIBRARY ...uutieeiviiieeeeninneeens 202
T7.4.2. HERZ2-BINDING AFFIMERS ... cotteeeuueee e eee e eee e e e e e et eeeeesseeeeeeeeennaaseeeeeeeeennnnnas 204
7.4.3. HER3-BINDING AFFIMERS ... coiteeeeuueeteeeeeeeeeeeaeeeeeeeeeeeeeeseeeeeseeenneeseseeeeeennnnnnnas 205
7.4.5. APPLICATION OF AFFIMER TECHNOLOGY TO BIOMARKER DISCOVERY .......ccvvvvnnn. 208
AR X 70 ] N Lo U] (] TR 210
REFERENGCES ... ..ottt ettt e ettt s et e e et e ee st s e eee et eeessbanreeeeeseenns 212
YN = A1 1 G TR 240
YN = N1 B 1 G = TR 241
PUBLICATIONS & CONFERENCE PROCEEDING........coooiiieeieeiieiies e 241
B.1. ACCEPTED IMANUSCRIPTS wetttuuittteetteesstusssseeeteessssnssssesseessssnsssessssessssnnsseeesseenns 241
B.2. POSTER PRESENTATIONS. . eetttuutttteetteesstussssseeseessssnnssseesseessssnsssessseessssnnnsseeesseenns 241
B.3 ORAL PRESENTATIONS ...etttttttttuteseeeteessstnsssssessesssssnnssseseseessstssseseseessssnnnsseeesreenns 241



List of Tables

CHAPTER 1

Table 1.1 HER ligand-binding specificity.........ccoviiiiiriii e 10
Table 1.2 Types of biomarkers and their applications.................ccoi i 17
Table 1.3 Molecular classification of breast carcinomas...............ccoooviiiiiiiiiii e 20
Table 1.4. Examples of protein-display scaffolds, and their similarities and differences in
relation to display strategy, pharmacokinetic properties and binding kinetics..................... 36
Table 1.5. Summary of the advantages and limitations of Affimers and other antibody
alternatives in comparison with those of antibodies and aptamers..................ccoovviieiienienn 38
CHAPTER 2

Table 2.1 Primary antiDOCIES. .........ccviiiiiiiiie e 42
Table 2.2 Secondary antiDOTIES ...........ccviiiiiiiiieeee e 43
Table 2.3 ATFIMET TEAGENTS. ... eiveieiieiiii ittt ettt b b e e ere s 44
Table 2.4 Mammalian cell lines characteristics and growth conditions.............ccocceeveieiininnnns 45
Table 2.5 Purchased tissue microarrays (TIMAS).. ...coivcveiiie et 46

Table 2.6 PCR condition for the amplification of Affimer sequence in the phagemid vector. .. 62
Table 2.7 PCR Components of 25 pl reaction volume required to clone the Affimer sequence

into a digested pET11a eXPreSSiNG VECTOI.......civeiuiieeiieieeecitese e ste e e sreste e sre e sbe e aesre e snas 62
Table 2.8 Primers used in molecular subcloning of AFfIMErS.........cccooviviiiiniiereccee 62
Table 2.9 Lysis, wash and elution buffers used in Affimer production and purification

PIOTOCOL. ..tttk bbbt bt e e b bbbt e et 64
Table 2.10 HRP- conjugation apPrOACHES. .........ccerieiiiiisierie st 67
Table 2.11 Thiol-reduCing FEAQJENTS. .........cciiiereiteeie e se ettt sre e besre e 68
Table 2.12 Biotin-Maleimide lINKErS. .........ccooiiiiiiice e 69
CHAPTER 3

Table 3.1. Analysis of constructed Affimer (ENa2) library..........ccoeoviiiiiniineccce 78
Table 3.2 Amino acid sequence of the binding loops of eight different HER2 binding

ATTIMIEE bbbt bbbttt 80
CHAPTER 4

Table 4.1 Amino acid sequences of the binding loops of 6 different EGFR binding Affimers.

Xl



List of Figures

CHAPTER 1

Figure 1.1 Schematic overview showing the development of cancerous mass and its metastasis
to different regions iN the DOAY. ..o s 3
Figure 1.2 HallMarks Of CANCET. .......ccuoiiiiii ettt 4
Figure 1.3 Currently used diagnostics approaches in CanCer. .........cccevvvvivieveseciese e 6
Figure 1.4 Current therapeutic strategies for cancer treatment. ...........cccoovvveierieneneneieieieeeens 8
Figure 1.5 A schematic presentation of the structural arrangement of HER2.. ..........ccccccovvvnie 9
Figure 1.6 The role of HER proteins in cell signalling. ... 13
Figure 1.7 Antibody molecule and itS derivatiVes.............coeiireriieieeisese e 22
Figure 1.8 Production of monoclonal antibody using ascites and in vitro culturing method..... 23
Figure 1.9 Selection of aptamers (SELEX).......cccoviiiiiiiiiiiice et 25
Figure 1.10 Structural features of some newly developed non-antibody based scaffolds. ........ 27
Figure 1.11 Three-dimensional structure of the Affimer scaffold. .........c.ccccooeviiiiiiiien. 28
Figure 1.12 Schematic presentation of an M13 filamentous phage.. ......ccccoovieniiiicicinnn, 31
Figure 1.13 Phage display teChnoIOgY.. ......cccooeiiiiiiiiiriereeeee e 32
CHAPTER 2

Figure 2.1 Isolation of Affimers by phage selection on immobilized-recombinant target

Q11T | T T PO TP PP TSP PPPPR 52
Figure 2.2 Cell-based phage screening strategy using FFPE cell sections on a glass-slide and
enriched ATFimer phage liIDrary.. ... 54
Figure 2.3 Isolation of Affimers on fixed-monolayer of cells using phage display................... 57
Figure 2.4 Schematic overview of the subcloning process of Affimer cDNA sequences from
pDHis phagemid vectors into different eXpression VECtOrsS. ..........cvvieiiriirirririiniinnenenennn, 61
Figure 2.5 Workflow of pull-down assay coupled with either western blot (WB) or Mass-
spectrometry (IMS) analySes. ......o.uuiutitii i 75
CHAPTER 3

Figure 3.1 Demonstrating the unsuccessful isolation of Affimers using cell-based screen against
HER2-HB2 transfected cells HER2-HB2 transfected cells.. .........ccccooveiiiiiiiiiieniniieee 82
Figure 3.2 Phage screen on fixed monolayer of engineered (HER2-transfected) HB2 cells to
isolate binders against HER2 using the naive Affimer phage library...........ccccooiiiiiiininne. 82
Figure 3.3 Phage screen on fixed monolayer of engineered (HER2-transfected) HB2 cells to
isolate binders against HER2 using the naive Affimer phage library...................covinenn. 86
Figure 3.4 Showing the phage ELISA results from isolating Affimers using alternate proteins
and cell based SCIEENING. ... ..ottt e e 87
Figure 3.5 Selection outcome of the combined-phage screen to isolate HER2 binder.. ......... 88
Figure 3.6 Affimer phage screen on HER2-overexpressing cells (MDA-MB-453) after multiple
enrichment rounds on biotinylated HER2-ECD recombinant protein.........................coe.. 90
Figure 3.7 Showing the phage ELISA from clones isolated after three panning rounds against
recombinant protein and three against Cells... ... 91
Figure 3.8 The effect of different shaking speeds on the production of Affimer proteins......... 94
Figure 3.9 SDS-PAGE analysis of Affimer protein produced at different temperatures..........95
Figure 3.10 The effect of using different IPTG concentrations on both cell density and Affimer
8100 [ o1 A To ] O U 97

Figure 3.11 Optimising the induction of Affimer production at different OD of cultures.. ......98
Xl



Figure 3.12 SDS-PAGE showing the purification of anti-HER2 Affimers......................... 98
Figure 3.13 Affinity/Immunofluorescence (AF/IF) staining of HER2 receptor on fixed cells.100
Figure 3.14 Affinity/Immunofluorescence staining of HER2 binding Affimers on live BT474

DrEASE CANCET CRIIS. ... et see st e aesteenae e 102
Figure 3.15 Anti-HER2 Affimers showed ability to pull-down HER2 complexes.................. 103
Figure 3.16 Mechanism of stabilising the HER2 receptor on the cancer cell surface. ............ 107
CHAPTER 4

Figure 4.1 Evaluating the efficiency of HER3 (ECD) recombinant protein biotinylation for use
IN PhAGE AISPIAY SCIEEN. ... 111
Figure 4.2 Phage-display screen against biotinylated recombinant HER3-ECD protein to isolate
binders against the ECD 0f the reCEPIOr... ...cviiiiiec e 112
Figure 4.3 Phage ELISA of 48 picked clones after 3 panning rounds against the HER3
TECOMDBINANE PIOTEIN ...\ttt ettt ettt ettt e ete e et et et et et ettt et e e et et eaeeaaans 113

Figure 4.4 Schematic presentation of the three phage screens performed against HER3-
overexpressing cells after three rounds of library enrichment on HER3-ECD recombinant

8100 C=1 1 T PP 115
Figure 4.5 The phage output of the three different phage screens on cells that overexpressed
HERS3 using an enriched-HER3 phage library. ... 116
Figure 4.6 Cell-based phage ELISA to examine the ability of 11 isolated HER3 Affimers to
bind the native receptor on fixed Cells...... ... 117
Figure 4.7 SDS-PAGE gel showing production and purification of Affimer proteins.. .......... 119
Figure 4.8 Immunofluorescence microscopy confirming the ability of anti-HER3 Affimers to
bind the HER3 0N TIXEU CEIIS... ..ooviiieiieee st st 121
Figure 4.9 Immunofluorescence microscopy showing the capability of anti-HER3 Affimer
reagents to bind native receptor on live cells and causing it to internalise......................... 122
Figure 4.10 Anti-HER3 Affimers showed ability to pull-down endogenous HER3
overexpressed in MDA-MB-453 and MCF7 cancer cells.............cooooiiiiii i, 124
Figure 4.11 ELISA confirming the efficiency of biotinylated anti-HER3 Affimers............. 125
Figure 4.12 Staining of anti-HER3 Affimers on a panel of FFPE cancerous and non-cancerous
DIEASE CRIIS. ...ttt st et e ettt e et e eteenaenreeraenre s 126

Figure 4.13 Western blots indicating the inhibitory effect of HER3-binding Affimers on
downstream signalling pathway (MAPK/ERK1/2) after NRG stimulation in various HER3-

OVEIEXPIESSING CEIIS... ...t 128
Figure 4.14 Immunofluorescence microscopy showing the ability of anti-EGFR Affimers to
DINA the NALIVE EGFR.........ooiiiicee s 130
Figure 4.15 Anti-EGFR Affimers bind to MDA-MB-468 cells in live cell culture.............. 131
Figure 4.16 Anti-EGFR Affimers pulled-down EGFR from cell lysate prepared form MDA-
MB-468 CaNCET CeIIS..... ...t e e 133
Figure 4.17 EGFR binding Affimers inhibit EGF-stimulated signal transduction in BT474

o] | T OSSP 134

Figure 4.18 The suggested mechanism of anti-HER3 Affimers modulating the stimulatory
effect on NRG-stimulated signal transduction in cells with different HER2 expression level..126

CHAPTERS

Figure 5.1 Schematic overview of the different methods used in IHC to detect the biomarker of
TIEEIESE. .ttt Rt E bbb et 140

Xl



Figure 5.2 Production and characterisation of a monomeric alkaline phosphatase (mAP)-fused

VEGFR2 DINAING ATFIMET. ... 144
Figure 5.3 Fused mAP-Affimer protein for staining VEGFR2 in human placenta tissue.. ..... 146
Figure 5.4 Cloning and producing of an Affimer containing a single cysteine residue........... 147
Figure 5.5 HRP-conjugated Affimer showed low specificity in IHC. ...........ccccooeveiiiiinnnn. 149
Figure 5.6 ELISA showing the efficiency of biotin labelling of Affimers at different
TBIMIPEIALUIES. ...eviiieee ettt e et e e s be e s he e s be e s s e e s be e be e beeabeeanbeenbeebeesbeesreeaneeanes 150
Figure 5.7 Mass spectrometry analysis of biotinylated reagents...........cccccevvvvveviivivesiesiiennens 152
Figure 5.8 Graphs showing optimisation of Affimer:biotin ratio. ...........ccccoeeveviiiiic i 153
Figure 5.9 The length of the spacer-arm between the biotin molecule and the maleimide
reactive group affected the DIOtINYIAtIoN. ...........cooviiiiiiii e 155
Figure 5.10 Comparing the efficacy of different reducing approaches.............cccceoerviviivrnnnn. 157
Figure 5.11 Applicability of the biotin-labelled-VEGFR2 binding Affimer as a detection
FEAGENT IN THC ...t e s be et e e besbe et e s beeeesbeataentens 159
Figure 5.12 Affimer Plus,c reagent enhanced the signal intensity but did not improve the
SENSITIVILY OF the THC.. ..o e s re e s 161
Figure 5.13 Characterisation of the developed Affimer-Fc chimeras in IHC...............c.......... 163
CHAPTER 6

Figure 6.1 Isolation of eight cancer-specific binders after 4 rounds of panning on MDA-MB-
453 Dreast CaNCEE CEIIS. .....ovoiiieicic e et 172
Figure 6.2 Schematic overview of the panning rounds to isolate Affimers against unidentified
PrOteIN DIOMAIKETS. .. .ueiiiitiitiitee bbbttt 173
Figure 6.3 Binding of selected phage clones by ELISA and immunofluorescence... .............. 174
Figure 6.4 Coomassie stained SDS-PAGE gel showing production of Affimers.................... 147
Figure 6.5 Immunofluorescence staining of cells using Affimer reagents...........cccccoceevvvenne. 177
Figure 6.6 ELISA showing successful site-specific biotinylation of Affimers confirmed by

o I SN ST Y OSSPSR 178
Figure 6.7 IHC-like staining on a panel of tumorigenic and non-tumorigenic cells confirming
the binding selectivity of some soluble Affimers towards cancer cells. ...........ccccoeevveeiinennnne, 179
Figure 6.8 The cognate antigen to which both Affimer A2 and C1 bind is overexpressed in

0] CTo T Ao g ot SO URSSPRSS 181
Figure 6.9 Isolated Affimers pulled down endogenous protein overexpressed in cancer cell
JYSALES. ..ttt bbb bbbt e et 182
Figure 6.10 Immunofluorescence using Affimers and antibodies.. .........ccccovvveviiiiiciicciiennes 185
Figure 6.11 Affimer C1 and A2 pulled bind to cytokeratin in cancer cell lysates................... 186
Figure 6.12 Cytokeratin proteins are expressed on cell surface. ..........occooevvieiiiii e 187
Figure 6.13 CK18 and 19 expression is not dependent on HER2 upregulation....................... 188
Figure 6.14 Affimer C1 confirms the heterogeneous localisation pattern of cytokeratins in the
different molecular subtypes Of Dreast CaNCE...........coeiiiiiiiniiereee e 189
Figure 6.15 CK19 upregulation caused by HER2/ERK pathway is responsible for HER2
stability on Cell MEMDIANe. .......c.oi e 192
CHAPTER 7

Figure 7.1 Schematic representation of the newly constructed and generated Affimer (single
[0Ta] o) I8 11 0] 1 YT SRRTRSS 203
Figure 7.2 Schematic representation of the EGFR structure and its mutated variant. ............. 207

XV



Abbreviations

A Absorbance

AA Amino acid

AF Affinity fluorescence

AH Affinity histochemistry

Akt v-Akt Murine Thymoma viral Oncogene
AP Alkaline phosphatase enzyme

Ap-1 Activator protein 1

AR Ampiregulin

AR Antigen retrieval

Bad Bcl2-associated death promotor

BCA Bicinchoninic acid

BM Biotin-Maleimide

BRCA1/2 Breast cancer type 1/2 susceptibility protein
BSTG Bioscreening technology group

BTC Betacellulin

Ca** Calcium ion

CA-125 Cancer antigen 125

CARD Catalysed reporter deposition technique
CDK-2 Cyclin dependent kinase 2

cDNA Complementary DNA

CDRs Complementary determining regions
CK Cytokeratin

CLIA Chemiluminescence immunoassay

XV



Da Dalton

DAB 3,3’-diaminobensidine

DAG Diacylglycerol

DARPIN Designed ankyrin repeat protein
DAPI 4’ 6-diamidino-2-phenylindole
DMEM Dulbecco’s modified eagle media
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DTT Dithiothreitol

ECD Extracellular domain

EDTA Ethylenediaminetetraacetic acid
EGF Epidermal growth factor

EGFR Epidermal growth factor receptor
ELISA Enzyme linked immunosorbent assay
EPN Epigen

EPR Epiregulin

EPOS Enhanced polymer one-step stain
ER Oestrogen receptor

ERK1/2 Extracellular signal regulated kinase 1/2
EU European union

Fab Fragment of antigen binding domain
FACS Fluorescence-activated cell sorting
FBS Foetal bovine serum

FDA Food and drug administration

FFPE Formalin fixed paraffin embedded

XVI



FN3 Fibronectin type 11

FoxO1 Forkhead family transcription factor 1
GDP Guanosine-5’-diphosphate

Grb2 Growth factor receptor-bound protein 2
GPC3 Glypican-3

GTP Guanosine-5’-triphosphate

HB-EGFR Heparin-binding EGFR like growth factor
HER1/2/3/4 Human epidermal growth factor receptor 1/2/3/4
HPV Human Papilloma virus

HRG Heregulin

HRP Horseradish peroxidase

IB Immunoblot

ICD Intracellular domain

IF Intermediate filament

IF Immunofluorescence

Ig Immunoglobulin

IHC Immunohistochemistry

IP3 Inositol-1,4,5-triphosphate

IPTG Isopropyl B-D-1-thiogalactopyranoside
Jnk c-Jun-N-terminal kinase

kDa kilodalton

LB Luria Bertani media

LRR Leucine rich repeat

LN2 Liquid nitrogen

mAb Monoclonal antibody

XVII



mAP
MAPK
MEK
mg
ml
mM
MRNA
mTOR
NDF
NRGs
nm
oD
pAb
Pak
PBS
PCR
PDB
PDK1
PEG
PFA
PIP3
PI3K
PKC
PLCy

PNPP

Monomeric alkaline phosphatase
Mitogen activated protein kinase

Mitogen activated protein kinase kinase

Milligram
Milliliter
Millimolar

Messenger Ribose nucleic acid
Mammalian target of rapamycin
Neuregulating factor
Neuregulins

nanometer

Optical density

Polyclonal antibody
p21-activated protein kinase
Phosphate buffered saline
Polymerase chain reaction
Protein data bank

Pyruvate dehydrogenase kinase 1
Polyethylene glycol
Paraformaldehyde
Phosphatidylinositol-(3,4,5)-triphosphate
Phosphoinositide-3-kinase
Protein kinase C

Phospholipase Cyl
para-Nitrophenylphosphate

XVIII



PR
PSA
PTEN
PTKIP51
Rac
RNA
Rpm
RPMI
SB
ScFv
SDS-PAGE
SELEX
Shc
SiRNA
SOS
SP-1
SteA
STR
sSDNA
SUMO
B
TBS

TCEP
TE

TGF

Progesterone receptor

Prostate specific antigen

Phosphatase and tensin homolog

Protein tyrosine Kinase interacting protein 51
Rho family of GTPases

Ribnonucleic acid

Revolution per minute

Roswell Park Memorial Institute medium
Super broth media

Single chain fragments of variable domains
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Sequential evolution of ligands by exponential enrichment
Shc-transforming protein

Small interfering RNA

Son of sevenless

Specific protein 1/ active transcription factor 1
Stefin A

Short tandem repeats

single strand DNA

Small ubiquitin modifier

Terrific broth media

Tris buffered saline

Tris(2-carboxyethyl) phosphine hydrochloride

Triethylene amine

Transforming growth factor

XIX



TGFR

TKs

TKI

TMA

TMB

TN-C

TRPV1

TrxA

TSA

\Y

Vav2

VEGFR2

WB

WGA

WHO

Transforming growth factor receptor
Tyrosine kinases

Tyrosine kinase inhibitor

Tissue microarray
3,3°,5,5’-Tetramethylbenzidine

Tenascin-C

Transient receptor potential cation channel subfamily V memberl
Thioredoxin

Tyramide signal amplification

Volt

Guanine nucleotide exchange factor vav2
Vascular endothelial growth factor receptor 2
Western blot

Wheat germ agglutinin

World health organisation

XX



CHAPTER 1

Introduction

1.1 Cancer

Cancer is a major health problem worldwide. Every year, the European union experiences
about 9.6 million deaths and 18.1 million newly diagnosed cases of cancer (WHO, 2018).
The World Health Organisation report the prevalence of cancer to be about 2.7%, which
means that almost 14 million people in the EU are currently suffering from cancer. It was
estimated that approximately two million of the people currently residing in UK were
previously diagnosed with cancer (Maddams et al., 2012). In descending order, people
are commonly diagnosed with breast, prostate, lung, colon, skin and other lymphatic
cancers (WHO, 2013;Maddams et al., 2012).

Despite its low prevalence compared to other infections and heart diseases, cancer has a
crucial impact on the healthcare system and economic interests (Ferlay et al., 2010). High
healthcare cost is not the complete reason why governments, researchers and
pharmaceutical companies are making efforts to develop better treatment and diagnostic
procedures, but it certainly acts as the trigger. The motivation of cancer research comes

from the desire to alleviate the effect cancer has on people’s lives.

1.1.1 Cancer development

In order to define cancer, it is important to know that cancer is not a single disease but a
complex system of mechanisms resulting in a group of diseases subject to research
studies. The human genome comprises about 6 billion base pairs (Lander et al., 2001) that
are replicated within 10 hours (Rew and Wilson, 2000). With this speed of replication,
mistakes can occur at a rate of 1 in 100,000 base pairs (Popanda et al., 2000). Therefore,
for every single division of a healthy cell, approximately 60,000 single mutations
accumulate. However, this number of accumulated mutations drops to 0.5 mutations after
DNA proofreading (Bebenek and Ziuzia-Graczyk, 2018;Roberts and Kunkel, 1988).
Despite the low number of mutations, their accumulation increases throughout lifetime,
causing what is known as somatic mutations (Martincorena and Campbell, 2015). In
addition to the somatic mutations, other factors can contribute towards increasing the risk
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of developing additional abnormalities, such as radiation (Gilbert and Marks,
1979;Graves et al., 2017), cellular stress (Chircop and Speidel, 2014) and various other
factors (Badr et al., 2018).

Many of the mutations occur in different parts of a genome that either does not encode
for a protein or does not affect its function; contrarily, in other parts of genome, the
produced proteins can be functionally or structurally affected. The problem really starts
when the accumulated genomic instability or mutations in a cell affect its cellular
functions, causing an uncontrolled cell growth and suppressing normal cells’ own control
mechanisms (figure 1.1). Currently, about 609 human genes (almost 3%) have been
identified as key players in cancer developments (Futreal et al., 2004), such as the well-
known BRCAL and 2 genes involved in breast and ovarian cancer (Neff et al., 2017;Smith
and Isaacs, 2011). Alteration in these genes with other accumulated mutations result in
the formation of tumorous cells that can grow to form new cell masses. These masses live
without being detected by the immune system and thus keep growing, consequently
leading to cancer, with an ability to spread from their primary site to other organs of the
body (figurel.1).

Each cancer is categorised based on the type of cells from which the tumour has originally
been derived and can further be sub-classified into subtypes (Seemayer and Cavenee,
1989;Hanahan and Weinberg, 2000). However, there are some common functional
changes in cancer, known as the hallmarks of cancer (Hanahan and Weinberg, 2000)
(figure 1.2). These hallmarks are: (1) reduced dependence on exogenous growth signals;
(2) capability to avoid apoptotic cell death; (3) insensitivity to anti-proliferative signals;
(4) unlimited cell replication; (5) persistent angiogenesis; and (6) invasiveness towards
adjacent tissues to start metastasis. Later, in 2011, the authors added two emerging
hallmarks to their previous model of multistep process of cancer development, including
genomic instability and inflammation (Hanahan and Weinberg, 2011) (figure 1.2). This
molecular understanding has already been applied to clinical practice through the
development of targeted therapies that interfere with various proteins within each
hallmark (Jungic et al., 2012).

1.1.2 Proteins and cancer progression

Every cell in our body is functioning with the help of proteins. These proteins serve a

remarkable range of different purposes, including maintaining cell’s structure, molecules
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transportation, cell signalling, gene regulation and catalysis processes (Stevenson et al.,
2012;Reggi and Diviani, 2017). In the human genome, there are about 20,000 protein -
encoding genes carrying the inheritable information coding for the structure and function

of each protein (Consortium, 2012). As each protein provides a normal level of cell

Normal cells Cell become Mutated cell
mutated rapidly divides

S oovessl

—

Lymphoma vessel

Growth of new blood
vessels forming invasive Metastasis
tumour

Figure 1.1 Schematic overview showing the development
of cancerous mass and its metastasis to different regions
in the body.

functionality through its own specific structure and function, this functional normality
can be altered when the protein is being mutated, misfolded, truncated, dysregulated and
expressed in abundance or not being expressed at all in cells. This change in cell functions

due to altered protein has led to the development of the hallmarks of cancer.

In recent years, these cancer hallmarks have represented a challenging opportunity for
biomarker research in order to further explore and gain insight into the healthy and

diseased functioning of cells.

A biomarker is defined as a biological molecule found in blood, tissues or other body

fluids and can be measured and evaluated to differentiate normal and abnormal biological
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processes (Henry and Hayes, 2012;Goossens et al., 2015). However, over the past decade,
World Health Organization (WHO) came up with a broad definition of a biomarker as
any substance, structure, or process that can be measured in the body or its products and

impact or predict the frequency of ab outcome or disease (WHO, 2001;Lassere, 2008).

Hallmarks

of cancer

Figure 1.2 Hallmarks of cancer.

Cancer biomarkers can be classified into four categories: predictive, prognostic,
diagnostic and screening. Predictive biomarkers aid in predicting the response to specific
treatment interventions such as the overexpression or amplification of the human
epidermal growth factor 2 (HER2) that predicts the response to trastuzumab in breast
cancer (Perez et al., 2014b;Romond et al., 2005), and the KRAS mutations that predict
the resistance to EGFR targeting using cetuximab in colorectal cancer (Kim et al.,
2017;Reynolds and Wagstaff, 2004). On other hand, prognostic markers inform about the
risk of clinical outcomes, including cancer recurrence or disease progression in future.
Currently used prognostic biomarkers are the prostate-specific antigen (PSA) in prostate
cancers (Heidenreich and Nitschmann, 2010;0lsen and Michalski, 2013), calcitonin for
thyroid tumours (Calmettes et al., 1979;Ramos-Vara et al., 2016), and cancer antigen-125
(CA-125) in ovarian cancer (Al-Ogaidi et al., 2014;Bast, 2010). Most of the prognostic
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and predictive biomarkers act as diagnostic and screening biomarkers as well because
they can also contribute in identifying people with a specific condition or may be at the
risk of developing it.

1.1.3 Cancer screening and diagnosis

Looking at the history of cancer, it seems to accompany the evolutionary life of a human.
A fossil of an early human ancestor dating back to over 1.7 million years discovered in
South Africa has been recently found to have osteosarcoma, which is a lethal bone cancer
(Odes et al., 2016). The awareness of the existence of a disease threatening human life
has led to the first progress in cancer diagnosis in the nineteenth century, where the post-
mortem pathological examination were seem to be correlated to the pre-mortem
symptoms (Silver, 1987). Today, various techniques for cancer diagnosis and screening
has been developed and are often used in combination (figure 1.3) (Smith et al., 2018).

The approach of diagnostic screening involved testing healthy individuals who did not
show symptoms of cancer using multiple techniques including serum antigen testing,
sonograms, and endoscopies. When a positive result is suspected during cancer screening,
a final diagnosis is reached with further tests involving biopsies examination, x-ray
imaging, sigmoidoscopies, and magnetic resonance imaging (Croswell et al., 2009).
Currently, a combined use of sonograms and biopsies is the most commonly adapted
approach for reaching a conclusive diagnosis of cancer. The visual histological evaluation
of biopsy samples is often supplemented with biomarker testing, such as the HerceptTest
for the assessment of HER2 expression in breast cancer and EGFR-PharmDX kit for
evaluating the expression level of EGFR (Jacobs et al., 1999;Ensinger and Sterlacci,
2008). Several new strategies providing faster and precise diagnosis that have recently
evolved include genome sequencing, cancer transcriptomics and the identification of

circulating tumour cells (Stahl et al., 2016;Alix-Panabieres and Pantel, 2014).

1.1.3.1 Analytical assays for the detection of protein-based biomarkers
in cancer

Whereas different cancer screens utilise molecular analysis to detect and characterise the
disease, protein examination is needed for greater accuracy since transcription at the gene

level does not necessarily correspond to expression at the protein level (Hudelist et al.,
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2004). For instance, in cervical cancer screening, molecular testing of human papilloma
virus (HPV) can detect its presence, but protein applications are required to determine
whether the virus is active or latent (Gutierrez-Xicotencatl et al., 2009).

]
Histological test
(biopsies)
Sonogram —_— Antigen serum
: testing
@

i / S\
= %
I I Biomarker-\\j;i)

i Fue Tl l_ Cancer Mutation -
scanning DiagnOSiS testing kits

Figure 1.3 Currently used diagnostics approaches in cancer. MRI:
Magnetic resonance imaging, PET: Positron emission tomography.

Proteins are vital biomolecules in living organisms and their role ranges from storage,

metabolism of energy to regulation of cellular functions (Berezovsky and Bastolla, 2017).

Abnormal expression of some proteins often associates with certain diseases and cancer.
Thus, protein analysis offers further opportunities for disease diagnosis, stratifying and
progression (Ingvarsson et al., 2008). However, protein-based assays must fulfil certain
requirements in order to be clinically useful. First, the assay must be sensitive and specific
enough to detect the protein of interest. In ovarian cancer, which occurs in 40 out of
100,000 individuals, an assay requires 99.6% specificity (Visintin et al., 2008). In
addition to specificity, some cancer biomarkers found at very low concentration (pg/ml)
and to be detected, highly sensitive diagnostic assay is needed (Darmanis et al., 2010).
Upon providing high sensitivity and specificity for protein detection, both false positive
and false negative results, which may significantly affect patients’ physical and emotional

health, can be prevented. Second, assays must function with a minimal size of samples
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being obtained from patients. Finally, protein-applications should be cost-effective and
robust enough to result in comparable results between different laboratories and different
personnel (Yaziji et al., 2008).

Many protein-based analytical cancer diagnostic and prognostic assays have been
developed and widely utilised in clinical settings and research (Powers and Palecek,
2012). This research provides an overview of the most commonly used techniques
including immunohistochemistry (IHC), immunofluorescence (IF), enzyme-linked
immunosorbent assay (ELISA), and western blotting (WB) applications that were
discussed in more details in chapter 2. Other emerging analytical applications, such as
mass-spectrometry analysis, proximity assays, miniaturised techniques, and functional

activity assays are reviewed elsewhere (Badawi, 2017;Nimse et al., 2016).

1.1.4 Cancer therapy

Once the diagnosis of cancer is confirmed, a treatment regimen, from the different
available palliative and curative approaches, can be assigned (figure 1.4). The oldest
approach for cancer treatment is surgery, which was discovered in 3,000 BCE by the
ancient Egyptians (Atta, 1999). Despite being successful approach for treating solid
tumours, surgery is not the optimal solution for treating small tumours, blood cancers,
and other metastasised lesions (Kubota, 2011). Other treatment approaches, such as
chemotherapy and radiation, can be used alone or in combination with the surgery.
However, all the current curative methods are not specific to cancer cells. A combined
treatment strategy involving both surgery and radiation can cause a removal of healthy
tissues surrounding the cancerous mass, while chemotherapeutic agents are killing cells
by halting their cell division, thus impacting the growth of not only the cancerous cells
but also other normal cells, including the skin, hair follicles and intestinal epithelium
(Kohn et al., 1994).

In the past 30 years, more targeted therapies termed as immunotherapy and targeted
therapy have been emerged (Nissim and Chernajovsky, 2008;Weiner, 2015;Weiner,
2007). Some examples of these specific therapeutic approaches are the monoclonal
antibodies (Weiner, 2015;Weiner, 2007), immune checkpoint inhibitors (Dine et al.,
2017), tyrosine kinase inhibitors (Arora and Scholar, 2005), cancer vaccines (Guo et al.,
2013) and chimeric T cells (Curran et al., 2012). Among them, monoclonal antibodies
(mAb) were the oldest and most commonly used in targeting membrane receptors to elicit
7



an inhibitory effect by blocking he function of the biomarker and thus triggering immune
response. The effect of such directed mAb is determined by the abundance of the of the
biomarker on cancerous cells (Weiner, 2015). Recently, there are 22 FDA-approved
monoclonal antibodies for treating cancer with another 20 being in the late stage of
clinical trials (Reichert, 2017). Among the FDA-approved mAbs are the ones used for
targeting HER2 and EGFR proteins, both of which are biomarkers of interest in this

research.

Chemotherapy ; ;}_;ﬁ_‘

r— Immunotherapy
. Cancer Targeted
Radiotherapy Treatment _ Therapy

Figure 1.4 Current therapeutic strategies for cancer treatment.
These methods are often used in combination.

1.2 The HER family of receptors and cancer

Among the established protein biomarkers involved in cancer targeting is the family of
human epidermal growth factor receptors (HER). This family consists of four closely
related type I transmembrane tyrosine kinase receptors; EGFR (also known as HER1 or
ErbB1), HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4). They were given the gene
symbol Ebb as they are homologous to Erythroblast leukaemia viral oncogene (Roskoski,
2014). These four receptors regulate vital functional activities, include cell growth,
differentiation, migration, adhesion and apoptosis. Structurally, the HER family of
8



receptors consists of an extracellular region (ECD), a transmembrane, a juxta-membrane
and intracellular region (ICD) (figurel.5). The extracellular region is divided into four
subdomains; | and 111 subdomains have leucine rich repeats and assist ligand binding,
while subdomain Il and IV are cysteine rich and their interaction prevents subdomains |
and 11 from binding to ligand through disrupting the ligand binding pocket (Linggi and
Carpenter, 2006;Lafky et al., 2008). Signalling carried out by these receptors is initiated
by binding of ligand to the extracellular domain I and I11.
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Figure 15 A schematic presentation of the structural
arrangement of HER2. The extracellular part of the receptor is
comprised of four domains: | and Il are ligand binding domain (dark
blue); Il and IV are cysteine-rich domains (light blue). The
dimerization arm (purple) is contained in the second domain. The
receptor consists of extracellular region, a single transmembrane
domain (yellow), a juxta-membrane region (green), the tyrosine
kinase (red) and the C-terminal tail that consists of numerous tyrosine,
which are phosphorylated upon activation (dotted line).

1.2.1 HERs activation, dimerization, and cell signalling

Around 11 ligands have been identified of which some are specific to one receptor while
others are more promiscuous (Yarden, 2001;Yarden and Sliwkowski, 2001). Ligands can
be categorised into three groups based on their receptor-binding specificities. The first
group consists of epidermal growth factor (EGF), transforming growth factor alpha
(TGFa), epigen (EPN) and amphiregulin (AR), which bind selectively to EGFR (Cohen
etal., 1981). The second group comprises betacellulin (BTC), heparin-binding EGF (HB-
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EGF) and epiregulin (EPR), which also bind to EGFR (Riese and Stern, 1998) but can
also bind to HER4 (Koutras et al., 2010). The third group, the neuregulins (NRGS), show
different binding specificities towards HER3 and HER4 but not to EGFR (Falls, 2003).
NRGs are further categorised into two subgroups: NGR-1 and NRG-2 bind to HER3 and
HER4, while NRG-3 and NRG-4 bind exclusively to HER4 (Koutras et al., 2010). Among
all four receptors, HER?2 is the only one that does not bind directly to any ligand (Rubin
and Yarden, 2001).

Receptor Ligands

EGFR EGF, TGF-a, Amphiregulin, HB-EGF, Betacellulin,
Epigen, Epiregulin

HER2 No ligands identified

HER3 Neuregulin 1 and 2, Neureglyc-C

HER4 Betacellulin, Epigen, Epiregulin, Neuregulin 1, 2, 3
and 4, Tomoregulin

Table 1.1 HER ligand-binding specificity. This table is adopted from (Wieduwilt and
Moasser, 2008).

EGFR binding ligands are synthesised as transmembrane protein precursors with a single
membrane spanning segment (Singh et al., 2016). The mature peptide is cleaved from the
extracellular domain of the precursor by the action of proteases, resulting in the release
of a soluble growth factor. Different enzymes have been shown to be involved in the
cleavage processes of different ligand precursors. For example, in the case of TGFa, the
converting enzymes (TACE) known as metalloprotease and the tumour necrosis factor
alpha (TNFa) are known to be responsible for such cleavage processes (Browne,
1991;Singh et al., 2016). The mature, soluble, EGF-like growth factors are distinguished
by the presence of six conserved cysteine residues in the consensus (CX7, CX4-5, CX10-
13, and CXCX8 C). These residues form three disulphide bonds significant for function:
Cysl forms a bond with Cys3, Cys2 with Cys4 and Cys5 with Cys6 (Browne, 1991). The
disulphide-bonded regions in the growth factors are known as the EGF-like motifs.
Among all EGF-like factors, the TGFa and heparin-binding EGF are the ligands most

involved in cancer pathogenesis (Hobor et al., 2014;Schrevel et al., 2017).
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Neuregulins represent the most complex family of growth factors. NRG-1 is the only
well-characterised factor (Falls, 2003;Yarden and Pines, 2012). NRG-1 is encoded by a
1.4-megabase gene that produces more than 15 distinct protein products by alternative
splicing in addition to the use of more than one promoter (Falls, 2003). Structurally,
NRGs are classified into two groups based on the presence of an immunoglobulin-like
domain in addition to the EGF-like domain (Ig-NRG), or the presence of an additional
cysteine—rich domain (CRD-NRGS) (Bao et al., 2003).

Ligand binding leads to structural rearrangement of the ECD of the receptor from inactive
closed conformation to an open form where the dimerization arm on domain Il is exposed
to facilitate the interaction with another receptor nearby to form a homo or heterodimer
(Ogiso et al., 2002;Ferguson et al., 2003). Dimerization results in the activation of the
intracellular tyrosine kinase domain in an asymmetric manner, where one receptor
provokes a structural change of its binding partner’s catalytic domain, activating it by
phosphorylation of tyrosine in the C-terminal tail (Zhang et al., 2006). The
phosphorylation provides docking sites for adaptor proteins stimulating signalling
cascades, such as the mitogen-activated protein kinase (MAPK) and phosphatidylinositol-
3 kinase (PI-3K) pathway that promote phenotypic changes such as proliferation,
survival, and migration (Lu et al., 2017;Yarden and Sliwkowski, 2001) (figure 1.6).

Mitogen-activated protein kinase (MAPK)

There are at least four different MAPK cascades; the extracellular signal-regulated
kinases (ERK) 1 and 2, Jun amino-terminal kinases (Jnk) 1/2/3, p38-MAPK and Erk5
(Marmor et al., 2004). The MAPK signalling pathway is three levels signalling route in
which one kinase phosphorylates the other (MAPKKK-MAPKK-MAPK). The Erk1/2
MAPK pathway begins with the recruitment of the Grb-2 to the phosphorylated receptor,
leading to a linear kinase cascade that finally results in the phosphorylation of ERK1 and
2 (figure 1.6). Consequently, the activated ERK 1 and 2 phosphorylates various
cytoplasmic proteins and also translocated to the nucleus for further activation of
transcription factors involved in cell cycle progression (Zhang and Liu, 2002). One key
upstream regulator of the ERK1/2 MAPK pathway is the Ras protein, and approximately
30% of human tumours that harbour mutations in the Ras protein show constitutively
activated MAPK pathway (Roberts and Der, 2007).
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Phosphatidylinositol 3-kinase (P13-K)/Akt

PI3K activation occurs via binding of the regulatory p85 subunit to a phosphorylated
tyrosine on the receptor (figure 1.6) (Downward, 2004). As a result of binding, several
signalling effectors are recruited to the plasma membrane such as the serine/threonine
protein Kinase (Akt; also, known as protein kinase B). When Akt is activated, it will
translocate to the cell nucleus targeting proteins involved in regulating apoptosis and cell
survival, such as Bad and caspase 9 (Downward, 2004). The PI3K pathway can also be
activated by Ras (Franke et al., 1997). The Akt pathway is negatively regulated by
phosphatase and tensin homologue deleted on chromosome ten (PTEN), and several
mutations reported in this molecule have led to a constitutively active Akt signalling
contributing to the observed resistance of the EGFR-targeted therapy (Li and Ross,
2007;Kruser and Wheeler, 2010).

Phospholipase C-gamma (PLCy)

Activated EGFR and HER2 recruit PLCy to the cell membrane (Marmor et al.,
2004;Kassis et al., 1999), to hydrolyses lipids promoting the release of secondary
messengers such as calcium, which in turn activate the calcium/calmodulin-dependant kinases
(figure 1.3) (Wells and Grandis, 2003). In cancer, PLCy is responsible for promoting
tumour invasion and cell motility. Furthermore, PLCy also contributes to the reported

resistance of both radiation and chemotherapy treatments (Yang et al., 2001).

1.2.2 The role of HER proteins in cancer development

Due to the growth and survival stimulatory signalling by the EGFR receptors, abnormal
signal transduction of this family is contributed to cancer progression, particularly, EGFR
and HER2 that have been extensively studied in this context. Overexpression, gene
amplification, activating point mutations, autocrine signalling, or partial gene deletions
of any member of this EGFR family were reported as the driving force behind the

aggressiveness of many cancer types (Hynes and MacDonald, 2009).
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Figure 1.6 The role of HER proteins in cell signalling. Upon activation of
HERs they dimerise causing activation of three signalling pathways:
MAPK/ERK1/2, PLCy and PI-3K/Akt1/2. Promoting these pathways lead to
increase in cell proliferation, metastasis and survival. See list of Abbreviations
for more details about the mentioned proteins.

EGFR/HER1

HER1 was the first identified receptor and the most studied member within the family.
Furthermore, it was often acted as a model to reveal how the EGFR family of receptors
functions. In 1980, Stanley Cohen and his co-workers discovered HER1 as a receptor for
epidermal growth factor (EGF) (Cohen et al., 1981). HER1 can bind to different ligands,
including the EGF, transforming growth factor-o (TGF-a), betacellulin (BTC), heparin-binding
EGF-like growth factor (HB-EGFR), epiregulin (EPR), epigen (EPN), and ampiregulin
(AR), but not to any neuregulins (NRGs) (Riese and Stern, 1998).

Deregulation of the HER1 has been associated with poor prognosis in different cancers,
such as head and neck, colorectal, breast, and ovarian cancers (Nicholson et al., 2001).
The best-known example of EGFR overexpression is found in colorectal tumours
(Cunningham et al., 2005). In addition to its overexpression, EGFR can mediate cancer
initiation and progression through oncogenic mutations, such as the EGFRvIII, or by the
autocrine signalling of the ligands, resulting in a constitutively active receptor (Kuan et
al., 2000).
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HER?2

HER2, which is also known as p185E™B2eu ErbB2, or neu, is considered as an oncogene
because it can lead to cell transformation even in the absence of a ligand (Di Fiore, 1987).
In cancer, HER2 was first discovered as an amplified gene, and as a product of the neu
oncogene in rat neuroblastomas (King et al., 1985). HER2 has been of the most studied
cancer related biomarker for drug discovery. HER2 overexpression due to gene
amplification or transcriptional deregulation was seen in 20-30% of breast cancer
(Slamon et al., 1987;Baselga and Swain, 2009), as well as other cancer types, such as
ovarian (Koopman et al., 2018), colorectal (Kavanagh et al., 2009), and gastric cancers
(Gravalos and Jimeno, 2008), and is associated with poor prognosis, and increased risk
of disease metastasis and recurrence (Zahnow, 2006). Furthermore, in a subset of lung
cancer, a mutated version of the receptor has been found (Falchook et al., 2013;Pillai et
al., 2017).

HERS3

HERS3 has an inactive intracellular tyrosine kinase domain and requires another receptor
to mediate signalling (Citri et al., 2003;Sierke et al., 1997). In fact, the heterodimer
formed by HER2 and HER3 has been shown to be the most potent signalling pair within
the HER family of receptors (Pinkas-Kramarski et al., 1996). In comparison with both
EGFR and HER2, HERS has six binding sites for PI3K which making it a potent activator
of the PI3K/Akt pathway affecting the overall survival of cancer cells (Soltoff et al.,
1994). The receptor has two known ligands that have several splicing variants (Riese and
Stern, 1998). These ligands are neuregulin 1 (NRG-1), also known as heregulin (HRG)
and neuregulating factor (NDF), and neuregulin 2 (NRG-2). When co-expressed in
tumours that overexpress HER2, HER3 plays a crucial role in increasing cell growth and
acting as an escape route for cancer cells to resist the HER2-targeted tyrosine kinase
inhibitors (TKIs) (Holbro et al., 2003;Lee-Hoeflich et al., 2008). Therefore, HER3 is an
interesting target when considering combinatorial therapies for targeting tumours with

HER2 overexpression.
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HER4

HERA4 is the least studied member within the HER family. It has many different activator
molecules, including HB-EGF, BTC, EPR (shared by the EGFR), NRG1 and NRG2
(shared by the HER3), NRG3 and others that are exclusive for HER4 (Koutras et al.,
2010). Furthermore, HER4 has four dissimilar isoforms (41CD) produced by alternative
splicing of the mMRNA (Rudloff and Samuels, 2010;Jones, 2008). In cancer, the HER4
role is still ambiguous and numerous studies suggest that this receptor may have bifacial,
conveying both pro- and anti-tumour effects depending on the cancer subtype and the
HER4 isoform being expressed (Guo et al., 2018;Machleidt et al., 2013).

1.2.3 Targeting HERs: mechanism of action and resistance

1.2.3.1 Currently used therapeutic agents and their inhibitory
mechanism

Many therapeutic agents, including monoclonal antibodies and tyrosine kinase inhibitors
(TKIs), have been used to target both EGFR and HER2. Currently, two mAbs targeting
EGFR are approved for clinical use, cetuximab and panitumumab (Adams and Weiner,
2005). Both antibodies bind to domain Il in the extracellular region of the receptor
preventing ligand binding (Duffy et al., 2011). Cetuximab seems to sensitize head and
neck patients to irradiation (Bonner et al., 2010), while no effect of both antibodies have
been reported on patients with mutations in the ras gene (Guo et al., 2016;Guren et al.,
2017). The major drawback of such EGFR-targeted drugs is the skin toxicity (Potthoff
etal., 2011).

With regards to targeting HERZ2, both trastuzumab and pertuzumab are effective
treatments of cancer. Trastuzumab binds to the extracellular domain 1V to block the
downstream PI3K/Akt signalling by mediating downregulation of HER2 as well as
activating the human complement cascade (Albanell et al., 2003;Baselga et al., 2001).
Trastuzumab increases the survival rate of the HER2 positive metastatic breast cancer
patients, particularly, when given as a combination with chemotherapy (von Minckwitz
et al., 2017;Baselga et al., 2012). In addition to trastuzumab, another antibody known as
pertuzumab has been developed and proved its capability to bind to domain Il in the ECD
of HER2 inhibiting the formation of receptor dimers (Franklin et al., 2004). However,
this antibody is still under clinical trials.
15



Tyrosine kinase inhibitors (TKIs) are small molecule inhibitors that bind to the
intracellular region of the receptors blocking the transduction of signals. EGFR has been
targeted by two TKIs, such as gefitinib and erlotinib that have been approved for clinical
use (Gazdar et al., 2004). Patients that have mutated EGFR kinase were the only ones
who responded to the gefitinib treatment (Gazdar et al., 2004). Another molecule that is
known as lapatinib was used to target the tyrosine kinase domain of both EGFR and HER2
proteins causing an inhibition of the ATP-binding site (Untch and Luck, 2010). It was
proposed that lapatinib TKI inhibitor may be used to overcome the resistance shown with
the trastuzumab treatment (Untch and Luck, 2010).

1.3 The need for cancer biomarkers

Biomarkers are classified into seven groups based on their applicability (Currid and
Gallagher, 2008;Jungic et al., 2012;Kraus, 2018;Weigel and Dowsett, 2010). In clinics,
biomarkers are used as predictors, and as diagnostic, prognostic, mechanistic,
pharmacodynamic, surrogate end-point, and safety markers (Table 1.2). Biomarkers can
take the form of human genes, RNA measurements, genetic variations, proteins and
metabolites (Currid and Gallagher, 2008;Kulasingam and Diamandis, 2007). Therefore,
many methodologies for the discovery of new biomarkers are constantly emerging and
existing technologies are continuously evolving (Ahram and Petricoin, 2008;Sandow et
al., 2018;Theodorescu et al., 2006). Omics methodologies including genomics,
proteomics and metabolomics, in addition to other imaging techniques, hold promise for

discovery of biomarkers.

1.3.1 Challenges and limitations in biomarker discovery and
validation

Despite progress in biomarker discovery, the number of currently used biomarkers that
are known to be clinically useful is pitifully small (McDermott et al., 2013;lleana
Dumbrava et al., 2018). This is mainly due to a lack of consistency between initial study
reports that show great potential of certain molecules as biomarkers, and subsequent
studies that often fail to repeat the findings or that even show contrasting results. It is
imperative that researchers attempt to understand the reasons for such lack of consistency
between studies on the same biomarkers. Multiple problems, including general
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Type of biomarker Description

. . . Serum level of VEGF and fibronectin
Disease-associated biomarkers . _
S . can predict clinical response to
. that indicate whether there is a . . . .
Predictor : interleukin-2 therapy in metastatic
threat of disease and measure . .
atient responsiveness to treatment melanoma and renal carcinoma (Singh
P P and Rose, 2009;Sabatino et al., 2009)

ER, PR and HER2 expression level in
breast cancer (BC) used to stratify BC
to subtypes and determine the
therapeutic regimen (Onitilo et al.,
2009;Wesseling et al., 2016)

The presence of correlated with
improved prognosis in advanced
ovarian carcinoma (Zhang et al.,
2003)

Biomarkers that aid in diagnosis of

Diagnostic an existing disease and staging it

Biomarkers that predict the future
outcome in an individual, as well
Prognostic as to predict the overall survival

rate and clinical benefit offered by

a therapeutic intervention Overexpression of EGFR in colorectal

carcinoma indicates poor prognosis
(Pabla et al., 2015)

Biomarkers that inform and Acute immune response developed
Mechanistic validate the mechanism of action after the tissue injection of a drug
of a particular treatment agent (Salamanca et al., 2014)

Biomarkers that are signatures of a
certain pharmacological response

Pharmacodynamic | to an active compound. They are

used to monitor the clinical

Haemoglobin A1C for treatment of
diabetes is used to optimise doses and
in drug development (Lyons and

Basu, 2012)
response
Biomarkers that yield information HIV viral load as a measure of
Surrogate regarding the clinical probable clinical benefit with later
end-point benefit/survival rates at early confirmation of mortality benefit
stages (Mermin et al., 2011)
Albumin, total protein, B2-
Biomarkers that predict the microglobulin, cystatin C have been
Safety potential toxicity of a specific selected as biomarkers of drug-
treatment induced kidney injuries (van Meer et
al., 2014)

Table 1.2 Types of biomarkers and their applications. EGFR: Epidermal growth
factor; HER2: Human epidermal growth factor receptor 2; ER: oestrogen receptor; PR:
progesterone receptor. This table is adopted from (Seyhan, 2010).
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differences in methodology, non-standardised assays, lack of reproducibility of
conditions, poor study designs and misleading statistical analyses that are often based on
Small sample sizes, have been cited as reasons for such discrepancies (McDermott et al.,
2013;lleana Dumbrava et al., 2018;Erler and Linding, 2010).

Successful delivery of fit-for-purpose biomarkers relies on the solution of these
experimental problems, as well as the understanding of the advantages and limitations of
the different multi-omics platforms, and ways in which these technologies can be utilised
(Erler and Linding, 2010). For example, a DNA microarray technology has led to
significant advances in the study of gene profiling. However, its use can be limited due
to the physiological mechanism of mMRNA splicing, which results in the presence of
different splice variants in individual cell populations (Bayele et al., 2010). Furthermore,

not all MRNAs are translated into proteins, despite their active state.

In line with DNA microarray and mRNA quantitative analysis, proteomic approaches
suffer from certain limitations including the low analytical sensitivity of some techniques

and the scarcity of high-quality detection reagents (Sallam, 2015;Chan et al., 2016).

1.3.2 Biomarkers currently used in breast cancer

Certain characteristics of biomarkers are required for their clinical use. Biomarkers must
be robust, measurable and accessible, and their results must be reproducible (Holland,
2016). Furthermore, a biomarker should be specific and sensitive to distinguish true
positives from false negatives (Holland, 2016). Examples of clinically valuable
biomarkers are those for which routine tests are applied to tissue biopsy samples of breast
cancer patients (Hanna et al., 2007;Ahn et al., 2018).

Based on the molecular expression of four biomarkers: oestrogen receptor (ER),
progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) and the
antigen Ki-67, tumours of the breast are classified into the luminal A, luminal B, basal
and HER2 subtypes. The expression of these biomarkers results in the production of
tumours that display different phenotypic signatures (Table 1.3) (Holliday and Speirs,
2011;Ahn et al., 2018). Breast-cancer classification is often used as a key reference to
estimate the disease prognosis and to choose the appropriate therapeutic approach, as each
subtype differs from the others in its disease progression, pattern of metastatic spread,
clinical prognosis and response to therapy (Weigelt et al., 2005). Tumours of the type
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ER+ luminal account for 70 per cent of breast cancer cases and this group has been further
subdivided into two types (Cancer Genome Atlas, 2012). ER+ luminal type A has a
favourable prognosis and can be treated with hormone therapy, while ER+ luminal type
B is more aggressive and exhibits poor disease prognosis compared with the luminal
subtype A. This is due to the presence of high expression levels of HER2 (Sledge et al.,
2014).

The HER2+ subtype accounts for 10 per cent to 15 per cent of cancer cases and is
dominated by HER2-gene amplification, which results in high HER2 expression levels
(Prat et al., 2014;Prat et al., 2017). This phenotype is considered an aggressive type of
breast cancer. However, personalised anti-HER2 therapy using monoclonal antibodies
such as trastuzumab (discussed further in section 1.3) has prolonged the lives of patients
through the control of extracranial metastasised lesions; however it does not treat
metastasised cells localised in the brain (Drebin et al., 1985;Vogel et al., 2002;Paik et al.,
2008;Shen et al., 2019).

The basal-like tumours, which are negative for all three markers (HER2, ER and PR),
form the most aggressive group of all tumour subtypes. They account for between 15 per
cent and 20 per cent of breast-cancer cases (Schmadeka et al., 2014;Kumar and Aggarwal,
2016). These triple-negative tumours are marked with TP53 mutations (up to 80 per cent)
with a subset found to be enriched with BRCA1 mutations (Komatsu et al., 2013;Ma et
al., 2010). Patients who present with this type are managed with cytotoxic chemotherapy,
unless a BRCAL mutation is detected (Lebert et al., 2018). Recently, mutations in
BRCAL/2 have shown sensitivity to poly (ADP-ribose) polymerase (PARP) inhibitors
(Lee et al., 2014) and this sensitivity represents a form of treatment that can improve

survival rates.
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Classification  Expression profile Other characteristics Examples of breast-cell

lines
Luminal A ER*, PR, HER2 Low Ki-67, endocrine MCF-7, T47D, SUM185
treatment responsive, often
chemotherapy responsive
Luminal B ER*, PR, HER2* High Ki-67, usually BT474, ZR-75
endocrine responsive,
variable chemotherapy
responsiveness, HER2* are
trastuzumab responsive
Basal ER", PR, HER2 EGFR* and/or cytokeratin MDA-MB-468,
5/6*, high Ki-67, endocrine SUM190
responsive, often
chemotherapy responsive
Claudin-low ER’, PR, HER2 Low in all Ki-67, E- BT549, MDA-MB-231,
cadherin, claudin-3, claudin Hs578T, SUM1315
4 and claudin 7,
intermediate response to
chemotherapy
HER2 ER’, PR, HER2* High Ki-67, trastuzumab SKBR3, MDA-MB-453
responsive, chemotherapy
responsive

Table 1.3 Molecular classification of breast carcinomas. ER: oestrogen receptor; PR:
progesterone receptor; HER2: human epidermal growth factor receptor 2. The table is
adopted from (Holliday and Speirs, 2011).

1.3.3 Identification of new biomarkers: Why?

Despite the efficacy of current monoclonal antibodies, some tumours exhibit resistance to them.
This is thought to occur either within the tumours (de novo non-responding tumours) or to have
been acquired during the treatment (Facchinetti et al., 2018;Creighton et al., 2008). In both cases,
one possible explanation for resistance to treatment with antibodies such as trastuzumab (HER2-
targeting monoclonal antibody) is broad cross-links and signal plasticity within the homologous
HER family or other closely related families of receptors. These characteristics lead to the
possibility that if signalling by one receptor is blocked, another activated receptor may fill in.
Such networking in cancer cells indicates the level of complexity of the disease and the
involvement of many entities in cancer development and progression (Croce et al., 2016). The
identification and validation of various cancer players, as well as progress in drug discoveries and
in the development of point-of-care diagnostic assays, have the potential to improve patients’

response rates and overall management of the disease (Geeleher et al., 2016;Collins et al., 2017).
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1.4 Binding molecules for biomarker recognition in
health and disease

1.4.1 Antibody and its derivatives

Antibodies, also known as immunoglobulins (Ig), are a large group of proteins capable of
binding antigens as part of an immune response. They bind to epitopes on an antigen to
promote phagocytosis and removal by other biological processes. Epitopes that are
recognised by antibodies are usually short amino acid sequences present within the
foreign protein (Kipriyanov and Le Gall, 2004). There are five mammalian classes of the
antibody: IgA, IgD, IgM, IgE, and 1gG. Antibodies that belong to the IgG class are the
most predominant in human serum, as well as, the most commonly used antibody in
research. Structurally, they exhibit a Y-shape comprising two heavy and two light chains
(figure 1.7). The shorter light chains interrelate with the N-terminus of the other heavy
chains to form two arms or as they called the antigen-binding (Fab) domains, which are
further constituted of both constant and variable regions (Singh et al., 2018). Six variable
amino acid loops at the ends of the Fab domains, also known as complementarity
determining regions (CDRs), are responsible for binding events between the antibody
molecule and the antigen. The tail of the Y-shape (Fc-domain) facilitates the antibody
interaction with macrophages and other cells expressing the Fc receptors (Singh et al.,
2018).

Antibodies can bind to their target antigen with high specificity, and high affinity
typically in the nano- or pico-molar range (Kohler and Milstein, 2005). According to their
origin, antibodies can be classified as monoclonal (mAbs) or polyclonal (pAbs). The
monoclonal antibody is a single antibody variant originating from a single cell line
(hybridoma) and binds only to one epitope on a single antigen, which makes it more
specific that the pAb. In contrast, the polyclonal antibodies are purified from serum of an
immunized mammals and considered as a set of antibody variants that binds to different
epitopes (Chiarella and Fazio, 2008). Because of their high affinity and specificity,
monoclonal antibodies are commonly used tool for diagnostic, research and therapeutics
(Nelson et al., 2010;Reichert, 2008).
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1.4.1.1 Monoclonal antibody production: the endless supply

Since the discovery of hybridoma technology by Kéhler and Milstein in 1975, several
advances in the methods of generating mAbs have been made (Kohler and Milstein,
2005;Kohler et al., 1975). They described the hybridisation of antibody-producing B
cells from the spleens of immunised mice with an immortal mouse myeloma tumour cell
line facilitated the production of an investigational mAb. There are two general ways to

produce monoclonal antibodies in animals, which are the ascites and the in vitro methods.

At first, the animal (usually a mouse) is immunised with the target antigen multiple times
over several weeks before it is finally killed and the spleen extracted. The spleen, which
is rich in immunocompetent B cells that have a limited life span, is then fused with an
immortalised myeloma tumour cells in vitro to produce the hybridoma. This hybridoma
can be further extended in two ways: (1) by injection into the peritoneal cavity of a second
animal (known as the in vivo ascites technology) or (2) by in vitro culturing of the
hybridoma cells (known as in vitro technology) (figure 1.8) (Hendriksen and de Leeuw,
1998a;Hendriksen and de Leeuw, 1998b;Leenaars and Hendriksen, 2005).
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Figure 1.7 Antibody molecule and its derivatives.

In the ascites antibody production method, the abdominal lining of the animal is injected
with a priming solution to induce inflammation and interfere with drainage of peritoneal
fluid. After priming, the hybridoma cell suspension is injected to the animal to cause more

multiplication of cells. The produced antibodies accumulate in the abdominal cavities
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causing a distended abdomen as the tumour grows and ultimately results in an animal
with pain and distress symptoms (Peterson, 2000). The accumulated fluid is then
extracted one to three times before killing the animal causes more complications to the
animal’s health (Love, 2010). Despite their seemingly endless supply, antibody
production faces multiple scientific issues besides the concerns of animal welfare (Glassy
and Gupta, 2014).
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Figure 1.8 Production of monoclonal antibody using ascites and in vitro
culturing method. Antibody production starts with immunising the animal with
the target of interest followed by the isolation of the antibodies from the spleen
and fuse them to immortal myeloma cells. This fusion results in the generation
of hybridoma cells that continuously produce antibodies. To improve the
production, hybridoma cells will either re-injected to a second animal (ascites
approach) or re-cultured in vitro.

1.4.1.2 Drawbacks of antibodies pushing towards the development of
other engineered antibody-based formats

Among the scientific problems encountered during the production of the antibodies
(Geyer et al., 2012;Frenzel et al., 2014), their large size has limited their potentials in
some application, such as affinity chromatography and imaging applications (Ruigrok et
al., 2011). To alleviate the size-related problems of antibodies, specific fragments of it,
such as the fragments of antigen binding (Fab) regions or the single chain fragments of
variable domains (ScFv) (figure 1.7), have been developed. ScFv are well suited for
molecular biology as the antigen binding sites of the heavy and light chains can be
connected by a 15-amino acid linker (figure 1.7) and then tagged at their C-termini with

both a c-myc epitope and a six histidine, permitting their detection and purification steps.
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Despite the small size of the ScFv variant, they can still exhibit high binding affinity
similar to the full-length antibody (Hanes et al., 1998;Hanes et al., 2000).

In contrast, Fab fragments are approximately about 50 kDa in size and consists of two
polypeptides with constant regions linked through disulfide bonds. Fabs are monovalent
and they can resist aggregation compared to the ScFv variants (Rader, 2009). An
alternative to Fab and ScFv fragments is heavy chain antibodies (figure 1.7). These heavy
chain antibodies are natural variants derived from the Vuy immunoglobulins present in
camelid species (Hamers-Casterman et al., 1993) and cartilaginous fish (Stanfield et al.,
2004). Heavy chain antibodies are termed as nanobodies, and they are much smaller
(approximately around 15 kDa in size) than both conventional antibodies and other IgG
engineered fragments. Nanobodies can be produce in a microbial host and can be isolated
for certain specificities using a phage display technology (Allegra et al.,
2018;Schumacher et al., 2018).

In parallel to the advance in the generation of different antibody-based binding formats,
many researchers have focused on modifying non-antibody-based protein scaffolds into
binding proteins, with the goal of both limiting the use of animals and developing binding

reagents with qualities comparable with those of the antibodies.

1.4.2 Aptamers

Aptamers are oligonucleotide ligands that have received significant interest as a class of
non-protein bio-recognition tools. The term ‘aptamer’ derived from the Latin word
‘aptus’ (to fit) and the Greek word ‘meros’ (part or piece) (Wang et al., 2018). The
reported targets of aptamers range from small organic molecules, such as acetylcholine
and ethanolamine (Mann et al., 2005;Bruno et al., 2008) to large complexes of proteins
(Tang et al., 2007). Aptamers can exhibit nanomolar range binding affinities, which is
comparable with that of mAbs (Jenison et al., 1994). To produce target-binding Aptamers,
a large pool of either DNA or RNA synthetic oligonucleotide library is constructed and
selected on different targets by a process called systematic evolution of ligands by
exponential enrichment (SELEX) (figure 1.9) (Bayat et al., 2018).
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1.4.2.1 Drawbacks of aptamers

Aptamer sequences against several target molecules have been reported and their
successful applicability in a range of techniques have also been described (Keefe et al.,
2010;Mairal et al., 2008) However, aptamers are susceptible to degradation in complex
matrices, such as cell environment and blood serum. Furthermore, aptamers can be
unstable over a range of temperatures and pHs as well as being more sensitive to cation
concentration and digestion by nuclease (Ruigrok et al., 2011;Schutze et al., 2011). In
addition, the backbone of oligonucleotides is self-repelling and that may result in
conformational instability or unfolding during surface immobilisation. Extensive efforts
to overcome these drawbacks by chemically modifying the aptamer is still ongoing
(Mayer, 2009;Vaught et al., 2010).
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Figure 1.9 Selection of aptamers (SELEX). A library of random DNA or RNA
fragments is selected on immobilised target followed by washing of the unbound
sequences and eluted the bound ones are amplified in the PCR. The selection and
amplification steps can be repeated and the finally obtained sequences are
analysed and characterised. Adopted from (Schutze et al., 2011)
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1.4.3 Engineered protein binding tools

In parallel to the development of new engineered antibody-based proteins and aptamers
other studies have focused in generating non-antibody based protein modifying several
natural occurring proteins into binding tools, with improved characteristics (Skerra,

2000;Skrlec et al., 2015). The principle of selecting the appropriate scaffold for
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engineering into binding tool is based on the molecular structure of the antibody. The
conventional structure of an antibody is a well-conserved rigid scaffold on which highly
variable loops are situated. Likewise, binding proteins can be isolated form large libraries
of protein variants with a constant scaffold and randomised variable regions that can
interact with various target molecules. The recently developed binding proteins have
potentials as affinity tools in many molecular recognition applications and as therapeutic
agents for the treatment of diseases and cancers (Vazquez-Lombardi et al., 2015).

1.4.3.1 The diversity of the non-antibody-based protein scaffolds

Protein scaffolds represent an extremely diverse group of binding molecules differ in their
size, origin, engineering strategy, mode of interaction, structural topology and
applicability (Skerra, 2000). An engineered binding proteins against the cyclin-dependent
protein kinase 2 (CDK-2) using a modified E. coli enzyme, known as thioredoxin (TrxA),
was the first non-antibody based scaffold introduced by Roger Brent group in 1996 (Colas
et al., 1996). Since then, over 50 new alternative protein scaffolds have been reported as
potential affinity reagents. The X-ray crystal structure as well as some main features of
some successfully used protein scaffolds are illustrated in figure 1.10 (Vazquez-Lombardi
et al., 2015). In addition to the different developed non-antibody scaffold, Affimers has
been recently developed and successfully applied as a potential theranostic tools (Tiede
etal., 2014;Tiede et al., 2017).

Affimers are a class of non-antibody protein scaffold derived from cystatins. Cystatins
are a large family of cysteine protease inhibitors that share sequence homology and
common tertiary structure comprising of a single a-helix and anti-parallel R-sheet (Hall
et al., 1995). There are two Affimer types derived from different proteins (figure 1.11)
(Kyle, 2018). A plant-derived consensus cystatin sequence known as Affimer type I,
initially known as Adhiron (Tiede et al., 2014), and one based on a human cystatin stefin
A (SteA) (Woodman et al., 2005).

The plant derived-cystatin (phytocystatin) is a monomeric, single domain protein
consisting of approximately nighty-nine amino acid units, lacking disulfide bond and
glycosylation sites (Tiede et al., 2014). The inhibitory sequences within the two (GIn Val
Val Ala Gly and Pro Trp Glu) variable loops of the consensus phytocystatin framework
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PDB: 1FNF PDB: 4BQD PDB: 4AFS PDB: 4GLV PDB: 5LW2
Scaffold Parental protein Structure Randomisation MW
(kDa)
Affibodies Z domain (A Alpha-helical Helix randomisation 6
protein)
Affilins Gamma-beta- Beta-sheet Beta-strand 20
crystallin Alpha/beta randomisation 10
Ubiquitin Beta-strand
randomisation
Anticalins Lipocalin Beta-sheet and Loop randomisation
Alpha-helical Beta-strand 20
terminus randomisation
Atrimers C-type lectin Alpha/beta Loop randomisation 3x20
(tetralectin)
Avimers A-domain Ca?* binding Loop randomisation 4
disulphide
constrained
FN3 Fibronectin (type Beta-sheet Loop randomisation
1) Beta-strand 10
randomisation
Kunitz Serine protease Alpha/beta Loop randomisation
domains inhibitor Disulphide 7
constrained
Fynomers SH3 domain (fyn Beta-sheet Loop randomisation 7
kinase)
OBodies OB-fold Beta-sheet Loop randomisation 12
DARPIns Ankyrin repeats | Alpha-helical and Helix randomisation 14-21
beta-turn Beta-turn randomisation

Figure 1.10 Structural features of some newly developed non-antibody-based
scaffolds. The three dimensional structures are visualised by PyMol software, while

all data provided in the table are mentioned elsewhere (Ruigrok et al., 2011).
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has been replaced with nine randomised amino acids in each loop. After constructing the
Affimer library as described previously (Tiede et al., 2014), specific binding Affimers are
selected against different target molecules using phage display technology (Smith, 1985).

Affimers are small, versatile, and stable in a broad range of both temperatures and pHs.

Affimers are produced in bacterial cells using standard conventional culturing equipment
(Tiede etal., 2017). They are conformational proteins and thus their applicability is highly
dependent on the conformation of their target molecule, which may limit their use in
certain assays where a linear protein is need to be detected, such as the case in western

blotting analysis.

BR-2

\&

C-Terminal

Figure 1.11 Three-dimensional structure of the Affimer scaffold. The Affimer structure
was obtained from the Protein Data Bank (PDB) (ID: 4N6T) and constructed with PyMol
software. The single alpha helix and the four anti-parallel § strands are shown in turquoise.
The two binding loops (labelled as BR-1 and BR-2) where the randomisation occurs
(peptide insertion of nine amino acids) produces the library, as described previously by
Tiede (Tiede et al., 2014). The pink arm represents the site where a single cysteine residue
can be inserted to enable site-specific labelling.
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To generate this plant-derived consensus phytocystatin sequence, Tiede and co-workers
(2014) established a construct from which the Affimer scaffold could be derived (Tiede
etal., 2014). The structure of plant-based Affimer scaffold resembles that of a previously
developed scaffold based on stefin A (Stadler et al., 2011;Woodman et al., 2005;Johnson
et al., 2012), and both scaffolds are termed Affimers. Since the discovery of Affimers,
their applicability in research has evolved at an incredible pace (Kyle et al., 2015;Kyle,
2018;Tiede et al., 2017;Robinson et al., 2018;Xie et al., 2017;Zhurauski et al., 2018).
Several studies confirmed a successful utilisation of Affimers as equivalent detection
alternatives for antibodies in IHC (anti-VEGFR2 and anti-TN-C Affimer reagents) and
IF microscopy (anti-actin, anti-TRPV1, and anti-HER4 Affimer reagents) (Lopata et al.,
2018;Tiede et al., 2017).

In cancer diagnostics, recent study has demonstrated the use of Affimers as captured
reagents for the Glypican-3 (GPC3), which is a promising marker for hepatocellular
carcinoma (Xie et al., 2017). Xie et al (2017) have developed a sandwich
chemiluminescence immunoassay (CLIA) combing an anti-GPC3 Affimer with a
monoclonal antibody to detect the presence of the protein in undiluted serum. Their study
indicates that Affimers can be used to generate immunodetection kits for the use in in
both research and clinics to enable the detection of biomarkers with high specificity and
sensitivity, showing a detection range of detection rate of 0.03-600 ng/ml. In addition,
Affimer reagents showed to be powerful detection reagents for recognising HER4
biomarker in undiluted serum samples using a novel Affimer-functionalised biosensor
(Zhurauski et al., 2018). In recent future, Affimer-based biosensors against a range of

potential serological biomarker can be developed and adapt in clinics.

In addition to the role of Affimer reagents in diagnostics, Affimer reagents also showed
a promising potential as therapeutic agents by modulating the function of different
protein, including a pain related biomarker (TRPV1) (Tiede et al., 2017) and IgG binding

to the Fc gamma receptors (Robinson et al., 2018).

1.4.3.2 Generation of non-antibody binding proteins

A critical factor for successful design and engineering of a binding protein is the ability
to produce large number of mutated derivatives. The well-known powerful high-
throughput technology to fulfil the need for such production of variants is the molecular

display, which combines the construction of large (poly) peptides libraries and a
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following isolation for variant with desired biological and physiochemical features
(Smith, 1985;Smith and Scott, 1993). Display technologies are based on a physical
connection between a protein and its encoding gene, thus coupling phenotype and
genotype. Although the most commonly applied display technology is the phage display
(Paschke, 2006), other different display technologies including mRNA display
(Josephson et al., 2014), ribosome display (Hanes et al., 1998;Zahnd et al., 2007),
bacterial and yeast-cell surface display (Daugherty, 2007;Gai and Wittrup, 2007), have
also been successfully used. This chapter, otherwise, will focus on describing phage

display for the isolation of engineered non-antibody based binding proteins.

In phage display technology nucleotide sequences encoding variants of antibodies,
peptides, or proteins are fused to a gene, which encodes phage coat protein. Following
correct assembly, phage particles display the encoded (poly)peptide on their surface
(Paschke, 2006). For library construction, the chosen vectors to use is based on the
filamentous phage fd, M 13, Iytic phage y and T7 phage (Sidhu, 2001;Pande et al., 2010).
Most of non-1gG scaffolds are developed from M13 filamentous phage, such as the case
for Affimer development. Filamentous phage particles are rod-shaped viruses (900 nm in
length) enclosing a circular single-stranded DNA molecule (ssDNA) inside a cylindrical
protein coat. The coat of proteins comprises of about 2700 copies of a major coat protein
and other five copies of different minor coat proteins (figure 1.12). To construct a phage
library, coat protein gene, commonly the plll and pVIII gene, is modified and fused to
the DNA sequence of the protein scaffold. This fusion is now known as a phagemid vector
(Huse et al., 1992). E. coli cells are transformed with the phagemids and then infected
with a helper phage to create the desired library of phage particles displaying the variant

proteins (figure 1.13).
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Figure 1.12 Schematic presentation of an M13 filamentous phage. The
ssSDNA is enclosed by a cylindrical coat of 2700 copies of the major coat
protein pVIIIl. Other minor coat proteins include plll, pVI and pIX found at
low copy numbers of 5 copies per protein. Among all coat proteins, plll and
pVIIl are the most commonly used for display purpose. In Affimer
technology, plll protein is the one used for Affimer-phage display. Adopted
from (Loset et al., 2011).

The of phage displaying variant protein library is exposed to an immobilised non-target
(negative selection) and target molecule (positive selection) (Finlay et al., 2017). As most
protein binding scaffolds are conformational dependent, researchers have developed
different selection strategies using tissue samples, and whole cells to generate reagents
able to recognize the native structure of their target molecules. (Shukla and Krag,
2005;Sorensen et al., 2013;Sun et al., 2009) Following positive selection, both non-
specific and non-binding phage are washed off, while the bound ones are eluted through
different conditions, such as acidic buffers, which disrupt the interaction between the
displayed protein and the target molecule. The eluted, binding phage are used to re-infect
the E.coli cells to generate a highly-enriched library comprising an amplified population
of binding phage. Selection, washing, elution and amplification steps are repeated for
multiple rounds in process known as bio-panning (Bakhshinejad et al., 2016;Crepin et al.,
2017;Lakzaei et al., 2018). Bio-panning results in enrichment of phage variants with
increased specificity and affinity towards the target. After several rounds (normally
between three to five), the output of isolated phage clones is screened by ELISA and

identified by DNA sequencing analysis.
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Figure 1.13 Phage display technology. Most non-antibody-based protein
scaffolds, including Affimers are generated by bacterial phage display. Prior
to the start of the phage screening process, a library of variants must be
constructed. To create the library, bacterial cells are transformed with a
phagemid vector, which carries the phage gene fused to the protein scaffold.
After constructing the library, a bio-panning process is performed. The
process starts with selecting the library on a target molecule that can be
immobilised on solid surface or presented on cells or tissue sections. The
unbound phage is then washed while the bound ones are eluted and
amplified in bacterial cells with the aid of helper phage. The whole process
of selection and amplification is repeated for several rounds to ensure for the
enrichment of target specific binding phage.
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1.4.3.3 Are some scaffolds better than others?

Selection of the appropriate scaffold to be engineered into a binding tool is based on the
molecular structure of the antibody (Skerra, 2000;Skrlec et al., 2015). Antibodies
conventionally take up a structure of a well-conserved rigid scaffold on which highly
variable loops are situated. Likewise, binding proteins can be isolated from large libraries
of protein variants which contain constant scaffolds and randomised variable regions that
can interact with various target molecules. Recently developed binding proteins show
potential as binding tools in many molecular-recognition applications and as therapeutic
agents for the treatment of diseases and cancers (Vazquez-Lombardi et al., 2015).

High-affinity interactions require complementarity of shape and chemistry. This
complementarity is accomplished by diverse secondary and tertiary structural elements
in natural protein-protein interactions (Gilbreth et al., 2008). For example, DARPins
recognise convex surfaces in their targets that are complementary to their concave binding
sites; anticalins, which have a basket-like structure, cradle their target (Skerra, 2007).
Furthermore, affibodies that contain flat binding sites recognise similarly flat surfaces in
their targets. Scaffolds that contain loops, such as FN3 and nanobodies, exhibit more than
one distinct binding mode, and this explains their ability to interact with cleft and convex
epitopes (Skerra, 2007). Taken together, these data indicate that the topography of a
scaffold binding site is closely related to the shape of epitopes that they recognise with
high affinity.

The percentage of diversified positions that are in contact with the target molecule is
another measure that indicates the suitability of the structure and therefore the success of
the library design (Gilbreth et al., 2008;Koide et al., 2007). Among the structurally
characterised scaffolds that interact with their targets in an antibody-like mode (using
diversified loops as binding sites), Affimer/target complexes in which the target is human
SUMO most closely match their library design. They exhibit an average of 70 per cent of
diversified positions (nine randomised positions in the two binding loops) that are in
contact with the target (Hughes et al., 2017). Similarly to Affimers, the fibronectin type
111 scaffold binds to its target via three diversified loops; however, only 51 per cent of its
diversified positions have been shown to be involved in the binding interaction with the
target molecule (Koide et al., 2012).

Therefore, it has been assumed that an increase in the diversification area would result in

better interaction with target molecules and stronger binding affinity. This assumption
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has been shown to be true. For instance, research found that if seven residues in each n-
repeat of the DARPIn scaffold (66 residues/n x 33) were randomised (Skrlec et al., 2015),
an average of 75 per cent of the diversified sites were in direct contact with the target
(Binz et al., 2004), while 90 per cent of the diversified region (13 residues in two helices)
of the affibody scaffold were shown to be involved in target interaction (Hoyer et al.,
2008;Wahlberg et al., 2003). However, one study showed that affibodies sometimes exert
unexpected modes of interaction with a target, as in the case of the AR (1-40) peptide in
which an altered structure to a 3-sheet conformation was observed (Hoyer et al., 2008).
Some affibodies are either partially or completely in-structured in the unbound state,
which casts doubt on the integrity of the scaffold (Wahlberg et al., 2003). These data
obtained from Affimer, FN3, DARPin and affibody systems highlight the value of
structural analyses in the guidance of the development of new and improved library

designs.

The success of all these developed platforms in the generation of binders that show high
affinity to different targets therefore depends on several factors: the scaffold architecture,
the sequence of the diverse amino acid sequences and the extent of the diversification that

can be introduced without compromising the overall structure and stability.

1.4.3.4 Current status of antibody alternatives in disease diagnosis and
treatment

Antibody alternatives were developed to overcome the inherent problems found with
antibodies, including their large size, irreproducibility, high production cost and
difficulties in modification and engineering. Today, various binding alternatives have
been developed or are under development. Several literature reviews have highlighted the
progress that has been made through the use of these novel agents in cancer diagnosis and
therapy (Ruigrok et al., 2011;Skerra, 2007;Yu et al., 2017;Bedford et al., 2017). The
reviews show that the intended benefits of such binding reagents compared with
antibodies have been realised, and they offer tools with improved molecular recognition

qualities for research and clinical use.

However, like antibodies, the developed binding alternatives demonstrate certain
problems that need further improvement in order for their clinical implementation to

become feasible. These problems are summarised and compared in Table 1.5, which
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illustrates the advantages and disadvantages of utilising antibodies, aptamers, nanobodies

and Affimers as binding tools in different molecular applications.

1.5 Research aims and objectives

Detection of cancer cells and analysing their surface markers provide crucial information
for the diagnosis and treatment of cancers. Immunohistochemistry (IHC) is an example
of a widely used assay in routine diagnostics that detects the expression level of different
tumour related markers. However, using IHC for biomarker assessments can be
challenging because of the lack of reproducibility. This project aims to isolate and
characterise Affimers against EGFR, HER2 and HER3, in order to be used as detection
reagents in IHC-like applications. In addition to biomarker detection, this project also
explores the possibility of using Affimer-based phage display technology to identify new

cancer specific biomarker.
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Table 1.4 Examples of protein-display scaffolds, and their similarities and differences in relation to display strategy, pharmacokinetic
properties and binding Kinetics.

Scaffold

Display strategy

Expression

Half-life in vivo

Examples of binding

Clinical trial

References

affinity (Ka) to targets

phase

Affimers Phage display E.coli 10-100 mg/I NA 17 nM to VEGFR2 NA (Tiede et al., 2014;Tiede et al.,
2.8nMto TN-C 2017)
Affibodies Phage display E.coli 1-6 mg/l (Fc- 4-14 minutes (non- 50 nM to ECD-HER2 Phase | (Ronnmark et al.,
Ribosome display fusion) modified) (completed) 2002;Wikman et al.,
2004;Baum et al., 2010)
Afflins
Phage display E.coli 100 mg/I 20-56 hours (Fc-fused) 14 nm to extra-domain-B of Phase | (Lorey et al., 2014;Hoffmann
fibronectin (completed) etal., 2012;Ebersbach et al.,
2007)
Anticalins Phage display E.coli 2-20 mg/I 6 days (PEGylated) 1 nM to fluorescein* Phase | (Vopel et al., 2005;Eggenstein
(completed) et al., 2014;Schlehuber and
Skerra, 2002;Mross et al.,
2013)
FN3/Adnectins Phage display E.coli 20-40 mg/I 53 hours (PEGylated) 2 nM to human EphA2 Phase 11 (Park et al., 2015;Getmanova
Yeast display receptor (completed) et al., 2006;Tolcher et al.,
mRNA display 2011)

Kunitz domain Phage display Pichia pastoris 2 hours 11 pM to plasma kallikrein Phase | (Markland et al.,
1996a;Markland et al.,
1996b;Schneider et al.,

2007;Simeon and Chen, 2018)
Avimers Phage display E.coli 1.4 g/l by 30 hours (Fc-fused) 5nMto IL-6 Phase | (Silverman et al.,
fermentation 2005;Braddock, 2007)
Fynomers Phage display E.coli 24-78 mg/I 68 hours in mice (Fc- 0.9 nM to SH3 domain Phase Il (Silacci et al., 2014;Schlatter

DNA display

CHO 3.5-20.7 mg/I

fused)

(terminated)

etal., 2012)
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Table 1.4 Continued.

Scaffold

Display strategy

Expression

Half-life in
Vivo

Examples of binding affinity

Clinical trial phase

References

(Kq) to targets

OBodies Phage display 100-200 mg/l NA 3 nM to hen egg-white NA (Steemson et al., 2014)

lysozome

DARPIn Ribosome display E.coli 200 mg/l | More than 13 | 4.4-22 nM to maltose binding Phase 111 (Binz et al., 2004;Binz et al.,

Phage display and 15 g/l days protein (completed) 2003;Campochiaro et al., 2013)
(with (PEGylated)
fermentation) 3 minutes in
mice (non-
PEGylated)

Atrimer Phage display E.coli 24 hours 90 pM to TNF NA (Byla et al., 2010;Weidle et al.,
(parental 2013;Nielsen et al., 1997)
protein)

Nanobodies Phage display E.coliupto 10 Few hours 1.5 nM to HER2 Phase | (Bobkov et al., 2018;Van
mRNA display mg/I Audenhove and Gettemans,
ribosome display 2016;Siontorou, 2013)

Abbreviations: NA, not available; CHO, Chinese hamster ovary cells; TNF, tumour necrosis factor; E.coli, Escherichia coli; HER2, human epidermal
growth receptor 2; IL-6, Interleuki
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Table 1.5 Summary of the advantages and limitations of Affimers and other antibody alternatives in comparison with those of antibodies and

aptamers.

Detection of biomarkers

Molecular imaging

Study of intracellular protein

Biomarker targeting and drug

Advantages

function

discovery

Affimers/other High stability ¢ Rapid and e Small size Suited for conjugation
alternative Easy to conjugate with biotin and Fc- homogeneous o Intracellular stability/activity Rapid tumour
binding fragments tumour e  Domain/function-specific accumulation
scaffolds Suitable in applications such as: accumulation modulation Excellent binding
ELISA, pull-down, IHC, IF, super- o Easy e Easy to fuse to chromogens affinity and inhibitory
resolution microscopy conjugation functions
Small size enables chip format e Rapid clearance
Display technology can generate rate
target to almost every molecule
Synthesis is easy, fast and reliable
Antibodies Sub-nanomolar binding affinity e  Sub-nanomolar Their applicability in intracellular Non-immunogenic
Suitable in applications such as: binding affinity studies is limited: see disadvantages (huminised)
ELISA, western blot, FACS, IHC, IF and target Employ a contained Fc
Easy immobilisation through specificity domain
adsorption Efficient binding
affinity
Aptamers SELEX can generate binders to e Suited to e  Suitable for different Non-immunogenic
almost every molecule different labelling Easily engineered to
Synthesis is easy, fast and reliable modifications High inhibitor function create multi-specific
Bacterial and viral contamination is and labelling Uniform activity regardless constructs
not problematic e Sub-nanomolar of batch Efficient binding
Applied in IHC, ELISA, biosensors to picomolar e  Target identification by affinity
and IF binding shape, not by base-pairing
affinities

e Binding target with the entire
sequence
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Table 1.5 Continued.

Detection of biomarkers Molecular imaging Study of intracellular Biomarker targeting and

drug discovery

protein function

Disadvantages

Affimers/other

e Accumulation

Increased performance, affinity Target specificity is e Fast blood clearance
alternative and detection sensitivity are in liver affected by e Lackof Fc
binding required e Enhanced commercialised e Immunogenicity
scaffolds Aggregation due to cysteine signal source of the protein e May need affinity
incorporation detection used in the phage maturation
Conformational-binding required screen

dependent

Application dependent (no
universal reagents for different
applications)

Affected by frequent freeze and
thaw cycles

Bacterial and viral contamination
can be a problem
Cross-reactivity based on the
display approach
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Table 1.5 Continued.

Detection of biomarkers

Molecular imaging

Study of intracellular protein

Biomarker targeting and

function

drug discovery

Antibodies e Irreproducibility Low clearance e Cannot tolerate the e High production cost
e High-production cost rate reducing environment e Toxic side effects
e Instability for use in biosensors Cytotoxic of the cytoplasm
e Application dependent (no single High-background e Require membrane
Ab for different applications) level penetration which is
« Difficult to modify Non- not possible due to
e Affected by freeze and thaw homogeneous their large size
cycles distribution
o Difficult to obtain against small,
toxic and immunogenic molecules
e Bacterial and viral contamination
. can be a problem
Disadvantages e Tend to aggregate
¢ Not stable at high temperatures
and in a broad range of pH
e Cross-reactive (pAb)
Aptamers e Tend to aggregate Highly ¢ Not stable at wide e Limited systematic
e Degraded by nuclease susceptible to range of pH delivery
contamination serum e High toxicity
e Not stable at broad pH degradation e Poorly understood
e Complicated immobilisation Cross-reactivity pharmacokinetics
e Cross-reactivity Binding affinity e High-cost production
is susceptible to in large scale
environment e Short half-life

Abbreviations: pAb, polyclonal antibody; IHC, Immunohistochemistry; IF, Immunofluorescence; ELISA, Enzyme-linked immunosorbent assay; FACS,
Fluorescence activated cell sorting assay. Data summarised in the table were obtained from various sources: (Tiede et al., 2017;Tiede et al., 2014;Bedford
et al., 2017;Ruigrok et al., 2011;Skerra, 2007;Siontorou, 2013;Steeland et al., 2016;VVan Audenhove and Gettemans, 2016;Hong et al., 2011;Chames et

al., 2009;Lakhin et al., 2013)




CHAPTER 2
Materials and Methods

2.1 Materials

2.1.1 General reagents

Recombinant proteins used in the phage display screen (HER2-Fc tag, HER2, and HER3)
were purchased from Sino Biological, UK, while all other reagents used in cell culturing,
molecular cloning, Affimer production and characterisation, were purchased from Sigma
(Gibco®, UK), New England Biotechnologies (NEB, UK), and ThermoFisher Scientific,
UK, respectively unless stated otherwise. Medias and in-house made buffers were
prepared using sterile H,O and were subjected to autoclaving before their use in the
procedures. Primary and secondary affinity binding reagents were used as described in
table 2.1, 2.2 and 2.3.

2.1.2 Mammalian cell lines and their characteristics

Different cell lines were a kind gift from Dr. Sandra Bell at the Leeds Institute of
Biomedical and Clinical Sciences (LIBAC, Leeds, UK). A list of all the cell lines, their
growth conditions, and properties are listed in table 2.4. The frozen cells recovered from
a vial were passaged no more than twenty times (i.e., when the vial of frozen cells was
given at say passage number twenty, it was used till it reached the passage number thirty-
nine. Thereafter, a new vial was taken and the subsequent stocks were made. According
to the Short tandem repeats (STR) profiling results provided by Dr. Sarah Perry at
LIBAC, UK., all given cell lines had been tested for mycoplasma infection, and they were
confirmed to be mycoplasma-free. According to the According to the policy at LIBAC,

cell lines were subjected to mycoplasma testing at intervals of three months.

2.1.3 Whole Tissue samples and Tissue microarrays (TMAS)

All the archival tissue blocks (normal breast tissues, cancerous breast tissues, and placenta
tissue) and some breast TMAs were kindly provided, processed and sectioned by

Professor Speirs and other groups in LIBAC in pursuance of their collaborative values.
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Clonality Conc.
(1D) (Hg/ml)
.. | Monoclonal Cell
VEGFR2 Rabbit (55B11) Un 1 pg/ml 1hr/ RT IHC Signalling
HRP 0.5ug/ml ELISA
fd- phage Sheep M’zljgé:!g?al 1hr/ RT Dsgiranmogtri]c
Un Sug/ml IF g
Monoclonal
Mouse (ab18184) Un 1 pg/ml IF
. 1hr/ RT
His-tag
Rabbit | PoWvelonal 1 yoe 0,14 pgiml we | O
(ab1187) 44 HY
0.1 pg/ml 1hr/ RT IHC
HER2 | Rabbit P%‘;'gg;’“ Un 02ug/ml | ONac | ws | DPAKO
1 pg/ml ON/4°C IF
.. | Monaclonal 0.56 pg/ml | ON/4°C wB
HERS | Rabbit | o an101) Un 34pg/ml | ON/MC | IF Abcam
. Monoclonal 0.02 pg/ml ON/4°C WB
EGFR | Rabbit |~ 59894y Un 02ug/ml | ONM°C | IF Abcam
Phospho-
ERK1/2 Mouse Monoclonal Un 0.5 pg/ml ON/4°C wB . CeII_
(T202/Y204) (E10) Signalling
. Monoclonal o Cell
Beta-Actin Mouse (8H10D10) Un 1 pg/ml ON/4°C WB Signalling
Santa Cruz
Alpha- Monoclonal 0.06 pg/ml o WB .
tubulin Rat | (5c-53029) Un 0.4pgmi | ONAC 1 e B'O_tgggnc"
0.05 pg/ml 1hr/ RT IHC
Monoclonal o .
CK18 Mouse (C8541) Un 2 pg/ml ON/4°C IF Sigma
0.2 pg/mi lhr/ RT wB
IHC
Monoclonal o Central
CK19 Mouse (Clone- Un 10 pg/mi ON/4°C IF Resources
LP2K) (CRUK)
0.08 pg/ml 1hr/ RT IHC
.. | Monoclonal o
CK19 Rabbit (ab52625) Un 1.6 pg/ml ON/4°C IF Abcam
0.08 pg/ml | ON/4°C wB

Table 2.1 Primary antibodies. Details of origin, clonality, associated-conjugate, concentration,
incubation, used application and source. App; Application, IHC; Immunohistochemistry, WB;
western blot analysis, IF; immunofluorescence, RT; Room temperature, ON; Overnight, hr; hour,

Un; unconjugated, HRP; Horseradish peroxidase.




Clonality Conjugate Conc.
(ID) (Hg/ml)
Rabbit Polyclonal .
19G Goat (E0432) Biotin Sug/ml 1hr/ RT IHC Dako
Sheep . Polyclonal . Thermo-
19G Rabbit SA5-10054 DyLight488 1 pg/mi 1hr/RT IF Scientific
Biotin | SUept 21130 HRP 05ug/ml | 1ht/RT | ELISA | _hermo
avidin Scientific
Biotin | SUPY | sA 5004 HRP 33pg/ml | 30min/RT | IHC | Veolor
avidin Lab
Rabbit | 5 oq | Polyclonal HRP lpg/ml | 1h/RT | WB | Abcam
19G (ab97051) K9
Mouse Polyclonal
19G Goat (ab97025) HRP 1 pg/mi 1hr/ RT wB Abcam
Rat Polyclonal
19G Goat (ab97057) HRP 0.1 pg/mi lhr/ RT wB Abcam
Polyclonal
(A11032) Alexa594
Mouse ON/4°C .
19G Goat Polyclonal 2 pg/ml IF Invitrogen
(A28175) Alexa488
Polyclonal
(A11008) Alexa488
Rabbit ON/4°C .
19G Goat Polyclonal 2 pg/ml IF Invitrogen
(R37117) Alexa594
Table 2.2 Secondary antibodies. Details of origin, clonality, associated-conjugate,

concentration, incubation, wused application and source. App; Application, IHC;
Immunohistochemistry, WB; western blot analysis, IF; immunofluorescence, RT; Room
temperature, ON; Overnight, hr; hour, min; minutes, HRP; Horseradish peroxidase.
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Conjugate Dilution Incubation Application

(Concentration)

Biotin 1:25 (11pg/ml) 1hr/ RT IHC
AP-fusion 1:2 (25 pg/ml) 2hrs/RT IHC
VEGER? Unconjugated 1:10 (25 pg/ml) ON/4°C IF-Fixed cells
Unconjugated 1:10 (25 pg/ml) lhr/ 37°C IF-live cells
Mouse-Fc-fusion 1:200 (2.5 pg/ml) lhr/ RT IHC
Rabbit-Fc-fusion 1:100 (5 pg/ml) lhr/ RT IHC
Unconjugated 1:10 (25 pg/ml) ON/4°C IF-Fixed cells
HER? 1:10 (25 pg/ml) lhr/ 37°C IF-live cells
1:2 (320 pg/ml) ON/4°C Pull-down
1:10 (25 pg/ml) ON/4°C IF-Fixed cells
HER3 Unconjugated 1:10 (25 pg/ml) lhr/ 37°C IF-live cells
1:2 (320 pg/ml) ON/4°C Pull-down
Biotin 1:5 (50 pg/ml) 2hrs/RT IHC
Unconjugated 1:10 (25 pg/ml) ON/4°C IF-Fixed cells
1:10 (25 pg/ml) 1hr/ 37°C IF-live cells
EGFR/HER1 1:2 (320 pg/ml) ON/4°C Pull-down
1:16 (15 pg/ml) ON/4°C IF-Fixed cells
CK19/18 Unconjugated 1:10 (25 pg/ml) lhr/ 37°C IF-live cells
1:2 (320 pg/ml) ON/4°C Pull-down
Biotin 1:25 (10 pg/ml) 2hrs/RT IHC

Table 2.3 Affimer reagents. Details of associated-conjugate, concentration, dilution, incubation,
and used application. IHC; Immunohistochemistry, IF; immunofluorescence, RT; Room
temperature, ON; Overnight, hr; hour. All Affimers were identified by the Bioscreening
Technology Group at the University of Leeds.

Regarding placenta tissue, three different placenta control-tissue blocks were used in this
research. These control blocks were ethics-exempt anonymised, unidentifiable research
gift tissue (lateral intercostal artery perforator, or LICAP) from the Department of
Pathology and Tumour Biology, where the IHC work was performed. All normal breast
tissue (from contralateral breast, reduction mammoplasty and risk-reducing surgery) and
cancerous breast tissue was provided by Professor Valeri Speirs of the Leeds Breast
Cancer Tissue Bank, BCNTB. These tissues were donated under the BCNTB
authorisation code of 15/YH/0025. Other used breast tissue microarrays (TMAS) were
purchased from USBiomax (BR243w, BR20819, BC081120). Characteristics of all the
purchased TMAs are listed in table 2.5.

2.2 Methods

The university health and safety policy was adhered to while performing all the laboratory
procedures. The Standard Operating Protocol (SOP) for each of the employed techniques

was followed, and Personal Protective Equipment (PPE) was worn while handling
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chemicals. Also, all the necessary COSHH (Control of Substances Hazardous to Health)

forms were filed before beginning the procedures.

2.2.1 Mammalian Cell Culturing
2.2.1.1 Cell culture

Culturing of cells was carried out in a Class 2 laminar flow cabinet as was specified for
secondary cell culturing. All contaminated fluid waste was decontaminated with 2% w/v
Virkon (RELY+ON™ Virkon disinfectant, RMSupply™) prepared in ddH:0.

Cell line Tissue Disease Growth condition

Mammary gland/breast;
MDA-MB-453 | derived from metastatic site:
pericardial effusion

Metastatic

; DMEM,10%FBS, 100U/ml P/S
carcinoma

Mammary gland/breast;
MDA-MB-231 | derived from metastatic site: Adenocarcinoma RPMI,10%FBS, 100U/ml P/S
pleural effusion

Mammary gland/breast;
MDA-MB-468 | derived from metastatic site: Adenocarcinoma | DMEM,10%FBS, 100U/ml P/S
pleural effusion

Mammary gland/breast;
MCF7 derived from metastatic site: | Adenocarcinoma RPMI,10%FBS, 100U/ml P/S
pleural effusion

BT474 Mammary gland; breast/duct | Ductal carcinoma | DMEM,10%FBS, 100U/ml P/S

Derivative from parental cell
HB2 line (MTSV1-7); mammary
luminal epithelial cell line

Non-tumorigenic,

) DMEM,10%FBS, 100U/ml P/S
Immortalized

Derivative from parental cell
HER2-HB2 line (MTSV1-7); mammary
transfected luminal epithelial cell line;

transfected with HER2

Tumorigenic DMEM,10%FBS, 100U/ml P/S

us7 Brain Glioblastoma DMEM,10%FBS, 100U/ml P/S

Table 2.4 Mammalian cell lines characteristics and growth conditions. FBS; Foetal bovine
serum, P/S; penicillin/streptomycin antibiotics, DMEM; Dulbecco’s Modified Eagle Medium,
RPMI 1640; Roswell Park Memorial Institute 1640 medium.
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H&E image
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ecuom@s@3\ :
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Table 2.5 Purchased tissue microarrays (TMASs). Number of cases, cores per case, availability
of clinic-pathological data (IHC marker and TNM staging) in addition to cancer subtypes. Images
of the TMAs sections were obtained from the website of USBiomax from where these TMAs
were purchased. H&E; Haematoxylin and eosin stain, TNM; (T; tumour site, N; lymph nodes
involved, M: metastasis). IHC; immunohistochemistry, ER; Oestrogen receptor, PR;
Progesterone receptor, HER2; Human epidermal growth factor 2 receptor.
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All solid waste was autoclaved prior to discarding. Cells were routinely grown at 37°C in
humidified air incubators containing 5% CO.. Incubators were maintained, cleaned and

checked for contamination in a regular basis.

2.2.1.2 Cell recovery, feeding, and passaging

Frozen vials of cells were taken out from LN2 storage facility and thawed in water bath
at 37°C for one min. Cells were then diluted in 10 ml of media and pelleted by
centrifugation at 200xg for five minutes. The supernatant was discarded, and the pelleted
cells were resuspended in 5 ml of media supplemented with 10% foetal-bovine serum
(FBS) and 100U/ml of penicillin/streptomycin antibiotics (Life Technologies) and placed
in a T25 flask. The media on the cells was changed every three days (depending on the
type of the cell line, table 2.4) and when cells reached the desired confluency for a specific

assay (usually between 70% to 90%), they were harvested and passaged.

For cell passaging, media on cells was removed and cells were washed with 3/6 ml
(T12/T75) Dulbecco’s phosphate buffer saline (DPBS, Gibco®, Sigma). After washing,
0.5/1ml (T25/T75) of 0.25% Trypsin-EDTA (Gibco®, Sigma) were added on cells, and
the cells were incubated at 37°C in incubators for five to twenty minutes (depending on
the type of the cell line) to allow for complete detachment. Detached cells were collected
in 5/10 ml (T25/T75) of media in 15 ml falcon tube and harvested by centrifugation at
200xg for five minutes at 4°C. The supernatant was discarded and the pelleted cells were
split 1:5 or 1:10 based on the growth rate of cells and how confluent they should be before

being passaged again.

2.2.1.3 Cell counting

To evaluate the viability of the cells and to count them, Countness™, the automated cell
counter (Invitrogen, Life Technologies) was used. To obtain the count, 10ul of
resuspended cells was mixed with 10 pl of trypan blue exclusion dye and placed in the

cell counting chamber slide (Invitrogen) for analysis.
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2.2.1.4 Cryopreservation

To freeze the cells, cultured cells grown in T75 flasks were washed, trypsinised and
pelleted as mentioned in section 2.2.1.2. Pelleted cells were resuspended in 1 ml of
freezing medium (80% of the respective growth medium, 10% of dimethyl sulphoxide
(DMSO, Sigma), and 10% of FBS) and placed in cryovials. The vials were then labelled
with the name of the cell line, passage number, and date. All the prepared vials were then
placed in Mr. Frosty freezing container (Nalgene® Mr. Frosty, Sigma), which can freeze
the cells at a controlled rate to -80°C for overnight in its enclosed-microenvironment
containing isopropanol. For long-term storage, the cells were stored at a liquid nitrogen

storage facility at Leeds University.

2.2.2 Affimers isolation by phage display

Phage display technology involves several steps, namely, target preparation, bio-panning,
screening of positive hits, and hit analysis. Phage display technology was used to isolate
Affimer binders by screening on known and unknown targets, which were either
recombinant proteins or displayed on cells. For HER2, HER3 and EGFR targets, the
Affimers were selected against the extracellular domain (ECD) of the receptors
(Molecular weight of ~ 95kDa).

In a phage screen that involved whole cells, the selection of a suitable cell line to represent
the negative and the positive source of the protein of interest was made on the basis of
cells molecular Phenotypic data presented previously (Holliday and Speirs,
2011;Gostring et al., 2012). These data demonstrated the expression status of HERs
proteins, particularly HER2 and HER3, on the cell surface of different cell lines. Cells
overexpressing either HER2, HER3 or both were selected for positive screening of
binders against HER2 and HER3 (target selection), while other cell lines that expressed
neither of the receptors were chosen to be used in negative selection (depletion or non-
target selection) where removal of non-specific binders, such as plastic binders and non-
HER2, non-HER3 binders, was required.
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2.2.2.1 Target preparation

2.2.2.1.1 Recombinant proteins

Before phage display, all HER2, HER2-Fc tag, and HER3 recombinant proteins were
biotinylated using the amine-based biotin N-hydroxysuccinimide (EZ-Link® NHS-SS-
Biotin) reagent. In a total volume of 100 ul of 1X PBS (137 mM NaCl; 10 mM Phosphate;
2.7 mM KCI; pH 7.4), 10 ul of protein (stock concentration of 1mg/ml prepared in 1X
PBS, pH 7.4) and 7 pl of biotin NHS reagent (stock concentration of 5mg/ml prepared in
DMSO) were mixed. The mixture was then incubated at room temperature before the
removal of free biotin molecules by desalting using Zeba Spin Desalting Columns (7k
MWCO). For prolonged storage of the biotinylated-recombinant protein at -20°C, 100 pl

of 50% (v/v) glycerol was added to the mixture.

2.2.2.1.2 ELISA to assess the efficiency of biotinylation

After labelling the proteins with biotin, the efficiency of biotinylation was assessed by
ELISA. On Nunc-Immuno™MaxiSorp™ strip, a range of different concentrations of the
biotinylated proteins (1 pg to 0.03 pg) was prepared and added to a total volume of 50 pl
of 1X PBS in seven of the eight wells, in the remaining well, the protein was not added.
Biotinylated proteins were adsorbed to wells during overnight incubation at 4°C. The next
day, 250 pl of PBST buffer (1X PBS, pH 7.4 and 0.1% (v/v) Tween-20) was used to wash
all the wells once using the automated plate washer (TECAN HydroFlex). After washing,
wells were blocked with 250 pl of 10x casein blocking buffer for 3 hours at 37°C.

Prior to the addition of 50 pl of diluted streptavidin-HRP (a dilution of 1:1000 dilution
prepared in 2X blocking buffer), wells were washed thrice with PBST in the automated
plate washer. 50 pl of 3,3°,5,5’-tetramethylbenzidine substrate (SeramunBlue® fast
TMB, Seramun Diagnostica, GmbH) was then added to all wells, and the oxidization
reaction was allowed to take place for three to five minutes at room temperature. The
absorbance of the developed oxidised substrate (blue colour) was then measured at 620
nm using a Multiskan Ascent 96/384 plate reader (MTX Lab Systems, Inc). The measured
absorbance of the developed colour is directly proportional to the level of biotin
molecules present in the solution. Therefore, an absorbance reading higher than 1.4 nm
means better biotinylation efficiency (obtained by verbal communication from BSTG

researchers).
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2.2.2.1.3 Whole cells in 6-well plate: Fixed monolayer

Selected cell lines were grown to 100% confluent (~ 1.2x10° cell/ 2ml of media) in a 6
well-plate. After reaching the desired confluency, cells were washed once with 1X PBS
(Invitrogen) for five minutes at room temperature to ensure the removal of unattached
cell debris prior to fixation with 4% paraformaldehyde (PFA) for fifteen minutes at room
temperature. The fixed cells were then washed thrice, for five minutes each time, in 1X
PBS with 0.1% sodium azide to ensure complete removal of the fixative as well as to
prevent bacterial growth before the addition of 2X casein blocking buffer (Sigma).
Blocking of the non-specific binding sites was carried out overnight by incubating at 4°C.

2.2.2.1.4 Whole cells on a glass-slide: Formalin-fixed paraffin embedded (FFPE)

Different cells were grown to 100% confluency in T75 flasks. After the media was
removed the cells were washed with 1X PBS, scraped and placed in a 15ml falcon tube
for harvesting by centrifugation at 1000 rpm for fifteen minutes at 4°C. The high
centrifugation speed resulted in a compact pellet of cells that were fixed in 5 ml of 4%
formaldehyde prepared in 1X PBS overnight prior to adding 5 to 10 ml of 70% ethanol
until the paraffin embedding. Dr. Filomena Esteves was kind enough to perform the
process of cells embedding, block preparations and sectioning in LIBAC.

2.2.2.2 Bio-panning: selection rounds
2.2.2.2.1 Using recombinant proteins as the source of HER2 or HER3

The whole process of phage selection on the recombinant protein of both HER2 and
HERS3 is presented in figure 2.1. A total of three non-competitive panning rounds were
performed. Non-competitive panning rounds are selection rounds that do not include a
competitive elution with a non-biotinylated recombinant protein of the target (the
competitor). The addition of the non-biotinylated target (the competitor) with an
incubation period of 24 hours at 4°C as recommended by the BSTG phage screening
protocol is enough to induce dissociation of the Affimer-displaying phage clone and to
prevent it from re-binding. The binders that were not displaced in the presence of the
competitor (binders with slow dissociation rates and thus high binding affinities) were
eluted and subjected to further amplification rounds. However, in this research, the main

aim was to recover as many binders as possible in order to obtain those able to perform
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as detection reagents in IHC or those that exhibited potential therapeutic properties.

Therefore, standard phage screens with no competitive elution steps were performed.

Biotinylated target proteins were immobilised onto a streptavidin coated wells for one
hour at room temperature before the addition of 5 pl of Affimer phage library (Tiede et
al., 2014). The library was pre-panned/depleted on streptavidin coated wells containing
no target protein. When the biotinylated HER2-Fc tagged protein was used as the target,
the library was pre-panned on an additional well contained an Fc-tagged control protein
in order to remove Fc-tagged binders. The pre-panning was performed at room
temperature for a total of 120 minutes (forty minutes on each well). Following the
depletion, the library was exposed to the immobilised target protein for two hours at room

temperature and a shaking speed of 300 rpm.

Next, the plate was washed 27 times with 300ul PBST (pH 7.4) to remove the un-bound
variants of the phage using the TECAN hydroflex automated cell washer, while the bound
phage variants were eluted with 100ul 0.2 M glycine, pH 2.2, for ten minutes (neutralised
with 15pl of 1 M Tris-HCL, pH 9.1) and with 100ul of 10mM Triethylamine for six
minutes (neutralised with 1 M Tris-HCI, pH 7.0). A volume of 8 ml of E. coli strain
ER2738 cells (Lucigen, UK) were then infected with the eluted phage for one hour at
37°C with a shaking speed of 90 rpm to enable for phage propagation and amplification.
After that, 1 ul of the 8 ml phage-infected bacterial cell culture was plated on a Luria-
Bertani (LB) agar plates supplemented with 100 pg/ml carbenicillin (50mg/ml
carbenicillin stock prepared in ddH20, Invitrogen) and allowed to grow overnight at 37°C
incubators. The remaining cells in the 8 ml phage-infected cell culture were harvested by

centrifugation at 3,000xg for five minutes and resuspended in a 200pl volume of 2TY media and

spread onto LB-carb plate, which is termed as “remaining cell plate”.

51



;ﬁw <
P 357
Affimer-displaying Y/
phage (M13) PP Jidiq -—\ Y .\\\ /
T ( S |

pe 50§ — | IS—
"ﬁ‘, 3 ‘ %« /Streptavidin \O
. . ) A ) coated well
Naive Affimer Library 1. Depletion on blocked £

(1.3x 10%°) plastic

. Recombinant
(ECD) protein

N
M13K07 7. Amplification by ,\
helper phage £ EU
helper phage / 76 ‘ed\)‘o G
o VR (ep®
o A 0% aon®
Panning o oiise® ™ | el
) i) axed -
round ‘ * o O Biotin molecule
2. Selection on
immobilised target
6. Grow phage pool on
LB agar plate &
\ Q@ D '\ )
- ~ § Vi
' 4/' T 0%
| ¢ e

3. Wash éff non-
binding phage

i,:::j,

&/ ‘\/

\ 4. Elution of bound
5. Bacterial cells infection phage

with eluted phage pool

Figure 2.1 Isolation of Affimers by phage selection on immobilized-recombinant
target protein. Naive or enriched library of phage-displaying Affimers was depleted on
blocked wells contained no target before the beginning of the selection process on an
immobilized-recombinant target protein. Compared to naive library, the enriched library
refers to the library that has been selected previously on the target cells and contains target-
binding specific phage clones. When the naive library is selected on the target cells or
protein in round one, the amplified phage pool obtained from this round is now termed as
“Enriched library or enriched phage pool”. Here, the recombinant proteins of the ECD of
all HER2, HER3 and EGFR were biotinylated. Next, irrelevant (non-binding) phage clones
were washed off, while bound phages were eluted and used to infect bacterial cells for
further phage-target specific amplification using M13KO?7 helper phage. Bio-panning
round were repeated thrice.

Following overnight incubation, all grown colonies in the remaining cell plate were
scraped using 8 ml of 2TY media (per litre: 10 g yeast extract; 16 g tryptone; 5 g NaCl,
pH 7.4) containing 100 pg/ml carbenicillin and then placed in a 50ml falcon tube in order
to start the amplification process. Helper phage 0.32 pl M13KO07 (titra ca. 10'%/ml) was
used to infect bacterial cells for thirty minutes, at 37°C, with a shaking speed of 90 rpm.
After the infection stage, 16 ul kanamycin (stock concentration of 25mg/ml, Invitrogen)
was added and cells were grown overnight at 25°C, 170 rpm. Subsequently, the phage-
infected culture was centrifuged at 3,500xg for 10 minutes and the phage-containing supernatant
was transferred to a fresh 15ml falcon tube. From this supernatant, a 100pl phage aliquot was
removed for use in the second panning round before proceeding to phage precipitation. The

enriched pool of target-specific phage was precipitated in 2 ml polyethylene glycol-NaCl
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solution (4% (w/v) PEG 8000, 0.3 M NaCl) and kept overnight at 4°C. After precipitation,
the pool of phage variants was pelleted by centrifuging at 4816xg for thirty minutes
followed by resuspension in 320 pl of TE buffer (10 mM Tris; 1 mM EDTA,; pH 8.0).

Phage stocks were then prepared by adding equal volume of 80% glycerol (Sigma-
Aldrich) and stored at -80°C for the next selection round and future use in different
screens. In the next two rounds of selection, the same procedures were repeated using 5
ul of the phage stock obtained from the previous rounds. However, in both the second
and third panning rounds, an equal volume of a depleted suspension of phage was added
into target (recombinant protein) and non-target (no protein) containing wells to evaluate
the efficiency of the screen. To achieve such evaluation, different concentrations of
infected ER2738 cells (a volume range of 100, 10, I, and 0.1 pl) were plated on LB-
carbenicillin agar. The number of the recovered colony forming units (CFU) was counted
and the difference in the number of recovered colonies from both target and non-target
plates were assessed and compared. The overall enrichment rate of target-specific phage
was also evaluated by examining the increase rate of the number of recovered colonies

between all rounds.

2.2.2.2.2 Using FFPE cell sections on a glass-slide as the source of HER3

The enriched pool of HER3 binding phage variants was panned against FFPE sections of
cells that overexpress HER3. About 5 ul of an HER3-enriched phage library, which was
developed by previous phage screen on HER3-recombinat protein was diluted into 100
ul of blocking buffer before adding to cells. Two different screens were performed using
different HER3 overexpressing cell lines. In screen-1, the positive cells were MDA-MB-
231 cells, while MDA-MB-231 cells were employed in the screen-2. For negative
selection, FFPE section of U87-MG cells that do not express HER3 were used. The
overall on-slide-cell-based protocol is summarised in figure 2.2. Following
deparaffinisation and rehydration of cell sections, the antigenicity was retrieved (see
section 2.2.6.4), and the slides were placed in a rectangular plastic microscope glass
holder (Fisher Scientific) that contained 2 ml of 10X casein blocking buffer.

Sections were blocked for 1 hour at room temperature before the start of library depletion
on U87 cell sections. 100 pl of an enriched library of HER3 binding phage (1:20 dilution
factor prepared in 10X casein blocking buffer) obtained from previous selection screen

against the recombinant HER3 protein, was added on U87 cells and incubated for 1 hour
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incubation at room temperature. After the negative selection step on U87 cells, the
depleted pool of phage was then divided into equal volumes to be added on MDA-MB-
453 and MDA-MB-231 cells for 1 hour at room temperature. Subsequently, cell sections
were washed 10 times with 1 ml of 1X PBS, pH 7.4, and the bound phage were eluted
and then plated out as described previously in section 2.2.2.2.1. The whole selection,
reinfection and amplification process were repeated three times and the output of each

round was evaluated.
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Figure 2.2 Cell-based phage screening strategy using FFPE cell sections on a
glass-slide and enriched Affimer phage library. An enriched library was depleted
on FFPE-non-target cells (U87-MG cell line) prior to selection on target cells (FFPE
section of MDA-MB-231 cells in screen-1 or FFPE section of MDA-MB-453 cells
in screen-2). Following selection, unbound phage clones were washed, while bound
phages were eluted and used to infect bacterial cells for further amplification to start
the next round.

2.2.2.2.3 Using fixed monolayer of cells in 6-well plate for isolation of HER? or
HER3 binding Affimers

To start the selection process of HER3 and HER2 binders on fixed-cells, 100 pl of an
enriched pool of phage obtained from 2/3 panning rounds against recombinant proteins
(1:10 dilution factor prepared in 10X casein blocking buffer) was added to blocked well
containing no cells for forty minutes followed by one hour depletion step on fixed U87-
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MG cells (for HER3 phage screen) or MCF7 cells (for HER2 phage screen) . Summary
of the overall phage screen on fixed monolayer of cells is illustrated in figure 2.3. After
negative selection, an equal volume of the phage-containing suspension was transferred
to target (MDA-MB-453) and non-target cells (either MCF7 or U87-MG), respectively.
and incubated for two hours at 50 rpm shaking speed. Unbound phage variants were
removed by 10 times of washing with 1 ml of 1X PBS, pH 7.4. According to the BSTG
protocol, a stringent washing of the unbound phage is achieved when the plate is washed
for 27 times with 1X PBS, pH 7.4, using the automated plate washer of for 10 to 12 times
using manual washing in case of performing screens involving cells. Cell-bound phage
were then eluted and replicated in bacterial cells to allow for the amplification of specific
binders through three rounds of panning. All elution and replication steps were performed

as described in section 2.2.2.2.1.

In each selection round, the efficiency of the screen was evaluated based on the number
of the recovered colonies that was counted based on the number of colonies grown on the
plates containing 1ul of cells. The number of counted colonies was then multiplied by 1000 to
determine the number of colony forming units (CFU) per 1ml, or multiplied by 8000 (total volume
of bacterial cell cultures used in the screens in order to grow and amplify phage-infected cells) to
determine the total number of recovered, phage-infected cells. The overall enrichment rate of
target-specific phage was also evaluated by examining the rate of increase of increase of the
number of recovered colonies between all rounds. Furthermore, in each round of panning, the
cells were visually examined under a light microscope to verify that they were still intact
and had not been detached by the harsh washing and elution steps. Finally, the generated

enriched phage library was precipitated, purified and stored at -80°C for future use.

We also performed a combined phage screen in which both biotinylated HER2-ECD
recombinant protein and HER2 overexpressing cells (MDA-MB-453) were used in an
alternative manner in order to isolate HER2 binders. In the first round of selection, 5 pl
of naive Affimer library was diluted in 50 ul of blocking buffer and depleted on 2
depletion wells (contained 2X blocking buffer) before selecting it on biotinylated HER2-
ECD that was immobilised on streptavidin-coated plate as described in section 2.2.2.1.1
and 2.2.2.1.2. This round of selection was performed as mentioned in section 2.2.2.2.1
and the colonies of phage-infected cells were scraped with 8 ml of 2TY media to start the
precipitation process. However, before precipitation, cells were centrifuged and 100 ul of

the phage-infected cells were taken to be subjected to the second panning round on cells.

55



In the second panning round, the phage library obtained from the previous round was
depleted on U87-MG cells and then selected on MDA-MB-453 cells as described
previously in this section. The eluted phage clones were then propagated, amplified and
plated out in LB-agar plate containing antibiotic in order to recover 100 ul of the phage
pool and use it in the third panning round on the HER2-ECD recombinant protein. The
third panning round on protein was performed as illustrated in figure 2.1, section
2.2.2.2.1.

In another pure cell-based screen (no protein involved) to select HER2 binders on cells,
10 pl of a naive Affimer phage library (1:100 dilution factor prepared in 10X casein
blocking buffer) was depleted against fixed monolayer of HB2 cells before selecting on
the transfected counterpart (HER2-HB2 transfected cells) cells. Three rounds of
screening were performed as described in figure 2.3, and as mentioned with the HER2
and HER3 combined phage screens containing cells and involving the use of an enriched
phage library. The only difference in this new screen using HER2-HB2 transfected and
non-transfected-HB2 cells is that the used library is the naive Affimer library and the

selection process was performed in a total of 4 rounds.

2.2.2.2.4 Phage display protocol for biomarker discovery

In accordance with the selection process illustrated in figure 2.3, 10 pl of a naive Affimer
phage library (1:100 dilution factor prepared in 10X casein blocking buffer) was panned
against fixed monolayer of cancerous (MDA-MB-453) and non-tumorigenic (HB2) cells
to isolate Affimers for biomarker discovery. In the first panning round, the Affimer library
was depleted on wells containing a fixed monolayer of HB2 cells for one hour of
incubation at room temperature. Following negative selection, the depleted phage pool
was transferred to wells containing a fixed monolayer of MDA-MB-453 and incubated
for additional two hours, at room temperature, without shaking. Next, the wells were
washed 12 times (five minutes each) using 1X PBS (pH 7.4), and the bound phage were
eluted, replicated in bacterial cells and plated out on LB agar plates as previously

described.
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Figure 2.3 Isolation of Affimers on fixed monolayer of cells using phage display. Enriched
library was depleted on wells contained either no cells or a fixed-monolayer of cells not
displaying the target protein (MCF7 cells in HER2-screen or U87-MG cells in HER3-screen).
Thereafter, depleted pool of phage was selected on fixed-monolayer of cells overexpressing
the target protein (MDA-MB-453 cells was used for both HER2 and HER3-phage screens.
Following selection, unbound phage clones were washed off, while bound phages were eluted
and used to infect bacterial cells for further amplification to start the next round. Another
screen to isolate HER2 binders from cells was performed using engineered and non-
engineered cells (HER2-HB2 transfected and HB2 non-transfected cells) in addition to the
naive Affimer library in a total of 4 selection rounds.

In the second panning round, the stringency of the selection process was increased by
prolonging the washing step (4 hours at room temperature using 1 ml of 1X PBS, pH 7.4
and interval change of the wash buffer in one hour interval) and increasing the number of
depletion steps (using two depletion-wells containing HB2 cells instead of the one well
only included in other rounds). Briefly, 100 pl of phage supernatant from the first panning
round was diluted in 10X casein blocking buffer (1:10 dilution) and added on HB2 cells
to start the negative selection. The pool of phage was depleted twice on separate wells
that contained HB2 cells for 1 hour at room temperature and shaken at 50 rpm. The
depleted suspension of phage was then added to MDA-MB-453 cells for 1 hour at room
temperature with a low shaking speed (between 30 to 50 rpm). To remove un-bound

phage, the cells were washed with 1 ml of 1X PBS for 4 hours at room temperature with
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a buffer renewal every hour. Next, the bound phage was eluted, replicated in E. coli cells
and grown on LB agar as mentioned in section 2.2.2.2.1. The outcome of this second
round was assessed (refer to section 2.2.2.2.1), and the grown colonies were scraped into
8 ml of 2TY media and amplified using helper phage to further enrich the pool with target-

specific binders.

Two more rounds were performed using 100 ul of the enriched phage supernatant
recovered from the previous rounds. After stringent selection in the second panning
round, both the third and fourth rounds of panning were performed at the same conditions
as were used in the first selection round. However, in these two rounds, the depleted
supernatant of phage was divided into equal volumes and added on both HB2 and MDA-
MB-453 cells to evaluate the final output of the whole screen by comparing the number
of recovered colonies from both target (MDA-MB-453) and non-target (HB2) cells. After
all the rounds, phage stocks were prepared and stored at -80°C. Cells were visually
checked under the light microscope after each of the rounds.

2.2.2.3 Phage ELISA

2.2.2.3.1 Preparation of phage: colonies selection

In 96-well deep-V bottom plates (Greiner Bio-One) single picked colonies were grown
for overnight at 37°C in a 2TY media with at a shaking speed of 1050 rpm. Next day, a
fresh 96 well deep-V bottom plate was inoculated with 25 ul of the overnight culture.
Glycerol stocks of the original 96-well overnight cultures were prepared by adding 50%
(v/v) glycerol to the plate and stored at -80°C for long-term usage. The freshly inoculated
plate was grown overnight at 37°C at the shaking speed of 1050 rpm for one hour.
M13KO7 helper phage (diluted 1:1000 in 2TY media supplemented with 100pg/ml
carbenicillin) was added to all wells. The plate was incubated at room temperature for
thirty minutes with 450 rpm shaking speed. Later, growth selection of bacterial cells
carrying the phagemid was made by adding 10 pl of 2TY media supplemented with 1.25
pg/ml of kanamycin (kanamycin stock of 25mg/ml prepared in ddH20). Following
addition of the antibiotic, cells were grown overnight at room temperature with 750 rpm
speed of shaking. Next day, the plate was spun at 3500xg for ten minutes at 4°C and 50
ul of the phage supernatant was transferred directly into the ELISA plate to perform the

assay.
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2.2.2.3.2 Positive hits conformation

After picking defined number of colonies randomly and grow them in 96-well deep-V
bottom plates, their binding ability and specify towards the target protein was confirmed
using different platforms of ELISA (i.e., protein-based and cell-based ELISA assays).
Phage immunofluorescence (IF) staining was also used to visualise the binding pattern of
some phage displaying Affimers as well as to determine the localisation of the proteins
to which these tested phage clones bind to on cells. This section describes the ELISA
assay, while detailed description of the phage IF protocol will be mention in section
2.2.6.1.

2.2.2.3.4 Protein-based ELISA assay

When protein-based ELISA was performed, streptavidin-coated 96 well plates was
employed. The wells were blocked with 2X casein blocking buffer for overnight at 37°C.
Biotinylated protein targets (HER2 and HER3) were diluted 1:1000 in 2X blocking buffer
and 50ul of the diluted protein was aliquoted into the wells following the pattern
illustrated in chapter 3 and 4. Added biotinylated-protein was incubated on wells for one
hour, at room temperature and a shaking speed of 300 rpm. Next, wells were washed once
with 1X PBST using automated plate washer and 50ul of phage supernatant containing
10ul of 10x blocking buffer were added into all wells, except of the ones used to test the
phage clones against blocking buffer. Phage clones were allowed to bind to their target
for 1 hour at room temperature, 300 rpm before washing and addition of 50ul anti-fd-
Bacteriophage-HRP (1:1000 diluted in 10X casein blocking buffer) for one hour with 300
rpm. Afterwards, wells were washed for 12 times with 1XPBST using plate washer and
S50ul of TMB substrate was added. The absorbance of the developed blue colour was
measured at 620 nm, and the ability of a single phage clone to bind to its target was
confirmed by comparing the absorbance readings of all wells contained target, non-target,

and buffer control.

2.2.2.3.5. Cell-based ELISA assay

The cell-based ELISA required a seeding of ~8,000 cells in 100 ul into 96-well plates
(Corning® Costar ® Sigma-Aldrich). Seeding and fixing of both target (cells

overexpressing the target protein) and non-target (cells do not express the target protein)
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cell lines was performed on a similar way to the 6-well plate mentioned in section 2.2.2.1.
Before the assay, the plate was pre-blocked with 2X casein blocking buffer for overnight
at 4°C. The next day, ELISA assay was conducted following the same way of performing
a protein-based ELISA.

2.2.2.3.6 Characterizing the selected positive hits

ER2738 colonies containing the positive clones were grown in 3ml 2TY media
(supplemented with 100 ul of carbenicillin) overnight at 37°C and 230 rpm shaking speed.
Using QiAprep Spin Miniprep kit (QIAGEN), the plasmid DNA was extracted according
to the manufacturer’s protocol. Aliquoted samples of the pDHIS phagemid DNA were
then sent for sequencing (Sanger sequencing, GENEWIZ) using an M13-26 Reverse
primer: 5>-CAG GAA ACA GCT ATG AC-3’. Next, the amino acid arrangement of the
variable loops of all sequenced hits were identified and further characterised using the
MacVector 16.0.9 software (MacVector Inc, USA) and ProtParam tool (ExPASy,
Bioinformatics Resource Portal) respectively.

2.2.3 In vitro production of soluble Hisg-tagged Affimer
proteins

To produce Hiss-tagged Affimer proteins, the Affimer cONA was subcloned from the
phagemid vector into an expression vector containing a Hiss-tag, such as pET11a (figure
2.4).

2.2.3.1 Molecular subcloning of Affimers

2.2.3.1.1 Amplification of Affimer sequence from the phagemid vector

Affimer DNA sequences were amplified by PCR following the conditions summarised in
table 2.6. Prior to the amplification, 25 pl of PCR reaction mixture containing 1 pl of a
phagemid DNA of a single clone was set up as described in table 2.7 and placed into PCR
machine. It should be mentioned here that the sequence of the amplified Affimer can
either contain a cysteine residue or not based on the reverse primer used (see primers list
in table 2.8). To remove the phagemid from the amplified PCR product, 0.5ul of Dpnl
was added to all PCR reactions for one hour at 37°C. Next, all PCR products were purified
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using QIAquick PCR purification kit (QIAGEN) according to the manufacturer’s
instructions, but with using sterile water to elute the product instead of the mentioned
buffer.

Following purification, the PCR product was digested with 0.5 pl of both Nhel and Notl
restriction enzymes. After digestion, Affimer sequences were purified using the same
purification kit mentioned earlier. Finally, the concentration of DNA was measured using

NanoDrop Lite Spectrophotometer at A260 nm (Thermo Scientific) and stored at -20°C.

1. Amplification of the cDNA .
sequence of Affimer within the pDHis
phagemid vector Phagemid

Notl l Nhel

2. Digestion of Affimer sequence .
from the phagemid using restriction ’ Affimer cDNA sequence ‘
two enzymes.

! |
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vectors plasmid
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Figure 2.4 Schematic overview of the subcloning process of Affimer cDNA sequences
from pDHis phagemid vectors into different expression vectors. The subcloning
process starts with a standard PCR protocol to amplify the cDNA sequence of an Affimer
in order to be digested. Double-site digestion of the sequence was performed using Notl
and Nhel restriction enzymes that facilitated the removal of the amplified-sequence of
Affimer from the phagemid vector. The digested sequence (insert) was then ligated into
different vectors that were already digested using the same restriction enzymes. Ligation
occurred using T4 DNA ligase that fixed the ends of the Affimer and the vector together
without the need for an additional PCR process. The vectors into which Affimers ligated
included: pET11a vector, monomeric-alkaline phosphatase (mAP) contained-pET11a
vector (subcloning process performed by BSTG), and Fc-IgG contained vector
(subcloning performed by Avacta Life Sciences).

2.2.2.3.1.2 Ligation of the digested Affimer sequence into the pET11a vector

To ligate the digested Affimer sequence into the pET11a vector, 25 ng of the Affimer

DNA sequence was added to the following 25pl volume of mixture; 2 ul of 10X T4 DNA
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ligase buffer, 1 ul of T4 DNA ligase and 75 ng of the DNA of a digested pET11a vector
that was kindly provided by the BioScreening Group, and ddH20O as required. Ligation in
to the pET11a vector was carried out in a 1.5 ml Eppendorf microcentrifuge for overnight
at room temperature. A reaction mixture where no insert (Affimer DNA) was added to

the digested pET11a vector was included to serve as a negative control.

PCR Steps Temperature Time Cycles
Initial Denaturation 98°C 30 seconds 1
Denaturation 98°C 20 seconds
Annealing 54°C 20 seconds 30
Extension 72°C 20 seconds
Final Extension 72°C 10 minutes 1
Hold 4°C Hold

Table 2.6 PCR condition for the amplification of Affimer sequence in the phagemid vector.

Component 25 pl Reaction
Sterile Water 13.8 pl
5X Phusion HF Buffer (NEB) 5ul
dNTP Mix, 25 mM (MP Biomedicals) 0.2 pl (200 puM)
DMSO (NEB) 0.75 ul (3%)
Forward Primer (10 uM stock, Sigma) 2 ul (0.8 uM)
Reverse Primer (10 uM stock, Sigma) 2 ul (0.8 uM)
Phusion DNA Polymerase (NEB) 0.25 pl (0.02 units/ul)
Template DNA (Phagemid vector) 1 ul (5-10 ng)

Table 2.7 PCR Components of 25 pl reaction volume required to clone the Affimer
sequence into a digested pET11a expressing vector.

Purpose Primers sequence
Amplification of Forward: 5> TTCTGGCGTTTTCTGCGTCTGC
Affimer from
phagemid vector Reverse: 5> TACCCTAGTGGTGATGATGGTGATGC

Forward 5> ATGGCTAGCGGTAACGAAAACTCCCTG

Cloning Affimer into Reverse with C:5’-
pET11a vector TTACTAATGCGGCCGCACAAGCGTCACCAACCGGTTTG

Reverse without C: 5 TACCCTAGTGGTGATGATGGTGATGC

Cloning Affimer into Forward: 5> ATGGCTAGCGGTAACGAAAACTCCCTG
alkaline phosphatase
(AP) contained Reverse without C: 5 TACCCTAGTGGTGATGATGGTGATGC
pET11a vector

Table 2.8 Primers used in molecular subcloning of Affimers
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The ligation mix was transformed in to XL1-Blue supercompetent bacterial cells (Agilent
Technologies). 1 ul of the ligation mix was added to 50 ul of competent cells and heat
shocked at 42°C for forty-five seconds. Following heat shock the cells were recovered in
1 ml SOC media (Sigma, UK) (Froger and Hall, 2007). 100 ul of transformed bacterial
cells were then plated on LB agar supplemented with 100 ul carbenicillin and incubated
overnight at 37°C. The next day, single colonies were picked and grown in 5 ml of 2TY-
carbenicillin media overnight at 37°C. Colonies were picked only when the negative
control plate showed either no colonies or very few colonies compared to the other
positive plates. The plasmid was extracted using the QIlAprep Spin Miniprep Kit
(QIAGEN) according to the manufacturer’s instructions. Subsequently, an aliquot of the
extracted plasmid DNA was sent for sequencing (GENEWIZ) using a T7 primer: 5’—
TAA TAC GAC TCA CTA TAG GG. Before Affimer expression, DNA sequences were
checked and the amino acid arrangements of the Affimers were analysed using the

translate tool in the EXPASYy Bioinformatics Resource Porta.

2.2.3.2 Production and purification of Hiss-tagged Affimers

To produce the Affimers, 20 ul of the competent E.coli strain BL21 Star™ (DE3) (Life
Technologies) cells were transformed. After transformation, a single colony was picked
and placed into 2 ml of LB starter culture contained 100 pg/ml carbenicillin and 1%
glucose (v/v) and incubated for overnight at 37°C. The following day, 50 ml of autoclaved
LB media, in 250 ml flask, was inoculated with 625 pl of start culture and incubated at
37°C, 230 rpm until the cell density reached an ODesoonm Of 0.7-0.8. After reaching the
desired density, the temperature and shaking speed were changed to 25°C and 150 rpm,
respectively and Affimers production was induced by 0.1mM Isopropyl-beta-D-
thiogalactopyranosidel (IPTG, 1M stock prepared in ddH20). Cells were then harvested
by centrifugation at 4816xg for twenty minutes at 4°C. Several strategies to maximize the
expression of Affimers in bacterial cell system were examined (see chapter 3).

Cells were harvested by centrifugation and lysed with 1 ml of lysis buffer (table 2.9) for

two hours at room temperature on a tube-rotator (Stuart™ SB2 fixed speed rotator,

ThermoFisher Scientific). The lysate was incubated at 50°C in a water bath for twenty

minutes followed by cell fractionation at 16,000xg centrifugation speed for twenty

minutes. After centrifugation, the supernatant containing the soluble Affimer protein was

transferred into a 1.5 ml Eppendorf tube contained 300 ul of previously washed nickel
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beads (Amintra Ni-NTA slurry, Expedeon) and incubated for one hour on a rotator at
room temperature to allow Affimers to bind. Next, saturated beads were washed with 1
ml of wash buffer (table 2.9) via centrifugation at 1,000 xg for one minute.

Washing was repeated several times until the absorbance measurements at 280 nm gave
a consistent reading of < 0.04 nm. Hisg-tagged Affimers were then eluted with 1 ml elution
buffer containing a high concentration of imidazole (table 2.9). The elution was repeated
until the spectrophotometer detected no more proteins. Proteins concentrations were
determined using spectrophotometer (Azgonm) and bicinchoninic acid (BCA) assay
according to the manufacturer’s recommendations (Pierce™ BCA Protein Assay Kit).
Prior use in further analysis, Affimers were dialysed in 1XPBS. pH 7.4, using Slide-A-

Lyzer™ dialysis cassettes as instructed by the manufacturer.

Buffer Components pH
Bacterial cells e 1 ml lysis buffer (50 mM NaH:PO,; 300 mM NaCl; 20 mM
Lysing buffer Imidazole; 10% Glycerol(v/v))

¢ 1 X BugBuster® 10X Protein Extraction Reagent
(Novagen)

e 10U/ml Benzonase® Nuclease, Purity > 99% (25 U/ul, 7.4
Novagen)

e 1 X Halt Protease Inhibitor Cocktail (100X, Thermo
Scientific)

Wash buffer e 50 mM NaHPOg4; 500 mM NaCl; 20 mM Imidazole;

0.01% Tween (V/v) 7.4

Elution e 50mM NaH,PO,, 500 mM NaCl; 300 mM Imidazole; 10%

buffer (v/v) Glycerol 7.4

Table 2.9 Lysis, wash and elution buffers used in Affimer production and purification
protocol.

2.2.3.2.1 Sodium Dodecyl Sulfate Polyacrylamide gel electrophoresis SDS-PAGE gel

The efficiency of the expression and the purity of the obtained Affimers was confirmed
by sodium dodecyl sulfate polyacrylamide gel electrophoresis SDS-PAGE. 10 ul of
protein sample was mixed with 10 ul of SDS-PAGE sample loading buffer (prepared
from mixing 50 pl of 2-mercaptoethanol, 14.2 M, and 2X Laemmli sample buffer, Bio-
Rad). Before loading 10 pl of the sample protein into wells in a 4-20% Mini-PROTEAN®

TGX™ gel (Bio-Rad), the mixture was heated at 95°C for ten minutes. As a negative
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control, 5 pl of the PageRuler™ Prestained Protein Ladder (10 to 180 kDa) was also
loaded into a single well. The gel was run in 1X TGS running buffer (Tris/Glycine/SDS
buffer, Bio-Rad, pH 8.4) for one hour at 150 mV.

Next, gels were stained for two hours with Coomassie brilliant blue stain (45% methanol,
7% acetic acid, 0.25% Coomassie blue, sterile water) followed by overnight de-staining
step using destaining buffer (45% methanol, 7% acetic acid, sterile water) or dH20.
Finally, gels were imaged using Amersham Imager 60 (GE Healthcare life sciences) and
the purity of the Affimers were assessed. The mass of the expressed Affimers was
calculated by ProtParam tool in the EXPASyY Bioinformatic portal based on the amino
acid sequence. When running the Affimer protein in SDS-PAGE gels, Affimer mass was
further verified by comparing the observed molecular weight to the predicted one under

the guidance of the used protein ladder.

2.2.4 In vitro production of VEGFR2 Affimer-Alkaline
phosphatase (AP) fusion protein

2.2.4.1 Molecular construction of the fusion protein

To start constructing the fusion protein, digested-pET11a contained monomeric wild type
bacterial alkaline phosphatase (AP) was a kind gift from Dr. Syzmonik from the
Bioscreening group at University of Leeds. The Affimer sequence was then subcloned
from the phagemid vector to the digested pET11la-AP contained expression vector

following the same subcloning protocol mention in section 2.2.3.1.

2.2.4.2 Production and purification of the fusion protein

The fusion protein was expressed in vitro following the standard protocol of Affimer
protein production in bacterial cells (section 2.2.3.2) with a few modifications. Several
optimisation trials to maximise the yield of the fusion protein and, at the same time,
maintaining the functionality of both enzyme and Affimer were performed (see chapter
5). The optimal expression protocol of AP-Affimer fusion protein in bacteria will be
described. In brief, a start culture was setup for overnight at 37°C in 2 ml of super broth
media (3% tryptone, 3% yeast extract, 1% MOPS, ddH20, pH 7.0) supplemented with
100 pg/ml carbenicillin and 1% glucose. The next day, 50 ml of the same media was

inoculated with 1ml of the start culture, and the expression of the fusion protein was
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induced with 0.1mM at an optical density (ODeoonm) Of 0.5 and incubated overnight at
25°C and 220 rpm.

The fusion protein was then extracted from cells, captured on nickel beads and eluted. To
confirm the efficiency of the adapted expression protocol and to further check the purity
of the obtained fusion, an SDS-PAGE gel electrophoresis was performed as mentioned
in section 2.2.3.2. The concentration of the eluted protein was determined by BCA assay
after six hours’ dialysis in two changes of 3 L alkaline phosphatase storage buffer (0.15
M sodium chloride, 1 mM Magnesium chloride, 0.1mM zinc chloride, 0.05 M Tris, 50%
glycerol in ddH20, pH 8.0).

2.2.4.2.1 Evaluating the catalytic activity of the AP enzyme using PNPP substrate

Next, the catalytic activity of the AP enzyme was examined using its related p-
Nitrophenyl Phosphate (PNPP, NEB) substrate. In a 96-microplate (Falcon, VWR™),
25 pl of eluted protein was added to 25ul TBS buffer (pH 8.0) contained in the wells. To
the 50 pl volume of the sample, 0.5ul of 500 mM PNPP was added and incubated at room
temperature in the dark for ten minutes to allow the development of the yellow colour.
Both negative and positive controls were used. One well that did not contain protein
sample served as the negative control, while a control protein of known AP enzyme

activity was kindly provided by BSTG was employed as the positive control.

2.2.5 In vitro chemical modification of Affimers

2.2.5.1 Bio-conjugation of horseradish peroxidase (HRP) enzyme to
Affimers

In conducting HRP conjugation to Affimers, two approaches were followed. In the first
approach, primary amines (-NH2) suited on lysine were used, while in the second
approach sulfhydryl groups (-SH) on cysteine residues were used (table 2.10, 2.11and
2.12).

2.2.5.1.1. Approach 1: HRP labelling of Affimers via their lysine residues

Random conjugation of HRP molecule to Affimers by modifying the primary amines on

lysine was performed. For this the lightning-link®HRP conjugation kit (Innova
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biosciences) was used according to the manufacturer’s recommendations of the used.

Conjugation of HRP enzyme to Affimers occurred under a buffer pH of 8.0 (table 2.10).

2.2.5.1.2 Approach 2: Site-specific HRP labelling of Affimers via a single cysteine

residue

In contrast with random conjugation, a site-specific labelling requires a cysteine residue
and a thiol reduction to enable such conjugation (table 2.10). Therefore, Affimer proteins
containing cysteine residues were employed, and the thiol bonds between two Affimer
molecules holding a single cysteine residue was reduced using a tris-2-
carboxyethylphosphine (TCEP) disulfide reducing gel (table 2.11). 150 ul of TCEP gel
was washed by centrifugation at 1,000 xg for three times (1 minute each) using 1X PBS
contained 1mM of EDTA. To the washed TCEP gel, 150 pl of 1 mg/ml Affimer protein
and 5 pl of 1X PBS, pH, 7.2 (containing 50mM of EDTA) were added and incubated at
room temperature, without shaking for one hour. The reduced Affimers molecules were
recovered by one minute of centrifugation at 1,000 rpm and placed and mixed with
maleimide-HRP activated reagent to achieve a mixture of maleimide-activated HRP and
Affimers in 1:1 molar ratio. The conjugation took place overnight at room temperature
before dialysis in 1X PBS, pH 7.0, using the Zeba™ Spin Desalting Columns, 40K
MWCO.

_— Molecular

Characteristics weight (Da)

nghtnln_g I|nI§® I'nno'ava Random labeling via amine HRP: 44,000
HRP conjugation Bioscience

kit groups at pH 6.5-8.5
Maleimide- Innova Site-specific conjugation .
Activated HRP Bioscience via sulfhydryls at pH 6.5- HRP: 44,000
7.5

Table 2.10 HRP- conjugation approaches.
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2.2.5.2 Biotinylation of Affimer proteins

Site-specific biotinylation of Affimers via cysteine was conducted using different biotin
linkers and thiol reducing agents (table 2.12 and 2.11, respectively) following the
manufacturers protocol. Biotin conjugation was optimised by altering different conditions
as described in chapter 5. In this section, the optimal biotinylation protocol will be
summarised. Prior to biotinylation, proteins were reduced by 150 ul TCEP-gel as
mentioned in section 2.2.4.1. Reduced Affimers were then mixed with 0.1mM of Biotin-
maleimide reagent (2mM stock reagent prepared in DMSO) and incubated for three hours
at room temperature, without shaking. Following the labelling, excess unbound biotin

linkers were removed by desalting with the Zeba™ Spin Desalting Columns, 7K MWCO.

Desalting of labelled Affimers was performed twice to ensure a complete removal of free
biotin. In order to assess the efficiency of Affimer biotinylation, an ELISA assay was
performed in the manner mentioned in section 2.2.1.1. Additional assessment of
biotinylation efficiency by determining the ratio between biotinylated and non-
biotinylated proteins was performed using mass spectrometry (MS) analysis. Before MS
analysis, labelled-Affimer reagent was dialysed in 5L of 1X PBS, pH 7.4, overnight at
4°C using Pur-A-Lyzer™ Mini Dialysis Kit (Sigma). All mass-related analyses were
performed by the members in mass spectrometry facility at the University of Leeds.

Thiol -reducing Characteristics Application

agent
e 4% crosslinked . .
Pierce™ . agarose beads Site-specific
. . ThermoFisher- . conjugation of
immobilized- . (supplied as 50% L
R Scientific maleimide-HRP and
TCEP disulfide slurry) o
. . biotin molecules to
reducing gel e TCEP concentration .
Affimers
(8pmol/ml of gel)
ThermoFisher- Molecular Formula: Site-specific
Pierce™ TCEP- Scientific CoH1606PCi conjugation of
HCL e mw:286.65 Da maleimide- biotin
e Soluble at 1.08 M molecules to Affimers

Table 2.11 Thiol-reducing reagents. Details of type, characteristics, source. and applications
used in.
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Biotin linker Source Chemical Molecular  Spacer arm
Formula weight (Da) (A)
Biotin-Maleimide 25mg, Sigma C20H29N505S 451.54 None
Aldrich
4-(n-
malemidomethyl)- 50mg,
cyclohexane ThermoFisher C26H39N505S 533.68 32.6
carboxylic acid Scientific
(BMCCQC)
. 25mg,
Malemide-PEGu- | rpermoFisher | CuHaNsOwS | 922.09 51.9
Biotin L
Scientific
Reactive Groups Maleimide, reacts with sulfhydryl at pH 6.5-7.5

Table 2.12 Biotin-Maleimide linkers. Details of source, chemical formula, molecular weight
and spacer arm length.

2.2.6 Functional characterisation of Affimers

2.2.6.1 Immunofluorescence (IF) microscopy on fixed cells

Prior to affinity/immunofluorescence experiments, cells were split, seeded, and grown on
sterile glass-coverslips until they were 70% confluent. Next, cells were fixed in 4%
paraformaldehyde (PFA) for 15 minutes at room temperature and washed thrice in 1X
PBS (5 minutes each) before permeabilisation in 0.1% Triton X-100 (v/v) for 5 minutes
at room temperature. In case of methanol-fixed cells, 1 ml of cold methanol (100%) was
added to cells grown om glass-coverslips. After this, the plate of cells was immediately
incubated at -20°C for two minutes to enable cell to be fixed without the risk of protein
degradation due to the addition of an absolute methanol. Next, cells were washed three
times with 1X PBS (5 minutes each wash) at room temperature with gentle agitation on

a plate rocker before the start of the staining process.

Permeabilised-PFA fixed cells or methanol (non-permeabilised) fixed cells were then
washed once in 1X PBS and blocked with 5% Marvel milk (prepared in 1X PBS) for 1
hour at room temperature. After blocking, the cells were incubated overnight at 4°C in

110 pl primary unconjugated affinity reagents (Affimers and antibodies, table 2.1 and
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2.3) diluted with 1% Marvel milk. The next day, the cells were washed thrice in 1X PBS
(each five-minute wash) prior to the addition of 110 pl anti-hisxg tag antibody in 1%
Marvel milk for one hour at room temperature to allow the detection of the hiss-tagged
Affimer reagent. Subsequently, cells were washed thrice in 1X PBS to remove the
unbound anti-hisxg tag antibody before adding 110 pl of 1% blocking buffer containing
Alexa Flour—conjugated secondary antibodies (table 2.2) and 1 pg/ml of DNA-binding
dye (DAPI) and were incubated in cells for one hour at room temperature. Finally, the
cells were washed and mounted on glass slide using 25 pl of Fluoromount reagent. Images
were acquired using EVOS fl digital inverted imaging system (Life Technologies) at 20X
magnification or the Nikon Eclipse Ti-E widefield fluorescent inverted microscope
(Nikon) at both 60X and 100X magnifications.

2.2.6.2 IF microscopy on live cells

To start IF staining of live cells grown on glass-coverslips, the cells were washed once
with 1XPBS for one minute at room temperature before the addition of 5 pg/ml Alexa
Fluor-conjugated wheat germ agglutinin (WGA) membrane marker and incubated for
fifteen minutes at 37°C in CO2 supplemented incubator. Cells were washed once in 1X
PBS and primary-unconjugated affinity reagents including Affimers and antibodies (table
2.1 and 2.3). The cells were incubated for one hour at 37°C. Thereafter, the cells were
washed thrice in 1X PBS (each one-minute wash) at room temperature and then fixed
with 4% PFA for fifteen minutes. After cell fixation, the cells were processed following

the staining protocol mentioned in section 2.2.6.1.

2.2.6.3 Immunohistochemistry staining (IHC) staining

2.2.6.3.1 Paraffin blocks preparation and sample sectioning

Tissues and cell pellets samples were embedded in paraffin blocks after processing in
graded ethanol and xylene using Leica ASP200 Vacuum tissue processor (Leica, UK).
The paraffin-embedded blocks of cells and whole tissues were then cut into 4-puM sections
and mounted on poly-L-lysine extra-coated slides (Leica Biosystems). Sample sections
(cells or tissues) were dried for overnight at 37°C before heating them on a hotplate at

60°C for twenty minutes.
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2.2.6.3.2 Staining method

The sections were then deparaffinised and rehydrated starting with a series of three
xylenes washes (three minutes in each solution) and followed by another series of three-
minute washes in graded alcohols (100%, 95%, and 75%,) until finally being washed in
water for five minutes. The pressure cooker was used for antigen retrieval by incubating
the slides in a Tris-base retrieval buffer, pH 9.5 +/-0.5 (MenaPath Access Super RTU, A.
Menarini Diagnostics) for two minutes at full pressure and maximum temperature of
121°C. Next, the slides were allowed to cool down by incubating them in water for five
minutes. The activity of both endogenous peroxidases and alkaline phosphatases was
blocked by treating the samples with 110 pl bloxall blocking buffer (Vector Laboratories)

for twenty min