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Abstract

Use of atibody-nanoparticle conjugates (ANCsasemerged as a muldisciplinary
strategyfor combating cancerthey combine the versatility of nanoparticlaadthe
potentialto deliver cargo to cancer cellsth the high targeting specificity aurface
antibodiedo recognisespecificbiomarkers that are expressed in cancer.cédiseral
strategies have be@mployeal to graft nanoparticles to antibodies, however, most of
them relyon fragile non-covalent nteractions oon methods that do not exert control
on antibody paratope orientati¢gg.randommodification of multiple lysine residues
on antibodies) These issues greatly limiBANCs antigen binding capability
reproducibility and thus, overall efficacy. In this thesis, alternatigestrategieof
generating ANCareproposedregardingantibody or ent at i on on t he n
surface through the use of pyridazinedidrased linkershat site-selectivelymodify
disulfide(s) on antibodies. The overaim is to achievehighly-controlled ANC
construction so that these n@dneration ANCsanbe emgdoyed in future cancer

treatments.

In Chapter 1, an introductiadio currentproteinmodification techniques presented
and, in a more biological contexthe structure and use of fuhtibodesand antibody
fragmens is described. Additionally,an overiew of the current biomedical
applicationsof numerous different types of inorganic and organic nanopartigles
introduced.n Chapter 2the creation of aiftiody fragment Fabargeted PEGPLGA
nanoparticless reportedin particular the generation of Trastuzumab Fab fragments
via digestion techniques and a new approach for their attachment tePPE&
nanoparticles and the consequent results of improvegeanbinding are described.
In Chaptes 3 and 4, different proteins are employent the generation of ANCs,
namely Cetuximalf-ab (in which cell studies are also performedyd considerably
smaller proteins such as variable new antigen recepitigrd) via a similar
methodolog to thatemployed in Chapte?. Concluding, an overview cdchieved

results and futurevork arecovered



Impact Statement

The research mission of this work was to identify current flaws within the field of
critical care medicineral attempt to develop more efficient platforms to overcome
these flaws, inview of further medical applications. More specifically, this thesis
presents a new approach for the generation of specialised nanoparticles (NPs) for the
treatment of diseases, Wiparticular focus on cancer. Cancer is becoming the leading
cause of moriay in most developed countries, with an estimated number of new
cancer cases being above 300,000 every year, just in thBWwgery, when possible,
along with radiation and cher@rapy continue to remain tineost regular fornof
cancer treatmenowe\er, in the past decades, using nanoparticles (NPs) to get drugs
into tumours has been exhaustively explored, since they provide a novel way to deliver
combination therapy with spetiand temporal control over drug release. Furthermore,
nanopar t inatibnevghdmomodamd antibodies (mADs) is thought to bring an
unmet specificity to the platform since mAbs and their fragments have demonstrated
unprecedented affinity profilee bverexpressed cell cancer biomarkers in clinical and
preclinical trialsMoreover, the proposed method of grafting antibodies to the surface
of nanoparticles, that will be described throughout this thesis, demonstrates an
improvement when compared to mets employed in many partiebased
formulations described in literatur®@emarkably, resultant Antibodyanoparticle
Conjugates (ANCs) were tested in cancer-balied assays, where they demonstrated
superior therapeutic effect when compared to otheopemiclebased formulations

or even to common chemotherapy methods. Thegkly promising preliminary
results resulted in two AN@elated publications in high impact papeZsém. Sciand

Chem. Commidemonstrating the acceptance of scientific community

As such, it is suggested the future exploratod further assessmenttbese newly
developed ANCs (described throughout this thesis) ininamivo setting. If, as
expected, the trends show superior targeting and elimination of cancer cells whilst
comhbned with less adverse effects on healthy cells, it is then envisionpdtdreially

impactful application of these ANCs to the field of cancer treatment.
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Chapter 1 Introduction

1.1 Protein modification

Nowadays, pr@ins areseen as the pinnacle of the chemigialogy research fietd
thesemacromolecules perform st array of functions within organisms such as
providing structure to cells, regulating organism processés@nsporting materials
throughoutthe body! Moreover, thetertiary folded structureof proteinsmakes them
ideal candidates for analysing natural systems and creating novel biologicalltools.
order to enhance the potaitof such toolspver the past decadpsoteins have been
chemically modified with diagnostic and/or therapeutic probdsdeally, these
modificationsshould be highly controllablan order toyield highly hom@eneous
constructs that can be welharactesed, easily reproduced and have predictable
pharmacokinetic (PK) profile¥: For this reason, there has been a lot of work into
achievng highly selective modification of amino acjd¥espitethe manychallenges
(e.g. attempting to modify a single amino adid the presence obfther reactive
functional groups such as carboxylic acids, amides, amines, alcohols o).%hiols
Additional challenges lie in finding discriminatory chemical reawdi whid are also
biorthogonali.e. reactions which do not disrupt the structure and/or function of the
protein, are able to proceed under mild temperatategar physiological pH, and in
agueous median addition, protein modification reactions néede @mpatible with
various bufer additives used to stabilise proteiegy.EDTA, sodium azide, salts, and
other surfactantsvhich are often required for protein stabilit@verthe years, several
techniquesdave beersuccessfully developed to overcothesechallengs, resulting

in an extensivelibrary of protein conjug&in strategies Theseare now applied in
variousfields, suchasdiagnostis (e.g.fluorescent tagged proteifsindtherapeutic
agents(e.g.asprotein-drug conjugatesfor the treatment of diseases such as IV

cancet! or malarid?).
1.1.1 Modification of natural amino acids

There isnow a vastioolkit6for the modification of natural and unnatural amino acids
(UAAs),® however,asthe modification ofproteinogaic natual amino acid§NAAS)
is of greatest relevance to thisesisonly this will be discussed in detail belows
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NAAs are naturallypresent in all proteins, they can be targeted without the need to
further altera proteird satural backbone.Also, NAAs can e incorporated into
proteins using sitelirected mutagenesis providechemical handleat particular sites

of interest However, he degree of selectivity offered by this method is reliant on the
reactivity and natural abundance of the NAA tisabeingintroduced.e. either it is

the only amino acid of a certain category being introdumed is the only amino acid

of that category that is available for bioconjugation (other residues of the same type
may be buried in the protein structure atiterebre, not accessibleput of the 20
existent natural amino acids cysteine dysine are within the most utilisedfor
selective protein modification as they possess two of the most nuclesplelahains
athiol and an amine respectivellyigurel).* That being said, othamino acids, albeit
with less nucleophilic sidehains, have also been exploited for this purpesg. (

histidine, tyrosine, serinieFigure 1).

NH,
SH
Al A
Cysteine Lysine
OH
N=
\/\‘H OH
Ay Ay fiuﬁg}\
Histidine Tyrosine Serine

Figure 1. Some of the natural amino acids side chains targeted for chemical

modification of proteins
1.1.1.1 Modification of lysine residues

One of the most common protein modification methods is thrbiggonjugaton to
lysine residue&® Primary amines are located in the sahain oflysine anino acid
residues and, being positively charggdohysiologial pH, they are usually situated

on the outside surfaces of native proteins to maximise protein solubility. This factor
also means thaanylysine residue sidehain amino acids arelsent acessible and

available for reaction withbioconugation reagents. In addition, the nucleophilic
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behaviour of the amino group makes it a desirable target for conjugation with several
well-established chemist's generally via acylation or alkylatio. The most
commonly used reagentdor their modificatim are sulfonyl chloride$t

isothiocyanate$ or activated estet amongst othersy{de irfra, Scheme 1)

NH

HNJJ\/\/SH

0 ?{
JC R 0 j\
HN H HN” N R
{ "
NH
S SCNTR
Iminothiolanes )
;{ Isothmcyanatesg{
N N
(0] H o
OCN"R
Isocyanates
0”°R
Aldehydes HN R
\\S/R NaBH;CN
HN™™Y
ef{N
Sulfonyl Chlorides "o
u
;’{N y NHS-esters
H g o

HNJJ\R
A

Schemel. Commonlyused strategies for lysine modification.

Most FDA approved chemically modified proteins have bgeneratd via lysine
modification protocols typically through amineeactive succinimidyl estef$
However, due to the high natural abundance solgent accessibility of this amino
acid, the modification of lysines results in the formation of heterogeneous products
when targeting modificationsvhere the average degree of conjugation is lower than
the number of accessible lysine residues (thig/pscally the case)this presents
challenges for characteation  batchto-batch variability, unpredictable

pharmacokineticsgnd analysisOwing to the nature of the conjugation method, in the
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plethora of species formed there will be conjugates with feighomodification, both
of which are undesirable. Foigh modification, conjugates may haigsues of poor
pharmacokinetics (for conjugates where many lysines are modifiédhe molecule
that is introduced is relatively hydrophohiand theproteirts naturd activity may be
reducedf an accessible lysine residue is proximal to the activelEtieere is a large
number of biomolecules unmodifigde. no modification) this can lead to high
concentrations of competitive target binders that eleilesiral responselt also for
these reasons why high and low level of lysine modification are not targetedo
high means too many highly modifiednjugatesind too low means a high risk of too
many nonmodified conjugates, making the correct lewé conjugation a difficult
task/balance Nonetheless, there are a few clinically relevanbtein conjugates
generated by lysine modificatiore.(. Kadcyla®)® and there are currently being

developed technologies which allow s#telective lysinenadification.®
1.1.1.2 Modification of cysteine residues

Cysteinetargeting chemistryis a very well recogrsed strategy in protein
modification and its benefits have been reportedthe literaturefor more than 40
years?® This methodology has been widely employed to createersatile
bioconjugategl-??multiply labelled proteins or even to obtain structural information
about a proteil* They provde a unique reactiveandlein proteins and they are a
convenient target for alkylation, disulfide formation and oxidation reactions
(Scheme).

12
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_R

O
A o
0] §/¥o
X R
N
Haloacetamides ;{N%

0]

Cysteine
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Vinyl Sulfone N
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W

Scheme2. Some of the mostommonly used sategiedor Cysteine modification.

Considerablymore reactive than lysireg physiological pKcysteinereacts rapidly in

a chemoselective mannrough itsGsoftdnucleophilic thiolate side chaiffhiolates
have lower charge density than other nucledghi favouring the formation of
thermodynamically stable producfw\hilst total cysteine abundance is at 1.7% in the
human proteomethe majority of cysteine residues exist their oxidised form,
disulfide bridges, and just 0.2% occur as free cysteine residihes.is especially
attractive for two reasons: i) often, if a protein contains cysteine(s), it only contains
one (or few)free solvent accessible cyste{sg(e.g.albumin), dlowing for relatively
facile site-specific modificatiorwith a cysteineonly reactive reagenti) if a protein
contain(s) no solvent accessible cysteineds),cysteines can be introduced into a
protein £quence in a facile manner using well bshedsite-directed mutagenesis
cysteing€s) can be introduced at positions of interest on a protein readted
specifically?6-?7

13



1.5% oftotal amino acids are cysteine residues whichpareed in a unigue cross
linked fashion; disulfide bridges. These bridges @iften known to give covalent
support t certiaay stpuctwet aad preSesdesirableconformatiors. When
unpairedor reducedthere is the possibility of proteiustging due to nomative
thiol-thiol interactions, which often results in protein precimia®® Thus, if single
cysteinethiols are liberated from disulfide, usually under reducing conditions, a
correct pairing ofunctionalre-bridging strategyis often requiredo retain structural
integrity. To this end, strategies ftire insertion of nomnatural moietiese.g. next
generatiommaleimides orpyridazinedions(PDs) (vide infra Scheme 3)into disulfide
bondshave been developed@he newly formed bridge usuallyncludes a functional
group of interest or a chemical hanfide further functionalisation, acting asuaeful
bioconjugation linker.Moreover, i is already described in literature that highly
controlledfunctionaldisulfide rebridging techniques show no significant decrease in
protein stability?®3° For instance, Chudasanea al. recently reported that reagents
based orpyridazinedions could be used as a disidé rebridging platform, without

affecting protein structure, activity or stability vivo.26-31:32

a) zj%R am | a o
-G C

Native disulfide Open disulfide Bridged disulfide

(Reduction ] [ Addition-elimination ] ‘ additi%?gﬁpncijnation ’

R

o)
b) Br:
Y
N
Br R o Q
- -Br 1 _R
N
— _— R —— |
/ N\
s S N S R
R

Native disulfide Open disulfide Bridged disulfide
Scheme3. Mechanism of coect rebridging disulfide througla) nextgeneration

maleimide chemistrp) pyridazinedione chemistry.

Despite the aforementioned advantages of modifying disulfide bonfisbtyonally

re-bridging them, in cases where the proteirhesavily templated, resarchershave
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simply reduced disulfides and alkylatin liberatedree cysteinedor instance in the
formulation of Adcetris®2, an engineered antibody currently employed in the

treatment of Hodgkin Lymphoma.
1.2 Antibodies as therapeutic agents

In the pat few cecades, andwingto medical research develognt, phenotypiand
genotypicexpression patterns goatients ld scientists to identify several disease
markers, resultingn the development of various targeting agéatlthough there
have been several improveméntswv considertons, he main goal for scientists
during thesepast decades remaingtde same: finding the best disease marker
(regarding selectivity and besixpression in all types of unhealthgells) and
developng the optimal targeting efficiency, wiilhaving astable corstructthat is
recognsed bythe cell envronment.As naturalbiocompatibleproteins, nenoclonal
antibodiegmAbs) or immunoglobulinglg) have beenvidely exploredplatformsfor

this purpose

Extensively used in biochemistry, molecular biology, i@l research and
therapeuticanAbsare immunoproteins capableretognisingand binding to specific

disease antigens, triggering immunological acti¥ityThey represent a versatile
therapeutic solution for severaliseasessuch ascancer,HIV, Conhndés di seas
rheumatoid arthritis, broncpalmonay dysplasia, amongst othe¥sOf these using

specific antibodiesfor cancer treatmenis a promising strategyin oncological

medicine albeit with some limitation in efficacy®®” That beng said, antibody

targeted therapig reported to maximissuccessfullykilling tumour cellsand reduce

undesiredside effectsvhencompared to othdraditionalchemicaltherapies®

Monoclonal antibodies havea Y-shaped structurea molecular weightof
approximately 150 kDaare produced by B blood cells and recruitedbiological
systemswhen immunological activityis requirec?® These immunoproteinsare
effective through different mechanisms either inducing apoptosis, or blocking key
receptors or growth factors that are vital for cefigéprodice, or even binding to
cellular targets and recririty cytotoxic agents, amongst other stratedtds.addition,

their selectivity ensurs that bxic contamination isminimised on healthy cells,

compared to traditional chemotherapy methtyds.

15



Antibodies are divided into diffent isotypes as they are classified according to their
heavy chain constant domain structure/shape in placental mamwdsds irifra
Tablel).

Location Proportion | Valency Function

Immunity against invading

19G(9) Blood 70-75% 2
pahogens

IgA( U) Mucosal argas, glanc 10-15% 9g2 Agglupnathn, immunity against
secretions invading pathogens

Agglutination, immuniy agains

IgM (L) B cells, blood 10% 10
pathogens

Allergy, protection against parasiti

IgE ()U  Mast cells, basophils O 1% 2
worms

IgD (U ) B cells O 1% 2 Activation of B cells

Table 1. Properties of the different isotypes of placental mamrijés can be
releaseds dimers® The value 10 isheoreticakincelgMs are mostly pentameric,
however steric hindrances generated whelgMs are bound to antigen epitopes

resulting in a valueloser to 5

1.2.1Antibody fragments

Since the biological properties of antidies are so varied and promising, their
functional abilities have been studied in detail. Therefore, it is known that the antibody
can be divided or digested into snealfragments and still retaiantigenbinding
capability?® Sever techniques using specific enzymatic or chemical cleavage are
currently used, deriving different fragmeKiEgure 2 which will be discussed in turn

below
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Vi v, Variable

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, region (V)
Light chain (L) — s—s
Hinge region
Constant
region (C)
Heavy chain (H)
Full Antibody
Vi A Vi Vi
W7 S 2
S—S S—S S—S
S—S S
S—S é
Cu2 Ch2
F(ab'), Fab'
Cy2
Cy2
CH1Z jCL Vi Vi
s—s Cu3
Fab Fv Fc

Figure 2. General structure afn immuoglobulin G1 (IgG1) highlighting cleavable

regionsthrough digestiomnd most commonly used fragments.

Fv

The variable fragment is the smallest region that still retains the binding capability to
antigen epitopes. It is composed of the uppermregin he Y arms (V and W) and,

in most common IgGs, has a molecular weighta25 kDa.This fragmentlsofinds

its application as a single chain variable fragment (ScFv), in which the variable regions

of Vy and . are connectedia a shortpeptideof 10-25amino acids.

Fab

The antigen binding fragment or Fab is the responsible region for antigen epitope
binding through the paratope present in Fv region. It integrates part of the heavy chain
(CHl and Wi1) and the whole light chaifV. and G), which arelinkedtogetherby a
singledisulfide.These fragments are monovalent and ustmiyea molecular weight

of ca.47 kDa.
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Fabd

This fragment integrates the Fab region and an extended portion of the heavy chain
that contains twocysteine residues whidbelongto the denominatetiinge region
amongst other amino acidbhus, its molecular weight is slightly bigger than Feda (

48 kDa)

F(axbd)
This fragment corresponds to the associa
by the hinge regiondisulfides, inthe same fashion as the native full antibody. As a

Cc o ns e qu e afagmentsHpsaelsta)molecular weightao@6 kDa.

Fc

The crystallisablefragment or Fg regionforms the antibody taibf the Y shaped
structure andnteracts with cell sdace reeptors (Fc receptors), allowing immune
system activation. Consequently, it behaves as an important mediator of antibody
physiological effects detecting opsonized particles, and degranulating mast cells,
basophils and eosinbjs. However, this frgment isunable to recogee antigen

epitopes. They have a molecular weightaf50 kDa.

These fragments have been attracting more and more intecesitly since their
altered physio-chemical properties cabring versatilityto cancer research. For
instancetheir smaller size facilitatageatetissue penetratiowhilst retaining desired
immunologic propertiem certain case$ Also, their less complex struoe enables
more controlled and orientated antigginding strategie*? In addition, undesired
nonspecific binding fromcertan antibady regiors, e.g. unspecific Febinding, &

reduced?

1.3 Antibody Conjugates

As describegreviously, crucial advances the past decades the biomedicafield
led to the first generation of therapeutic antibodmscancer teatment However,
thereremaireda largemargin to improve in antibody engineerisgfetyand efficacy,
as reflected bythe limited number of antibodie®r antibody fragmentshowing
clinical efficiency as singlegents’® As a consequence, and in order to enhdhee
therapeutic potential of antibodies, their conjfiga with small moleculecytotoxic

18



drugs was attemptedreating a new generation of constructs for the treatiwfent
human diseases, antibedyug conjugates (ADCSs)

ADCs area promising class of biotherapeutic constructs énaprimarily aimed at

cancertreatmet.** They combine the cekilling potency of a cytotoxic drug with the
high selectivity of an antibody towards overe)gs®d reeptors on cancer cell
membranesCreating a successful antibedyug conjugate requisecareful selection

of anantibody,drugand linker (Figure 3}°

Cytotoxic
drug

Figure 3. An ADC model highlightingdifferent strategietor modification

(cysteines and lysines).

Utilizing proteinsto deliver small molecule payloads vivo is alreadya well
recognized stratedy as is shown by the approvals aflotrastuzumab emtansine
(Kadcyla®1 (T-DM1); Roche/Genentech, Figure #jentuximab vedotin (Adcetris®

2; SeattleGenetis/Millennium Pharmaceuticald=igure 4 and, more recently, of

i notuzumab ozogamlsbdon (Bmsppuomak) ozogami
was reapprovedby the FDA after being temporarily withdrawn from the market,
between 2010 and 2017.

ADCs arenow a \alidated drug class and, due to the improved technology and
appropriate targeting, their application is growirapidly.*® Howeve, due to an

evolving understanding of ADCghe currentmarketed products areonsidered
suboptimal. For instance, Kadcyla®is generated by modifying accessible lysine
residues. As describgateviously lysine modification is not cordered a dective

method and especiallfor modification on antibodies since there eae90 accessible

l ysi nes on an ant i b ocad}0% possitdeu spéciasc ie ,the pr o d

heterogeneous mixture when targeting typically tolerated drug loadiegs 2-4

19



drugs pelantibody This results in poor reproducibility, a lack of efficacy for low drug
loaded conjugates and rapid clearance of high drug loagagates’ Consequently
Kadcyla®1 heterogeneity and bato-batch variabilityis reported to delivalandom
effect results in clini¢® In Adcetris®2, there is siteselective modification, as only
the reduced intetand dsulfides (of which there are 4) are modified. However, the
monoc-alkylation strategy means that the disulfides are not functionalbyideed,
which can affect structure integrity and stabilityvivo (Figure 4)? Also, as only a
drug loading of 24 is desired ahthereare 8 released cysteines, a statistical mixture
will again be formed with conjugates ranging from O to 8 drugs loddeatddition

the useof classicalmaleimides for cysteine conjugates is undesirable as multiple
reports have shown the resulté@ndconjugates to be unstable in serum due to retro
Michael deconjugatioandsubsequenteaction with albumirt® As with Kadcyla®1,

the existence of high drug to antibody ratio (DAR) species (>4) hasrbeegized

to lead to physical instability, faster clearance, a lower therapeutic index, whilst low

loading conjugates (<2) kdiminished efficacy?’

Kadcyla® Adcetris®
%*SS SS} xs S S Sj
S—S & S—S *

S—S S—S
— Cytotoxic
payload

1 2

Heterogeneity Heterogeneity
Not site-selective Loss of covalent link

between antibody chains

Figure 4. Schematic representations of Kad®la and Adcetri® 2 highlighting the
drawbacks of each technology.

To overcome heterogeneity issues,-ditected mutagenesis was one of the strategies
that wasemployel to customise antibody properties,diw to the generation of near
homogeneous ADCsHowever this route is not consideredideal sincesuch
procedures are expensive amghtrivial, e.g.if a cysteine is introducethereis the

possibility of dsulfide scrambling at th@recise site at which mutagenesis is carried
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out. Also, this engineeringporocedurdas antibody specific and needs to be optimised
on each antibody it is apptle which iscostly and time consumingonsequently,
there has been aide towards siteselectively modifyinghativeantibodies/fragments

to generate homogeneous constritts
1.3.1Site-selectively modified conjugates

Severabioconjugatiorstrategies have beeeveloped tamprove ADC construction
and homogeneity whildtying to avoid expensive antime-consumingengineering
strategies.For instanceN-glycolisation is a oligosacchride maodification of the
multiple naturally-occurringglycan chains presentimost antibodieand it isan oftent

usedapproach for antibodgrug conjugatiorfScheme 42

R AN R A

Schemed. Example of Nglycolisation reaction: oxidation and functionalisation with
cytotoxic drug.
Reagent and condition§) NalOs, acetate buffepH5.5,4 , 30 mi n; (i i)
moiety €.g.Calicheamicin derivative), acetate buffer pH 5.5, 3 h.

For instance, the biotechnology company Synaffix explored these glycan properties
to generate homogeneous ADCs, through GByoon n e teth&ology. This
innovativeconjugation methots achievedria acontrolled twestep enzyme digestion
treatment; the first enzyme trims the glycan to a desired extent and the second enzyme
installs a small molecule substrate bearing a reactiatitumalgroupi a tag substrate.
Following the implementation of a tagpayload can be subsequently attached in a
chemaelective manne¥ Contrastingly, ther techniques simply rely on amino acid

abundance or differential accesdilyilto generate selectivityavoiding extensive
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engineering processdsorthat reason, one of the most valuable conjugation methods
for generating ADCs isia functionally re-bridging the thiols ofreducednter-chain
disulfide bondsthat are native to daibodies to create stabJenear homogeneous

conjugateg*

1.3.2Use of Pyridazinediones (PDs) for sitselective

bioconjugation

Besides pyridainedione scaffolds being noted as intermediates ensgmthesis of
insecticides, acaricides and ectoparasites, they have found their main application in
chemical biology?* They are consideredn excellentplatform for functional re
bridging disulfides due to their stability profile andldbito attach multiplanodalities

via their structural corebackbone (Schem®&). Moreover,and unlike many classical
cysteine modification reagentthey areexclusively specific for thiol modificatign

even when 100 equivalents of reagentisedno lysine modifcation is observed

under analogous conditionslassicalmaleimides often react witimultiple lysine
residues?* Also, PD conjugatepossessexceptionalresistance to hydrolysias
opposed to other cysteimeodified conjugates, particularly maleimidased

conjugates?®

(0]
Br _R! — -
Cys-reactive | N Additional points
centres N of attachment
Br R?
3

Schemeb. 3,6-Dibromopyridazinedion® structurei two cysteinereactive centres

which are responsible for digigde rebridging and two additional reactive handles.

Consequently, a lot of work has been carried out in the ADCtheltcorporatd®Ds
as bioconjugation linkeigito the four native interchainglilfidebonds of an antibody
especially byheCaddick and Chudasama grodpsSFor instanceleeet al managed
to incorporate four B moieties in one single muldisulfide systemi(e. trastuzumab
antibody) with native configuration functional 4leridging generating the

homogeneous antiboeyonjugate4 (Figure 5)32
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_ Pyridazinedione
~  re-bridging

Figure 5. Functionally rebridgednative antibodyia a PD platform, aranged in the

native configuration.

Furthermore Eifion et al. reported the use of PDs to functionalise a trastuzumab
antibody with a controlled loading of 4 monomethyl auristatin E (MMAIR)g
molecules a potent, selective and efficaciousigl ayainst @ancer cellsn vitro andin

vivo.2’
1.3.2.1 Click6chemistry in antibody modification

A common strategy when antibodies are-si&ectively modified with PDs is that a

PD with a functional handle is attached to the antibody and then the formed conjugate
is derivatsed ly reacton of the functional handle. This functional handle must
therefore be biorthogonal and stable to conjugation conditions, and able to react
selectively when on the protetfi.To this end functional handles from thélick 6
chemistry toolbox hae been exploreddClickd chemistry is defined aa classof
biorthogonalreactions thatre easy to perfornstableto oxygen and water, high
yielding, and take placgith minimum (or no) lg-products>’ Also, & the use ofhe
antbody conjugate is inrain vivo setting,it is essential that the employed chemistry

is free of toxic reagent$ For this reasona biorthogonal strained alkyne functional
&clickdhandle6 is used, as it engages ircapperfree strainpromoted azidalkyne
cycloaddition (SPAAC)Schemes).>®
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Schemeb. Copper freeSPAAC &lickdreaction

SPAAC reactionare remarkably populavithin the chemical sciencesld due to their

ease of operation, broad solvent compatibility and 100% atom efficiency resulting in
the formation ofa highly stable triazol8. SPAAC reactions happen sporgansly,
simply by mixing and stirring a cyclic alkyr@ewith an organic azidé, without the
necessity of other reagents or catalystg.copper cataly$t avoiding future live cell
toxicity.>® While SPAAC reactions are not only applicable to cyclooctyney, dne

the smallest cya alkynes thatcan beisolated in a facile manneand stord in their

pure form.However,due to thestrainedalkyne reactive nature, careful exclusion of

air from cyclooctynes is encouragidorderto avoid rapid decompositidii.

The reactivity of cyclic alkynes is directly correlated with ring sizbe bigger the
cyclic ring, the smaller is thalkyne straining effedi.e. this effect induces deviation
from the typical acetgine 18® bond angle)Gratifyingly, in the case of a cyclooctyne,
the straining effect on the acetylene bond anglstill significant (63 °), hence, a
lower activation energyis requiredfor reactionwhen compared to a strairee
akyne.>® Thus there iscurrently awide toolboxof engireeredcyclooctynes available
such as DIF®, ADIBO 10, BARAC 11 or BCN 12 (Figure6).

DIFO (2nd gen.) ADIBO BARAC BCN
—_— F — — —_
X X ()

R
R £ H”V "H
RO/_
9 10 1" 12

Figure 6. Structures of some of the most commonly employed cycloocfgnes
SPAAC reactions
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Whilst DIFO 9 depends on the two electramithdrawing fluorine atoms téurther
increase the rate of stragromoted cycloadditiorADIBO 10andBARAC 11rely on
the (di)benzoannulated conformation to enharyooctynereactivity, asaryl rings
are reported tcreaselte ring straini(e. this effect is conferred by the%spybridized
carbons) and acetylene angle values can go down t8.5t83However,the broad
appication of the aforementioned cyclooctynes is limjtasl they are associated with
time-consuming and expensiggnthetic routes. For instan@gversynthetic steps are
required for thdormaion of BARAC 11, eight steps foDIFO 9, and nine steps for
ADIBO 10, while yields are usually lowe(g.16% for BARAC 11).%° Additionally,
highly reactive probes such as BARAC often suffer from poor stabilityand rapid
degradatiort® Consequentlyring-strained alkynesuch as BCNL2 have attraced
moreattention as thegre reported to bemorestablethan mat cyclooctynesind can
be synthesised in adile mannerover 4 stepsnd with a 46% yieldasreportedby
Dommerholtet al®® Although less reactive thahDIBO 10 or BARAC 11,BCN 12
derivatives are still amongst the most reactoyelooctynesthat are commercially
available becausethey induce additional ring strairthrough the fusion with
cyclopropane enabling a superior reaction rate when compared to plain
cyclooctyne$* Additionally, it is reportedthat a cyclooctyne with a single fused aryl
ring provides an optimal balance between strain enhancement and reation of
steric hindrance, especiallytife aryl ring isat a distal site to thalkyne®>Therefore
BCN 12 derivatives are considered fmely bdance high reactivity withrelative
stability forming a class of versatile cyclooctynes for bioconjugatiath protens
Additionally, and due to the inherent disadvantages of size and hydrophobicity of
cyclooctynes, a PEG spacer is often neagssnallow SPAACreaction to occur in
aqueous conditiorf.Particularly van Delf® sommercially availabl®icyclononyne
BCN(endo)PEG-NH; 13 (Figure 7)°° attracted attentioms a potentiatclickable 6
handle asit comprisesa useful terminalprimary amine allowing amide formation

strateges in vew of BCN integration in a pyridazinedioseaffold.
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‘ Functionalisation
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13
Figure 7. Structure oBCN 13, highlighting relevant reactive centres.

Thus, BCN 13 will be the preérred substrate for the inclusiai azidereactive
6clickabl ed handles on PDs throughout thi

1.4 Nancatechnology for Biomedical Applications

Nanotetinology (from nanq &@warfd in Greek)is the manipulatioror creationof
materials at the atomic and moleculavel, usuallyat a scalebetweenl and 100
nanometre$® It is applied to diverse fields sucls aompuational science, physics,
material engineering and, with most relevance for this wmdmedical science3he
sciencethat merges nanotechnology withe biomedical field, also knowas
nanomedicineconsists in usingprmulationslike nanopartites (NP9 or nanodevices

to cure, diagnose or prevent numerdiseasesOne of its major attractive features is
the fact that this scale of sizes overlaps with most biologicelyant substancesich
asproteins, enzymesgntibodiesyeceptorsamongsothers(Figure8). Also, nanoscale
materials are inherently small comparedhte size of major cell organelles (usually
between 110 pm¥® and, due to this feature, they can cross biological barriers
including the blooebrain barrie?® or transit in anl out blood vessel$enabling them

to interact with a wid panelof biological entities.Thus the application of
nanotechnology for biomedical applications has exponentially grown during the last
few years’?
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Figure 8. Size comparison between nanomateriadd@@ nm) and dterreferences

1.4.1Nanoparticle formulations

This thesis combines the art of protein modification to that of nanoparticle

functionalisation. As such, this part of thesis introduction focuses on the formation

and properties of various nanoparticles.

Nanopaticles tend to be categorised in two major graupsrganic and organic,

although there has beetso considerable effort in developing procedures for the

controlled synthesis of organic nanobeads encapsulating inorganic nanopéfticles.

Herein in thissectionwill be presented a summary for the most widely used inorganic

and organic nanoparticles for biomedical applications and their main advantages and

drawbacks.
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1.4.1.1 Inorganic Nanopatrticles

Iron oxide nanopatrticles

Iron Oxide Nanoparticles (IONPonsst of aniron oxide ferromagnetic core
(typically FeO4) and are usuallgoated withmoieties such adextran to enhance its
biocompatibility with biological systemsllowing further chemical modification on
ther surfaces? IONPshave been used mvast plethora of applications, for instance,
they have beerapplied as magnetic resonance imaging agents (usually as a T2
weighted contrast agerft), drug-delivery probe® or even as therapeutiq®.g.
magnetic hypothermid} For instance, van Kasterezt al developed iron oxide
nanoparticles decorated with carbohydsathat target endothelial markers, usually
overexpressed in acute inflammation, associated with diseases such as multiple
sclerosis, ischemic stroke &flV-relaed dementid’ However, most methods to
synthesise IONPs(g.co-precipitation) generate batches with large size distribution
aggre@tion and poor crystallinit{® Additionally, the absence of porous cavities in the
inner, rigid corampedescargoloading turning them into poor calidatesfor drug

delivery applications.
Gold nanoparticles

Gold nanoparticles havattracted a wide interest due to their exquisite chemical,
physical and biological properties. For instance, their ability to produce heat upon
absorbance of neamfraredlight is currently used in photothermal thera8yRecently,
Xiaoping Yanget al. demonstrated thd&pidermalGrowth Factor Receptor (EGFR)
directed gold nanorods could be heated via near infrared light, inducingurtumo
ablation in mice models with urinary bladder carffeklso, gold optical prorties

such adocalised surface plasmon resonance (LSB&] to itswide use in biosensing
applications, particularly in point of care lateral flow assays for the deteoti
diseasesdg.acute pancreatiti$} Even though, their solid core domet provide a
suitable phtform for cargo delivery and their inner inorganic characteristics still

present obstacles to biocompatibilitue to their higtoxicity .82

Mesoporous silica nanoparticles
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Mesoporous silica nanoparticles (MSNs) are typically generated by the reaction of
tetraethyl oosilicae with a template made of micellar rdfisThis process often
yields sphere shaped silica nanoparticles with a regular arrang@fmresusually
between2 and50 nm(vide infra, Figure9), providingthem with a high surface area

to volume ratio, thus, a high loading capaéftydence, MSNs are highly desirable in

the biomedical field as they can encapsulate high amounts of cargo while still being
more biocompatible than most inorgarparticles® However it is reported that
MSNs6 treatment often | eads to severe me
related to mlanomapromotion. Additionally, the high densityf silanol groups
present in the nanoparticles surface promotes the interaction with the phospholipids of
the red blood cell membrane, resulting in hemol§sishese fundamental
disadvantagedimit their immediate applications as drdglivery systems for

treatment of diseases.
Quantum dots

Quantum dots (QDs), usually smaller than other inorganic nanoparticles, are
semicondudhg crystalswhich have been attcding atention since their discevy

over 30 years ag¥.There is a plethora of different combinations for QD formulations,
the most common being a cadmium selenide aith a zinc selenide caff.These
particles possess exquisite optical properties as they emit bright colours and display
size dependemtpticalpropertiesi(e.the emision wavelength can be tuned with slight
changes in particle size and composition), making them one of the favourite candidates
for biosensing and imaging technologiddowever, their small size limits their
application for diug delivery systems. Moreer, their high toxicity remains a hurdle

for humanin vivo applications?®
Carbon nanoparticles

Carbon manoparttles are mainly composed oarbon, the second most abundant
element by mass in human (after oxygen) and one of the four most abundant in the
universe. For those reasons, it has a low toxicity profile in biological tissues and has
low synthetic cos *° Although these particles can assume a spherical shape, they are
usually assembled in a cylindrical or tubular structuige infra Figure9) possessing
unusual properties such as exceptiati@engh and stiffness, when cqrared to other
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materials, enhancing the structural rigidity of a potential nanoconstruct. It is reported
that carbon nanoparticles can have an important role in cancer treatment, as they can
be heated by radio waves todicate timours or even metastasiseancerf! However,

they hae a tedercy to accumulate in human organs and consequently cause organ
damage €.g. pulmonary damagé¥. This drawback, allied to the poor degradability
profile,®® has himlered tle aloption of these nanoparticles farvivo applications.

Iron oxide nanoparticle Gold nanoparticle Quantum dot
Mesoporous silica nanoparticle Carbon nanotube

Figure 9. Representation of different types of inorganic nanoparticles.
1.4.1.2 Organic Nanoparticles

Liposomes

Liposomal nanoparticles are amongst the most utilisedpetidesin nanomedicine,
with several formulations FDA approved and availatohthe market(e.g. Doxil®,
Ambi someE or .% DheseovssiclesEaye usually synthesised by- self
asserbling mehods €.g.ultrasound treatment) due to the nature of the constituent
lipids (i.e. their polar and nomolar components). Moreover, this spontaneous
assembt enables the encapsulation of molesidilons present in the aqueous solution,
where the vsicles @ae generated Liposomes are considered versatile since their size,
flexibility, and cargo quantity can be controll@dhus, they are considered an excellent
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vehicle for controlled drudelivery. It is reported that liposomes can exlaihanced
pharmacological properties when compared to traditional drugs in sensible treatments
such as ophthalmologic disorder therapies, antimicrobial therapy or even

chemotherapy®
Polymeric micelles

Polymeric micelles are nanoscopic structures formed by a core of aggregated
hydrophobic polymersaated with hydrophilic polymeric chaiféOne of their main
advantagess the ability to circulate for a long time in theobt stram, avoiding
uptake by the reticuloendothelial system due to their hydrophilic n&ureénermore,

the polymeric micellesbility to encapsulate poorly wateoluble anticancer drugs
within ther hydrophobic corés widely appreciate® Nonetheless, their structural
fragility could bea drawback when the end goal is ggsdation of cargsincethe

high porosityresuls in poor catrolled release profilesAlso, the lack of suitable

methods for largscale production limits the applications in the near futtire.
Dendrimers

Dendrimers (from the Greek womendrg which translates to tree) are polymer
complexes gnerated through numerous polymerisation steps ésattrina highly
branched constructsee representation belowEigure 10).1°° The more repeated
branching cyles are performed during their synthesis, the higher generation the
dendrimer is considered, asill have more functional groups exposed on the surface.
Dendrimers are characterised by their structural perfection and monodispersity which
makes them usef for drug delivery systems, biosensors, blood substitutes and for the
generation of capsules iimorgant nanoparticles g g. metallodendrimers)®*:102
Although promsing, dendrimers use in biomedical applications is atilanearly

stage
Polymeric nanopatrticles

Polymeric nanoparticles can be categorised as aagsoles or nanospherdbe
primary differencebeing in how the desired cargo is stored. Nanadapsortain a
defined core or capsule where hydrophilic payloges). DNA/RNA) can be
encapsulate’®whilst nanospheres trap hydrophobidydrophilic(if at an adequate
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pH) drugs within heir sold polymer matrix conformatiat’* These polymeric
nanoparticles have shown significant therapeutic potential due to theinlgivo
toxicity and structural rigidy (provided by the polymericore) alied with thecapacity
for constant release of payloads, adjusted to clinically retetrare scales® In
addition, their polymer comsution allows facile surface functionalisation with

targeting moieties essential for targgtspecificity°6-17

For instancePolylacticco-glycolic acid (PLGA)has been explored asa-polymer
for biomedical applicationdue to its ability tselFassemble intaanostructurewhile
entrapping small moleculé&e drugs. Fotthis, PLGA ability to completely degrade
is also considered a majadvantage since it allows drug releasto the body in a

time-dependent manné®®

Additionally, polyethylene glyco(PEG), is one of the nst emplyed polymers for
drug delivery applications (the first PE@ted product is already on the market for
over 25 years) due to its characteristics suchtealth behaviou(.e. this property
allows the polymerto be undetectedby the immune systemtaearly stages

(opsonisation), allowing increased blood circulation jime

Also, PEG hydrophilic natre allows the nanopatrticle to be stabilised in water by steric

effects in detriment of ionic effect&®

Thus, PEGPLGA copolymers arose as one of the most promising systems for the
polymeric nanoparticles formatid#’ By combining all the good qualities of both
polymers PEG and PLGA, thesenanoparticlesstand nowamongst the preferred
candidates for cancer therapy and will bdedy utilised in tle contex of this thesis.
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Liposome Polymeric micelle Dendrimer

Polymeric nanosphere Polymeric nanocapsule

Figure 10. Representation of various formulations of organic nanoparticles.
1.4.2Cancertherapies

Although nanoparticles are widely used for multiple purposes ihidimeedical field,
lately there has beemndrive to usethis technologywithin cancer research, asrrent
technologies have proven inadequate to meet denratids sectionpnanotechnolog

applied to cancefor diagnostic and therapeutic purposedl be compared with

conventional chemotherapyd thé& advantages and disadvantapeshlighted.
1.4.2.1 Canceri Facts and Figures

By definition, cancer is a group of diseases that involve abnorrarogth, with

the ability to invade and spread to other tissues and organs. Lifestyle cleajcesrt
balancedliets, sedentary lifestyle, smoking, etc.)&reéely considered to biae main

factors for the development of cancer-@®% of the casesyhile genetic background

is responsible for.0% of the case's! Experts estimatthat mae than 4 in 10 cancer
cases can actually be prevented through lifestyle choices. Cancer is responsible for
approximately 15% of all human ahs and one of the critical factors is cancer
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variability - there are more than 100 different human catygers elated to more than

500 different gene$? For this reason, it is unlikely that researchettf find a
ainiversalcuredor a single treatment for all the different types of cancer. Essentially,
successful treatment depearmh the type otancer €.g.pancreatic adenocarcinoma is
considered more lethal than breast cancer with 1% and 78% survival rates,
respectively)13its ability to spread or not to other organs (through a mechanism called
metastasis) and thiene-scalein whichthe canceis deteced(ideally, before anatomic

anomalies are visible).
1.4.2.2 Chemotherapy and its limitations

Currently,chemdherapy isone ofthe mostommonlyemployedherapeutistrategies

for cancer treatment; itsonsistsof adminisering small drugs,oftenin combiration

with other types of treatmente.g. radiotherapy or surgical resectiod.
Chemotherapyhasbeenproven to reduce cancer tumour sizes and, in stases,
eradicate the cancer to an extent where it cannot be detected anymore in the system
(known as full remission). Howewethis combination of therapeutic strategies is still
associated withigh morbidity and mortality. Their side effects remain adie since
healthy body tissues are widely affectéd.This nonspecificity is notorious
especially because the affected healthy cells sharg/ ofthe same charaatisticsof

cancer cellsi.e. healthy cells such as hair, skin, bone marrow or the lining cells of the
digestive system also grow and divide at a constastpace This also greatly limits

the therapeutic window/index of chemotherafgditionally, thelack of capacity to
overcomebiological barriers and adequately respond to the disease environment often

leads to poodrugdelivery in the tumour site's?

In conclusion the uncontrolled injuryof nontargeted tissues complicates
chemotherapyn a way that limits therapeutic dosag&shighly toxc drugs(e.g.
doxorubicin) ad significantly affectsthe quality of life of patients during and after

treatment'®
1.4.3Cancer Nanotechnology

Cancer nanotechnolodyas been developead overcome these challenges, and it is

now seen as one of the keglutionsfor revolutionising cancer detection, diagnosis
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andtreatment With the advances in timanotechnology field it isow possible to find

a vast nanotechnology libramgffering a plethora of nanomaterials with different
shapes, fillings, surfaces, modes of action and composifiads supra Section
1.4.1) Also, the biocompatibility and biodegradability of these materials are now
tuneableto the desired applicatiopme. some nanoparticles are tuned to be cleared by
the immune system faster than others whslome are intended to rapidlggtade after
relevantstimuli.!'’ Nanoparticles are also able safelytransport different types of
cargo to specific targets in the bodyichasmolecular imaging agents or cytotoxic
drugs inhigh quantitie$ all of these new features are seen as a major breakthrough in
cancer diagnosis and treatmélit. Therefore, there are now FDAapproved
nanocarriergmostly polymeric nanoparticlesd liposomeghat are used for delivery

of anticancer agents such as paclitaket?°doxurobicirt?* or 5-FU.1%?

Two general approaches have been utilised to accomplish selective or preferential
delivery of nanomaterial® caner sites passive and active targeting.

1.4.3.1 Passivetargeting

Somenanoformulations are able @passivelypaccumulate within cancerous tissigs
exploitng the abnormal gap junctions (X800 nm) in the endothelium of tummo

blood vesseland impaird lymphatic dranage, a phenomenon known as the enhanced
permeability and retention (ERRan effect described in literature, although still
causing debate within the scientific commurifyEPR effect supposedly favours the
accumulation of nanopatrticles in tunragisste when ompared to normal tissue, since

the tumour neovasculatures are underprovided in form and architecture, lacking
lymphatic drainage, therefore, nanoparticles can accumulate for longer and have more
chances of transposing the abnormal barrigngs dfect has provided mixed results;
some reports support preferential ERRdiated accumulation of NPs in tumours
whilst others show the EPR effect is highly dependent on the tumour fddel.
Nonetheless, tachieve this effect, nanoparticles are often erege toextendtheir
circulation haltlives (e.g.coating nanoparticles with hydrophilic polymer chains such

as PEGhs they are expected to circulate in the body before accumulating in cancerous
tissuesGenerally, particléeaturesuch as shape or sizee alg factorsas it is thought

that theycan be adapted tfavour intratumaral extravasatioh?*2> An important

consideration is that systemically administered NPs might gradually release toxic
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payloads during the long circulatiomot only damaging healthy cells but also holding
relatively small paybads bythe time they reach the tumotf.Although there are
several reviews that cover the passive targeting apptéatfithe focus of this thesis

will be in active targeting applications.
1.4.3.2 Active targeting

One of the key challenges when developing clinically viable cancer therapeutic
protocols is the specificity of the drygasmentionedpreviously, poor targeted and
nonlocalised delivery often damagdsealthy tissuesTo overcome thisissue
researcherare focused on developing nanoengineered maténeatisrget the tumour

sites specifically i usually by targeting specific biomarker&g. antigers, folag,
transferrin, etc.jhat are overexpressed in cancer ¢altsopposed to letting the often
toxic nanoparticles circulat freely.!?® This concept is referredo as 6 act i veod
targeting®*° In activetargeting, nanoparticlegrecombined with high affinity disease
specific targeting ligands such as small molecules, sugars, fatty acids, proteins,
antibodiesand aptamers, resulting inwide range of therapeutic and draggtic
applications.Thus, ative targetirg is considerednore optimalthan nortargeted
appoachesdelivering higher amounts of cytotoxic drugs to tumour cells and reducing
the side effect$!

1.5 Antibody-Nanoparticle Conjugates(ANCSs)

Antibody-based derivatisations are amongst the most reliable therapeutic active
targeting agents due ton t i b lbwodampasibein vivo properties along with tir

high targeting specificity {ide supra Section 1.3f° Antibody-based anoparticles

used as drug carrieess chemotherapeutic agents have the potential to significantly
improve the way cancer is treated. This approachegpand herapeutic indices by
ensuring thapotentpayloads are conveniently delivered onlytte tumour site, hence,
reducingtheside effectof traditional chemotherapeveral candidates have entered
clinical trials, namely SGB3!*? C225ILs-Dox'*® and Anti-EGFR ILs-Dox,**
amongst others. Interestingly, the majority ofdgl constructs utilise antibody
fragments rather than full mAbs as the targeting ligand. This preference is indicative
of the aforenentionedadvantages of these fragments over-leigth antibodies

smaler sizepermitsa gr eat er | oading of meanslessepart.
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immunogenicity while maintaining full antigefinding capability An early study in

support of smaller aiftody fragments as targeting ligands was provioge&€heng and

Allen. Their study comparedthe effectiveness of doxorubicibearing liposomes
decorated witimouse anthuman CD19 antibody (clortéD37) mAb and respective

Fabo a modeleStivelyvtargeB-cell antigen CD19 Cheng and Allerwere able

to observe a steep improvemt in antigen binding forthe HD3a b 6 f r agment
HD37 mAb and HD37%BcFv!®® Drasticdifferences weralsonoticedwhen testedn

vivo protocols inmice full antibady targeed lipo®omes were rapidly cleared from the
systempossibly due to thEc-mediateduptake into the liver and spleen that ScFv and

F a Wragments resistAlso, the mice treated with HD¥# a b 6 t ar get ed Dox
liposomes hda significant improvement irusvival rateswhen compared tthe mAb

and even ScFv fragmerilthoughit would be expected that ScFv fragments would
behave similarly to Fabdé fragment s, ScF
possibly due to the absence of the stabilising regioneop#irentantibody, resulting

in loss of binding activity.

Thesefindings are akey reference for the next generations of antibodgopartict
conjugates it encourages these andligestion of norengineered antibodieshich
confer compatibility with logicd environmens at a relatively low costThese and

other benets of antibody fragments have been described in a recent review published
by Richardset al.4°

1.5.1Nanoparticle-protein interf ace

Whilst nanoparticleantibody onjugates show great promisét is believed that the
methods bywhich the antibody fragments are often attached to nanoparticles have
significant room for improvement, especialggardingorientation of the protein

Nanoparticle surface modifications dymadlyseparated in two tagories: covalent
and nonrcovalent. Norcovalent technologies are based physisorption and/or
chemisorption of thelesiredmoiety with the parttle surface However, this method
is mediated by the surface charge of antibqaubgchvary significantly fom antibody
to antibody and there is also an issue with babebatch variability of the resulting
nanoconjugaté*® Furthermore, upon antibodyanoparticle conjugation, alteraris in

charge in nanopartieland antibody may occur, resulting in undesired release of the
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antibodies from the NPs, affecting the stability and therapeutic potential of
nanoconjugaté®’ Thus, n order toachieve a sccessful surface modification with
antibodies or antibody fragments, it is believed that a covalent interaction isasleal,

it involves the incorporation of a cheral fundion group that cabe further modified

with targeting ligandsproviding greaterin vivo stability1*® Seweral mehods of
covalentlyincorporating functional groups onto surface of nanopartickase been
reported including azides, amines, carboxylic acids, thiols, alkynes, alcohols,
aldehydes and maleimides, leading to a wide selection of functional hamatiesm

be paired with different groups from the desiatibody ligand.

1.51.1 Attachment of antibodies to nanoparticles i Current

approaches

Currently, one of the most common approacks to covalently attach
antibodies/antibody fragments to nanoconstrigtga carbaliimide chemistry(see

below, Scheme 7). Typically, carbodiimides such as -ethylt3-(-3-
dimethylaminopropyl) carbodiimidel5 (EDC) are employed, as thewctivate

carboxylic groupgpresent on the surface of nanopartiddsin situd , gener at i ng
unstableo-acylisourea intermediatks. In order to form more stable nanoconstructs,
intermediatel6 can befurther functionalisedwith aminereactive esterse(g. NHS

estersl7 or SulfoNHS esters), facilitating attachmena lysine residues.
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Scheme7. EDC-mediated strategies for crosslinking reactions between nanopatrticles

and proteins.

However,the aforementionedpproacks arenot considered optimal dsey usually
presentlow reaction efficiencies in agueous conditionse. although NHSester
functionalised nanoparticlds are more stable thdl®, hydrolysisstill competes with

the primary amine reactio@onjointly, it is believed that lysine amines modification
affordsvery little control oer the eientation of the antibody targeting liganois the
nanoparticleqi.e. the lack of paratope orientation, exerted by the random location
attachment provided by lysinesyhich is believed to limit antigetinding
accessibility\Schemes).
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Scheme8. Representation of the nanoconstr22ivhenNHS-esteramide formation
chemistryis usedto graft antibody fragmentuch a1 to the surface of
nanoparticlebearing NHSesters 18) via themultiple lysine residus on the

fragment

Furthermore, it generates highly heterogeneous conjugatkse to the amine grodps
highnatural abundance on antibodi€kis abundance permitsaiconjugation of more
than oneNHS-ester modifiechanoparticlel8 perantibod/ fragment, whictcould be

related toaggregationssuesn using such methodologies
1.6 Project Aims

The aforementioned pyridazinediones (see sedtidr® present a novel apprdaéor

the functional rebridging of native intestrand disulfide baas of aibodies or their
constituentfragments andawvill be used as a platform for the generation of various
nanoconjugated hiswill enable a siteselectiveapproachpermiting the modification

of onlyasingle site in a Fab fragmefsiee Fab conjuga, Schene9), consequently
preventing aggregatidine.throughthis approachone Fab will only have one possible
site for chemgal attachment, whilst in the lysine conjugation strategy the Fab can
chemically attach to more than one nanopaiticlenablng supeior paratope

presentation and optimal fragment packing on the nanopatrticle surface
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Scheme 9. Representation of the resulting nanoconju@éehen antibodyPD

fragment24is attachedo anazide ranoparticle?5.

It is also aimed to demonstrate the superior chemical enhancenceet@btryilickd
strategies, compared tdassicalNHS-ester approaches for grafting proteins to the
surface of particlesFor that purposea strained alkyneclickable handle will be
introduced in thePD scaffold allowing further &lickd interaction with azide
functionalised nanoparticl&s (Scheme9).

More interestinglythis disulfide re-bridging strategyoccurs in a distal position from
the paratope, permiitig the Fab fragments to be oriented sn angle in whichhe
paratopes ardirected away from the nanoparticleencethey aremore available to
bind a potential recept¢Figurell).
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Figure 11. Represatationof the potentiabntibody fragmendisplay, away from the

surface of particlesavailable fodirect interaction with biological entities

The overall aim is thuso understandvhetherthe newvy-orientednanoconjugates
possess a higher bimg affinity to receptors compared to the ramented
nanoconjugates. After thiss confirmed it will be investigatedwhether these
nanoconjugates are specificaiken upoy cancer cells.
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Chapter 2 Creation of Fab protein targeted
PEG-PLGA nanopatrticles

As previously described PEGPLGA nanoparticles have been explored as drug
delivery vehicles due to their potential beneBtsch agoodpharmacokinetic profiles
and evasion of immune clearance mechanigdfosvever,their @assivé activity is
considered subojpal (particularly in oncology treatmeht®® Consegently, to
enhance cellular uptake and retention at tumour sikes,attachment ofeveral
targeting liganddo their surfacenasbeen exploredincluding aptamers, peptides
carbohydratesand antibodies- the latter being themost frequently employed®
However, grdting antibodies to nanoparticles is still at an early etamcemost
strategies do notonsiderthe orientation of epitope, antibody size rerhanced
chemistry approaclsé®

The aim of thischaptemwasto present neel straegies to refinantibodynanoparticle
conjugates with emphasis acthieving optimal presentation of the antibody for
maximal interactia with the surface ohanoparticles anomproved antigenbinding
capability. This was examined by considering eéhfollowing premisesin the

construction of ANPs
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1. Trastuzumab (TRAZ|Figure 2) waschosen as the principle targeting ligand
for this chaptebecauseét is a humanised antibody that holds clinical relevance as an
approved therapeutic against HER2 breastersMoreover there is significant room

for refining and optimisinghe therapeutiefficiency of HER2directed therapies
since relapse and mortalityates are high!#! For this reason, promising new
approaches are being developed not amiyne ADC field (where cytotoxic moieties
are linked to TRAZ antibodies) but aJsonore recentlyin the ANCfield, where TRAZ
antibodies arebeing exploredas targeting ligand$or the formation of various

nanoconjugate¥?143

27

Figure 12. Representation of Trastuzumab Full Antibody, MW: 145532 Da.
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2. TRAZ antibody fragmentge.g.Fab)wereto bepresented as an alternative to
full antibodiesbecausethis would reduce suiace crowding and allow maximum
antibody capacity on the surface of RPGGA nanoparticles(Figure B). As
previously stated, antibody fragmits are reported to provide multiple benefits to the
overall performance of nanoconjugat&sMoreover,Fab anibody fragments can be
obtained from the native full antibody scaffold of TRAZ using standard enzymes,
which is preferential to using costéiyd timeconsuming protein engineering methods

to obtain alternative antibody fragments.

D = Surface functional NHS-ester

= Fab fragment

-/
/_V/‘*;’\"\ = Full antibody . = Surface functional azide
J v—\ * = Reactive "clickable" handle

e.g. strained alkyne

i

Figure 13. A comparison bdifferencesn antibodynanoparticle conjugates
representingnon-oriented attachment of native monoclonal antibodies (left) and

highly oriented attachment of antibo&gb fragmentgright).

The use of Fab fragments alsnsures maximum complementary with the
pyridazinedione scaffold since the fragment only contans solvent accessible
disulfide bond, compared to four present owfzle mAb, ensuring siteselective

modification and preventing heterogeneityfurthernanoconjugates (Figure 14).
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Paratopes

Single Paratope

28

Single accessible disulfide bridge
At a distal position from the paratope

27
Four accessible disulfide bridges
Not at a terminal position

Figure 14. Comparison between whole mAb TRAZ and TRAZ Fab fragment,
highlighting potential advantages of the fragmemnthancedomogeneity and

orientation
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3. Site-selecive Fabfragmentdisulfide modificationwasto beemployed as an
alternative to nosselective lysine modification through the implementation of a
pyridazinedione linke(Figure B). Thiswould enableprecisecontrol over théocation

of the linker resultin no loss of covalent linkage between antibodgials and ensures

modification at a single position thigtdistal from the antibody binding site

i = Fab fragment

' = Surface functional azide

D = Surface functional NHS-ester

* = Reactive "clickable" handle
e.g. strained alkyne

Figure 15. Representation of the differences in orientatr@both lysine(left) and

disulfide modification(right) in Fab fragnents
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4. The use ofé&lickd chemistryapproacho attach modifiedragmentsto azide
nanoparticlesvas to be implementedt wasdecided to incorporai strained alkyne
BCN on the pyridazinedione moiety In this way, and afterpyridazinedione
conjugation with a TRAZ Fab fragment, the neMdymed conjugat@9 couldengage
in a copperfree strainegpromoted alkylazide cycloaddition (SPAAC)bio-
orthogonal, simple and powerfigactionwith azide derivateéSchemelQ).

=
%
J

(i)

Y

s
o
o
{ s
H—/<O )

H

29 30

SchemelO. Representation of method used for-Riddified TRAZ antibody
fragment29 attachment to azide moieties biorthogonal, coppdree &lickd
reaction.

Reagents and condition8) R-N3, phasphate buffer pH 7.4, 2C, 5 h.
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2.1 Generation of modified Fab fragments

Being aware of tha@forementionedntibody fragment benefits over full antibodies,
the studythus begamvith theformationof TRAZ Fab domainsThese fragmens were
geneatedvia a two-step enzyme digestipa wellestablished method in literatyft®
Pepsinenzymewas used to cleavihe IgG Fc region liinge region seeAntibody
fragments section 1.2.Ejgure 3 , g e n e r astfragment.Sabsefuetly,th@ )
enzyme papain was used to cleave the monomer into two TRAZ Fab fragfseaits
appropriate isotype control to evaluate the antigen target specificiiRAZ Fab
fragments Cetuximab native antibody was also digestedthe same routeotform
CetuximabFab fragmentéScheme 1). Cetuximab was considered an optimal control
due to its structural similarities to Trastuzumab, and theliatit binds to EGFR a

closely related but structurally distinct target to HEf2.

Full Antibody
( A F(ab’); 2 x Fab

9 [
A | 4

I

s ] v s B ‘

s—s:f ; \s—s— |

. . . Sis tv
Pepsin digestion ( \ Papain digestion

Schemell Two-step digestion protocol applied to both Trastuzumab and
Cetuximab antibodies, to yield Fab fragmeoitboth
Reagents and condition§) Pepsin, acetate buff@H 3.1,37°C, 5 h; (ii) Papain,
digestbuffer pH 6.8, 37C, 16 h.

Digestions of parent antibodies were optimised, yieltlioghnogeneous specietthe
desired fragments. Although the procedure for Trastuzumab and Cetuximab digestion
is similar, optimisdon wasneeded to accomplish the formation of the desired Fab
fragments, in good yields. For instance, Trastuzumab and Cetuximab required
different amounts of each enzyme(s) to be fully digested into the fragrfsemas
experimentalfor Chapter 2 Nonetheéss,the current protocol for these digestions
results in54% yield of Cetuximab FalfCTX Fabh and84% of TRAZ Fab.
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2.2 Synthesis ofPD based linkers

Several chemical linkers have been explored in some extent to efficiently graft
antibodies to the surface 0EB-PLGA nanoparticles, as they are known to have direct
influence on drug loading capacity, and might affect several properties of the resulting
construct such as potency, selectivity, stability, clearance rate and therapeuti¢index.
Also, the linker must bestabde in circulation and enable drug release following
internalisation into the target céll.For all theserequirements, theuse of a
pyridazinedionavas chosen due to its aforementioedracteristic$ its stability in
circulation,exquisite selectivity to functiofig re-bridge disulfide bonds presents in
various antibody fragments aptdoven capability to beaklickable&dhandlese.g a

strained alkyngas well participate icclickGreactions

2.2.1Synthesis of MethyiStrained Alkyne PD (diBr Mestra
PD)

This part of the studythusbegan with the synthesis of a heterobifunctional linker that
would facilitate conjugation to an antibody disulfide at one @rging a PD)and
attachment to azde nanoparticle at the othéstrained alkyne)Synthesis of the
strained alkyndunctiondised pyridazinedionédiBrMestra PD35) proceeded from
readily available starting materials in a facile manner dwer steps(Schemel2).
Following moneBocprotection of hydrazin@1, amine32 underwent imine formation
and reduction to yieldcd 33. Following this, Boc deprotection and dehydration under
acid condition afforded acid PB4.2” In the final step, a PyBORediated direct
coupling between commercially availalB€N(endo)PEG-NH, 13 and acid PB4
yieldeddiBrMestraPD 35, albeit in low yield
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(i)
_ —_— O —_— _ —_—
H\N NH 94% ]\ ~NH, 20% / NH O 43%

OH
31 32 33

ol o \
Br. | 'Tl/ o V) Br. | ,Tl/ o H
Br N\)J\OH 18%  Br N\)J\H/\/O\/\O/VHIO\\“'

34 35

Schemel2. Synthesis of MethyBtrained Alkyne pyridazinedior&S (diBrMestra
PD).
Reagents and Condition§) Boc anhydrideDCM, 21°C, 4 h; (ii) Glyoxylic acid,
I-PrOH, 21°C, 5.5 h; (iif) Pd/C, H, 21°C, 24 h; (iv) Dibromomaleic acid, AcOH,
reflux, 24 h; (v)BCN(endo}PEG-NH; 13, PyBOP, DIPEAPCM, 21°C, 16 h.

2.2.2Conjugation to TRAZ Fab and CTX Fab

Once the antibodyrab fragmentsand diBrMestra PD were generatedthey were
reacted to form Fab conjatesand complete conversion was observéthe newly
formed TRAZ bioconjugate 29, which beas a strained alkyne for further
functionalisation to particle¢Schemel3) is hereafter referred to as TRAZ Fab
[disulfide]. To demonstrate the availably of theastied akyne inthis conjugate to
participate in atlickbreaction the PD conjugatanderwent &SPAAC reaction with
Alexafluor®-488Ns 37. This showedpeakto-peak conversiorand confirmed the

availability/reactivity of the strained alkyne
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Schemel3. a) Modification of TRAZ Fab with diBMestraPD 35. Calculated
masesfor 28: 47629 Da29: 48125 Da30: 48781
Reagents and conditiong) PD 35, TCEP.HCl,boratebufferpH 8.0 (2 mM EDTA),
4 °C, 15h; (ii) Alexafluor®-488Ns3 37, borate buffer pH8.0 (2 mM EDTA) 21°C,

2 h. b) LC-MS data showinguccessful conversion to conjug2&anddéclickedd
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conjugate36. Spectra have been modified for clarggeexperimenal Fig(s)51 to
58for full spectral data

A cetuximab Fab bioconjugate was formulated in parallel, alongside with
Alexafluor®-488Ns 37 c&lickd reaction confirmation This newly formed

bioconjugatewill from now onbereferred to a€TX Fab [disulfide].

2.3 Synthesis of lysine reactive strained alkyne

reagent

The synthesis ad lysine reactive strained alkyne contre@hgent was considered key
asit would, after conjugation to TRAZ F&B8and attachment to an azide nanopatrticle
allow us to understand ifany differencein binding between this conjugate and a
conjugate derived from fragme®8 was due to improved reactivityf ¢clickd
chemistry overcarbodiimidebased chemistry or d@rientationplays a crucial role on
antigen bindingi.e. having theclickabled handle at a distal position to the epitope
compared to &lickableéhandle on lysine residues in a random position attributed by
lysine locationgFigure ¥). Thus,the synthesis of shcareagent wouldallow for
concreteappraisabf the importance adrientation as itvould eliminate the possibility
that greater binding was down to greater conjugation efficiency.

Paratope Paratope

/ TRAZ Fab
ﬁ [lys] 38
TRAZ Fab (g e o, i
[disulfide]a29 i I = 'clickable' strained alkyne |

Figure 16. Representationfa TRAZ Fab fragment modification with @&lickabled
handk on the single disulfide distal positifdeft) compared with randomly assigned
orientatedxlickableédhandle through lysine residu@ght).
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Schemel4 showsthe structureof therequiredlysine reactive strained alkyne control
reagent39, and itspreparation developed by Dr Daniel Richards

\
" ) _ow_ g o N N_o HQ
H2N<\/\O>;\/HIO\\\\- T%> &1 m <\/\O>2/\/ \g/ -
O
13 39

Schemel4. Linker synthesised bRr Daniel Richards thatas furthereacted with
lysine residuesia NHS chemistry.
Reagents and Condition§) Glutaric anhydride, EfN, DCM, 21°C, 2 h;
(i) N-Succinmidyl carbonate21°C, 2 h.

2.4 Manufacture of PEG-PLGA nanoparticles

For this study, polymeric nanospheres were utilised as they are easily formulated,
relatively easy to handle, can be formulated witfedght reactivefunctional groups

and can encapsulate a variety of small molecule fluorophores to aid in characterisatio
and antigen binding studies. Consequently, andltba bl e t he o6cl i ckd
TRAZ Fab [disulfide]29 andanalogousCTX Fab [dsulfide], as well as contrdysine
modified strain alkyne bearing conjugaB88, a novel polymeric nanoparticle
incorporatng a complementary azide moiety wesededA homogeneous population

of azideterminatechanosphere@vith a monodisperse size digtuition ofca.200 nm)

was developedby Dr Michelle Greenethrough a single emulsion protocol from a
25%:75% polymer blendf PLGA-PEGazide and PLGAResome? RG 502 H
(PLGA RG502H), in line with literature previously established meth@@sheméls,

in detil on experimentasectionfor Chapter 214
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PLGA-PEG-azide PLGA RG502H

Hydrophobic core

25% PLGA-PEG-azide Hydrophilic coating

75% PLGA RG502H
in DCM

*

& 2 —\ﬁ) DCM evaporation & > v/
- > _ > /'/
g Dropwise addition w Self-assembling w e

NPs

Organic phase

Schemelbs. Representation of azidlerminated nanospheres formatioa
hydrophobiehydrophilicinteractions;cytotoxicdrugs or fluorophores can be

encapsulatedia prior addition to the organiphase.

Also, for further comparison witlelassicallysinemodified antibodynanopatrticle
conjugates,NHS-ester terminated particles were also generatgdDr Michelle

Greene In this way the NHS-esterscoating coull be further ractedwith thelysines
of native TRAZ Fab 28, as isdoneclassically Both formulations ohanoparticles
demonstrated greatability over several monthas they were monitored ynamic

Light Scattering (DLS) and Zeta Potentiakith no significant alterations in

physicochemical characteristics observed upon storage @ 4r -20 °C (see
experimental for Chapter Zfhe comparison betweefRAZ Fab [disulfide]29 and

TRAZ Fab [ly§ 38 was considere#ley part of thiswork, as itjust not clears ughe

differences in reactivity between NHS aitickchemistries butouldalsohighlight

the impact of directed chemistry againsindirected chemistryFigure ). It was

also hypothessed tha by using a pyridazinedione moiety tloeientation could be
enhancedand consequentlyheoverall performance of th&NC improved

2.5 Attachment of antibody fragment
pyridazinediones (AFPDs) conjugates to

nanoparticles

The modified fragments wersert to Queens University in BelfagQUB), where Dr

Michelle Greene proceeded with nanoparticlonjugates formation and
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characterisatioexperimentsBicinchoninic Acid BCA), Surface Plasma Resonance
(SPR), Fluorescencéinked immunosorbent assay (FIAj competition and blocking
assays were gllerformed in the QUB facilitie$, shadowed Michelle Greene in doing
some experiments and walsoinvolved in doing somef therepeatsl also had input
in designing of the experiments and analysing the sedRdsults are presented to
demonstrate theffeciency of such methods of grafting antibodies to nanoparticles.

Azide-functionalised particlesere incubated with RAZ Fab [disulfide]29for 2 hat
21 °C Several equimolacontrols were also formulated pardlel (Figure17): (i) a
native TRAZ Fab28 conjugated to NH3unctionalised nanoparticleIRAZ Fab
NP), (i) a modified TRAZ Fab [lys]38 conjugated to azid&nctionalised
nanoparticles (&lickdchemistryapproach buwvith the strained alkynetroducel at
the lysine residue§ RAZ Fab [lys] NP), (iii) a native CTX Fab conjugated to NHS
functionalised nanoparticlemdtive CTX Fab NP), (iv) a modified CTX Fab
fragmentconjugated to azid&unctionalised nanoparticlé€TX Fab [disulfide] NP);
(v) andfinally both controlazide and NHS nanoparticleddyde azide NPandNude
NHS NP).
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;‘ = PEG-PLGA NP |
| = Strained alk
O - TRAZ Fab | K rained alkyne O _ CTX Fab
-$—8 J P> = Surface azide -S—s-

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 17. Representation of all nanoformulations tested: nude-R&t&r
functionalised\IP; nude azide functionedledNP; nativeTRAZ Fab NP native CTX
Fab NP TRAZ Fab [disulfide]NP; TRAZ Fab [lys]NP; CTX Fab [disulfide]NP.

Bicinchoninic protein assay (BCA)

TRAZ Fab conjugation tthe PEGPLGA nanoparticles was then testeddetermine

the conjugation efficiencygf thedifferent chemistriesT{able 2) This assay quantifée

the Fab attachment tthe nanoparticles, and the concentration is determined by
reference to a standard curve. This curve is predayegpiking known amounts of
native or modified Fab into ned\NHS NPor nude azide NP suspensions, respectively.

Fab conjugation was then calculated following¢lquationbelow:

OB & 06 b il | GTBAAL 0000 £AAA
Wwe £ 20 DO T FTART E CGRAREAD & T
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Zeta
) Diameter 2 . Fab conjugated Conjugation
Nanoformulation Polymer potential &

(nm) (pmoles/mg polymer} efficiency? (%)
(mVv)
PLGA-
Nude NHS NP -
PEGNHS 191.1+1.2 4.6 +0.6
Native TRAZ Fab PLGA-
NP PEGNHS = 210427 35101 65.3+24.0 6.2+2.3
; PLGA-
Native CTX Fab NP -
PEGNHS = 191218 3.9+04 103.8+29.1 9.9+28
; PLGA-
Nude azide NP }
PEGazide 187.4+1.8 2.7+0.6
TRAZ FES PLGA 1924+15 | -1.9+0.7 193.1 +49.9 184+ 4.7
[disulfide] NP PEGazide e e L T4Y A4 x4,
TRAZ PS8 PLGA 207.4+01 | -3.1%03 4750 +221.7 452+21.1
[lys] NP PEGazide T Sl Tecl, 2+21.

CTX Fab[disulfide] PLGA-

NP PEGazide 189.9+0.2 -23%0.1 208.4 £ 86.5 19.8+8.2

Table 2. Characterisation of all the different nanoformulatiéii3ataexpressed as

mean = SD, 3 measurements.

These resw$ demonstrated that conjugationa the strained alkynénas superior
efficiency over NHSester chemistrgue to the greater reactiefficiency of copper
free &lické chemistry in such conditions possibly due to NHS-estersunstable
hydrolytic naturen aqueais conditiong“® This improvemenis visible by the increase
in conjugation efficiencyalues(e.g.TRAZ Fab [disulfide]NP showsca. 3-fold more
conjugation efficiency than native TRAZ Fab Néespite thdarge abundance of
lysine residues when compared to the sisgfhined alkyne(Table 2).Also, perhaps
as expectedTRAZ Fab [lys]NP hadthe greatst conjugationefficiency sincemany
lysine residues were equipped with strained alkywesg;h does further reinforcthe
idea that SPAAC chemistryis superior to NHSchenistry in these particular

conditions
Surface Plasmon Resonance (SPR)

Having successfully proved the enhanced formulation of the nanoconjugate, the ability
of the different Fab fragments bind to HER2 receptor wakenexplored through
surface plasiwn resonanceBinding activity was examinedowards a HER2 fusion
protein mmobilized on a carboxymethylated dextran cBipspite native TRAZ Fab

NP beingdetectedo some extentthe same concentration thie modified fragment
TRAZ Fab [disulfide] NP led to a significantly enhanced binding profile
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(measurements 3 and 6, respasdy, Figure B). Also, theexpectedow values of nude
NP binding (both NHS and azide) or CTX Fab NP (both native and modified) confirm
thenecessityf TRAZ Fab for antigen bindg.

3000+

T
2500+ l
2000+
1500+
1000+

500+

Relative response (RU)

Figure 18. SPR assessment of TRAZ Fab NP and associated cohtumiger of
samples: 31) Nude NHS NP2) Native CTX Fab NP.3) TRAZ Fab NP 4) Nude
azide NP5) CTX Fab[disulfide] NP. 6) TRAZ Fab [disulfide] NP. 7) TRAZ
Fab[lys]NP. Rdative reporse(RU) is striking on the RAZ Fabl[disulfide] PLGA-
PEG azide particleStatistical significance was established by-arayy ANOVA
and Tuk éagcdest (PP*p B0t0001).| shadowed Dr Michell&reene in

doing this experiment.

Importantly HER2 binding of modified TRAZ Fab [lysNP was also negligible
despite highly efficient coupling of the fragment to nanoparticlete(supra Table

2). Thiscould possibly indicate aggregation issues although thed&lickbchemistry

is sltown to be more efficientnore nanoparticles will be attached to a single Fab
fragment, causing a clustering effect and, consequently, redueeatope
accessibility This comparison demonstrates that the -s#lective ntre of
pyridazinedione conjugatioto Fab plays a critical role in the observed improvements
in antigen bindingthis indicatesmproved paratope accessibility granted by the
oriented display of the fragments on the nanopatrticle surface.

Fluorescencdinked immunosorbent assayL(SA)

To exclude the possibility that the improved antigen binding of modified Fab
[disulfide] NP is a consequence of free Fab complexation rather than direct coupling
to nanoparticles, #uorescencdinked immunosorbent asséyLISA) was performed.
Forthis,the aforementioned PEBLGA nanoparticles wre labelledy encapsulating

with thema fluorophorevia addition of rhodamine 6G to the organic phase prior to
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the selfassembly. These prticles were then incubated with madd TRAZ
[disulfide] 35 and complementary controls. After this timé&éhe well-plates were
washed extensively to ensure that all free nanoformulations were washed off. In this
way, the immobilised HER2 antigeplates would only retain fluorescent
nangartides that werebound Following this,the nangarticlesthat were bound to

the platewere dissolved in organic solvent for fluorescence oatd he observed

trend was in agreementith the SPR analyses, demonstrating TRAZ Fedljifide]

NP superior bindingo HER2 when compared to tiee TRAZ Fab NP and also to the

remaining controlg¢Figure D).

1000+
Il +HER2

8004 0 -HER2

RFU

Figure 19. FLISA assessment of TRAZ Fab NP and associated contfoiaber of
samples: 31) Nude NHS NP2) Native CTX Fab NP3) Native TRAZ Fab NP4)
Nude azide NP5) CTX Fab[disulfide]NP.6) TRAZ Fab[disulfide]NP. 7) TRAZ

Fab[lys]NP. | actively participated in doing this experiment.

In summary the dataindicates thatthe non-oriented conjugation appad limits
paratope accessibility. Contrastingly, the siédective nature of the pyridazinedione
linkers enhance paratope accessibility due to the oriented configuration anto
nanoparticles surfacehe single modification only allows one point afachment
which is distal from the binding paratope.

Blocking and competition assays

Targeting specificity was further validatei otherFLISA assessmesgtwhere HER2
coated wells arpre-incubatedvith an excess of TRAZ full antibody with the purpose
of impeding nanoparticle bindingia Fab fragmentgFigure 20). These results
demonstrated higher HER2 binding affinity for both nanoconjugates Native TRAZ
Fab NP and TRAZ Fahlisulfide] NPwhere no TRAZ full antibody was added, albeit

with a remarkableréhancel binding in the latter.
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Figure 20. FLISA competition assay$iER2 binding activity of) native TRAZFab

NP ii) TRAZ Fab[disulfide] NP and associated controtsy Nude NHSNP 2) Native

CTX Fab NP 3) Native TRAZ Fab NR}) Nude azide NP) CTX Fab[disulfide] NP
6) TRAZ Fab[disulfide]NP 7) TRAZ Fab[lysine]NP. Number of samples: 3.

actively participated in doing this experiment.

Collectively, these results show thaccessful coupling of nae TRAZ Fab28 and
TRAZ Fab [disulfide]29 domains to NHSand aziddunctionalised nanoparticles by
different approaches, generatimgo activetargeted nanoconjugates with HER2
binding capability(i.e. thesenewly-formed nanocojugates show improvemeirt
antigen binding compared to respectivewude nanoparticlés controls
nanoformulationsl and 3; 4 and 6, Figuf). However, theres a significantly
enhanced binding profilem TRAZ Fab [disulfide] NRvhen compared to TRAZ Fab
NP (overten times moren bah modifiedFLISA andcompetition assays, Figul®
and20).

Orientation influence in antigehinding

Next, it was crucial to examingpon SPR analysithe basis for the superior HER2
binding activity of the nanoconjugate through sigdective chemisy (TRAZ Fab
[disulfide] NP). It was necessary to eliminate the possibility that this effect could be
simply attributed to enhanced Fab load{ng. provided by a more suitabl@ c | i c k 6
strategy over NH&ster chemistry for such conditiongjther than anyrientation
benefits. Fo this, both native TRAZ FablP and TRAZ Fab [disulfideNP were
generatedvheredifferent amounts of fragmeng8 and29 wereaddedto NHSester
nanoparticles and azide nanoparticles, respectifEiple 3,range of 212100

pmoles/mgof polymer).The generated data elicited a significantly enhanced binding
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profile on TRAZ Fab [disulfide] NP (Figur2l, measurements-82) proving tlat

superior binding in not only attributed to enhanced protein conjugation.

Formulation Fab added Fab conjugated Relative response
(pmoles/mg polymer) (pmoles/mg polymer) (RU)
(1) Nude NHS NP - - 17.0
(2) Native TRAZ Fab NP 210.13 98.76 137.2
(3) Native TRAZ Fab NP 525.33 90.36 261.6
(4) Native TRAZ Fab NP 1050.66 52.53 267.2
(5) Native TRAZ Fab ¥ 1575.99 142.89 507.6
(6) Native TRAZ Fab NP 2101.33 102.96 204.5
(7) Nude azide NP - - 23.8
(8) TRAZ Fab [disulfide]NP 210.13 74.81 2175.4
(9) TRAZ Fab [disulfide] NP 523.33 195.32 2955.3
(10) TRAZ Fab [disulfide] NP 1050.66 214.03 2526.4
(11) TRAZ Fab [disulfide] NP 1575.99 243.12 2224.2
(12) TRAZ Fab [disulfide] NP 2101.33 292.99 1643.8

Table 3. SPR Biacor® data forthe HER2 binding activitpf nativeTRAZ Fab NP
and TRAZ Fab NP [disulfidelith various protein loading$ shadowed Dr Michelle
Greene in doing this experiment.
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Figure 21. Representativ€ PR Biacor&sensorgram foFable 3.

Interestingly enhanced binding of TRAZ Fab [disulfiddP was observed &n when

the Fab loading was almost half that of native TRAZ FabTN#BIé 3 measurements

5 and 8).This suggestghat significantoenefits can be achieved even in the case of
lower Fab loadings onto particles, establishing the positive effect of usitrgltsh
chemistries that enable orientatiofhese studies were replicatew FLISA, with

comparable findings to SPR analy¢sse belowfigure22).
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Figure 22. HER2 binding activity of native TRA Fab NP or TRAZ Fab [disulfide]
NP (400 pg polymer/mL) with various protein loadings was assessed by modified
FLISA through fluorescence readout. Protein loadings are expressed as pmoles of
Fab per mg polymer. Data egssed as mean + SEMumber of samgs:3. Dr

Michelle Greene proceeded with this set of experiments.

Curiously enough, this data also revealed thigh the addition ofmore than 256
pmoles/mg ofTRAZ Fab[disulfide] 29 the binding activity to HERZ2 is diminished
gradually, which suggests {@mial steric hindrance effects that lead to suboptimal
paratope displaylhus, this particular set of tests was not only crucial to identify the
range of optimal loading of antibodyagment TRAZ Fab [disulfideR9 (between
256-283pmoles/mg) but it was also importantto highlight the level of delicacy

needed for moptimaldecoration of antibody fragments onto the particles.

2.6 Cell-binding studies onTRAZ AFPD conjugated
to PEG-PLGA nanoparticles

Through theabovesets ofdatausingBCA, SPR and-LISA andyses, it was possible
to prove the superior bindingf TRAZ Fab[disulfide]NP over native TRAZ Fab NPs
to the receptor HER2It was, however, felt important to furthexvaluate the
aforementionedhanoconstructs in a more biologically relevant contksdaugh cell-
based assayMlichelle Greene carried out the following eblised assay$o this end,
thesenanoconjugates were labelleg encapsulation ofile reddye and incubated
with the HER2positive cell line HCC1952T'his cell line was chosen as it gre in a
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monolayer, permitting enhanced confocal imaging when compared to other- HER2
sensitivecell lines €.g. BT747 cell line, which is also used in the next set of
experiments, grows in clusters, making it harder to distinguish individual cells).
Confocd microscopy demonstrated an evident association of TRAZ Fab [disulfide]
NP to these cells (see Figur@3). Additionally, HER2-dependent binding was also
verified via a co-incubation test, wheran exces®f TRAZ full antibody and TRAZ

Fab [disulfide]NP weresimultaneously addedblating significantly the fluorescence
when compared to the original experiménhere only the TRAZ Fab[disulfidéyP

was addeq

DAPI Nile Red Overlay

Untreated

TRAZ Fab

[disulfide] NP + TRAZ [disulfide] NP

TRAZ Fab

Figure 23. Validation of TRAZ Fab funaebndity in cell-based ass/s. Confocal
microscopy images of HCC19954 cells treated with TRAZ Fab [disulficre]
encapsulating nile red (400 pg polymer per mL) + TRAZ Full Antibody

Scalebard 25 um.Dr Michelle Greene proceeded with this set of experiments.

As a final series oftsdies the therapeutic effect of the TRAZ Fab conjugatestro

was examinedThe BT474 breast cancer cell line was preferred to conduct this study
for two reasons))ithe cell line HCC1952, which was utilised for the confocal studies,
showed limited sensitivity to TRAZNdii) TRAZ full antibody and its fragments are
reportedand weltknownto reduce BT474 cell viability*’
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The goal of this studyas to undetandwhetherTRAZ Fab nanoconjugatdboth
native TRAZ Fab NP and TRAZ Fab [disulfiddP) could induce a similar or more
pronounced reduction in viability of BT474 cells comparetheactivity of theTRAZ

Fab alone

Whilst TRAZ Fab28 alone led to a gadual reduction in cell viability over time, as
anticipated, this effect was less pronounced fomtitere TRAZ Fab NP(vide infrag
Figure 21). This could be explained by the fact that ThAZ Fab NPstructure limis
the orientation of thantibody fragments onto their surfabence reducing binding to

the HER2 antigen.
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o] = Native TRAZ Fab NP
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Figure 24. BT474 were treated with native TRAZ Fab K#Peviously treated with

525.33 pmats of Fab/mg of polymegnd respective contro(S00 pg polymer per
mL). TheCellTiter-Glo assay was performed at 48, 96 and H4dllowing

treatmentSample number: Pata expressed as mean + SEM Michelle Greene

proceeded with this set of experinten

Interestingly for TRAZ Fab[disulfide] NP the reduction in cell viability is much more
comparable to th€RAZ Fabl[disulfide] 29 (Figure %), supporting the theory that the
orientation provided by the sispecific conjugation approachnsaroptimal(i.e.due
to afreemovement ohative TRAZ Fabit has the flexibility toorientatatself towards
the epitopeptimally whilstwhena Fab issttached to aanarticlethe orientation is

imposedand more rigigl
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Figure 25. BT474 were treated with TRAZ Fab[disulfidsP (previously treated
with 525.33 pmolesf Fab/mg of polymerand respective contro{§00 pg polymer
per mL).TheCellTiter-Glo assay was performed at 48, 96 and 144 h following
treatmentSample numbeB. Data expressed as mean + SHEM Michelle Greene

proceeded with this set of experiments

It is also important to highlighhat free TRAZ Fab [disulfide?9 was also used as a
control, providing similar resultgo native TRAZ Fal®8 (see Figurse 24 and 25),
confirming that the installation of a pyridazinedione linker does not adversely affec

the functionality of TRAZ Fab

In summary, itwas concluded that the controlled orientation of TRAZ Fabthe
nanoparticlesleads to superior binding to HER2 a#n when compared with
traditional NHS ester coupling chemistng lysine residue$ the latterdemonstrated

retention of Fab functionalitin a cell-based assague to the lack of orientation.

This work offers a significant contribution to nanoconjugagfinement in terms of
design and efficiency, reinforcing the importancecoiitrolled chemical ligation for
the overall performance of nanoconjugatasdthuswill be a basis for future works

in the context of this thesis.
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Chapter 3  Further exploration of CTX
AFPDs binding to EGFR

In the previous chapter, it was demonstrated that thieadled orientation of TRAZ

Fab fragments ontthe surface ohanoparticledhad a significantmpact onHER2
antigen binding. Alsojn cell-based assaydargeting of the nanoconjgate was
improved through the sigelective modification method used. Thiisyastheorised

that these findings coulde extended to other receptmand pairings, highlighting

the vesatility of this novel approachn this chapter, it is proposed th@aetuximab

Fab, previously used as a negative control for the antigen binding specificity of
Trastuzumab to HERZ2, is used as a targeting agent to bind to EGFR and deliver a toxic

payload intaumourcells.

Cetuximab is a mougeuman chimeric monoclonal timody and has been attracting
attention due to its ability to improvbe outcome of metastatic colorectal, head and
neck cancers treatmerit§.Cetuximab binds to the extracellular domain of the EGFR
before the resulting complex is internalisemitme cell and further degraded, resulting
in downregulation of EGFR expressioff. However, the efficacy of adding
Cetuximab to chemotherapy treatments is still limited). 57% of patients show a
reduction in tumar size when Cetuximabsiadministrated in combination with
FOLFIRI (chenotherapeuticegimer), compared t@ 39% reduction when FOLFIRI

is administrated aloneThis is partly because the amount of chemotherapeutic cannot
be increased in combination therapy. it is still doselimited.*>® However, by
encapsulating chemotherapeutic drigo a nanoparticléhat is functionalised with
Cetuximab(or associated fragmentsh its surfacejt is envisioned thiasuperior
efficacy will be observedi.e. the amount of toxic drug will no longer be sosé
limited as the nawparticle wil, in essenceprevent release of it in the blood prior to
reaching thetargetedtumoup. Thus, it is key to equip Cetuximab antibdy-
nanoparticle conjugatesith higher amounts o€ytotoxic payloadghan combination
therapy allowsin order to improve therapeutic potential.view of this the aimof

this chapterinvolves combining the aforementioned Chapfstrategy to modify

nangarticle surfaces with antibody fragments WG PLGA nanoparticle@ability
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to entrap cytotoxic drug#n this way it could be possible testablisranadvantage of
antibodynanoparticle conjugates ovenot only traditional cheotherapeutic
approachesut alsoADCs (where onlya relativelysmall quantity of toxic payloads
aretolerated on the antibody scaffold, ecg. < 4 drug per antibody higher loadings

tend to lead to rapid clearance of the ADC from the Blood

3.1 Generating CTX Fab fragments i a new

approach

Initially, a Cetuximab Fab fragmen€TX Fab) was chosen as a targeting ligand.
Generation of CTX Falwas achieved bg onestep enzyme digestiamsing papain,
following by a protein A resin antibody purificatigio separate Fab and-Eontairnng
fragments (Schem#6). This procedurenot only provided CTX Faln betteryield
when compared to thestep protocol employed for the same antibody in Chapter 2
(68% vs 54%) butvasalsodemonstrated to be more efficiesincedigestion times
were slortened(5 hvs 21 h).

Cetuximab (CTX) 2 x CTX Fab 2 x CTX Fab
40 41 41
[
) )
TS —S—S8— Q

S—S . M t
s—s — §—%

c Papain digestion Protein A —5—85—

\ purification

CTX Fc
42

Mixture of species

Schemel6. Optimised digestion protocol applied to Cetuximab antibodies, to yield
CTX Fab fragments.
Reagents and condition§) Papain, digesbuffer pH 6.8, 37C, 5 h.
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3.2 Redesign of Strained Alkyne Pyridazinedione
based linkers(Mepstra PD) and conjugation to CTX
Fab

Whilst formulating new approaches for new nanoconjugates, parallelwiibrik the
Chudasama grougemonstratechew methodologiefor generatingPyridazinedione
linkersmore efficiently*>! Thesemprovementsed to thedevelopment of a new DiBr
PD strained alkyne speciex. diBrMepstraPD 46 (Schemel?). diBrMepstra PDA6
differs from diBrMestra PD35 in the addition of an extra methylene grdagtween
the amine and PD core as this gave superior yielthe synthesidntermediate NHS
ester specied5is also isoltable, storable for many months, araltiipates ina more
reliable NHSmediated coupling strategy to commerciadlyailable BCN(erdo)
PEG-NH2 13 compared to using othepupling reagentsuch as PyBORSynthesis
of the strained alkyne functionalised pyridazinedigt&proceeded from readily
available starting materials in a facile manner over five steps (SchémbBidboc
protection of hydrazine31 and consequeniMichael addition totert-butyl acrylate
yielded hydrazine43. Following this, deprotection and dehydration under acid
conditiors afforded acid PD44. Subsequent esterification 4#t with NHS afforded
the aminereactive PD45. In the final step, @ additioreliminationreactionbetween
commercially availableBCN(endo)PEG-NH2 13 and PD 45 yielded desired
diBrMepstra linke6.
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Schemel?. Synthesis route of diBrMepstra RIB.
Reagents and Conditiong) Boc anhydridej-PrOH, DCM, 21°C, 16 h; (ii)tert-
butyl acrylatej-PrOH, 60°C, 24 h; (iii) Dibromomaleic acid, AcOH, reik, 5 h; (iv)
DCC, NHS, THF, 2TC, 16 h(v) BCN(endo)PEG-NH2 13, MeCN, 21°C, 16 h.

Following thepreparationof CTX Fab fragmen#é1 and diBrMepstra PD46, their
conjugationwastrialled usingthe methods previously describedSection2.2.2 As
expeced, the reaction pr@ededefficiently, and due to the employment of a newly
synthesised linkethe resulting bioconjugats hereaftereferred as CTX Fallepstra
47. As before, theailability of the strained alkyne to participate idcéickbreaction
was demonstrated through SPAAC reaction withAlexafluor®-488N3z 37 (see
Schemel8), yielding CTX Fab Mepstra Alexafluo#8. Successful generation of
conjugates47 and 48 were confirmed by SD®AGE, UV/Vis and LEMS (See
experimentafor Chapter 3Fig(s) 66 to 71.
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Schemel8. Modification of TRAZ Fab with diBrMepstra PR6 and&lickdwith an
Alexafluor®-488 N3z 37.
Reagents and condition§) diBrMepstra PD46, TCEP.HCI, borate buffer pH 8.0
(5mM EDTA), 21 °C, 15h; (ii) Alexafluor®-488-N3 37, phosphate buffepH 7.4,
21°C, 2 h.
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3.3 Attachment of CTX AFPD conjugatesto PEG-

PLGA nanoparticles

Themodified fragments weragainsent toour collaborators ilQueens Unigrsity in
Belfastfor appraisaln the formation of nanopatrticle conjugates ther®afMichelle
Greene proceeded with nanopartiébemulation andmodification experimentsl
shadowed and assisted Dr Michelle Greene in carryingamé othe following BCA
andFLISA assays.

In accordance witlChapter 2 a 25%:75% polymer blend of PLGA 82H : PLGA
PEGazide was used to formulate nanopatrticles of approximatelyn@00 diameter,

with a monodisperse size distributidBubsequently, aforementioned npadides
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were incubated with modified CTX Falepstrad7for 2 hat21 °C Several equimar

controls wereprepared in the same conditions aswhductedfor the first set of
experimentgFigure26): (i) a native CTX Falll conjugated to NHSunctionalised
nanoptticles fative CTX Fab NP), (ii) amodified CTX Fab fragmert7 conjugated
to azidefunctionalised nanoparticleCTX Fab Mepstra NP); (iii) and also the
correspondent controls, both azide and NHS nanopartilese(azide NPandNude

NHS NP).

Control nanoparticles

[e]
o _NH,
N ‘

nude NHS NP By
g —s  s—
‘ native CTX Fab NP O%O

nude azide NP A
o - PEG-PLGANP |
O = Cetuximab Fab P> = Surface azide CTX Fab
' Mepstra NP

K = Strained alkyne !

Figure 26. Representation of all nanoformulations tested: nude-Rst&r
functionalised NPnude azide functionalised NRative CTX Fab NPCTX Fab
MepstraNP.
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Bicinchoninic protein assay (BCA)

As before CTX Fab conjugation to th®EGPLGA nanoparticles was tested to

confirm the conjugation efficiency of strained alkyne over N¢$&r chemistrysee

Section2.5):
Diameter
Nanoformulation Polymer
(nm)
PLGA-
1.Nude NHS NP +
PEGNHS 207.5+13.9
2.Native CTX Fab _
PLGA 215.0+13.0
NP PEGNHS
: PLGA-
3.Nude azide NP
PEGazide 204.7 £10.2
4.CTX Fab Mepsta ~
PLGA. 211.7+5.6
NP PEGazide

PDI

0.12 £ 0.07

0.15 +0.06

0.07 £0.03

0.08 £0.05

Zeta Fab conjugated ) .

) Conjugation

potential (ng/mg .-
efficiency ©6)

(mV) polymer)2P
2.87
-3.16 10.1+2.7 20
-3.92
-0.63 16.1+15 32

Table 4. Characterisation of all different nanoformulatioNstmber of samples: 3.

Also, quantification of Fab content reveaiarginalenhanced efficiency for CTX

Fab MepstraNP compared to Native CTX Fab NFData expressed as meaSD.
b Equimolar amounts of each Fab domain were initially added to the nanoparticle
conjugation reactiorDr Michelle Greene proceeded with this set of experiments.

Theseresults demongtedenhancedaonjugationfor CTX Fab Mepstra NPvisible

by the conjugation efficiency valud 32%when compared to the valueraitiveCTX

Fab NPof 20% (Table 4. This enhancement in nanoconjugatiatthough marginal,

could be attributedo the greter

nanoconjugate formation conditioméien compared to NH8ster approaches, even

though there are multiple lysine residues in each CTX Fab fragment available for

reaction.

After confirming the initial efficiacy of conjugation with the new linker diBrMepstra
PD 46, it was of critical importance to assess the CTX Fab nanoconjugates affinity to
its correspondent antigelCTX Fab fragments were previously attached to PEG

PLGA nanopurticles in the previous Chaptésee section 2.5), however the resulting

reaction profile

of

6cl

nanoconstructs were used as negative controls for the antigen binding specificity of
TRAZ nanoconstructs to HEREZTX mAb and its fragments bind to the EGBRd

this needed to be appsed
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FLISA

Analogousto what was previously performedfor the TRAZ AFPD nanoparticle
conjugateqsee sectiorR.5), a FLISA assaywas performedThe observed trend was
in agreement with therpvious studies with TRAZ AFPDanoparticleconjugates,
demonstrating CTX FaMepstraNPd supeior binding to EGFR when compared to
native CTX Fab NRindremaining controlgFigure27). Likewise, this test reinforces
the importance of the siselective nature of pyridazinedione linkers in arragdire
CTX Fab fragments in an orientddshion entarcing paratope accessibiljtyand

demonstrates successful transiabf the chemistryo a new antibody.

25000+
Il +EGFR
S 15000+
o
10000+
5000+

o--—rT ._'
1 2

Figure 27. FLISA assessment of CTX FalbepstraNP and associated controls
(polymer concemgtions of 1 mg/ml. 1) Nude NHS NP2) Native CTX Fab NP3)
Nude azide NP4) CTX FabMepstraNP.Number of samples: &tatistical
significance was established by emay ANOVA ard T u k e yh@csestp o s t
(*** p 00.001).I actively participated in doindnis experiment.

Blocking and competition assays

Targeting specificity was further validatei otherFLISA assessments, wWheE&FR
coated wells are prmcubated with an excess @fTX full antibody 40 with the
purpose of impeding nanoparticle bindinga Fab fragments analogousto the
experiments carried out in tipgevious TRAZ AFPDhanop ar t i.tikewisep wor kK
specificity was cofirmed since there was a considerable reduction in antigen binding
values when EGFR coated wells were -plecked with CTX @ll antibody 40
compared to the neblockedcoated wellfmeasurement, - CTX and + CTX Figure
28).
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Figure 28. FLISA competition assa)fe GFRbinding activityof CTX FabMepstra
NP and associatembntrols (polymer concentrations of 0.5 mg/mll) Nude
NHS NP 2) Native CTX Fab NFB) Nude azide NR) CTX FabMepstraNP.

Number of samples: 3. Statistical significance was established byanANOVA
and Tuk éagcdest (PPp@®86.201). | actively participated in doing this

experiment.

In yet another approach, CTX full antibod§ and CTX Fab Mepstra NP were added
simultaneously to EGFRoated wells. In this case, nanoconjugate binding was
progressively inhibited with each amentration increment of free competing CTX full
antibody40, confirming target EGFR specificity (Figure 29)

© BOOD-

-0- CTX Fab Mepstra NP
- Nude azide NP
G000

40004

RFU

2000+

D'-I'I'I'-I'I'I'-I'I'I'-I'I'I'-'I'I'I'-'I'I'I-'I'I'I-
10% 104 0% w2 1w 10f 10! 102

CTX Full antibody 40 (ug/ mL)

Figure 29. FLISA competition assay: EGFR binding activity of CTX Fab Mepstra
NP when addd incremental amounts of CTX Full antiboty
(0.0001024 40 pg/mL, polymer concentrations of 0.5 mg/miNumber of
samples3. Dr Michelle Greene proceeded with this set of experiments.
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SPRassays

As done previously in TRAZ AFPD conjugates woik, was next sought to
complementantigen binding affinity FLISA results with SPR assajn which
nanoparticles are not loaded with a fluorescent Biegngly with what was observed
in the TRAZ Fab nanoparticle conjugates workese studieslemonstrated that
binding of CTX Fab Mepstra NP wat leastover 9-fold greater than that of native
CTX Fab NP, at all polymer concentrations tes{etyure 30)

*%*%k
3000
=
T 2500+ Kk l
LT
% 2000+ Il 1mg/mL
m 1500+ 1 5mg/mL
= [ 10mg/mL
& 1000+ skk
—
2 5004
e
l:: L] _I-Iﬁ L L]
1 2 3 4

Figure 30. SPR Biacor® data for the EGFR bindingavity of all formulations at
different polymer concentration$) Nude NHSNP 2) Native CTX Fab NFB) Nude
azide NP4) CTX Fab Mepstra NANumber of samples: 3. Statistical significance
was established by oneay ANOV A a n d-hot ek & 60G00L). Ors t

Michelle Greene proceeded with this set of experiments.

Collectively, these results confirmed the translatability of the pyridazinedione
mediated conjugation method for enhangedeptor bindingwhen compared to

random lysine modification steqgiesfor the generation of antiboeyanoparticle

conjugates.
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3.4 Cell-binding studies on CTX AFPDsconjugated
to PEG-PLGA nanoparticles

After demonstratinguperior bindingo EGFRof CTX Fab Mepstra NP over native
CTX Fab NPsvia multiple FLISA and SPR aags, the aforementioned
nanoconjugatewerethen testedn a biological settingMichelle Greene carried out

the following celtbased assays.

The human pancreatic cancer cell line PAN@/as chosen as a suitable model for
these studies, due to high sudaexpression of EGFR? These cells were initially
chilled at 4°C to limit EGFR internalisation and maintained at this temperature
throughout the incubation period wiliorescently labelled nanopatrticles. Consistent
with previous ELISA and SPR results, cellular binding of CTX Fab Mepstra NP was
enhanced when compared to native CTX Fab(NBure 31a)To confirm that the
observed binding was due to EGFR engagementdh® were then incubated with
nonfluorescent nanoformations at 2C prior to labelling of surfacexpressed EGFR
with an antibody tagged witfuorescein isothiocyanate (FITCHigh basal staining

of EGFR was detected on untreated cells as expé€tgdre 31h control 3 and a
similar pattern was alsperceptible following incubation with the nude control
naroparticlegFigure 31b, control 4 and b In contrast, EGFR staining was markedly
reduced upon treatment with native CTAORNP and, to a more pnounced extent,

by CTX Fab Mepstra NRFigure 31b, control7). These findings suggest that both
CTX Fabnanoformulations engage EGFR on the surface of PANEIIs, thereby
impeding binding of the fluorophotteagged antibody to theaeptor.
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Figure 31. a) Cellular binding of nanoconjugaté3native CTX Fab NP an#)
CTX Fab Mepstra NFResultsl) and?2) are presented as % increase in RFU versus
the corresponding nude NHS NP and nude azide NP controls, respe&AnIg-1

cells were treated with fluorescent nanoformulations (800 pg polymer/mL) for

45min at 4°C. Cells were then washed and analysed fuoaescent microplate

readerb) Flow cytometry analysi®?2ANC-1 cells were treated with various
nanoformulatios (500 pg polymer/mL) for 1 h at’@. Cells were then washed,
stained with FITGabelled EGFR or isotype control antibodiBepresentative
histograms are shown for each of the numbered treatmerit§/) with inset values

denoting the geometric medndrescence intensitf2r Michelle Greene proceeded

with this set of experiments.

These studies were alseplicaedin two otherEGFR-positive pancreatic cancer cell

lines MIA PaCa2 and BxPG3, both used extensively in pancreatic cancer research
and theapy development®1>*As anticipatedEGFR binding to the surface of the cell
trends were lagely comparable to those observed in the PANGodel(Figure 32.
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Figure 32. a) MIA PaCaz2 cells were treated with fluorescent nanoformulations
(600g polymer/mL) for 45 min at 24C. Cells were then washed and analysed on a
fluorescent microplate reader. Results for native CTX Fab NP and CTX Fab Mepstra
NP are presented as % increasRFU versus the corresponding nude NHS NP and
nude azide NP controls, respectivddy BXPC-3 cells were treated with various
nanoformulations (500 pg polymer/mL) for 1 h at 4 °C. Cells were then washed,
stained with FITGabelled EGFR or isotype contrantibodies and analysed by flow
cytometry. Representative histograms are shown for each of the numbered treatments
()1 (7), with inset values denoting the geometric mean fluorescence inténsity.

Michelle Greene proceeded with this set of experiments

Collectively, thisin vitro dataset confirms that the superior EGFR binding activity of
modified CTX Fab Mepstra NP translates to a-baked setting.

79



3.5 Encapsulation of Camptothecin into CTX AFPD
conjugated to PEGPLGA nanoparticles

Following the sucesstil development and validation of CTX Fab nanoparticles in
cellularEGFRbindingassaytheir utility as a targeted drug delivery platform was still

to be explored. The topoisomerase | inhibitor camptothecin (CPT) was selected as a
model drug for thesstudes, due to low solubility in agueous media that facilitates
entrapment within the hydrophobic core of PLGA nanoparticles. Moreover, the
clinical relevance of this drug selection is supported by the recent approval of a
nanoformulated CPT analogue (@yie®) for pancreatic cancer therapy. CPTwas
added directly to the organic phase during nanoparticle synthesis prior to
emulsification in an aqueoymlyvinyl alcohol (PVA)solution. Similar drug loading

was achieved within NHSand aziddunctionalised naopatrticles, equating to 49

4.2 and 8 = 3.8 uyg CPT/mg polymer, respectivelyTdble 5). Furthermore,
physicochemical characteristics including size and PDI wemgarablehe previous
nanoformulations containing no drug cargal§le5).

Fab CPT
Nanoformulation Polymer Diameter PDI® conjugated entrapped
(nm)? (ng/mg (ng/mg
polymer)3P polymer)?
Non-loaded
Nude NHS NP PLGA-PEGNHS 207.5+13.9 0.12+0.07
Native CTX Fab NP PLGA-PEGNHS 215.0+13.0 0.15+0.06 10127
Nude azide NP PLGA-PEGazide  204.7 +10.2 = 0.07 +0.03
CTX Fab Mepstra NP PLGA-PEGazide 211.7+56 0.08 £0.05 16.1+15
Rhodamine 6Goaded
Nude NHS NP PLGA-PEGNHS 218.8+20.8 0.13+0.06
Native CTX Fab NP PLGA-PEGNHS 226.1+23.7 0.15+0.04 12.2+53
Nude azide NP PLGA-PEGazide 215.1+12.2 0.08+0.04
CTX Fab Mepstra NP PLGA-PEGazide 218.8+13.8 0.07+0.04 16.0+5.6
CPT-loaded
Nude NHS CPT NP PLGA-PEGNHS 209.7 £10.8 0.14+0.05 - 49+42
Native CTX Fab CPT NP PLGA-PEGNHS 2142 +125 0.14 +0.05 16.6 +1.5 49+4.2
Nude azide CPT NP PLGA-PEGazide 209.0+16.2 0.10+0.04 - 48+38
CTX Fab Mepstra CPT NP PLGA-PEGazide 215.7+13.5 0.12+0.03 142+ 3.4 48+38

Table 5. Characterisation of all nanafoulations.? Data expressed as meaSD.
b Equimolar amounts of each Fab domain were initially added to the nanoparticle

conjugation reactior.actively participated iollecting these results
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Upon testing thein vitro cytotoxicity of the nanoparticte alongside equimolar
concentrations of free CPT, a dadependent reduction in PANCand MIA PaC&
cell viability was observed for all drug formatBSidure 33). Thus, these findings
confirm thatCPT may be readily formulated within NH&d azidecappedbolymeric

nanoparticles without loss of activity.
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Figure 33. a) PANC-1 cellsandb) MIA PaCa?2 cells were treated witth) CPT,
nude NHS NP and nude NHS CPT NRigrCPT, nude azide NP and nualdde
CPT NP. Both free and nanoencapsulated CPT were added to cells in equimolar
concentrations ranging from 0.0001 uM to 10 uM. Control namofbations
containing no CPT were added to cells at an equivalent polymer concentration as the
corresponding digtloaded nanoformulations. At 96 h following treatment, cell
viability was assessed by the CellTi@lo assayDr Michelle Greene proceeded

with this set of experiments.
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3.6 Targeted delivery of CPT-loaded CTX AFPD
conjugated to PEGPLGA nanoparticles

In a final set of studiesit was examined whether functionalisation of Givhded
nanoparticles with CTX Fab could enable preferential targetingeofitug to EGFR
expressing cells. Siselectiveand randomlysine conjugation was performeda
distinct chemitries as before, leading to the generation of nanoconjyghtegime

with a similar loading otargeting moiety CTX FafCPT-loaded nanocongates,
Table 5).This similarity exposeghe random naturef lysine modification strategies

for the generatiorof nanoconjugatesnd consequent unreliabilitf.e. NHS-ester
conjugation efficiency istypically | owe r wh en compared to
however,in this case it is marginally higheFhis can be explained ke abundant
number of lysine residueavaiable to react,causng batchto-batch variability,
highlighting the importance of the Piediated siteselective approachfor
reproducibility). Other characteristics were not markedly affected following
functionalisation, with only a minor increase in mieter compared to the
corresponding nosargeted formulations (Table 5). Both PANCand MIA PaC&

cells were then treated with these nanoparticles and associated contf@s ader

such conditions, binding to surfaegpressed EGFR was possible,haiigh
internalisation 6the receptor was restricted. Thereafter, the cells were washed and
maintained at 3%C overnight to allow uptake of membrabeund treatments, prior to
re-plating for assessment of clonogenic ability. Colony formation was redadéd t
greatest extentybnative CTX Fab CPT NP and CTX Fab Mepstra CPT NP, suggesting
that both nanoformulations could engage surface EGFR and thus withstand removal

during washingKigure 31).
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Figure 34. a) PANC-1 cellsandb) MIA PaCaz2 cells were treated with 200 pg/mL
free CTX full antibody40 for 15 min at 4C where appropriate, followed by the
addition of free CPT and various nanoformulations for a further 45 mifCat3bth
free andhanoegapsulated CPT were added to cells in equimolar concentrations
ranging from 0.7 uM (PANEL) to 1.4 uM (MIA PaCe2). Control nanoformulations
containing no CPT were added to cells at an equivalent polymer concentration as the
corresponding drugpadednanobrmulations. Following treatment, cells were

washed and then maintained aP@7o allow colony formationAs this work has
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been done quite recently, there is still no quantitative data to demonstrate, but cells
will be quantifiedindividually for each teatmenttherefore, onlyepresentative

imagesareshown.Dr Michelle Greene proceeded with this set of experiments.

Upon transfer to 37C, the nanoparticleGFR complexes were then endocytosed,
leading to intracellular delivery of CPT and subsexjusytotoxic effects. Notably,
these effects were more pronounced in the case of modified CTX Fab Mepstra CPT
NP, providingcredible prospectthat sitespecific functionalisation leads to superior
EGFR binding. Tacorroboratethat the observed reduction colany formation was
mediatedria EGFRtargeted delivery of CPT, cells were pneubated with an excess

of CTX full antibody40 prior to treatment with the nanoformulations. This ledro a
evidentpartial restoration in clonogenic survival, demonstgatheEGFR targeting
specificity of native CTX Fab CPT NP and modified CTX Fab CPT Mepstra NP
(Figure 3).

Taken together, this data highlights the exceptional utility of CalX MepstraNP as
a targeted drug delivery vehicle and underlines the impataricste-specific

functionalisation approaches for optimal neawierperformance.
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Chapter4 Use of variable New Antigen
Receptors ¥nars) for targeting PEG-

PLGA nanoparticles

Besides their versatility, mAbasnd their fragments are highly specific proteins that
makethem well suited for the detectionmdthogens and are thereforee of the most
used vehicles for antigen targeting. Nonetheless, there are other antigen receptors that
are reported to be small@a singledomain conformation) but still highlgfficient In

fact, somesmaler-sized proteingpossessseveral advantages for biotechnological
applicationssuch as improved stability and higher solubility when comparkdger
proteins!®® These advantages have attractegtesat deabf attention toa particular
class of proteins; the naturallyoccurring heavychain antibodies(tHCAb) from
camelidsandsharks(Ignars) (Figure35). Both camelid and shark antibodies posses
a variable singlelomain chain ota.12-15 kDa, whichis pre-disposed to bind novel

or cryptic epitopes(Vun in camelid antibodies an®¥nar in shark antibodies)
Although WH fragmentsare finding numerous applications as targeting proteins for
the treament of diseases such as cartééthis chapter will focus on MVarsand their

applications.
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Single-domain antigen receptors

A VNAR
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Full-lenght IgG1 amell (lgnar)

Figure 35. Comparison between canonical, fldhgth antibody structure with

camelid and sharkeavychain antibodies.

Vnars cOmprisea variable segment (V), three diverse pepsdgments prevenient
from the heavy chain (D), one joining segment (J) and a constant segmeaudC)
their recombination occurs exclusively within one cluster (FI@®e'® Vnars are
amongst the antigen receptors that bind to Delta like canonical Ngdok 4 (DLL4),

a key regulator that activates Notch signaling pathways directly related with early

embryonic vascular development in tumor angiogerésis.

Figure 36. Structure of the first variant of a variable New Antigen ReceMgkr)
Clone E4 A His-tag (6 histidines) separates the single cysteine residue from the

mainVnar scaffold.

Vnars are reported to tolerate extreme pHs (down to 1.5) and high temperature
conditions, allowing a variety of chemistry strategies to be employed in drug
attachmat. Moreover, \ar simple molecular architecture presents a suitable and

versatile platform for rdormatting and engineering@.g.Vnars have been engineered
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to increase their solubility and refolding ability§:1%* Porteret al. pioneered the
discovery of these antibodike proteins and also reported the ability to is®ear
clones that are highly specific for antigen bindtfgFurtherinterest in these clones
leadhis teanto the creation of Elasmogen, i@pharmaceutical company thets been
building a library of monoclonal Wars that are amenable to genetic engineering and
are currently being used to generate new therapeutic tudgtowever, their
application within the nanotechnology field remains to be explored. Thus, the aim of
this work was to use th&nars to graft them onto PEE®LGA nanoparticles,
generating naoconjugates thatarget the inhibition of endothelial sprouting and
proliferation, processes involved in tumour angiogen&$igiaving successfully
shown the enhanced model for different antibody fragments decorating drug
nanocarriersn previous chapters was believed thaty applying a similar apmach

to these proteingheir potentiatould be maximised.e. antigen binethg enhancement

due to the high orientation and number of pr@na n a n o psarfateiAlsol, e 0 s
this approach would enablergerpayload deliverieslue tothe ability of PEG-PLGA
nangarticles to encapsulate higlnug loadingsand, consequently, brej capable of
internalising and killing the cancer cells, as shown in Se@ti@r-or the above stated
reasons, Elasmogen provided one of their clones, thdah#d E4 Vnar 49, for it to

be tested irmn antibodynanoparticle complex
4.1 Vnar bioconjugation

To enhance the reactivity ¥vars to the surface of nanoparticlgsvas necessary to
install a reactive handle onto thMaarsOscaffold Due to the success of the SPAAC
reactiom employed for the generation of the previously mentionedyrpetic
nanoconjugatesChapter 2and 3, the same approach w&s be employedin this
sectioni a strained alkynbearing pyridazinedioneonjugated to a protethat would

be &clickedbto azidePEG-PLGA nanoparticlesHowever, there are several structural
differences between 1gG fragments avidars that needed to be considered. Most
importantly, Trastuzumab and Cetuximab Fabs benefit from this appbeseiuse
they incorporate a disulfide bridgehilst mutant \lar 49 contairns only one solvent

accessible single cysteine.

87



Becausethese Vnar domainswere specifically engineered to integratesiagle
cysteine residuen the distal site to the paratgpa monobromopyridazinedione
strained alkynémonoBMestra PDB0, Figure37), specialised for single free cysteine
modification,i.e. one additiorelimination even{(reagentnitially synthessed by Dr

DanielRichards)was utilisedo asses¥nar modification

0
Brﬁj\’}l/ Q Q H
|
\g/N\)J\H/\(\/O\)?N)J\O/%
: )
monoBrMestra PD 50

Figure 37. Chemical structure of monoBrMestra BD.

Bioconjugationwasinitially testedvia SDSPAGE, where, surprisingly, it was found
that successful conversion could only ocomder areducing TCEP environment
since SDSPAGE analysislemonstratedhat mutant49 was existingpartially as the
dimerdue tospontaneousdisulfide formation(Figure 38, lane 1 band atca. 25kDa

confirms presence of dimer

KbDa M 1 2 3
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Figure 38. SDSPAGE analysi®f Vnar conjugation; M) Molecular weight marker.
1) Native War E4 clone. 2) Reducednyr E4 clone. 3) War E4 clone reacted with
PD 50.
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Originally, the aim of this workvasto showthat itwaspossible toi) achieve complete
modification of the Vnars With pyridazinedionesand ii) purify the resulting
bioconjugatefrom the reducing agent and any excesmoBrMestra PC60 with
minimum protein lossthe small size of the protein could potentially cause difficulties
in purification (i.e. antibodyFab fragments are almost five times bigger in size and
protein purification procedures mostly rely aamoving excessmall moleculevia
ultrafiltration where there is a significant difference between the filteoffutalue

and the size of the protecmnjugaté.

After reaction withmonoBrMestra P50, several attmpts to purify the conjugates

for analysis and isolatiorwere attempted, such aze-exclusion chromatography,
ZebaE Spin desalting columns and sever al
(10 kDa, 5 kDa and 3 kDa). Although some of these methodsfoafled clean
conjugates, they resulted in unpredictable and frequently poor yields (below 20%
protein recovery)kor instance, UWis analysis after sizexclusion chromatography

showed significant lossf material (Figure 39).

a e
) Before purification b) After purification
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Figure 39. UV-Vis analysis aftesize-exclusion chromatograptshowsless than
20% recovery of modifie¥ nar.

Fortunately it was found thaby loweringthe concentrationfdMSO in the sample
by preparing a more concentrated samplmohoBrMestra P30 (80 uM compared
to the standard 20 pM), it was possible to achieve recoveries of over 80%t whil

removing excess small moleculda ultrafiltration.

After finding a way tasolate the conjugatseveral optimisatioparameters (varying

reaction time and temperatuegjuivalents of TCEP and monoBrMestra Bl) were
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tunedto obtain pure conjugatgl (Figure40). As a result successfubite-selective
modification throughpre-incubation of theVnar with TCEP (10 eq.) followed by
addition ofmonoBrMestra P30 (20 eq.)was confirmed by LEMS.
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Figure 40. a) Vnar modification with monoBrMstra PD50.
Reagents and condition§) TCEP.HCI(10 eq.) monoBrMestra P30 (20 eq.),
phosphate buffer pH 7,21 °C, 16h. Expected masses fdB. 12824 andb1: 13310.
b) LC-MS data showing successful conversion to conjugat&pectra have been

modified for clarity, see experimental FiQ{& and 76or full spectral data.

Unfortunately after 15 days of appropriate storage  4f theVnar conjugatesl,
LC-MS indicatedsignificant degradation of the sampike expected mass peak kept

90



decreasing er time (Figure 41). To appraise ifthis effect was specific to PD
modification, Vnar 49 was modified with other cysteine mdidation reagentse(g.
maleimide and ddoacetamide) anthe stability of these conjugateappraised. A
similar degradation patte was observed, confirming that it was not a specific issue

with using a PD linke(see experimentaFig(s)78 and 7%

Vnar Modification - Day 1 Vnar Modification - Day 15
13310 12309
12444
13310
12170
12582
. ; 741 - | | - i N
| 1 | | I | | I
12000 12500 13000 13500 12000 12500 13000 13500

Figure 41. Degradation of the modified\r, When repeating the monoBrMestr
PD modification, 15 days latdtC-MS data showing degradation of conjugate
Spectra have been modified for clarity, sepegimental Fig(sy6 and 77or full

spectral data.

Finally, to assure that this affect was not dependemadificationof theVnar itself,
the unmodified clone was also analydgd LC-MS. Consistent with lte modified
mutants the unmodified clone s also found to bedegrading ovetime. Looking
closely into the peakvalues it was possible toobserve that thsix polyhistidines
(polyHis-tag) present after the-terminus veredegrading one by onéreaking apart
the terminal singlecysteine residuéFigure 42). It was, however, noted that no

degradation past the histidine residues was observed.
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Figure 42. LC-MS data showing degradation wétiveVnar clone E4 after 15 days
and representation ofhat is believed to be the degradation pattern. Spectra have

been modified for clarity, see experimental Fig{8)and 4 for full spectral data.
4.2 Redesign ofVnars

It was then hypothesised that this cleavage was duetéon@inal cysteine residues
being moe prone to cleavagda decarboxylative route’$® It was prgosed thaby
shifting the positia of the cysteine residue from a region after the polyHis tag to a
region before the polyHigag, the stability of théVnars would be improved.
Elasmogen agreed to provide these mutants after the ruling out of the pggssibil
any leftover enzymes caugj the issueElasmogen generatahewinternalcysteine

E4 clonewith the His tag at the teninus referred to amative E4HisCTerminab2,
andthis newVnar wassent overto UCL for furtherbioconjugationstudies(Schene

19).
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Schemel9. Native E4HisCTerminab2 modification with monoB¥estra PD50.
PolyHis tag is now placed in the terminal position.
Reagents and condition§) TCEP.HCI (10 eq.), monoBrMestra FD (20 eq.),
phosphate buffer pH 7.4, 2C, 16h.

Somewhat surprisinglydegradation from th€-terminuswas still observedni these
newVnar samplesAfter a total of 30 days of storaghe nativeE4HisCTerminab2
clone was analysed again and alreldg losthreeof thesix histidinesfrom the poly
His-tag complex Furthermore reaction with monoBrMestr&#D 50 showed the
degradation offour histidines Fortunately,however,the newly shifted cysteine
residue was @ longer being cleavedue toits new positionin the protein sequence
As sucheven though not ideany installed functionalityvouldremain on the protein
scafold (at least for dong enougtperiodfor subsequent studief appended to the
newly postioned cysteine residuéoreover, a the histidines are not required for
protein function, their loss was not seen as signifit@rthe purpose of DLL4 binding
studies Since the cysteine is no longat theC-terminal it is unreasonabl¢hat a
decarboxylative cleavage is responsiblel arore likely that there is some other route
to cleavage; perhapsa some contaminant proteaat is not detectable with gent

levels of analysis
4.3 Synthesis of Mon®romo PD-based linkers

Due to the sbrt-life nature of strainedlkyne bearing molecuse there is the need to

synthesise these reagents regularly. Being aware ohdhefacile, high yielding
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synthesisproceduredor diBrMepstra PD46, it was decided that the sameethod
would be employetb make anew version othesinglecysteine modifiation reagent
Thus, anew version of thenonobromopyridazinediongas synthesise(Gcheme20),
according tgoreviously estabdihed methods for the synthesis of diBrMepdBdsee
Section 3.2}°! This molecule, monoBrkbgra PD 56, would supersede the use of

aforementionednonoBrMestra P®0 for the above stated reasons
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Scheme20. Synthesigoute of monoBrMepstra PBG.
Reagents and Condition§) Boc anhydridej-PrOH, DCM, 21°C, 16 h; (ii)tert-
Butyl acrylatej-PrOH, 60°C, 24 h; (iii) Bromomaleic acid, AcOH, reflux, 5 h; (iv)
DCC, NHS, THF, 2TC, 16 h (v)BCN(endo)PEG-NH2 13, MeCN,21°C, 16 h.

Having generated new moBrMepstra PD56, it was conjugated to the redesigned
native E4HisCTerminal52 (Scheme2l). This reactionproceeded smoothly, with
successful modificationand isolation of E4HisCTerminal Mepstra57 being
accomplishedTo demonstrate the availably of the strained alkigdelisCTerminal
Mepstra57 to participate in aklickd reaction,57 was succssfully reactedwith
Alexafluor®-488-Ns 37, generating fluoresce@4HisCTerminal Mepstra Alexafluor
58 (Scheme 2); Successfutonjugation o657 and58 was appraisetly SDSPAGE
and LGMS (See experimental, Kg) 80 to 8§.

94



H H
6 6 6
HN H HN HN
0 4 .

Ol e * e g
52

0 He. ) o
Fslh - B Y g i o WL )
ety [y N
€]

o Ho, \ij Qill C02
R S I Pk

Scheme21. Native E4HisCTerminab2 modification with monoBrMepstra PB6
andsubsequeniclickbtest reaction with Alexafluor@88-Ns.
Reagents and condition§) TCEP.HCI (10 eq.), monoBrMepstra BB (20 eq.),
phosphate Wffer pH 7.4, 21°C, 16h. (ii) Alexafluor®-488-Nz 37, phosphate buffer
pH 7.4, 21°C, 5h.

4.4 Attachment of Vnar conjugates to PES-PLGA

Nanoparticles

Although Trastuzumab and Cetuximab Fab fragments were previously attached to
PEGPLGA nanoparticles in preaus Chapters (see Chapter 2 and 3), there are several
structural differences between IgG fragments ¥Rgrs (i.e. Vnar mutantcontains

only one solvent accessible single cysteine whilst Trastuzumab and Cetuximab Fabs
incorporate a idulfide bridgg. Therefore, it was critical to understand if ¥nar
containing a single cysteine on reear terminal site would also provideimilar
orientation benefits to what was seen IgG1 fragmentsrodified TRAZ and CTX
fragments.
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As previously thenewly-formed conjgateE4HisCTerminal Mepstr&7 was sent to

our collaborators in Belfast, where Michelle Greene proceededhvétgeneration of
Rhodamine6G loaded nanaonjugates and respective controls: (i) native
E4HisCTerminal 52 conjgated to  NHSunctionalised nanoptcles
(E4HisCTerminal NP), (i) E4HisCTerminal Mepstreéb7 conjugated to azide
functionalised nanoparticleE4HisCTerminal Mepstra NP); (iii) and also the
correspondent controls, both azide and NHS nanopartilese(azde NP andNude

NHS NP) (Figure43). Once again, | was involved in doing some of the repeats and

hadsignificantinput in analysing and compiling the results.

Control nanoparticles
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Figure 43. Representation of all nanoformulations tested: nude NHSWd& azide
NP; E4HisCTerminal NRndE4HisCTerminal Mepstra NP.

To confirm that \ar E4 still retained its antigen binding affipiafter chemical
manipulation and nanoconjugatioto the Rhodamin®G loaded NPs all the
aforementioned nanoformulatiomgere incubated with recombinant human DLL4
immobilised on microtiter plates. Doskepenént binding of E4HisCTerminal
Mepstra NRo DLL4 was observed, with each increment in NP concentration leading
to a stepwise enhancement in fluorescence (Fi)reDespitesimilar concentration
dependent binding oE4HisCTerminal NPto DLL4, fluorescencaeadouts were
significantly lower than thosebserved foE4HisCTerminal Mepstra NH he controls
showed the binding of netargeted control NPshgde azide and NHS NP# be
negligible. Collectively, these findings demonstrate that our novel chemisrybm

exploited for the sitspecific &lickd installation of DLL4targeted Wars bearing a
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free cysteinyl residue on the corona of polymeric NP, yielding nanoconjugates wit
superior binding ability to DLL4 than those formulated using conventional methods

125 pg/mL NP 250 ug/mL NP 500 ug/mL NP
8000 12000 25000
Il +DLL4 Il +DLL4 B +DLL4
60004 [ -DLL4 90004 [ -DLL4 200004 [ -DLL4
15000:
£ 4000 2 6000 z
* . & 10000
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Figure 44. Binding of all nanoformulations to DLLANumber of samples 3.) Nude

NHS NP.2) E4HisCTerminal NP3) Nude azide NP4) E4HisCTerminal Mepstra

NP.

Site-selective cysteine modifidg4HisCTerminal Mepstra N DLL4 is greatly
erhanced compared to random lysine modifiHisCTerminal NPBinding of all
the nanoformulations (125, 250 and 500 pg polymej/talDLL4 was analysed by

FLISA. Data expressesis mean £ SEM.actively participated in doing #se
experimers.

Following this, veriicationwas soughthat the observed enhancement in fluorescence
in the above binding assays was attributed to spéciéicactions between the targeted
nanoformulations and the immobilised DLL4 antigen. Although the previous studies
offered prelminary confirmation in this respect through inclusion of control wells that
were not coated with DLL4 (where only backgroundofescence was detected),

further orroboraton tothese findings using a variety of assay formeds sought

Initially, E4 pardopes on the surface of the NP were saturated with an excess of free
DLL4 prior to incubation in microtiter plate wells coatedtiwthe same antigen.
Binding of E4HisCTerminal Mepstra NRRnd E4HisCTerminal NPwas inhibited
following pre-incubation with DLI4, as evidenced by significantly lower fluorescence
readouts for these samples (Figui®dg. As an alternative approach, both
E4HisCTerminal Mepstra NRRnd an amtDLL4 monoclonal antibody were added
simultaneously to DLL4mmobilised wells. In these stieli, NP binding was
progressively impeded with increasing concentrations of competingDbah#
(Figure 45b). Taken together, tlse distinct experimental setupsopide robust
confirmation that the ability of the NP formulations to bind to DLL4 was depénden
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upon the surface conjugation of tgar proteins.

a) B+ DLL4 pre-incubation Bl + DLL4 pre-incubation b)
[ - DLL4 pre-incubation [ - DLL4 pre-incubation
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Figure 45. Binding of E4nanoformulations is DLL4pecific.Number of samples3.
a) Binding of fluorescently labelletl) Nude azide NP2) E4HisCTerminal Mepstra
NP. 3) Nude NHS NP4) E4HisCTerminal NPAIl nanoformulations were at 50 g
polymer/mL concentration and limgto DLL4 was analysed by ELISA + pre
incubation withanttDLL4 monoclonal antibody10 pg/mLb). b) Binding of
fluorescenthlabelledE4HisCTerminal Mepstra N250ug polymer/mL) to DLL4
was analysed by ELISA £ competition wiht-DLL4 monoclonal anbody (165
40000 ng/ml). Data expressed as mean + SEMctively participated in doing ése
experimers.

It was next investigted whether the superior binding of sstdective cysteine
E4HisCTerminal Mepstra N®as contingent upon both surface disptéyazde and
cysteine modification of th&nar. Various nanoformulations were synthesised by
incubatingeE4HisCTerminal Mepstra7 with a NP comprised solely of PLGB02H,

or a blend of PLGA02H and either PLGAREGNHS or PLGAPEG-azide. Binding

of these NPs to immobilised DLL4 was minimal, with the exception of those
formulatedvia ¢&lické coupling of E4HisCTerminal Mepstr&7 to complementary
azideterminated NP (Figurd6). Furthermorenative E4HisCTerminab2 was also
incubated with the above polymeiP formulation; all three formulations showed
only marginal levels of DLL4 binding (Figu#s). These findings clearly indicatieat

the enhanced DLL4 binding activity &4HisCTerminal Mepstra NB not simply
mediatedvia non-specific surface adsorpti@f theVnar clone Rather it shows that
the presence of the surfaegposed azide and the cysteine modifedr are critical
determinants of nanoconjugate performartbeis confirming the siteselectivity and

importance of our covalent conjugation aguio
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Figure 46. Enhanced DLL4 binding bi4HisCTerminal Mepstra Ni2 dependent
upon sitespecificaclickdcoupling.Number of sample$. E4HisCTerminal Mepstra
57 andnon-conjugatechative E4His@erminal52 were incubated with fluorescently
labelled NP composed of PLGB02H, a 75:25 blend of PLGAO2H:PLGAPEG

NHS anda 75:25 blend of PLGAG02H:PLGAPEGazide. Binding of these
nanoformulations and corresponding blank NP controls (500 pg polymetdmL
DLL4 was analysed by ELISANumber of samples: Bata expressed as mean +

SEM. | shadowed Dr Michelle Greene in doing thigperiment.

The final set of studies examined the influence of several formulation parameters on
the DLL4 binding activity ofE4HisCTerminal Mepstra NPFirstly, the effect of
varying the amount of azide fuimmnality on the surface of the Nias investigted

A 95:5, 85:15, 75:25 or 65:35 blend of PL&A2H:PLGAPEGazide was used to
generate a series of NP batches with graduatesds of azide moieties presented for
conjugation Following incubation with DLL4-coated wells, fluorescence
measurements reaked that each gain in azide content led to a corresponding
enhancement in NP bindin8urprisingly, t was found that a 65:3atio was superior

to the 75:25 previouslyshown to be optimafor TRAZ fragment @anoparticles
(Figured47a) This effect could beattributed tothe smaller size of Var proteins,
which, in theory, would Bow a higher protein packing on nanoparticles swgfac
reinfordng the idea that smaller proteins/antibody fragmeatsid provide a better
antigenbinding profile of PEGPLGA nangarticle Vnar conjugateThereafterit was

also explored the impact of different loadingsEdHisCTerminal Mepstr&7 on the
surface of theNP. This was achieved by varying the input amouns®fo the NP
conjugation reactions from 0.25 to 4 nanomolesilligram of polymer, leading to

the generation of nanoconjugates with incremental improvements in DLL4 binding

activity (Figure 47b). Interestingly, fluorescence levels plateaued upon adding
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>2 nanomoles oE4HisCTerminal Mepstra7, suggestive of DLL4pitope saturation.

In summary, these data showcase the exceptional versatility and highly controllable
nature of our NP funatnalisation tehnology, demonstrating how DLL4 binding may

be tuned to the desired specification through facile manipulatiomanbus NP

formulation components.

a) b)
3 Blank NP
400007 g E4HisCTerminal Mepstra NP 20000
30000~ 150004
=
g 200007 & 10000+
10000+ 5000
> 0
A@ K o o -
B2l & @Y & & P L N a *
! i R
PLGA 502H:PLGA-PEG-azide E4HisCTerminal Mepstra 57

(nmole/mg)
Figure 47. DLL4 binding activity d E4HisCTerminal Mepstra NB highly

controllable Number of samples3. a) E4HisCTerminal Mepstr&7 was incubated

with fluorescently labelled NP composed of a 95:5, 85:15, 75:25 or 65:35 blend of

PLGA-502H:PLGAPEGazide. Bindingof these nanoformulatis and

corresponding blank NP control (500 pg polymer/mL) to DLL4 was analysed by

ELISA. b) Various amounts dE4HisCTerminal Mpstra57 were incubated with

fluorescently labelled NP composed of a 75:25 blend of PEG2H:PLGAPEG

azde. Binding of theseanoformulations and the corresponding blank NP control
(500 pg polymer/mL) to DLL4 was analysed by ELISA. Input amounts of

E4HisCTerminal Mepstr&7 are annotated as nanomoles @h¥per milligram of

polymer. Data expressed as meaBEM. Dr Michelle Greae proceeded with this

set of experiments.

This chaptershowcases a new modular method for attachkgr proteins onto the
suifaces of aPEGPLGA polymeric nanoparticlevia ¢clickd chemistry. A novel
heterobifuncitional PD linker was designed and useshttble site selective cysteine
conjugation of aVnar clone to form a bioconjugate that was attached to an azide
decoratechanoparticle using SPAAC conjugatiorhis nanoparticle/nar construct,

with orientated protein presentation on the nanoparsietéace, showed favorable
properties in terms of binding when compared to traditional nanopgptiatein

conjugation chemiss.
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These results werencouragingasinitially it was thought of the @sibility that the
orientation provided by disulfideetbridging approachn previous experimente(Q.
with CTX and TRAZ Fab)could be less impactfulwith the new singleysteine
madification approachFortunately the results demonstrathe same orient#on

benefitsas the cysteine distalfrom the recefor binding site.

This work resulted in the generation of a nanopariéler conjugate for the first
time. Furthermore, the iportance of controlled chemical ligation for the overall
performance of nanoconjugates was confirdf€drhus, this work is seen as a
contribution tothe study of active targetethnocojugates and how theiextensive
refinementcan lead to airmpact on overaléfficiency.
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Conclusions andFuture Work

Outlook

Throughout this thesishe use of pyridazinediones as novel surdlagend linkers for
the installation of targeting antibodies tonazideterminated nanoparticleswas
reported Several different fragments of antibodies @naall proteins were tested as
targeting moieties, generatirNCs with previously unmet degrees of contrahd
thus greatly enhancingantigenbinding capabilitis. Additionally, the collaboration
wi t h QuUneversityd f Belfast was considererf major importanceas their
expertise indeveloping PEGLGA nanoparticleswith exquisite propertiese(g.
ability to functionalise with functional groups such as azatedHS-esters, ability to
encapsulate drugs,cetfacilitatedtheappraisal of success of such ANCs. In this way,
it was posdlle to demonstrate that the more controlled chemistry offered by the
pyridazinedione linker allows a more oriented arrangemetiteoantibody onto the
surface of the nanopaste, and thus providea significant improvement in antigen
binding capability. This enhancement in avidity of pyridazinediemediated
nanoconjugation methods also demonstrated enhanced efficacy in duggydahid
consequent cell killing when compared tompetitor nanoconjugates (e.g. fion
targeted nanoparticles, nanoconjugatesre/mandom lysine residues are modified),

suggesting antigemediated NP internalisation into the cells.

In conclusion, a unigueechnology has been developed that ersabie @nstruction
ofdrugloadedd a c-t av g e t eGivien theNuECaess of the enlbad conjugation
techniques presentddr antigenbinding and cellbasedassaysit is envisioned their

future academic and conamtial applications in the field.
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Future work
Amine-reactive pyridazinedionesproject

Previously, it was reported thedrbodimide chemistries arstill one of the preferred
approaches to covalently attach antibodies/antibody fragments to nanoconasucts
they activate carboxylic groups presenttbe surface of nanoparticleAs shown
throughout this thesishis approach isonsiderecguboptimal but it is stillcommonly
utilised due to its simplicity and the commercial availability of carboxylate
functionalised nanomaterials and polyméiso, aminefunctionalised nanoparticles
are amongst the most frequently used for tpneration of actiwargeted
nanoconjugated.hus, it was projected a way in which these positive factors could be
combined wih our technology to fabricate ANCs with a higbgdee of control in a
facile fashion. Rather than utilise the carboxylate fuumstito couple directly to the
targeting antibody, it was envisioned ®ynthesise NHS-ester functionalised
pyridazinedione linkes (Scheme 28) to mediate the link between ligd and particle;
thus, disulfide selectivity could be introduced to commercialemials using simple
chemistry Hence, it is presented an alternative approach basechrbodiimide
chemistries, where both teiselectivity and orientation of the antibodytiéody
fragment onto the nanoparticles are preserved (Scheme 22b). Additicarallye
terminations are stable at physiological conditions, providing a more reliable platform

for further modifications.
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Scheme22. a) Synthesis of amineeactive PD65.
Reagents and cadlitions (i) NaH (60%)) tert-butyl acrylate, THF, 21 °C. (ii) AcOH,
21 °C, 2 h. (iii) Methanesulfonyl chloride, NEDCM, 21 €, 24 h. (iv) NaN, DMF,
21 °C, 72 h. (vXriphenylphosphine, THF, #D, 21 °C, 16 h. (vi) P@5, MeCN,
21°C, 16 h. (vii) TFA, BCM, 21 °C, 2 h. (viiiN , Mi6yclohexylcarbodiimidelN-
hydrosuccinimide21 °C, 16 h.

b) Representation of envisioned approfmththe use of carbodiimide chemistry for
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the formation of nanoconjugates in a stdective manner, highlighting main
advantags.

The aforementioned strategy would also allow nheoparticlePD conjugatdo be
fully characterisedstoredand shipped taollaborators in high quantitieproviding a
useful platform for those who lack the tools and expertise for protein modifigatio
and/or nanopatrticle functionalisatidine. by having this stabldlP-PD intermediate,
only one step is needdd graft antibotes/antibody fragments in an oriented, site

selective manner, generating higitgntrolled ANCswith optimal antigerbinding).
Application of tetrazine PD linkers for the generation of nanoconjugates

As nanoparticle research is thriving, Ibjple researchgroups are more and more
interested inequippingnanoparticles with reactive handles so they can be further
functionalised withdrugs, fluorophores or targeting entiti€sr this purpose, and as
described i n Cha ptagents laye biglt laige Hergefitscthtkemi st r
bioconjugation field as they deliver reliable, rapid and simple reactions aewweate
range ofconditons. Although strained alkyne/azide reactions were employed during
this thesis, tetraziriganscyclooctene (TO) 6 c lalso@atkattindgattentionin the

field of biorthogonal labelling and crosslinkingoreover, this method is reported to
excel at ery low concentrations, making it a suitable candidate for application in
biological systems, due to the extréynepid reactio kinetics'®’ Although there are

two main types of tetrazines that are commonly utilisesmedhylsubstituted
supersedes the usé &hydrogensubstituted tetrazines due to its higka@bility in
aqueous mediand superior tolerance to harsh reaction caomht (even though not
offering the same reaction kinetics as the latter) makiray suitablereagent for
functionalisation of pteins/nanoparticleg.hus, itwasenvisioned to synthesise a 6
methyl tetrazie precursorfor further application within theamoconjugate field as

responseta gr owing interest (ScheameR3d)i s o6cl i ckabl
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Scheme 23Synthesis of tetrazine precursti.

Reagents andonditions (i) Di-tert-butyl decarbonate, NaOH 8, 21 °C 16 h (ii)
Zn(OTf),, 1,4dioxane, MeCN, 65 °C, 72(iii) NaNO,, AcOH, DCM, 21 °C,
15min. (iv) TFA, DCM, 21 °C, 2 h. (v) Glutaric agdride, THF, 55 °C, 16 h. (vi)
Amine 70, NEt;, HATU, DCM, 21 °C, 16 h.

Tetrazine precursorl can be used to equip a pyridaiione handlen a facile
mannerby underging a boc deprotecton reaction, followed by coupling to any of
the NHSester PDs geviouslysynthesisedFigure 48) In fact, work has been initiated
in this regard as has been included as an appendix exptimnethis thesis to ensure
transfer of knowledge to future méers of the Chudasasma research group.

106



Br.
| \/ 2 Br \/ 2
(ON <
S I 0 5%
(0]
PD 45 PD 55
(0]
Br. ‘ N~ H o
(0]
Br N\/\g/ \/\eo/\}So\/\g/ ﬁ
o
PD 65

Figure 48. Library of NHSester pyridazinediones.

Hence, when pyridazinedioniekers are syrtesisedjt will be possible tocompare
the tetrazine/TCOagainst strained alkyne/azide efficiengyarticularly for the

applicdion in assays where high sensitivity is nee@ed.lateral flow assays
CTX Fab NP

As it was envisaged for my PhD, sevemahoconjugates were developed and their
improved avidity demonstrated. Additionally, one of the main goals of this project was
testing CTX Fab NPs in a model of pancreatic cancer, which was successfully
achieved, withexcellentresults. The following stepwould be testing CTX Fab

nanoconjugates ianin vivo setting.
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General Experimental

Chemicals

All reagents were purchasewii Aldrich, Alfa Aesar or Lumiprobe and were used as

received without purification, unless stated.
Chromatography

All small molecule reactions were monitored by tfayerchromatography (TLC) on

pre-coated SIL G/UV254 silica gel plates (2%dh) purchaseffom VWR. TLC plates

were initially examined under short wave UV light and then developed using aqueous
potassium permanganat@ ninhydrin stains, when appropriate. Flasblumn
chromatography was carried out withyre@ aded Gr ace Res odnaE f | a:
Biotage® Isolera Spektra One flash chromatography system.

Spectroscopy

'H and®C NMR spectra were recorded at ambientgerature on a Bruker Avance
300 instrument operating at a frequency of 300 MHZ4band 75 MHz fort*C, a
Bruker Avance 500nistrument operating at a frequency of 500 MHz #drand
125MHz for *3C, and a BrukeAvance 600 instrument operating at a fregcy of
600MHz for *H and 150 MHz fotC in CDCk, CDsOD or DMSO-ds (as indicated
below). The chemical shiftgl) for H and'*C are quoted relative to residual signals
of the solvent on the ppm scatel. NMR pe&s are reported as singlet (s), doubtdt (
triplet (t), quartet (q)pentet (p),m (multiplet) and br (broad) Coupling constants
(J values) are reported in Hertz (Hmd are HFH coupling constants unless otherwise
stated. Where rotamer peaks are preteel) analysis was conducted by integnatid

all rotamer peaks. Chemical shifts of only the major rotamer peaks are reported.
Infrared spectra were obtained on a Peidimer Spectrum 100 FTIR spectrometer
operating in ATR modelUV-vis spectroscopy was &3 to determine antibody
fragment concenations using a nanodrop NIDOO spectrophotometer and a Varian
Cary 100 Bio U\ Visible spectrophotometer, operating at roomgemature. Sample
buffer was used as blank for baseline correction-Vi$/spectroscopyas also used
to determine PAR (Pyridazdione to Antibody Ratio) and FAR (Fluorophore to
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Antibody Ratio). Calculation of molecule over antibody ratidpllows the brmula

below, as previously descriaédl

5 j-
5 BGOOB |-

SDSPAGE gels

Non-reducing glycineSDSPAGE at 12%and 15%acrylamide gels were performed
following standard lab procedes. A 6% stacking gel was used and a breadie MW

marker (10250kDa, Prestained Pagerulelus Protein Standards, BRad) was ce

run to estimate protei aMwstug)wersmixedBatmp | e s
| oading buffer (6%SRBSL]gSDS Bhiplogycerolj 6o 0.5 M r

Tris buffer pH 6.82 mg bromophenol blue in 10 mL) and heated at@%or 1 min.

The gels were run at 30 mA for 50 min in 1 x SDS running buffee gels were

stained with Coomassie blue dye.
Protein LC-MS

Antibodies antibody fragments and theiespectiveconjugates wergrepared for
analysis by repeated diafiltratiomto distilled water to achieve approximate
concentrations of -5 pM (1.0 mgxmit) and submitted to the UCL Chemistry Mass
Spectrometry Fagtly at the Chemistry Department, UCL for analysis on the Agilent
6510 QTOF LGMS system (Agilent, UK). 10 pL of ed sample was injected onto a
PLRPRS, 1000A, 1M, 150mM x 2.1mM column, which was maintained at 80.

The separation was achieved usingbiteo phase A 95% water,5% MeCN
0.1%formic acid) and B%% wate, 95% MeCN 0.1% formic acid) using a gradient
elution. The column effluent was continuously electrosprayed into the capillary ESI
source of the Agilent 6510 QTOF mass spectrometer andntaS$ spectra were
acquired in positive electrospray ionisation (E®node using the m/z range

1, 00071 8, Oemdde.i The rgwrdataf wias converted to zero charge mass spectra
using a maximum entropy deconvolution algorithm, over the appropriate rexgons
identifiedvia the LC trace, with the software, MassHunter ¢i@n B.07.00). All full
antibody samples were glgcosylated with PNGade enzyme treatment prior to EC

MS analysisa wellestablished method in literatut®
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LC-MS for Vnar proteins and correspondent conjugates performed on protein
samples usig a Thermo Scientific uPLC connected to MSQ Plus Single Quad
Detector (SQD) . Col umn: KM §0pnenr WaivdlengiB.o | d
254nm. Mobile Phase: 99:1 Water (0.1% formic acid): Me(ONL% formic acid) to

1:9 Water (0.1% formic acid): MeCN (@4 formic acid) gradient over 4.5 min. Flow
Rate: 0.3 mL/min. MS Mode: ES+. Scan Range: mB0Q 2000. Scan time: 1.5 s.
Data obtained in continuum mode. The electrospray source of the MS erateolp

with a capillary voltage of 3.5 kV and a cone volta§®@® V. Nitrogen was used as

the nebulizer and desolvation gas at a total flow of 600 L/h. lon series were generated
by integration of the total ion chromatogram (TIC) over2t@5.0 min rangeTotal

mass spectra for protein samples were reconstruagdtfre ion series using the pre
installed ProMass software using default settings for large proteins in m/z rarige 500
1500.

Miscellaneous

All reactions involving moisture sensitive techniguesre performed under an
atmosphere of dry argaia standard &cuum line techniques and glassware was flame
dried and allowed to cool under reduced pressure. Reactions performed at 0 °C were
cooled with an ice and water bath. Concentraiiomacuorefersto distillation on a

Bichi rotary evaporator, and where appiaig, under high vacuum. Where described
below, Petrol refers to petroleum ether (b.p640°C). Melting points were measured

with gallenkamp apparatus and are uncorrected.
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Experimental for Chapter 2

Synthesis of compounds

tert-Butyl 1-methylhydrazinel-carboxylaté®® 32

L

/

32

To a stirring solution oN-methylhydrazin&1(1.73 g, 37.5 mmol) iDCM (100 mL)

at 0 °C was added dropwise -trt-butyl dicarbonate (8.12 g, 37.5 mmol, pre
dissolved inDCM (40 mL)) over 40 minThe mixture was allowed to warm to room
temperature (21C) and stirred for a further 3 h. After this time, the reaction mixture
was concematedin vacuoto yield tert-butyl-1-methylhydrazinel-carboxylate32
(5.15 g, 35.3 mmol, 94%) as a yellow liquid without further purificatiii. NMR
(CDCl;, 600 4Dd¢zb)s, 2H), 3.02 (s, 3H), 1.44 (s, 9FC NMR (CDCE,
150MHz) 4 157. 2 ( C) ,3, 28.6 (CH); IR @)n film3B830,297(, CH
2932, 1668 cm.
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((tert-Butoxycarbonyl)(methyl)amino)glycifn&®33

%l

33 :
tert-Butyl 1-methylhydrazinel-carboxylate32 (585 mg, 4.00 mmol) and glyoxylic
acid (296 mg, 4.00 mmol) were dissolved-ifrOH (10 mL) and the reaction mixture
stirred at 21 °C for 5.5 h. 10% Pd/C (80 mg) was subsequently added and the flask
placed under vacuum to remove all air. The flask wasdfillith an atmosphere otH
via a balloon and the suspension stirred for 24 h.rAfes time, the solution was
filtered through Celite® 545 antefiltrate concentrateth vacuoto yield a crude oil.
Trituration with DCM afforded (fert-butoxycarbonyl)fnethyl)amino)glycine 33
(170mg, 0.8@ mmol, 20%) as a yellow foam. Data matchealliteraturé’®. *H NMR
(DMSO-ds, 400 MHZ)i13.46 (s, 2H), 2.93 (s, 3H), 1.40 (s, 98¢ NMR (DMSO-ds,
100 MHz) 1 171.9 (C),152.0 (C), 819 (C), 50.9 (CH), 27.7 (CHa), 28.0 (CH); IR
(thin film) 3299,3025,2977, 29311733 1668(br) cni?.
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2-(4,5-Dibromo-2-methy}3,6-dihydropyridazinl(2H)-yl)acetic acid®® 34

To a solution of gert-butoxycarbonyl)(methyl)amino)glycine33 (150 mag,
0.73mmol) in AcOH (10mL) was added dibromomaleaxid (546mg, 2.00mmol).
The reaction mixture was refluxed for B4 After this time, all solvent was removed
in vacuowith toluene ceevaporation (3 x 2@L). The crude material was then
dissolved in EtOAc (2BnL), washed with water (3 x IBL), and dred (MgSQ). The
organic layer was concentrateid vacuo and purification by flash column
chromatography (10% MeOHCM with 1% AcOH) yielded ZA4,5dibromo2-
methy}3,6-dioxo-3,6-dihydropyridazinl(2H)-yl)acetic acid 34 (107 mg,
0.310 mmol, 43%) as a browsolid: m.p. 135140 °C;*H NMR (600 MHz, MeODYi
4.96 (s, 2H), 3.62 (s, 3HY*C NMR (150 MHz, MeOD)i170.2 (C), 154.8 (C), 154.0
(C), 137.4 (C), 135.7 (C), 49.5 (GKI35.0 (CHY); IR (solid) 3023, 2969, 1731, 1662
1631cm.
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((1R,8599)-Bicyclo[6.1.0]nonr4-yn-9-yl) methyl(2-(2-(2-(2-(4,5-dibromo 2-methyt
3,6-dioxo-3,6-dihydropyridazin
1(2H)-yl)acetamido)ethoxy)ethoxy)ethyl)carbamt 35

O
Br. N/ 0 H \
| | H
Br N\)J\N/\/O\/\O/\/N\n/o\\\..
H H
0] (0]
35

To a sdution of 2(4,5-dibroma2-methyt3,6-dihydropyridazinl(2H)-yl)acetic acid
34(30mg, 0.087 mmol), PyBOP (50 mg, 0.4fnol), and DIPEA (12 mg, 0.10 mmol)

in DCM (25 mL) was added N-[(1R,859S)-bicyclo[6.1.0]nor4-yn-9-
ylmethyloxycarbonyH1,8-diamina3,6-dioxaoctanel3 (28 mg, 0.087 mmol). The
resulting solution was then stirred at 1 for 16h. After this time, the reaction

mixture was diluted with HO (10 mL), extracted with EtOAc (810 mL), the

combined organic layers dried (Mg®@nd concentrated vacuo The crude residue

was purified by flash column chromatography (neat EtOAc) to afford,&§19S)-
bicyclo[6.1.0]nor4-yn-9-yl)methyl(2-(2-(2-(2-(4,5-dibromo2-methyt 3,6-dioxo-
3,6-dihydropyridazinl(2H)-yl)acetamido)ethoxy)ethoxy)ethyl) carbam&&(7 mg,

0.011 mmol, 13%) as a yellow ottd NMR (600 MHz, CDC4, mixture of rotamers)

a 8.34 (br s, 0.5H), 7.00 (br. si47d. 5H),
(m, 2H), 4.2 (d,J = 8.2 Hz, 2H), 3.763.50 (m, 11H), 3.508.43 (m, 2H), 340 3.30

(m, 2H), 2.312.17 (m, 6H), 1.601.51 (m, 2H), 1.411.24 (m, 1H), 1.000.85 (m,

2H); ®*C NMR (150 MHz,CDG) ( maj or rotamer) U 165.6 (
152.5 (C), 137.0 (C),34.8 (C), 98.9 (C), 77.4 (CGH 77.2 (CH), 77.0 (CH), 70.8

(CH2), 70.6 (CH), 70.5 (CH), 70.3 (CH), 70.2 (CH), 70.0 (CH), 69.6 (CH), 69.4

(CHy), 63.0 (CH), 50.9 (CH), 50.3 (CH), 40.9 (CH), 39.7 (CH), 35.0 (CH), 29.1

(CH), 21.5 (CH), 20.2(CH), 17.8 (CH); IR (thin film) 3338, 2925, 16851662,
1633cm™.
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Chemical biology

Untreated Trastuzumab Contf@IRAZ) 27

27

Expected mass: 145,532 Da Observed mass: 145,171 Da.
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Digeston protocol$®®

Trastuzumab F(abd)

WA

Immobilized pepsin (0.6 mL) wasashed with acetate buffer (4 x 0.3 mL, 20 mM

(f(n
[72X7)]

sodium acetate trinydrate, pH 3.1). Trastuzu@a19.5 mg,3 mL, 6.55 mg-mltin
acetate buffg was added and the mixture incubated for 5 h under constant agitation
(1100 rpm) at 37 °C. The digest solution was separated from the resin beads, which
were washed with digest buff(80 mM phosphate, 150 mM NaCl, 1 mM EDTA, pH

= 6.8) (3 x 0.4 mL). The washirsgwere combined with the digest and the entire
mixture buffer swapped into BBS (25 mM sodium borate, 1 mM disodium-ethyl
enediaminetetraacetic acid (EDTA), pH = 8.0). Concentnatvas estimated using
UV/Vis (280 = 140,000 cit-M™) Tr a st u z u m@dmgFIR% pied)) was
confirmed using SD®AGE and LEMS. Expected mass: 97,125 Da. Observed mass
97,289 Da.
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Native TRAZFab28

Qs—s
28

Immobilised papain (2 mL, 0.25 mg-fl) was incubated ibuffer (10 mM DTT in
digest buffer) at 37 °C with constant agitation (1100 rpm) for 1 h. The papain resin
was subsequently filtered and washed with digest bufféimes and trastuzumab

F ( a2fBdny, 2 mL, 46 pM in digest buffer) was added to the bélus mixture was
incubated at 37 °C with constant agitation (1100 rpm) for 16 h, before being separated
from the digestvia spin filtration and washed with BBS (3 x 0.4 mL, 25 mM sodium
borate, 25 mM NaCl, 0.5 mM EDTA). The digest and the washes were csairdial
buffer swapped for BBS using spin filtration columns (10,000 MWCO), and the
volume was adjusted to OmaL. Yield of Fabwas determined by UV/Vis spectroscopy
(€280 = 68,590 M*.cm'Y). Native TRAZ Fab28 (7.2 mg, 90% yield was confirmed
using SDSPAGE and LCGMS. Expected mass: 4629 Da. Observed mass:
47,637Da.
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Figure 51. SDSPAGE gel for Trastuzumab digestidl) Molecular weight marker.
1) NativeTRAZ 27.2)Tr a st u z u m3) Natiie TRAR BaJ28.
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Bioconjugation protocol$®

TRAZ Fab [disulfide]29

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

To a solution ohative TRAZFab28( 50 L, 20 &M, 1 eq.) 1in
borate, 25 mm NaCl, thm EDTA, pH 8.0 + 3% DMSO) was adddidBrMestraPD

35(0.5 ¢L, 20 mM in DMSO, 10 eq.), foll ow
pH =8, 5 eq.) and threaction mixture incubated at 2C for 2 h. The excess reagents

were then removed by repeated diafiltration into fresh buffer using VivaSpin sample
concentrators (GE Healthcare, 10,000 MWCO). Following this, analysis by SDS
PAGE,LC-MS and U\-Vis reveale >95% conversion tdRAZ Fab [disulfide]29.

Expected mass: 4&% Da. Observed mass: 48,126 Da.
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Figure 53. SDSPAGE gel for Trastuzumab Fab fragment modificatidi
Molecular weight markerl) Empty. 2) Native TRAZ Fal®8. 3) In situreduction of
28 and reaction with pyridazinediod® at 21°C (10 eq.).
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Figure 54. UV-Vis data forTRAZ Fab [disulfide]29, Pyridazinediondo-Antibody
Ratio (PAR) & 0.9.
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Figure 55. (a) TIC, (b) nondeconvoluted LEMS trace andc) deconvoluted MS
data forTRAZ Fab [disulfide]29.

127



TRAZ Fab [disulfide]Alexafluor 36

To a solution of TRAZ Fafdisulfide]29( 50 ¢ L, e th BRS\,3% DMSO)

was added\lexafluor®-488N337( 0 . 220 ;M in DMSO, 4 eq.) and the reaction
mixture incubated at 21 °C f@h. The excess reagents were then removed by repeated
diafiltration into fresh buffer using VivaSpin sample concentea{@E Healthcare,
5,000MWCO). Successful conjugation of lakel proteirB6 was confirmed by SDS
PAGE, LC-MS and U\+Vis analysis. Expected mass: 4&7/Da. Observed mass:
48,784 Da.
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