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1. Introduction

1. Introduction

1.1 Cancer therapy

Cancer has existed for thousands of years and now is one of the leading causes of death
worldwide. With the countless efforts paid and remarkable progresses achieved by
scientists and physicians, we have witnessed the transition of some types of cancer from
incurable disease to chronic disease. Surgery, chemotherapy and radiotherapy used to
be the mainstream for cancer treatment, either alone or in combination. Although
surgical excision aims at removal of all the solid tumor from body;, it is still a pipe dream
under current technology. Study has reported that the growth of minimal residual
disease is changed after tumor excision due to multiple causes: 1) unexpected or
inevitable spread during the operation; 2) generation of immunosuppressive
environment during recovery period; 3) increased angiogenesis and cell viability [1].
Chemotherapy and radiotherapy have opened a window of opportunity to reduce
minimal residual disease to improve the cure rate, and the neoadjuvant chemotherapy
or radiotherapy implemented before surgery allows inoperable cancer to be operable
[2]. However, these traditional therapies still confront obstacles such as tumor
recurrence, drug resistance and side effect. The conventional chemotherapy is more
prime to kill fast-dividing cells so as to achieve anti-tumor efficacy, as tumor cells are
usually actively cycling cells [3]. Therefore, healthy cells undergoing fast division such
as hair follicle cells, skin cells, cells in gastrointestinal tract and bone marrow can also
be attacked, causing hair loss, skin changes, nausea and vomiting, as well as
myelosuppression [4, 5]. Meanwhile, dormant cancer cells which are related with
recurrence and metastasis can escape from death [3]. Recently, the emergence of
targeted therapy which distinguishes and eliminates cancer cells by biomarkers rather
than cell cycles has increased the specificity of cancer treatment and might be a

promising approach to treat cancer.
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1.2 Targeted therapy

Targeted therapy is an old but renewed field for antineoplastic therapy. Paul Ehrlich
first proposed the concept of “magic bullets” in 1890s, indicating that a drug could be
specific for a target presented in infected cells or tumor cells while be safe to normal
cells [6]. Even Paul Ehrlich’s triumphs are mainly remained in infectious diseases, the
“magic bullets” concept is deemed the birth of targeted therapy. However, the targeted
therapy just reached its prime time in the last two decades, benefiting from the
groundbreaking researches in tumor-associated genes and growing knowledge of
molecular mechanism of carcinogenesis [7].

Targeted therapy falls into two broad categories: small molecules and macromolecules.
The main category of small molecules now are signal transduction inhibitors including
multikinase inhibitors (e.g., sorafenib, sunitinib and vandetanib) and selective
inhibitors (e.g., erlotinib, gefitinib and vemurafenib) [8]. These drugs usually function
by blocking the active site of targets, and thus the inhibition is limited by the difficult-
to-drug targets, multidomain scaffolding proteins which contain several active domains,
accumulation of proteins and conformational changes of protein induced by
nonsynonymous mutations [9]. In comparison to macromolecules, small molecules are
easier to penetrate cell membrane and blood brain barrier by virtue of the small size,
but the off-target effect is more commonly observed due to high systemic drug
concentration and competitive nature [9, 10]. Monoclonal antibody (mAb) is a
prototypical example of macromolecules and is one of the hottest science fields due to
its attractive property of binding antigen specifically. The birth of mAb can be dated
back to 1975 when Georges J. F. Kohler and César Milstein initially described a method
using a fused cell line of mouse myeloma and spleen cells from an immunized donor to
produce predefined specific antibodies by continuous cultivation [11]. The mechanisms
of mAbs and their derivatives mainly focus on directly killing tumor cells, inhibiting
immune checkpoints, modifying tumor microenvironment and delivering cytotoxic
agents [12, 13]. The mAbs have revolutionized not only biomedical science but also the

medical treatment in clinical setting, especially cancer treatment. Since muromonab-
2



1. Introduction

CD3 was firstly approved by U.S. Food and Drug Administration (FDA) in 1986, there
have been over one hundred antibodies approved to date [14]. Considering the large
size of the mAb which impedes its’ accumulation and penetration in tumor site, targeted
therapy based on antibody has been recently developed by generating antibody
fragments such as single-chain variable fragment (scFv), antigen-binding fragment and
nanobody to achieve better tissue distribution [15]. Nevertheless, even the generation
of new mAbs and antibody fragments is increasing robustly, most antibodies target the
antigens presented on cell surface and not all of them exhibit enough cytotoxicity so
can be translated to clinical use. Researchers have fused antibodies with protein
transduction domain to target intracellular antigen [16], and also used antibodies as
vehicle to deliver highly potent agents to the tumor site which termed antibody drug
conjugate (ADC) [17]. All these novel approaches provide new armaments for research
and clinical treatment, among which the ADC has achieved groundbreaking success in
clinical outcomes by expanding the therapeutic window of antibodies and cytotoxic

agents.

1.3 ADC

The ADC has emerged as a promising class of targeted therapy for cancer treatment.
Up to date, a total of thirteen ADCs have been approved worldwide, including 12
approved by FDA and one in China (Table 1.1). A typical ADC compromises a highly
specific mAb targeting tumor-associated antigen expressed on the cell surface with
minimal expression on non-malignant cells, a stable and flexible linker that can survive
during blood circulation and release cytotoxic agents effectively at target sites, and a
potent cytotoxic payload which is usually a small molecule (Figure 1.1a).

The most classical mechanism of ADC is started with the ADC accumulation. The
ADCs are transported by blood circulation to the tumor site and then penetrate the
vessels (Figure 1.1b) [18]. As demonstrated in figure 1.1¢, once antibody recognizes
the antigen on the cell surface, the ADC-antigen complex will be internalized through

endocytosis, followed by degradation in lysosome. The released drugs can cause cell

3
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death by either inhibiting microtubule polymerization or damaging DNA [19, 20].

Apparently, the combination of mAb and cytotoxic payload achieves the targeted
delivery of cytotoxic agent to tumor by integrating the high antigen specificity and
potent antitumor activity in a single molecule. To produce an ideal ADC, apart from the
three key components should be taken into consideration, the antigen selection and

conjugation method also play a vital role.



1. Introduction

(31011

uroruesozo
000T ‘SN TNV eanisod-¢£aD 9-0  uruesyodIen 9lqeABa[) yD3I  €€dD getunzmuon)
(gesuodsag)
uronue3ozo
L1027 ‘SN TTV Josinoaid [[99-g A1030€1)1 10 pasde[oy 9-7  uIdmueaydIEe) J[qeaea) yD31  zTdD qewnzmoufy
(gBIU0[ULZ)
Ade1oyy oruasAs QULIISI)
120T ‘S1  JO saul] 210w 10 oM} Jdyfe ewioydwiA] [[99-g  (ueow) ¢'g 661£DS olqeaeo]) eddey/[D3] 61D JBWIXMSBOUO]
SUQWIIZAI JUSWBAI} OTWUAISAS
Joud Q213 0} QUO YA IoouBD [eouojlIad (@d10ye[H)
Krewnad 10 ‘oqm uerdof[es ‘uerreao reroyirdo OUISUEJARIOS
TT0T ‘SN juejsisar-wmnune(d ‘eAnisod-1Y 104 (ueow) ¢ YINA 9lqeABI[) 1D3] VY4 qQBUIXMOAIIA
sarde1ay) oM 1se9] 1B J9Je ‘pary1oads
JSIMIAI0 JoU “THF T Alojorifor/pasderay
£19)83I3 10 7 JO 9I09S XpU[ (o&A1104)
o1souSoIlJ [BUONBUINU] UB OARY OUM pue UunopaA
610T ‘SN TADOH 10 payads asimioyio jou TOGTd  (Ueow) ¢'¢ HVININ SlqeABI[) ID31 96,00 qetmznjejod
Joquyut [77dd 10 [-dd oo
pue Adeioyowayd sururejuod-wnuneld tord
A D) OULISEIOW IO PIJUBAPE A[BOOT
‘oseasIp
o1)e)SeIdUW JOJ WAL JO U0 )sed] Je ‘sarderoyy (@AATOpOI]L)
orwdsAs toud orow 10 oMl YIM DEN.L UuBd9)IA03
0Z0T ‘S(1  dUeISBIOW IO PIOUBADPE A[[BIO] [(BIIISAIU[) 8-/ 8ENS 9[qeABI[D D3] g-doiy qewunzmioes
Aderaypowoyo (@BPALL)
Pye 10 uwo  uorssardord  9seasIp UI}0paA
120T ‘S1  YIM J20UBD [BIIAIDD ON)B)SBIdUW JO JUILINIAL (ueow) § AVININ 9[qeABd[D D3] AL qewnjosIJ,
(1834 ‘A1punod) adAyqns
[esoadde 3sanq (paAroadde ysa1y) uonedIpUI ISBISI(| Avda proiAeq JuI| qvw  )dgae], oav

SOV paaoadde Appud.an)) 11 d1qelL



1. Introduction

opei3-y3iy :JgHH ‘ewoydwA] [[99-g 9316 9sNIp 1 TDG T Jooued [BI[dYI0IN 1D (19oued Isealq 9Anedou-o1din :DGN ¢ uneisune [APOWouoN IVININ ‘d
unejsune [APewouoy (VNN {uoSiue uonernjew [[99-g :VINDY ‘7 103de0a1 10j0e] y3moi3 Teuopido uewiny :gIoH ‘4 9[NOS[OW UOISIYPE [[90 UNIAU :HUNOIN

‘eydie 101dooa1 9)e[0] 0] ‘7 UoSnue doeJIns-1190 isejqoydoi], :zdoag, ‘103oey anssny : [, ‘onel Apoqrue-0)-3nip v orednfuos Inip Apoquue DAV

"(oIXIPIY) unopaa qeweysi( 1dooxs ‘v Aq paaordde uonewrojur Surqriosaid woiy pajos[[0d SI UOITRULIOJUL Y],

(ym1oyug)

suowIFol paseq-gIoH-1Jue 2I0W IO OM] J9}Je JOUBD UuBOIXNIAP

6107 ‘S Isea1q oAnisod-zio onejsejowl IO 9[qeIOSAIUN Q ~ pPXda o[qeABd[D 1931 7H qewnzmsen
uswIgol paseq-qewnznisen) 198 BWouIdIBd0USp.
uonoun( [eaSeydosoonses 10 orsed

0ADISOd-ZIOH O1eBISEIOW IO  PIOUBAPE  A[[BIO] (gB140opeY])

‘uoneUIqUIOd QUISUBIUID

ul 10 A[ojeredas Quouwjeal} JUexe) B pue qeuunzmsern qewnznjsen

€107 ‘SN Joye I0uUBD ISBAIq dpejselow  ‘9AnIsod-zioH  (uesawr) G'¢ IINd  9]qeABI[O-UON D3] 7PH -0py

(gdoruarg)

sordeioyy Joud unopojewt

020Z ‘SN Inoj s ewojeAw Jidnjnuw £10joeijar 10 pasdelal (ueow) 4 AVININ  9[qBABS[O-UON D31 VIND4 qewrejue[Rg
uow3al Aderoyjowayd Juage-rnw auo Ised|

je 191k ewWOYdWA] [[90 a8Ie| donse[deue JIWAISAS (S120pY)

‘Aderapowayd UI}0pAA

1107 ‘SN judSe-nnuw oM 1o [HSV 1oye ewoydwiA] uySpoy  (ueaw) y VNI d]qeAes]) 1031 0€dD  qewrxmualg

[81] (s1X1P1V)

Aderoypowoyod o1woIsAs omj 1B I8 uropoA

1207 ‘eUly)  I9)e IoOUBD OLNSES OI1e)Se}oW IO PIOUBAPE A[[BIO] (ueow) § AVININ o[qeALa]) D3] 7vH qewesIq
"3uI)as o1je)SeIoW IO PAJUBAPR A[[BOO]

‘Ade1aypotwoyo uruIejuod (@A90ped)

-wnuneld & pue Iouquur [J-Ad 10 [-dd Ioye unopaA

6107 ‘S1  1ooued [BI[OYI0IN ONEISL)OW IO PAJUBAPE A[[eo0]  (uesur) §'¢ AVININ o[qeALa[) D3]  punoaN qewnioyuyg

(134 ‘A13unod) adfyqns
[eAaoadde  jsarg (paaoadde jsary) uonedrpur ISeISI(I AVd  peojied Iury qvu 193ae], oav

SOV PA0.IAdR APUI.LIND) [ I[qB) PINUNU0))



1. Introduction

Figure 1.1. Structure and mechanism of ADC. (a) A general structure of an ADC. (b) ADCs are
transported to the tumor site. (c) The process of ADC to cause cell death. (d) The bystander effect
triggered by diffused cytotoxic drugs.

1.3.1 Target antigen selection

The initial step to design an ADC is selecting an appropriate target antigen which is a
guiding light during the drug delivery. First, an ideal target must have high expression
on the target tumor cell surface and have restricted expression on normal cells to reduce
the on-target, off-tumor toxicity [21]. For example, human epidermal growth factor
receptor 2 (Her2) which is one of the most commonly used antigens in approved ADCs
for breast cancer treatment is 100-fold higher expressed in Her2 positive cancer cells
(2 x 10% receptors per cell) compared to other cells (2 x 10* receptors per cell) [22].
Second, shedding of the target antigen should be low to avoid loss of ADCs during
circulation and side effects [23]. Last, as canonical mechanism of ADC is to be

internalized into cells through receptor-mediated endocytosis and then release effector
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payload intracellularly to kill cancer cells, the target antigen should possess
internalization property and should not be downregulated after treatment [22] [24]. In
some cases, non-internalized ADCs are able to accumulate in tumor environment, and
the released drug in the extracellular space can also diffuse to surrounding cells even

without targeting antigen expression [25].

1.3.2 Antibody

Antibodies, also known as immunoglobulins (Ig), are produced by B lymphocytes,
presenting on the surface of the B cells or being secreted into extracellular space to bind
target antigens [26]. There are five major classes of Ig (IgA, IgD, IgE, I1gG and IgM),
and all of them share a basic Y-shaped structure, consisting of two heavy chains and
two light chains. Furthermore, each chain is composed of constant regions and variable
regions to carry out different functions: each heavy chain contains one variable heavy
region (VH) and three constant heavy regions (CH1, CH2, CH3), and each light chain
contains one variable light region (VL) and constant light region (CL). The fragment
antigen-binding region (Fab) in charge of binding property is made up of the entire light
chain and part of heavy chain (VH and CH1), while the fragment crystallizable region
(Fc region) which includes CH2 and CH3 regions of the two heavy chains is mainly
responsible for interaction with cell surface receptor named Fc receptors and activation
of immune system [27].

As the ADC needs to deliver the chemotherapeutic drug to target site, the vehicle should
possess: 1) target specificity, target binding affinity and low cross-reactivity to ensure
accurate and efficient delivery; 2) good retention in blood circulation, which means not
too long to cause undesirable uptake and not too short to lose effectiveness; 3) low
immunogenicity to minimize adaptive immune responses such as anti-drug antibodies
generated to against ADCs [28-30]. The majority of ADCs are built on full-length
antibodies IgG scaffold, especially IgG1. The IgG has four subclasses (IgG1, IgG2,
IgG3 and IgG4), among which IgG3 shows shorter serum half-life (7-21 days)

compared to other three subtypes (around 21 days) and therefore not commonly used
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in ADCs [31]. The molecular weight of a intact IgG is around 150 kDa, which hampers
it to penetrate the vessel membrane or tissue, and thus the low accumulation in target
sites, especially deep tumor site, might affect the efficacy of the ADCs. To overcome
this problem, many studies have reported some small-size antibody moieties such as
scFv and Fab [32]. Although these small antibody fragments have not been widely used

in clinical treatment, they bring the hope for the development of ADC.

1.3.3 Linker

Since the antibody and payload are responsible for the targeting and cytotoxicity, the
linker moiety plays as a connector to tether payload to antibody, a stabilizer to favor the
stability of ADC during the circulation in bloodstream and avoid premature release, and
an effector to liberate payload rapidly once the ADC is internalized [21, 33]. In addition,
due to the hydrophobic property of most payloads, a hydrophilic linker is preferred to
protect ADC from aggregation to reduce immunogenicity and hepatotoxicity [33, 34].
Currently, the linkers can be classified into cleavable and non-cleavable linkers, and the
majority of linkers used in approved ADCs are cleavable linkers (Table 1.1).

The cleavable linkers break down and then liberate payloads when physiological
environment changed after internalization, such as acidic conditions in lysosomes and
endosomes (e.g., gemtuzumab ozogamicin and inotuzumab ozogamicin), reducing
environment with high concentration of glutathione (e.g., gemtuzumab ozogamicin and
mirvetuximab soravtansine), and proteolysis conducted by lysosomal enzymes (e.g.,
Brentuximab vedotin, Polatuzumab vedotin and Enfortumab vedotin) [33, 35-37]. The
function of cleavable linker is not restricted in internalized ADCs. Recent studies have
reported the use of disulfide linkers or dipeptide-containing linkers to generate non-
internalizing ADCs. Once the cleavage started by reductants which are released by
dying cancer cells or extracellularly overexpressed lysosomal enzymes, the chain-
reaction will be triggered as more reductants and enzymes will be released by dead cells
[35, 38, 39]. Of note, the bystander killing can be achieved in some cases by cleavable

linker but not by non-cleavable linker, for the reason that some small cytotoxic agent is
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able to penetrate the cell membrane after drug release and diffuse to neighbor to cause
cell death of untargeted cell (Figure 1.1d) [40]. Considering the heterogeneous antigen
expression of tumor, the bystander effect can increase the efficiency of ADC [40, 41].

Compared to cleavable linkers, non-cleavable linkers rely on the degradation of
antibodies within the cells, so the efficacy might be reduced as the charged amino acids
remained in released drug could affect its toxicity and diminish its membrane
permeability to kill proximal cells [36]. However, non-cleavable linker exhibits better
plasma stability over cleavable linker, and the cytotoxicity of metabolites can also be

retained if suitable payloads are chosen [36, 42].

1.3.4 Payload

Payload is the warhead of the target therapy, playing most important role in the cancer-
killing by ADC. To maximize the efficacy of ADC, high stability is required to keep
ADC stable during systemic circulation to protect healthy cells [43]. Furthermore,
payload should be high potent owing to the low fraction of administered ADC (0.003—
0.08%) can reach the tumor site [31, 43, 44]. The first-generation ADCs, which aims to
improve the efficacy of traditional chemotherapeutics such as methotrexate and
doxorubicin shows lower cytotoxicity in contrast to its parent agents [45]. Accordingly,
high potent small-molecule drugs are explored to further develop ADC. The payloads
now are generally classified into microtubule-disrupting agent and DNA damaging
agents [28].

Auristatins and maytansinoids are two main classes of microtubule-disrupting agents.
Auristatins including monomethyl auristatin E (MMAE) and monomethyl auristatin F
(MMAF) are the most used toxic compounds in approved ADCs, accounting for six out
of thirteen of the current ADCs (Table 1.1). The agents are derived from a natural
product named dolastatins 10, arresting cells in metaphase by binding to vinca alkaloid
binding site on tubulin and inhibiting tubulin polymerization [46, 47]. Maytansinoid is
isolated from maytansine which is isolated from plant Maytenus ouatus [48, 49],

binding to maytansine site of microtubule to destabilize microtubule structure [47, 50].
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Compared to conventional tubulin inhibitors such as paclitaxel and vinblastine,
maytansinoids show 100- to 1000-fold more toxic at subnanomolar half maximal
inhibitory concentration (ICso) values [50].

DNA damaging agents, for example calicheamicin, pyrrolobenzodiazepine analogs and
duocarmycin, also have been utilized in ADCs. Gemtuzumab ozogamicin and
inotuzumab ozogamicin are coupled with calicheamicin to treat hematological
malignancy [51, 52]. The calicheamicin are able to recognize minor groove in DNA
and induce site-specific double-strand DNA breaks [53]. The SG3199, a
pyrrolobenzodiazepine dimer, is recently successfully conjugated to a CD19-targeting
antibody to treat the diffuse large B-cell lymphoma [54, 55]. The
pyrrolobenzodiazepine is a DNA minor groove cross-linking agents and is reported to
be capable to eliminate slowly dividing tumor cells and maintain cytotoxicity in cell
lines with multidrug resistant proteins [55].

Apart from these two mainstream of payloads, more and more cytotoxic agents have
been identified such as deruxtecan (DXd, used in trastuzumab deruxtecan, approved)
and a-amanitin (used in HDP-101, in clinical trial) which belong to topoisomerase I

inhibitor and RNA polymerase II inhibitor, respectively [50, 56, 57].

1.3.5 Conjugation method

In addition to the careful selection of antibody, linker and payload, the conjugation
methods are also essential to design an ideal ADC. Non-specific conjugation methods
usually use the side chains of lysine or cysteine which naturally exist in the antibody to
react with linker-drug complex. Nevertheless, this random conjugation results in
heterogeneous products for the reason that a IgG scaffold contains about 16 cysteine
pairs and 80 lysine residues in which up to eight reactive cysteine thiol groups after
reduction of the four inter-chain disulfide bonds and around 10-20 lysine residues are
chemically accessible to be used for conjugation [33, 36]. The heterogeneous mixture
could be either antibody conjugated with different number of payloads or payloads

tethered to different sites of the antibody, leading to inconsistent pharmacokinetics [58].
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The first marketed ADC Mylotarg® utilizes the lysine-coupling approach but is
temporarily withdrawn due to safety concerns which may be partly related to its
heterogeneity [59-61]. Even so, taking the advantage of the facile reactivity by nature
residues, the followed two marketed ADCs still use the lysine (Kadcyla®) and cysteine
(Adcetris®) to conjugate drugs: Kadcyla® is generated by a two-step conjugation
methods that the lysine is first reacted with an amine- and thiol-reactive N-
hydroxysuccinimide ester through amine-reactive group and then the product reacts
with payloads through thiol-reactive group, leading to hundreds of different products;
Adcetris using reduced cysteines decreases the conjugation sites but still provide up to
eight thiol-reactive sites [62].

Recent researches are paying more attention to developing site-specific conjugation
methods to produce homogeneous products and uniform the pharmacokinetics,
including non-natural amino acids incorporation, free cysteine insertion without
disruption of disulfide bonds, enzymatic conjugation and so on [63]. One of the most
promising methods is enzymatic conjugation. Benefiting from the high specificity of
enzyme to substrate, enzyme-mediated conjugation generally produces homogeneous
ADC with highly controlled drug-antibody ratio (DAR) [33, 63]. The O°-alkylguanine-
DNA alkyltransferase, which is also known as SNAP-tag, is a modified mutant of
human DNA repair enzyme. The enzyme is able to irreversibly transfer an alkyl group
to a cysteine residue, allowing specific reaction with O°-benzylguanine (BG)
derivatives and forming stable thioether bond [64, 65]. Previous studies have
demonstrated the utilization of SNAP-tag technology for antibody modification to carry
fluorescent dyes or drugs, protein immobilization, protein-protein interaction
determination, and protein property study [66-68].

To date, the thirteen approved ADCs are all using chemical conjugation, among which
nine (Tivdak®, Trodelvy®, Polivy®, Zynlonta®, Padcev®, Adcetris®, Blenrep®, Enhertu®
and Aidixi®) are conjugated through cysteine residues and four (Elahere®, Besponsa®,
Mylotarg® and Kadcyla®) used lysine residues. Even though the enzymatic conjugation

methods have not been widely used in ADC design, the increasing studies portend a
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bright future for novel approach [69-71].

1.3.6 Approved ADCs for breast and ovarian cancer

1.3.6.1 Approved ADCs for breast cancer

Female breast cancer is the leading cause of cancer incidence and fifth leading cause of
cancer mortality worldwide with 2.3 million new cases and 685,000 deaths in 2020 [72].
Genomic studies have classified breast cancer into luminal, basal-like, Her2 positive
and normal-like subtypes based on the expression of estrogen receptor (ER),
progesterone receptor (PgR) and Her2.[73, 74]. The ER status subclassifies the breast
cancer into ER-high and ER-low subtypes. The former is termed luminal subtype which
accounts for approximately 75% of breast cancer as it is associated with high expression
of luminal cell related genes, while the later further falls into basal-like, Her2-positive
and normal breast-like subtypes [75]. Triple negative breast cancer (TNBC) is a special
type of breast cancer which is characterized by immunohistochemistry with the absence
or low expression of ER, PgR and Her2 [76]. The TNBC and basal-like breast cancer
are diagnosed by different methods but are often used interchangeably in most studies
and are considered to be synonymous as they have almost 80% overlap of biological
and pathological features [77, 78]. At time of writing this thesis, there are three ADCs
have been approved for breast cancer, among which two target to Her2-positive breast
cancer and one is used for TNBC. Here, these breast cancer related ADCs are briefly
introduced.

Ado-trastuzumab emtansine (Kadcyla®) The ado-trastuzumab emtansine (T-DM1) is
made up of a mAb trastuzumab conjugated with an average of 3.5 emtansine molecules
via a non-cleavable linker [79]. Kadcyla® is the first approved ADC for patients with
Her2-positive, metastatic breast cancer and have received trastuzumab or taxane
previously. The phase 3 trial which supports the indication and usage has revealed that
the application of T-DM1 notably improves the clinical outcome compared to lapatinib

plus capecitabine treatment, resulting in prolonged progression-free survival (PFS) (9.6
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months vs. 6.4 months), extended median overall survival (OS) (30.9 months vs. 25.1
months), higher objective response rate (ORR) (43.6% vs. 30.8%) and fewer adverse
events of grade 3 or over [80]. Apart from benefiting the advanced breast cancer, the T-
DM1 is then extended to early breast cancer. Patients who have residual invasive
disease after receiving neoadjuvant therapy are treated with T-DM1. In comparison to
patients treated with trastuzumab, T-DM1 significantly reduces the risk of recurrence
by 50%, but more adverse events are observed [81].

Trastuzumab deruxtecan (Enhertu®) The trastuzumab deruxtecan (T-DXd) is
approved for the treatment of patients with advanced breast cancer who have previously
treated with at least two anti-Her2-based regimens. The T-DXd also uses trastuzumab
as a backbone, but it is conjugated with about 8 molecules of deruxtecan (a
topoisomerase inhibitor) and connected by a tetrapeptide-based cleavable linker. A
phase 2 clinical trial, in which patients with Her2-positive advance breast cancer
received T-DXd after prior treatment with T-DM1, shows that 6% patients have a
complete response and the median PFS is 16.4 months [82]. Interestingly, a phase 3
trial uncovers that T-DXd can also prolong medium PFS (9.9 months) and OS (23.4
months) in patients with Her2-low advanced breast cancer, while physician’s choice of
chemotherapy group exhibites 5.1 months and 16.8 months, respectively [83]. As a
second approved Her2-based ADC, T-DXd is supposed to have better efficacy than T-
DMI. A recent study has proved the scenario that T-DXd can reduce risk of disease
progression or death more effectively, as the patients treated with T-DXd have three-
time longer medium PFS than with T-DM1 (28.8 months vs. 6.8 months), increased OS
rate (77.4% vs. 66.9%) and higher ORR (79% vs. 39%) [84, 85].

Sacituzumab govitecan (Trodelvy®) TNBC is a refractory cancer compared to other
breast cancer subtypes due to the absence of hormone receptors and Her2. A growing
body of literature indicate that trophoblastic cell-surface antigen-2 (Trop-2) which is
highly related with disease progression and poor survival is overexpressed in many
epithelial cancers including breast cancer, especially TNBC [86-89]. The approval of

sacituzumab govitecan (SG) as a second-line treatment for advanced or metastatic
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breast cancer brings the hope for TNBC treatment. The SG consists of a humanized
monoclonal antibody hRS7 targeting Trop-2, a hydrolysable cleavable linker and on
average 7-8 molecules of topoisomerase inhibitor SN-38 [90]. The Patients received
SG have better clinical outcomes by assessing medium PFS, medium OS and ORR (5.6
months vs. 1.7 months, 12.1 months vs. 6.7 months, 35% vs. 5%, respectively),
compared to patients treated with single-agent chemotherapy [91]. As the Trop-2 is also
highly expressed in other breast cancer subtypes whilst not as high as in TNBC, SG is
also evaluated in hormone receptor-positive but Her2-low metastatic breast cancer.
Satisfactorily, the results demonstrate a 34% reduction in risk of disease progression or
death, providing a new treatment option for patients who are resistant to hormone

therapy [92].

1.3.6.2 Approved ADCs for ovarian cancer

Ovarian cancer is one of the most common and the deadliest gynecologic malignancies.
According to the most recent global statistics in 2020, approximately 313,959 new
cases of ovarian cancer and 207,252 deaths occurred in the US [72]. There are around
two-thirds of epithelial ovarian cancers diagnosed at advanced stages (stage III-IV) due
to the limited screening methods, insidious symptoms and aggressive biological
behaviors [93]. Although cytoreductive surgery and chemotherapy are still the main
regimens to date, several targeted therapies have developed but still remain some
limitations: 1) the poly adenosine diphosphate-ribose polymerase inhibitors have
already widely used as maintenance treatment and have achieved satisfactory results,
but the sensitivity depends on the BRCA mutation; 2) bevacizumab is approved for
patients with advanced newly diagnosed ovarian cancer, but it still remains
controversial in practical implementation as front-line maintenance treatment [94, 95].
In addition, the immune check inhibitors, which have made a triumph of many types of
cancers, have failed in ovarian cancer, and the more trials are still in progress [94, 96].
Even so, a latest approved ADC named mirvetuximab soravtansine (MIRV, Elahere®)

provides a new option for patients with folate receptor alpha (FRa)-positive and

15



1. Introduction

platinum-resistant epithelial ovarian cancer, who have been treated with one to three
chemotherapy regimens [97]. FRa is confirmed to be overexpressed in epithelial
ovarian cancer, thus the MIRV contains a FRa-directed mAb attached with an average
of 3.4 molecules of microtubule inhibitor DM4 via a cleavable linker [97-99]. Patients
received the MIRV treatment do not achieved prolonged PFS but exhibit improved
ORR (24% vs. 10%), cancer antigen-125 response rate (53% vs. 25%) as well as fewer
adverse events of grade 3 or over (25.1% vs. 44.0%), compared to patients received
chemotherapy [100]. Although the MIRYV is the only approved ADC for ovarian cancer
to date, there are many ongoing clinical trials of ADCs. One of the most promising
ADC is MORADb-202 (clinical trials, NCTO04300556, NCTO05613088 and
NCT03386942) which also targets FRa. A phase 1 study (clinical trial, NCT03386942)
has confirmed the antitumor activity of MORADb-202, but the efficacy still needs to be
awaited [101]. Aside from targeting FRa, ADCs targeting other tumor associated
antigens such as tissue factor (tisotumab vedotin; clinical trial, NCT03657043),
sodium-dependent phosphate transport protein (upifitamab rilsodotin; clinical trials,
NCT05329545 and NCT04907968), Her2 (T-DXd; clinical trial, NCT04482309),
Trop2 (SKB264; clinical trial, NCT04152499) and cadherin-6 (HKT288; clinical trial,
NCT02947152) are also undergoing clinical trial.

1.4 Coiled coils

Coiled coils are commonly found in nature proteins to mediate biological process. The
basic leucine-zipper (bZip) superfamily of transcription factors is a case in point, which
is involved in many core cellular processes. The bZip protein conformation comprises
a C-terminal leucine zipper region which leads the protein-protein interaction between
two monomers to form a coiled coil structure, and a N-terminal basic region for DNA
binding (Figure 1.2) [102]. The coiled coil structure contains two or more twisted a-
helices to form a left-handed supercoil, and each a-helix is encoded by a heptad repeat
(abcdefg),, in which a and d residues are hydrophobic for stability, e and g residues are

polar or charged for specificity, and the rest residues exposed to the solvent are usually
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hydrophilic [103-105].

Given its simple structure and biological importance, coiled coil motifs have been
studied in depth and now widely used in molecular engineering. Grigoryan et al. has
computationally designed 48 synthetic coiled coils without strong self-association that
interact with coiled coil domains from 20 bZip families [106]. Reinke ef al. from the
this research group has further determined the interaction between these synthetic
coiled coils along with additional 7 coiled coils from human bZips, revealing 27
heterospecific coiled coils pairs including 23 synthetic coiled coils and 3 human bZips
[107]. The study extremely expands the coiled-coil toolkit, and lays the foundation for
molecular engineering. Cho et al. has established a controllable chimeric antigen
receptor (CAR) T-cell therapy by engineering a synthetic coiled coil on the extracellular
portion of CAR on T cell and fusing a cognate coiled coil to a scFv [108]. Compared to
conventional CAR T therapy, the improved CAR system allows the modification of
antibodies without engineering the T cells, and the system can be tuned by competitive
coiled coils to reduce or block the binding to prevent cytokine release syndrome caused
by over activation of T cells [108]. Moreover, coiled coils are also used for drug
delivery by capsulizing drugs through self-assembly, and then disassemble to release
drugs at specific environment [109]. However, this drug delivery system lacks
specificity towards target sites. Considering the specificity of antibody mentioned
above, combining the antibody with coiled coil might provide a new method for drug

delivery.
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leucine zipper region

DNA binding region

Figure 1.2 Structure of bZip. The bZip protein contains a leucine zipper region and a DNA binding
region. The leucine zipper region contains heptad repeats by seven amino acids which are labeled

by a-g. The figure was created with Biorender.com.
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2. Aims

ADC has achieved great success in cancer treatment, especially in hematological
malignancies, but in solid cancer, for example breast cancer and ovarian cancer, which
this study is focusing on, still remains some limitations and has much room for
improvement: 1) slow and low accumulation in target site; 2) adverse effects caused by
off-target toxicity and long circulation time; 3) inconsistent pharmacokinetics due to
the heterogeneous products; 4) limited specific antigens for targeting.

Therefore, this project contrives to establish a pre-targeting drug delivery system
utilizing the specific interaction between a pair of coiled coil (hereinafter called Zipl
and Zip2) to improve the performance of ADC. In this system, scFv was enrolled
instead of full-length antibody to reduce the size of the protein, Zip2 and Zipl were
genetically modified with antibody (scFv-Zip2) and SNAP-tag (Zipl-SNAP)
respectively, and cytotoxic agent MMAE was conjugated with Zipl (Zipl-MMAE)
through SNAP-tag technology. To assess the drug delivery property and practicality of
the system, functional assays were carried out in breast and ovarian cancer cell lines. In
addition, this study also aims to find out more antigens as targets, and thus the epidermal
growth factor receptor (EGFR), epithelial cell adhesion molecule (EpCAM), Her2 and
Trop2 were tested as potential targets for breast and ovarian cancers.

The concept of this pre-targeting system might provide a novel approach for drug
delivery. The improvement of the ADC design and the new targets assessed might be a

potential solution to circumvent the aforementioned obstacles.
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3.1 Materials

3.1.1 Chemicals and general consumables

All chemicals and consumables were purchased from Carl Roth, Greiner, Sigma,

Corning, Eppendorf, Novolab and Sarstedt unless otherwise stated.

3.1.2 Buffers

Table 3.1 List of buffers

Buffer/Solution Components Concentration

NaH>PO4 200 mM
4 x Ni-NTA binding buffer

NaCl 1200 mM
(pH 8.0)

Imidazole 40 mM

NaH>POq4 50 mM
1% Ni-NTA binding buffer

NaCl 300 mM
(pH 8.0)

Imidazole 10 mM

NaH2POq4 50 mM
Ni-NTA washing buffer (pH

NaCl 300 mM
8.0)

Imidazole 40 mM

NaH2POq4 50 mM
Ni-NTA elution buffer

NaCl 300 mM
(pH 8.0)

Imidazole 250 mM

NaH>POg4 20 mM
Stripping buffer

NaCl 500 mM
(pH 7.4)

EDTA 50 mM
Regeneration buffer NiCl» 100 mM
5 x Protein Loading Buffer = Bromophenol blue 0.02% (v/v)

Glycerol 30% (v/v)
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SDS 10% (v/v)
Tris-HC1 250 mM
Milli-Q water 40.8% (v/v)

Acrylamide/Bisacrylamide (30%,

37.5:1) 32.9% (v/v)
10% SDS-PAGE (separation
Tris-HCI (pH 8.8) 373 mM
gel)
SDS 0.1% (w/v)
TEMED 0.1% (v/v)
APS 0.032% (w/v)
Milli-Q water 60.3% (v/v)

Acrylamide/Bisacrylamide (30%, 12.9% (v/v)

37.5:1) 125 mM
4% SDS-PAGE gel (stacking

Tris-HCI (0.5 M, pH 6.8) 0.1% (w/v)
gel)

SDS 0.1% (v/v)

TEMED 0.1% (w/v)

APS 0.1% (w/v)

Tris 25 mM
SDS running buffer Glycine 0.192 mM

SDS 0.1% (w/v)

Brilliant blue R 250 1.21 mM
Coomassie brilliant blue gel

Methanol 50% (v/v)
staining solution

Acetic acid 10% (v/v)
Coomassie brilliant blue gel Methanol 50% (v/v)
destaining solution Acetic acid 10% (v/v)

Tris 40 mM
TAE bufter Glacial acetic acid 5.71% (v/v)

EDTA 1 mM

Na;HPOg4 76.8 mM

10 x PBS (pH 7.4)
NaH;PO4 - H,O 23.2 mM
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NaCl 1.54 M
TBS Tris 200 mM
NaCl 1500 mM
TBST (pH 7.6) Tris 200 mM
NaCl 1500 mM
Tween 20 0.1% (v/v)
LB medium (pH 7.0) LB-Medium (Luria/Miller) 25¢g
Milli-Q water 1000 ml
LB medium supplemented LB medium -
with ampicillin Ampicillin 0.27 mM
LB-Ampicillin agar LB medium -
supplemented with Agar agar 0.015% (w/v)
ampicillin Ampicillin 0.27 mM
Annexin binding buffer HEPES 10 mM
(pH 8.0) NaCl 140 mM
CaClz 2.5 mM
3.1.3 Kit
Table 3.2 List of Kkits
Kit name Supplier
NucleoSpin® Plasmid Macherey-Nagel
NucleoSpin® Gel and PCR Clean-up Kit Macherey-Nagel
Quick Ligation™ Kit New England Biolabs
Cell Proliferation (XTT) Kit II Roche
3.1.4 Antibodies
Table 3.3 List of antibodies
Name Supplier
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EGFR Monoclonal Antibody (H11)

Trop2 (EGP-1) Monoclonal Antibody (MR54)

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

CD326 (EpCAM) Monoclonal Antibody (1B7)
ErbB2 (HER-2) Monoclonal Antibody (3B5)

Goat anti-Mouse IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor™

Plus 647

Thermo Fisher Scientific

Thermo Fisher Scientific

3.1.5 Columns

Table 3.4 List of columns
Name Application Supplier
Ni-NTA superflow cartridge Protein purification Qiagen
HiTrap Desalting column Buffer exchange Cytiva
Eurospher II 100-5 C18 column HPLC Knauer

40K MWCO Zeba ™ Spin
Desalting Columns
7K MWCO Zeba ™ Spin

Desalting Columns

Size exclusion

Size exclusion

Thermo Fisher Scientific

Thermo Fisher Scientific

3.1.6 Equipment

Table 3.5 List of equipment

Name Manufacture
AKTA start system GE Healthcare Bio-Sciences AB
Balances Kern & Sohn

BD FACSCanto TM II Flow Cytometer

Centrifuge Megafuge™ 16
Centrifuge 5427 R
ChemiDoc XRS+ System

CytoFLEX Flow Cytometers

BD Biosciences

Thermo Fisher Scientific

Eppendorf

BIORAD

Beckman Coulter
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DMi8 S Live-cell microscope
ECLIPSE Ts2 inverted microscope
Eppendorf ThermoMixer® F2.0
Fisherbrand™ Multi-Platform Shaker
Incubator IN75

Incubation shaker Multitron Standard

Infinite® Mplex microplate reader

Leica Microsystems
Nikon

Eppendorf

Fisher Scientific
Memmert

Infors

Tecan

Incubator Model CB 170
NanoDrop™ One/OneC

Odyssey DLx Imager

BINDER

Thermo Fisher Scientific

LI-COR Biosciences

PEQLAB PCR Thermal Cycler (PEQLAB

PEQSTAR)
Schott CG 840 pH Meter

Trans-Blot® Turbo™ Transfer System

Vortex RS-VA 10
Water bath WB 7

PEQLAB Biotechnology

Schott

BIORAD

Phoenix Instrument

Memmert

3.1.7 Software for data analysis

Table 3.6 List of software

Name

Producer

Application

Adobe Photoshop 2021

FlowJo 10.7.1

GraphPad Prism 9.0.0
Imagel

Image Studio Lite Ver 5.2
Image Lab software

PowerPoint 2019

Adobe

Becton, Dickinson & Company

GraphPad Software
National Institutes of Health
LI-COR Biosciences
Bio-Rad

Microsoft

Image editing
Image and Data
analysis

Data analysis
Image analysis
Image analysis
Image analysis

Image editing
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3.1.8 Cell lines

Breast cancer cell lines MDA-MB-468 (ACC 738), MDA-MB-231 (ACC 732), MDA-
MB-453 (ACC 65), Hs578T (ACC 781), MCF-7 (ACC 115), SKBR3 (ACC 736) and
BT474 (ACC 64) were purchased from the Leibniz Institute DSMZ-German Collection
of Microorganisms and Cell Cultures. Ovarian cancer cell lines SKOV3 (HTB-77),
OVCAR3 (HTB-161), A2780 (93112519) and human embryonic kidney cell line
HEK293T (CRL-11268) were purchased from American Type Culture Collection. Hey
was kindly provided by Dr. Karen Briutigam (Department of Gynecology and

Obstetrics, University Hospital Schleswig-Holstein, Campus Liibeck) as a gift.

3.1.9 Medium

RPMI-1640 (Biowest) and DMEM (Thermo Fisher Scientifc) medium were
supplemented with 10% (v/v) fetal bovine serum (FBS) (Thermo Fisher Scientifc) and
1% (v/v) penicillin and streptomycin (Thermo Fisher Scientifc) as complete culture
medium. Additional 0.1% (v/v) zeocin (InvivoGen) was added to RPMI 1640 complete

culture medium to keep selecting transfected cells during the protein expression.

3.1.10 Designing the scFv genes

The VH and VL of Herceptin, Erbitux, Sacituzumab (hereinafter called Sacit) amino
acid sequences were determined from their full length mAbs from Global Substance
Registration System. The amino acid sequences were reverse translated and the VH and
VL were connected by a glycine-serine linker and have a 5"Sfil and 3"Xbal restriction
site sequences. The designed scFv genes synthesis by GenScript and subcloned into
default pUCS7 vector. The constructs of scFv-425-SNAP and scFv-EpCAM-SNAP

have been generated as described [110, 111].

3.1.11 Enzymes

All restriction enzymes were purchased from New England Biolabs. Ultra-DNA
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polymerase was purchased from Jena Bioscience. In-Fusion® Snap Assembly Master

Mix was purchased from TaKaRa.

3.2 Methods

3.2.1 Molecular cloning

3.2.1.1 Preparation of chemically competent E. Coli

DH5a E. Coli cells were plated on LB agar plate and incubated at 37°C overnight.
Single colonies were inoculated into 2 ml LB liquid medium and incubated at 37°C
overnight with vigorous shaking (250 rpm). 1 ml of the overnight E. Coli culture was
transferred into 100 ml of LB liquid medium and incubated at 37°C with vigorous
shaking (250 rpm) for 1.5-2 h until the OD600 reached 0.25-0.3. E. Coli culture was
chilled on ice for 15 min, and then centrifuged at 3300 g for 10 min at 4°C. Cells were
resuspended in 35 ml of ice-cold 0.1 M CaCl; and incubated on ice for 30 min. The
centrifugation step was repeated. Cell pellets were then resuspended with 6 ml of ice-
cold 0.1 M CaCl; and 15% glycerin. For long-term storage, aliquots of 100 pl of the
cell suspension was prepared in sterile 1.5 ml tubes and frozen in liquid nitrogen, and

then stored in -80°C directly.

3.2.1.2 Bacterial transformation

Chemically competent DHS5a E. Coli cells (100 pl) were thaw on ice and gently mixed
with 5-10 ul of ligation reaction or 10 pg-100 ng of plasmid DNA. Cells were incubated
on ice for 30 min, followed by heat shock at 42°C for 45 s, and then chilled on ice for
5 min. Cells were mixed with 800 pl of LB medium and incubated at 37°C with shaking
for 1 h. After centrifugation at 5000 rpm for 2 min, 800 pul of supernatant was discarded,
the cells were resuspended and plated on LB agar plate containing 100 pg/ml ampicillin.

Cells were incubated at 37°C overnight.

26



3. Materials and Methods

3.2.1.3 Bacterial inoculation

Single colony observed in LB agar plate was inoculated using a sterile pipette tip into
2 ml of LB medium supplemented with 100 pg/ml ampicillin. Cells were incubated

with 220 rpm shaking at 37°C overnight.

3.2.1.4 Extraction of plasmid DNA from E. Coli and bacterial preservation

Plasmid DNA was extracted from 1.5 ml of DH5a E. Coli LB culture after overnight
incubation using NucleoSpin plasmid kit according to manufacturer’s instructions. The
rest 0.5 ml of bacterial culture were mixed with 500 pl of 50% (v/v) glycerol and

divided into 250 pl aliquots. The glycerol stocks were stored at -80°C.

3.2.1.5 Digestion of DNA by restriction enzyme

The digestion reaction was prepared as table 3.7. The digestion could be either single-
temperature double digest or multi-temperature double digest depending on the
restriction enzymes used. The reaction was incubated at 37°C for 1 h in single-
temperature double digest, and incubated at 37°C for 1 h followed by at 50°C for 1 h in
multi-temperature double digest. The restriction enzymes used, and optimal
temperature were listed in table 3.8.

Table 3.7 Digestion reaction

Components Volume (ul) Final concentration
DNA variable 1 pg

Restriction enzyme variable 5U

10 x CutSmart® buffer 2.5 ul 1 x

Ultrapure water To 25 ul -

Table 3.8 List of restriction enzymes

Restriction enzyme Optimal temperature
Sfil 50°C
Xbal 37°C
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BlpI 37°C

3.2.1.6 Polymerase chain reaction

Polymerase chain reaction (PCR) was used to amplify the DNA sequence of fragments
and vectors for further usage. The reaction was set up as table 3.9, and the program was
run as table 3.10.

Table 3.9 PCR reaction

Components Volume Final concentration
DNA template 1 ul 1 ng

5 x DNA buffer 10 pul 1 x

Forward primer 1 pul 0.2 uM

Reverse primer 1 pl 0.2 uM

dNTP mix* 1-3 ul 0.2-0.6 uM
Ultra-DNA polymerase 0.5 ul 0.02 units

PCR grade water Fill up to 50 pl -

*1 ul of ANTP mix was used for fragment amplification, and 3 pul was used for vector amplification.

Table 3.10 PCR cycling condition

Steps Temperature Time Cycle
Initial denaturation 98°C 3 min 1 x
Denaturation 98°C 1 min

Annealing 60°C 1 min 35 x
Elongation 68°C 1 min/kb

Final elongation 68°C 10 min 1 x

3.2.1.7 Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate DNA fragments from PCR or
digestion reaction. DNA samples were mixed with 6 x purple gel loading dye (New
England Biolabs) and run in 1% (w/v) agarose gel supplemented with 1 x SYBR Safe

DNA Gel Stain (Invitrogen) along with 2-Log DNA ladder (New England Biolabs) at
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100 V for 30 min. Gel was visualized under UV light using ChemiDoc XRS+ System.

3.2.1.8 Extraction of plasmid DNA from agarose gel

DNA fragment of interest was extracted from agarose gel using NucleoSpin® Gel and

PCR Clean-up Kit according to manufacturer’s instructions.

3.2.1.9 Ligation

All ligation reactions were performed using Quick Ligation™ Kit following
manufacturer’s protocol unless specifically stated otherwise. The reaction using Quick
Ligation™ Kit was set up as showed in table 3.11.

Table 3.11 Ligation reaction of Quick Ligation™ Kit

Components Volume Final concentration
Ligase 1 ul 1 ug

2 x Reaction buffer 10 pul 1 x

Vector DNA variable 50 ng

Insert DNA* variable variable
Nuclease-free water Fill up to 20 pl -

*The reaction used a molar ratio of 1:3 vector to insert. Formula: required mass insert (g) = desired
insert/vector molar ratio X mass of vector (g) x ratio of insert to vector lengths.

The Annexin V-SNAP was generated by In-Fusion Snap Assembly cloning kit using
protocol from manufacturer. The reaction was prepared as showed in table 3.12.

Table 3.12 Ligation reaction of In-Fusion Snap Assembly cloning kit

Components Volume Final concentration
5 X In-Fusion ' Snap 2l |

Assembly Master Mix

Vector DNA variable 50 ng

Insert DNA* variable variable
Nuclease-free water Fill up to 10 pl -

*The reaction used a molar ratio of 1:3 vector to insert. Formula: required mass insert (g) = desired

insert/vector molar ratio x mass of vector (g) X ratio of insert to vector lengths.
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3.2.1.10 DNA sequencing

All generated plasmids were sent to Eurofins Genomics for sequencing to confirm the
correct insertion. The primer used for sequencing were listed below.

Table 3.13 Primers for sequencing

Primer Sequence Purpose

General primer to confirm insertion of
IgK-For ACACACTCCTGCTATGGG Erbitux, EpCAM, Herceptin, Sacit,
Zipl and Annexin V.
CCCTCCTCTAGACTGTTC

Zip2-Rev To confirm the insertion of Zip2.
GTGAGACGCC

3.2.1.11 Establish of expression constructs

The pSecTag2-based pMS eukaryotic expression vector was previously used to
establish the pMS-scFv-425-SNAP construct as described [65]. Briefly, scFv-425 PCR
product and pMS vector were digested and ligated by Sfil and Xbal restriction enzymes.
The pMS-scFv-425 and SNAP-tag PCR product were digested by Xbal and BlpI and
then ligated to generate pMS-scFv-425-SNAP. To generate other scFv-SNAP constructs,
scFv-425 DNA was replaced by scFv-Erbitux, scFv-Herceptin or scFv-Sacit via Sfil
and Xbal digestion and ligation.

Zipl PCR product amplified by Zipl-Sfil-For and Zipl-Xbal-Rev and pMS-scFv-
SNAP were digested and ligated by Sfil and Xbal to generate pMS-Zip1-SNAP. Zip2
PCR product amplified by Zip2-Xbal-For and Zip2-BlpI-Rev, while pMS-scFv-425-
SNAP plasmids were digested and ligated by Xbal and Blpl to generate pMS-scFv-
Zip2.

The pMS- Annexin V-SNAP was generated for apoptosis assay as described [112].
Vector pMS-SNAP was amplified from pMS-scFv-425-SNAP by Vector-Annexin V-
for and Vector-Annexin V-Rev using ultra DNA polymerase. Fragment Annexin V was

amplified from pJ128 by Frag-Annexin V-For and Frag-Annexin V-Rev using ultra
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DNA polymerase. pJ128 was a gift from Jonathan Tait (Addgene plasmid # 19962;
http://n2t.net/addgene:19962; RRID: Addgene 19962).
Fragments and vectors were ligated by In-Fusion Snap Assembly cloning kit following

manufacturer’s protocol.

The primers used were listed below.

Table 3.14 Primers for generating expression constructs

Primer Sequence Purpose
TAAGCAGGCCCAGCCGGCC

scFv-425-For Amplify scFv-425
ATGGCCGAGGTGCAACTGC
TATACCTCTAGAGTCCCCGA

scFv-425-Rev Amplify scFv-425
GCCGAACGTG
TAAGCATCTAGAATGGACA

SNAP-For Amplify SNAP-tag
AAGACTGCGAAATG
TATACCGCTGAGCCAGCCC

SNAP-Rev Amplify SNAP-tag
AGGCTTGCCCAGTC
CGGGTCGGCCCAGCCGGCC

Zip1-Sfil-For Amplify Zipl
AATCTCGTAGCCCAAC
TTCGTGTCTAGACTCCTCAA

Zipl-Xbal-Rev Amplify Zipl
TCTTTTTCCG
CAGCCGTCTAGAGCGCGGA

Zip2-Xbal-For Amplify Zip2
ACGCGTATCTAAG
ACCCTCGCTCAGCCTGTTC

Zip2-Blpl-Rev Amplify Zip2
GTGAGACGCC
TCTAGAATGGACAAAGACT

Vector-Annexin V-for Amplify pMS-SNAP
GCGAAATGA
GTCACCAGTGGAACCTGGA

Vector-Annexin V-Rev Amplify pMS-SNAP
AC
GGTTCCACTGGTGACATGG

Frag-Annexin V-For

CGGGTGGTTGTGG

Amplify Annexin V
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TTTGTCCATTCTAGAGTCAT
Frag-Annexin V-Rev Amplify Annexin V
CTTCTCCAGAGAGCAGC

3.2.2 Protein production

3.2.2.1 Cell culture

Breast cancer cell lines (MDA-MB-468, MDA-MB-231, MDA-MB-453, Hs578T,
MCF-7, SKBR3 and BT474) were cultured in DMEM complete culture medium. The
human embryonic kidney cell line HEK293T and ovarian cancer cell lines (SKOV3,
OVCAR3, OVCAR4, Hey and A2780) were cultured in RPMI 1640 complete culture
medium. Transfected HEK293T cells for protein expression were cultured in RPMI
1640 complete culture medium supplemented with 0.1% zeocin for selection. Cells
were passaged every 3-5 days when cells reached about 80% confluency. Cells were

incubated at 37°C in a humidified atmosphere containing 5% COx.

3.2.2.2 Transfection of HEK?293T cells with recombinant DNA

HEK293T cells were transfected with recombinant DNA by Roti® Fect (Carl Roth)
using the manufacturer’s instructions. Cells were seeded at the concentration of
400,000/well in 2 ml medium in a 6-well dish. Generally, 2 pg of plasmid was mixed
with serum-free RPMI 1640 medium without antibiotics to reach the volume of 100 pl,
and 10 pl of transfection reagent was mixed with 90 pl of serum-free RPMI 1640
medium without antibiotics. The two solutions were mixed gently and then incubated
at room temperature for 20 min. The medium in the well was removed. After being
rinsed gently by DPBS, well was refilled by 1.5 ml fresh antibiotic-free RPMI 1640
medium with serum. The nucleic acid-lipid complex (200 pl) was added dropwise to
the cells. Cells were incubated at incubator (37°C, 5% CO2) overnight. The medium
was replaced after 24 h with RPMI 1640 complete medium supplemented with 0.1%

(v/v) zeocin to select successfully transfected cells.
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3.2.2.3 Expression of recombinant proteins

The successfully transfected cells were cultured in RPMI 1640 complete medium
supplemented with 0.1% (v/v) zeocin to keep selection during the protein expression.
Cells were grown in triple-layer flasks containing 150-200 ml culture medium. Culture
medium was replaced and collected every 5-7 days for totally three times. Collect

culture supernatant (450-600 ml) was stored at 4°C up to 2 weeks.
3.2.2.4 Protein enrichment

All SNAP- and Zip2-fusion proteins were enriched by an Ni-NTA superflow cartridge
using the C-terminal 6 x His-tag. The culture supernatant was centrifuged at 5000 rpm
for 10 min at 4°C and then filtered through 0.45 pm Corning® Vacuum Filter to get
cell-free culture supernatant. The pH and buffer composition of the culture supernatant
were adjusted by mixing with 4 X Ni-NTA binding buffer in a 1:4 ratio. The culture
supernatant was run through Ni-NTA superflow cartridge at a 0.5 — 1 ml/min flow rate
after equilibrating the cartridge with 10 column volumes of 4 x Ni-NTA binding buffer.
Ni-NTA washing buffer was applied to get rid of non-specifically bound proteins until
the UV absorbance value reached the baseline. SNAP- and Zip-fusion proteins were
eluted by Ni-NTA elution buffer. Cartridge was washed by NaOH (0.5 M) to remove
residual proteins from the resin, followed by stripping buffer to strip the nickel ions
from the column. The column was then recharged by NiCl, solution and could be used
for next purification. All the eluted fractions were collected during purification. After
incubation with SNAP-Surface® Alexa Fluor® 488 for 20 min at room temperature in
the dark, fractions were run in 10% SDS gel to confirm the activity of SNAP-tag and

the presence of proteins followed by Coomassie brilliant blue staining.
3.2.2.5 Buffer exchange of purified proteins

For long-term storage of purified proteins and further experiments, the protein in elution

fraction from 3.2.2.4 was exchanged to PBS by using HiTrap Desalting column. The
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column was washed with 5-column volumes of water, followed by 5-column volumes
of PBS. Sample was applied to column at 1-2 ml/min flow rate. The elution fraction
was collected when the UV absorbance started to increase until the value reached
baseline. The column was washed with 5-column volumes of water, and then with 5-
column volumes of 20% ethanol and stored at room temperature. Proteins were stored

at -20°C.

3.2.2.6 Protein electrophoresis

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a
commonly used methods for protein separation and analysis. Protein samples were
mixed with 5 X Protein Loading Buffer and run in 10% SDS gel along with blue
prestained protein standard broad range (New England Biolabs) at 160 V for 60 min.

Gel was visualized using ChemiDoc XRS+ System or Odyssey DLx Imager.

3.2.2.7 Protein concentration quantitation

The protein concentration was determined by Image Lab software (BioRad) using
bovine serum albumin (BSA) standards. Serially diluted BSA was prepared by mixing
BSA (New England Biolabs, 20 mg/ml) with PBS to set 4 concentrations (0.2, 0.1, 0.05,
0.025 pg/ul). Protein samples and 10 pl of standard BSA solutions were run in 10%
SDS gel. The standard curve and protein concentration were generated and calculated

by Image Lab software.

3.2.3 Protein labeling

3.2.3.1 Synthesis of benzylguanine-modified cytotoxic drug

Amino-PEG4-Val-Cit-PAB-MMAE and BG-GLA-NHS were dissolved to 10 mM in
DMSO. Amino-PEG4-Val-Cit-PAB-MMAE and BG-GLA-NHS was incubated at a 1:2
molar ratio in PBS at room temperature for 4 h. BG-GLA-PEG4-Val-Cit-PAB-MMAE
(hereinafter called BG-MMAE) was analyzed and purified by high-performance liquid
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chromatography (HPLC) via a Eurospher II 100-5 C18 column (8 % 250 mm, 5 pum,
100 A) at a flow rate of 4 ml/min. Separations were carried out using 40% acetonitrile,
60% water, and 0.1M ammonium acetate (4 ml/min/isocratic). The mass of BG-MMAE
was confirmed using a Bruker MicroTOF LC mass spectrometer with an electrospray
ion source. Accurate masses were derived from mass spectra in the range 0-2000 m/z.
All HPLC and mass spectrometry analysis were done by the HPLC facility, Institute of

Organic Chemistry, Justus-Liebig-University Giessen).

3.2.3.2 Conjugation of SNAP-tag fusion proteins with benzylguanine-modified

agents

SNAP-Surface® Alexa Fluor® 488, SNAP-Surface® Alexa Fluor® 647 or BG-modified
MMAE were conjugated to SNAP-tag fusion proteins by incubating at a 2:1 molar ratio
at room temperature in dark for 2 h. The residual agents were removed by 40K MWCO

Zeba ™ Spin Desalting Columns according to manufacturer’s protocol.
3.2.3.3 Conjugation of Zip2-fusion protein with fluorescent dye

To investigate the colocalization of the pre-targeting antibody and Zip1-SNAP, these
two probes were conjugated with different fluorescent dye. As the Zip1-SNAP was
conjugated with SNAP-Surface® Alexa Fluor® 647, the scFv-Zip2 was conjugated with
Alexa Fluor® 488 NHS-ester (succinimidyl ester) at a 1:3 molar ratio at room
temperature in dark for 2 h. The succinimidyl ester is commonly used to label primary
amine of protein as a random conjugation method. The residual agents were removed

by 7K MWCO Zeba ™ Spin Desalting Columns according to manufacturer’s protocol.

3.2.4 Functional assays

3.2.4.1 Far-western blotting

The interaction between scFv-Zip2 proteins and Zipl-SNAP was confirmed by far-

western blotting in polyvinylidene difluoride (PVDF) membrane. The scFv-Zip2
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proteins (1 pg) and scFv-Erbitux-SNAP (negative control) were separated in 10% SDS
gel at 160 V for 60 min. Proteins were transferred into a PVDF membrane using a
Trans-Blot Turbo System at 25 V, 1.3 A for 15 min. The membrane was incubated in
blocking buffer (1% BSA in TBST) at room temperature for 1 h. Then the membrane
was incubated with 3 pg of SNAP-Surface® Alexa Fluor® 488 labeled Zip1-SNAP in
blocking buffer at room temperature in dark for 1 h. After three washing steps with

TBST, membrane was visualized under UV light using ChemiDoc XRS+ System.

3.2.4.2 Flow cytometry

3.2.4.2.1 Antigen expression

The EGFR, EpCAM, Her2 and Trop2 expression was confirmed by flow cytometry.
Here, 4 x 10° cells were collected and washed with 1 ml PBS twice, followed by
incubation with anti-EGFR (EGFR monoclonal antibody, H11, 0.5 ng), anti-EpCAM
(CD326 monoclonal antibody, 1B7, 0.125 pg) and anti-Trop2 (Trop2 monoclonal
antibody, MR54, 1 pg) antibodies in 200 pl of PBS for 30 min on ice. Considering that
the anti-Her2 (ErbB2 monoclonal antibody, 3B5) antibody targets intracellular domain
of Her2, cells were fixed by 4% formaldehyde solution at room temperature for 10 min,
and then permeabilized with 0.1% Triton X-100 in TBS at room temperature for 5 min.
Cells were blocked by blocking buffer (10% FBS and 1% BSA in PBS) on ice for 30
min followed by incubation with anti-Her2 antibody. After two washing steps, cells
were incubated with goat anti-mouse IgG (H+L) Highly Cross-Adsorbed Secondary
Antibody conjugated with Alexa Fluor™ Plus 647 (0.25 png) for 30 min on ice. After
two washing steps, cells were resuspended in 200 uL of PBS and analyzed by
CytoFLEX Flow Cytometers. Data was analyzed in FlowJo 10.7.1.

3.2.4.2.2 Binding property analysis

To confirm the cell-binding property of the pre-targeting complex and to compare the

binding ability between pre-targeting complex and directly labeled scFv-SNAP, Zip1-
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and scFv-SNAP fusion proteins were conjugated with SNAP-Surface® Alexa Fluor®
647 (scFv-647 and Zip1-647). Both breast (MDA-MB-468, MDA-MB-231, MDA-
MB-453, Hs578T, MCF-7, SKBR3 and BT474) and ovarian (SKOV3, OVCARS3,
OVCAR4, Hey and A2780) cancer cell lines were used in flow cytometry. Here, 4 X
10° cells were washed with 1 ml PBS twice, followed by incubation with 1 pg of scFv-
647 or scFv-Zip2 in 200 pl of PBS for 30 min on ice. After two washing steps, cells
treated with scFv-Zip2 were further incubated with 1 ug of Zip1-647 on ice for 30 min,
and cells treated with directly labeled scFv-SNAP was treated with PBS. After two
washing steps, cells were resuspended in 200 pL of PBS and analyzed by CytoFLEX
Flow Cytometers or BD FACSCanto TM 1II Flow Cytometer. Data was analyzed in
FlowJo 10.7.1.

3.2.4.2.3 Confirming the binding to different epitopes of EGFR

To confirm the recognition of 425 and Erbitux antibodies of different epitopes of EGFR,
EGFR was blocked by either scFv-425-SNAP or scFv-Erbitux-SNAP and then
incubated with fluorescence dye labeled scFv-Erbitux-SNAP or scFv-425-SNAP.
Briefly, 4 x 10° cells were washed with 1 ml PBS twice and EGFR was blocked by 10
pg of scFv-425-SNAP or scFv-Erbitux-SNAP on ice for 30 min. After centrifugation at
500 rpm for 5 min, cells were incubated with 1 pg of SNAP-Surface® Alexa Fluor® 647
labeled same scFv-SNAP fusion proteins to confirm the blocking efficiency or the other
scFv-SNAP fusion proteins to confirm the binding property to different epitopes of
EGFR on ice for 30 min. After two washing steps, cells were resuspended in 200 pL of
PBS and analyzed by CytoFLEX Flow Cytometers or BD FACSCanto TM II Flow

Cytometer. Data was analyzed in FlowJo 10.7.1.

3.2.4.3 Fluorescence Microscopy

3.2.4.3.1 Binding and internalization properties of scFv-SNAP fusion proteins

To confirm the binding and internalization scFv-SNAP fusion proteins labeled with
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SNAP-Surface® Alexa Fluor® 647 were used to validate internalization ability. Here,
the cells were seeded in black 96-well plate with a clear bottom to a density of 40,000
cells/well and incubated overnight at 37°C. Cells were washed with PBS two times, and
then incubated with 1 pg of each 647-labeled scFv at 37 °C for 3 h. After two washing
steps, cells were incubated with Hoechst 33,342 fluorescent nuclear counterstain (1:500
in PBS) (Thermo Fisher Scientific) for 15 min at room temperature. Cells were washed
with PBS twice and incubated in 100 uL of PBS. To determine the binding property,
cells were incubated with antibodies for 1 h and all steps were carried out at 4°C. The
internalization and binding were visualized with a DMi8 S Live-cell microscope using

a 100 x oil objective.
3.2.4.3.2 Binding, internalization and co-localization of pre-targeting complex

Zip2-fusion scFvs were labeled with Alexa Fluor® 488 and Zip1-SNAP was labeled
with SNAP-Surface® Alexa Fluor® 647 for better visualization of binding,
internalization and co-localization. The procedure could refer to 3.2.4.3.1, but cells
were firstly incubated with scFv-Zip2-488 for 1 h followed by three-hour incubation at
37 °C with 1 pg of Zip1-647 for internalization assay, or incubated with scFv-Zip2-488
for 1 h followed by one-hour incubation at 4°C with 1 pg of Zip1-647 for binding assay.
The images were merged by ImageJ to confirm the co-localization of the scFv-Zip2-

488 and Zip1-647.
3.2.4.4 Cytotoxic Assay

The cytotoxicity of directly conjugated ADCs and pre-targeting ADCs were evaluated
using a Cell Proliferation (XTT) Kit II. Cells were seeded in 96-well plates at a density
of 5000 cells/well in 50 pL of culture medium and incubated at 37°C overnight,
followed by incubation with serially diluted unconjugated antibodies (scFv-Herceptin-
SNAP, scFv-Erbitux-SNAP, scFv-425-SNAP, scFv-aEpCAM-SNAP and scFv-Sacit-
SNAP), directly conjugated antibodies (scFv-Erbitux-MMAE, scFv-425-MMAE,
scFv-0aEpCAM-MMAE and scFv-Sacit-MMAE) or MMAE (10, 20, 40, 80, 160, 320,
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640 nM) at 37°C for 72 h. Due to our preliminary experiment (not shown), strong
toxicity of scFv-Herceptin-MMAE, and the high amount of Her2 expressed by SKBR3
proved by previous studies [113, 114], the range of concentration was expanded in
MDA-MB-468, MDA-MB-231, MDA-MB-453, Hs578T and BT474 cell lines (1.25,
2.5, 5, 10, 20, 40, 80, 160, 320, 640 nM), and reduced in SKBR3 (0.03125, 0.0625,
0.125, 0.25, 0.5, 1, 2, 4, 8, 16 nM). Cells incubated with PBS or zeocin were set as
negative or toxic control.

For pre-targeting complex, cells were firstly treated with 640 nM of targeting molecules
(scFv-Herceptin-Zip2, scFv-Erbitux-Zip2, scFv-425-Zip2, scFv-aEpCAM-Zip2 and
scFv-Sacit-Zip2), and incubated at 37°C for 1 h, followed by treatment with serially
diluted Zip1-MMAE (10, 20, 40, 80, 160, 320, 640 nM).

Cells were incubated at 37°C for 72 h. Viability was determined by incubating cells
with a 50 pL XTT labeling mixture at 37°C for 4 h. The substrate conversion was
monitored at a 450 nm absorbance wavelength and 650 nm reference wavelength using
an Infinite® Mplex microplate reader. The experiment was repeated independently

three times in triplicates.
3.2.4.5 Induction of Apoptosis

The induction of apoptosis was determined using Annexin V-SNAP conjugated with
SNAP-Surface® Alexa Fluor® 647 (Annexin V-647) and propidium iodide (PI) [112].
Briefly, cells were seeded in 24-well plates at a density of 50,000 cells/well in triplicates,
and then incubated with 640 nM of unconjugated antibodies (scFv-Herceptin-SNAP,
scFv-Erbitux-SNAP, scFv-425-SNAP, scFv-aEpCAM-SNAP and scFv-Sacit-SNAP),
directly conjugated antibodies (scFv-Herceptin-MMAE, scFv-Erbitux-MMAE, scFv-
425-MMAE, scFv-aEpCAM-MMAE and scFv-Sacit-MMAE) or MMAE. SKBR3 was
treated with 16 nM of scFv-Herceptin-MMAE.

For pre-targeting complex, cells were treated with 640 nM of targeted molecules (scFv-
Herceptin-Zip2, scFv-Erbitux-Zip2, scFv-425-Zip2, scFv-aEpCAM-Zip2 and scFv-

Sacit-Zip2), and incubated at 37°C for 1 h, followed by treatment with 640 nM of Zip1-
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MMAE.

Cells treated with PBS or camptothecin (Merck KGaA) were used as negative or
positive control, respectively. After incubation at 37C° for 48 h, floating cells was
collected, and adherent cells were harvested by trypsinization and collected in 5ml
round bottom polystyrene FACS tubes. Cells were washed by 1 ml of annexin binding
buffer at 500 g for 5 min for twice, and then incubated with 0.5 pg of Annexin V-647
in 100 pl of Annexin binding buffer at room temperature for 30 min. After a washing
step, cells were treated with 0.1 pg of propidium iodide (Thermo Fisher Scientific) in
100 pl of annexin binding buffer at room temperature for 10 min. The early and late
apoptotic cells were detected on BD FACSCanto TM II Flow Cytometer. The

experiment was repeated independently three times in triplicate.
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4. Results

4.1 Design and construction of SNAP- and Zip2-fusion proteins

The sequences of scFv targeting EGFR, EpCAM, Her2 and Trop2 were derived from
anti-EGFR human-mouse chimeric monoclonal antibody Erbitux (also known as
cetuximab) [115], anti-EGFR murine IgG monoclonal antibody 425 [111, 116, 117],
anti-EpCAM humanized scFv C54 [110, 118], anti-Her2 humanized monoclonal
antibody Herceptin (also known as trastuzumab) [119] and anti-Trop2 humanized
monoclonal antibody sacituzumab [90]. The open reading frames of SNAP- and Zip2-
fusion protein DNA sequences (Supplementary materials 9.1) were inserted into the
mammalian expression vector pMS (Figure 4.1). The cytomegalovirus enhancer and
promoter were used to increase and initiate the downstream gene transcription. The
murine immunoglobulin kappa chain leader was located upstream to the fusion proteins
to allow the secretion of the fusion protein into culture medium. The VH and VL were
connected by a glycine-serine linker consisting of three repeats of Gly—Gly—Gly—Gly—
Ser to provide the structural flexibility. SNAP-tag or Zip2 was located downstream to
the scFv or Zip1, followed by His-tag that would be used to facilitate protein enrichment
in the C-terminus of protein. The pMS-scFv-425-SNAP construct was previously
established as described [65]. To generate other SNAP-tag fusion proteins, scFv-425
was replaced by scFv-Erbitux, scFv-aEpCAM, scFv-Herceptin, scFv-Sacit and Zip1
using Sfil and Xbal restriction enzymes. Then, the SNAP-tag was replaced by Zip2
using Xbal and Blpl restriction enzymes. The presence of the inserted DNA and its
sequence were confirmed by DNA sequencing (Sanger Sequencing services, Eurofins

Genomics, Germany).

41



4. Results

(c) 5

Igk leader | Zipl | SNAP-tag| His |[SIOBN 3’

Figure 4.1. Schematic of scFv-SNAP, scFv-Zip2 and Zip1-SNAP construct design. CMV:
cytomegalovirus enhancer and promoter; IgK leader: murine immunoglobulin kappa chain leader;

Sfil Xbal Blpl

(a) S"@>| lgklcader | VH | GSlinker | VI |SNAP-tag| His |ISIBN- 3
Sfil Xbal Blpl

(b) 5’~@>| lgkleader | VH | GSlinker | L Zip2 His -—3’
Sfil Xbal BlpI

VH: variable heavy chain; GS linker: glycine-serine linker; VL: variable light chain; His:
polyhistidin tag; Stop: TGA stop codon.

4.2 Expression and enrichment of SNAP- and Zip2-fusion proteins

The expression of SNAP- and Zip2-fusion proteins were achieved using HEK293T
cells, which was firstly confirmed by detecting the GFP signal in the transfected cells
(data not shown). Protein in collected culture supernatant were enriched by
immobilized metal affinity chromatography using an Ni-NTA superflow cartridge via
the 6 x His-tag in C-terminal of the protein.

As the BG-modified molecules react solely with SNAP-fusion proteins, the success of
the fusion protein enrichment was determined by incubating the collected protein
fractions with SNAP-Surface® Alexa Fluor® 488 followed by protein separation in SDS
gel. The presence of the SNAP-fusion proteins and the activity of SNAP-tag were
confirmed by detecting the 488 fluorescence signal followed by determining the protein
size by Coomassie blue staining. For the Zip2-fusion proteins, the success of the Zip2-
fusion protein enrichment was confirmed by separating the collected protein fractions
in SDS gel followed by Coomassie blue staining.

The scFv-Zip1-SNAP and scFv-Herceptin-Zip2 are shown as examples in figure 4.2.
Proteins were eluted by Ni-NTA elution buffer with different concentrations of
imidazole (10, 40 and 250 mM), especially with 250 mM of imidazole (highlighted
with red box). The two lanes named 40 mM imidazole in figure 4.2 represent the earlier

and later stage to better control the enrichment as the his-tagged proteins could also be
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eluted at later stage with 40 mM of imidazole. The scFv-Zip1-SNAP (31.3 kDa) were
detected by both UV-excited 488 fluorescence and Coomassie blue staining. Without
visualization by fluorescence, the presence of scFv-Herceptin-Zip2 (40.5 kDa) was
invisible due to the low amount in supernatant but was observed in eluate with 40 mM
and 250 mM imidazole. Given the fact that the volume of protein eluted by 250 mM
imidazole was only one-third of that eluted by 40 mM imidazole, the protein was mainly
eluted with 250 mM imidazole, and the wastage was negligible. Meanwhile, proteins
from culture medium were also removed stepwise, and almost only protein of interest
was present at last. Other proteins were produced and validated in the same way
(Supplementary Figure 1). This fast and high-expression system could yield SNAP-
fusion proteins with up to 10 mg per liter of culture supernatant and Zip2-fusion

proteins with up to 5 mg per liter of culture supernatant.
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Figure 4.2. Zip1-SNAP and scFv-Herceptin-Zip2 are enriched. The His-tagged Zipl-SNAP and
scFv-Herceptin-Zip2 were enriched by nickel purification and confirmed by SDS-PAGE. While the
Zipl1-SNAP was confirmed by SNAP-Surface® Alexa Fluor® 488 followed by Coomassie blue
staining, the scFv-Herceptin was confirmed by Coomassie blue staining (highlighted with red box).
The signal was visualized with ChemiDoc XRS+ System. M: Blue prestained protein standard broad
range (11-250 kDa). S: cell-free culture supernatant; F: flowthrough.

4.3 Conjugation of SNAP-tag fusion proteins with BG-modified agents

Amino-PEG4-Val-Cit-PAB-MMAE (1370.7 Da) was modified with BG-GLA-NHS

(481.5 Da) as described in 3.2.3.1. The product BG-MMAE was purified and validated
by HPLC (Figure 4.3a-c) and mass spectrometry analysis (Figure 4.3d). All HPLC
and mass spectrometry analysis were done by the HPLC facility (Institute of Organic

Chemistry, Justus-Liebig-University Giessen). The retention time of BG-GLA-NHS,
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Amino-PEG4-Val-Cit-PAB-MMAE and BG-MMAE was 1.607, 6.547 and 8.073 min,
respectively. The double and triple protonated products in mass spectrum analysis with
total molecular weight 1852.787 Da indicated the successful generation of BG-MMAE.
The conjugation efficiency of SNAP-tag fusion proteins was further explored. The
SNAP-tag fusion proteins (scFv-425-SNAP, scFv-Erbitux-SNAP, scFv-aEpCAM-
SNAP, scFv-Herceptin-SNAP, scFv-Sacit-SNAP and Zip1-SNAP) were conjugated
with SNAP-Surface® Alexa Fluor® 647 (used as imaging agents) and BG-MMAE (used
as therapeutic agents) (Figure 4.4a). The scFv-Herceptin-SNAP and Zip1-SNAP were
showed as examples in figure 4.4b. The site-specific conjugation of BG-modified
molecules to SNAP-tag fusion proteins was confirmed by post-incubation them with
SNAP-Surface® Alexa Fluor® 488. While unconjugated proteins retained the full
activity to couple SNAP-Surface® Alexa Fluor® 488, the specific coupling sites were
blocked by SNAP-Surface® Alexa Fluor® 647 or BG-MMAE. SNAP-Surface® Alexa
Fluor® 488 was observed under UV light using ChemiDoc XRS+ System, and the
SNAP-Surface® Alexa Fluor® 647 signal was observed at 685 nm using an Odyssey
DLx Imager. The presence of all proteins is shown in SDS gel stained with Coomassie
brilliant blue. Our results demonstrated that BG-modified agents could be conjugated
to SNAP-fusion proteins site-specifically and sufficiently within 2 h at room
temperature. Other proteins were conjugated in the same way (Supplementary Figure

2).
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Figure 4.3.The BG-MMAE is purified and the size is validated. HPLC analysis of (a) BG-GLA-
NHS, (b) Amino-PEG4-Val-Cit-PAB-MMAE and (c) the product BG-MMAE. The arrow indicates
the retention times of 1.607, 6.547 and 8.073 min, respectively. (d) Mass spectra of protonated BG-
MMAE with total molecular weight 1852.787 Da.
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Figure 4.4. High conjugation efficiency between SNAP-fusion proteins and BG-modified
agents. (a) Schematic diagram of scFv-SNAP fusion proteins conjugated with BG derivatives. (b)
The conjugation of scFv-Herceptin-SNAP and Zip1-SNAP (highlighted with red box) were showed
as examples. SNAP-fusion proteins were conjugated with either SNAP-Surface® Alexa Fluor® 647
or BG-MMAE followed by post-incubation with SNAP-Surface® Alexa Fluor® 488. The
fluorescence was visualized and corresponding Coomassie blue staining was shown.

4.4 Specific binding property of Zip pair

The pre-targeting complex consists of two fusion proteins, the targeting protein (scFv-
Zip2) that allows pre-targeting tumor cells and the vehicle protein (Zip1-SNAP), which
could be conjugated either with cytotoxic agent or fluorescent dye as effector (Figure
4.5a).

The specific interaction between targeting protein and vehicle protein was confirmed
by far-western blotting: scFv-Erbitux-Zip2, scFv-425-Zip2, scFv-aEpCAM-Zip2,
scFv-Herceptin-Zip2 and scFv-Sacit-Zip2 were detected by Surface® Alexa Fluor® 488
conjugated Zipl-SNAP in PVDF membrane and visualized under UV light using
ChemiDoc XRS+ System, while negative control scFv-Erbitux-SNAP was not detected
(Figure 4.5b).
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Figure 4.5. The Zip pair exhibits specific interaction. (a) Schematic diagram of the interaction
between scFv-Zip2 and Zipl-SNAP. (b) The specific interaction of pre-targeting complex. The
scFvs were detected by SNAP-Surface® Alexa Fluor® 488 conjugated Zipl1-SNAP and visualized
with ChemiDoc XRS+ System.

4.5 Functional assay in breast cancer

4.5.1 Different expression level of targets in breast cancer

The EGFR, EpCAM, Her2 and Trop2 expressions on cell surface were determined by
flow cytometry using commercial EGFR, EpCAM, Her2 and Trop2-specific mAbs
(listed in 3.1.4 and described in 3.2.4.2.1). The results revealed that EGFR, EpCAM,
Her2 and Trop2 were differently expressed on seven breast cancer cell lines (MDA-
MB-468, MDA-MB-231, Hs578T, MDA-MB-453, MCF7, SKBR3 and BT474)
(Figure 4.6, Table 4.1). MDA-MB-468, MDA-MB-231 and Hs578T expressed high
level of EGFR, in which MDA-MB-468 ranked the highest. The SKBR3 and BT474
showed moderate expression of EGFR, while MDA-MB-453 and MCF7 expressed
minimal level. The EpCAM was highly expressed on MDA-MB-453, MCF7, SKBR3
and BT474, moderate expressed on MDA-MB-468 and minimal expressed on MDA-
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MB-231 and Hs578T. As the TNBC cell lines, MDA-MB-468, MDA-MB-231 and
Hs578T exhibited lowest expression of Her2. The MCF7 have low-moderate
expression of Her2, while MDA-MB-453, SKBR3 and BT474 showed high expression.
The Hs578T was determined as the only cell line expressed minimal Trop2, and all

other cell lines expressed high level of Trop2.

MDA-MB-468 MDA-MB-231 Hs578T MDA-MB—453 MCF7 SKBR3 BT474

10°10°10° 0 10° 10°10°_

Events

0 10* 10° 10° 0 104 10° 10° 0 104 10° 10 0 104 10° 10° 0 104 10% 10° 0 10* 10% 10¢ 0 104 10° 10°

Fluorescence activity (APC—A)
——anti-EGFR  —— anti-EpCAM ~ —— anti-Trop2 anti-Her2 ~——secondary antibody 8 blank

Figure 4.6. EGFR, EpCAM, Her2 and Trop2 are differently expressed in breast cancer cell
lines. The EGFR, EpCAM, Her2 and Trop2 expression in breast cancer cell lines were determined
by flow cytometry. The cells were treated with anti-EGFR (EGFR Monoclonal Antibody, HI11),
anti-EpCAM (CD326 monoclonal antibody, 1B7), anti-Her2 (ErbB2 monoclonal antibody, 3B5)
and anti-Trop2 (Trop2 monoclonal antibody, MR54) antibodies, respectively, followed by
incubation with the secondary antibody (Goat anti-Mouse IgG Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor™ Plus 647).

Table 4.1 Expression profile of EGFR, EpCAM, Her2 and Trop2 in breast cancer cell lines

MDA- MDA- Hs578T MDA- MCF7  SKBR3 BT474
MB-468  MB-231 MB-453
EGFR  high high high low low medium medium
EpCAM medium low low high high high high
Her2 low low low high low high high
Trop2 high high low high high high high

The expression levels of EGFR, EpCAM, Her2 and Trop2 were determined by flow cytometry.

4.5.2 The 425 and Erbitux bind to distinct epitopes on EGFR

The different binding epitopes of 425 and Erbitux antibodies on EGFR were confirmed
by flow cytometry in breast cancer cell lines (Figure 4.7). The binding of scFv-425-

647 and scFv-Erbitux-647 was observed on EGFR"&" (MDA-MB-468, MDA-MB-231
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and Hs578T) and EGFR™™ (SKBR3 and BT474) cell lines but was limited on
EGFR"¥ (MDA-MB-453 and MCF7) cell lines. After blocking 425 or Erbitux epitopes
by its unconjugated scFv-425-SNAP or scFv-Erbitux-SNAP, the followed incubation
with scFv-425-647 or scFv-Erbitux-647 indicated the successful block of binding
regions. Meanwhile, the followed incubation with scFv-Erbitux-647 or scFv-425-647
showed that the binding of scFv-Erbitux-647 and scFv-425-647 was not affected by
blocking the epitope and was still comparable with binding by antibodies on unblocked
cells. The result revealed that the binding epitope of 425 and Erbitux antibodies did not

overlapped, which expanded the application window of EGFR targeting therapy.
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Figure 4.7. The 425 and Erbitux antibodies has distinct binding epitopes of EGFR. Cells were
incubated with 10 pg of scFv-425-SNAP or scFv-Erbitux-SNAP to block 425 or Erbitux binding
sites, followed by incubation with 1 ug of scFv-425-647 or scFv-Erbitux-647to confirm the block,
or scFv-Erbitux-647 or scFv-425-647 to confirm the distinct binding sites. The binding ability of
scFv-425-647 and scFv-Erbitux-647 was also showed without block.

4.5.3 Binding and colocalization of pre-targeting complex in breast cancer

The specific binding property of pre-targeting complex was confirmed by flow
cytometry. Zip1-SNAP was conjugated with SNAP-Surface® Alexa Fluor® 647 (Zip1-
647) to allow visualization of the binding. The flow cytometry results in figure 4.8a-
4.12a indicate the specific binding of the pre-targeting complexes, which is consistent
with the EGFR, EpCAM, Her2 and Trop2 expression confirmed by commercial
antibodies (4.5.1). Compared to directly conjugated antibodies (scFv-425-647, scFv-
Erbitux-647, scFv-aEpCAM-647, scFv-Herceptin-647 and scFv-Sacit-647), the pre-
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targeting complexes exhibited comparable binding capability, while the Zip1-647
showed minimal unspecific binding.

The binding and colocalization of the scFv-Zip2 and Zip1-SNAP were further validated
by fluorescent microscopy using the Zip1-647 and Alexa Fluor® 488 labeled scFv-Zip2
(scFv-Zip2-488) by direct functionalization of lysine side chains using N-
hydroxysuccinimide ester Alexa Fluor® 488.

The results of fluorescent microscopy in figure 4.8b-4.12b shows the green-488, red-
647, blue-DAPI channels along with the merged images. Both scFv-Zip2-488 and Zip1-
647 signals were observed on the cell membrane of EGFR-expressing cells (MDA-MB-
468, MDA-MB-231, Hs578T and SKBR3) (Figure 4.8b, Figure 4.9b), EpCAM-
expressing cells (MDA-MB-468, MDA-MB-453, MCF7, SKBR3 and BT474) (Figure
4.10b), Her2-expressing cells (MDA-MB-453, SKBR3 and BT474) (Figure 4.11b) and
Trop2-expressing cells (MDA-MB-468, MDA-MB-231, MDA-MB-453, MCF7,
SKBR3 and BT474) (Figure 4.12b) but not observed in EGFR®Y (MDA-MB-453 and
MCF7) (Figure 4.8b, Figure 4.9b), EpCAM ¥ (MDA-MB-231 and Hs578T) (Figure
4.10b), Her2 ¥ (MDA-MB-468, MDA-MB231 and Hs578T) (Figure 4.11b) and
Trop2 '°% (Hs578T) (Figure 4.12b) cell lines or cells treated with Zip1-647 (Figure
4.8b) alone. However, while the binding in EGFR™"™ (BT474) cell line was
confirmed by flow cytometry, there was no binding and colocalization by fluorescent
microscopy, which might due to the different sensitivity of each experiment method.
The merged figure shows the overlapped signals from scFv-Zip2-488 and Zip1-647,
indicating the colocalization of the two probes, which further validated the interaction
between the scFv-Zip2 and Zip1-SNAP. In addition, the fluorescence intensity of scFv-
Zip2-488 and Zip1-647, plotted along the white arrow in merged figures was calculated
by Image J software (Figure 4.8c-4.12c¢). The Zipl-647 fluorescent intensity
consistently followed the peak of scFv-Zip2-488, providing another strong evidence for

the colocalization.
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Figure 4.8. EGFR-targeting complex specific binds to EGFR-expressing cells and colocalize
on cell membranes. (a) Specific targeting of pre-targeting complex to breast cancer cell lines and
comparison with direct conjugated antibody by flow cytometry.(b) The binding and colocalization
of scFv-425-Zip2-488 and Zip1-647 were visualized by fluorescence microscopy. The binding
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expressing cell lines was shown in (c) and calculated by Image J software.
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comparison with direct conjugated antibody by flow cytometry. (b) The binding and colocalization
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Figure 4.10. The a EpCAM-targeting complex specific binds to tEpCAM-expressing cells and
colocalize on cell membranes. (a) Specific targeting of pre-targeting complex to breast cancer cell
lines and comparison with direct conjugated antibody by flow cytometry. (b) The binding and
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microscopy. The binding process was carried out at 4°C. The fluorescence intensity along the white
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cells treated with Zip1-647 alone to confirm no unspecific binding were shown in figure 4.8.
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Figure 4.11. The Her2-targeting complex specific binds to Her2-expressing cells and colocalize
on cell membranes. (a) Specific targeting of pre-targeting complex to breast cancer cell lines and
comparison with direct conjugated antibody by flow cytometry. (b) The binding and colocalization
of scFv-Herceptin-Zip2-488 and Zipl-647 were visualized by fluorescence microscopy. The
binding process was carried out at 4°C. The fluorescence intensity along the white arrow in Her2-
expressing cell lines was shown in (c) and calculated by Image J software. The cells treated with

Zip1-647 alone to confirm no unspecific binding were shown in figure 4.8.
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Figure 4.12. The Trop2-targeting complex specific binds to Trop2-expressing cells and
colocalize on cell membranes. (a) Specific targeting of pre-targeting complex to breast cancer cell
lines and comparison with direct conjugated antibody by flow cytometry. (b) The binding and
colocalization of scFv-Sacit-Zip2-488 and Zip1-647 were visualized by fluorescence microscopy.
The binding process was carried out at 4°C. The fluorescence intensity along the white arrow in
Trop2-expressing cell lines was shown in (c) and calculated by Image J software. The cells treated

with Zip1-647 alone to confirm no unspecific binding were shown in figure 4.8.

4.5.4 Internalization property of pre-targeting complex in breast cancer

As the main mechanism of ADC is drug delivery into cells, the fast and adequate

internalization is one of the key points in ADC design. The internalization property of
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pre-targeting complex was confirmed by fluorescence microscopy and experiment was
carried out at 37°C to maintain cellular activity (Figure 4.13-4.17). The internalization
process was visualized by green-488, red-647 and blue-DAPI channels, and merged
figures were also showed to better visualize the internalization.

For instance, the figure 4.13 shows the internalization of EGFR-targeting ADCs, in
which both complex and directly conjugated antibody have started to be internalized
into EGFR-expressing cells except BT474 within 3 h (white arrow indicated) and still
some remain bound to the cell membrane. Meanwhile, Zip1-647 was not internalized
nonspecifically into cells. Given the fact that BT474 have relatively limited EGFR and
the complex have relatively weaker binding affinity due to the two-step binding
compared to direct conjugation, the internalization was weakly observed in cells treated
with directly conjugated antibodies but was not seen in the cells treated with pre-
targeting complex. Other complexes targeting EGFR, EpCAM, Her2 and Trop2 also
showed homogeneous and clear internalization in antigen-expressing cell lines,
consisting to the aforementioned results by flow cytometry and fluorescence

microscopy (Figure 4.14-4.17).
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Figure 4.13. Fast internalization of the scFv-425-Zip2-488 and Zip1-647 complex. Breast cancer
cells were incubated with scFv-425-Zip2-488 for 1h followed by post-incubation with Zip1-647 for
3h, or with scFv-425-647 for 3h. The internalization process was carried out at 37°C. The green
represents 488 channel, the red represents 647 channel, and the blue represents DAPI channel. The

internalized molecules were indicated by white arrows.
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Figure 4.14. Fast internalization of the scFv-Erbitux-Zip2-488 and Zip1-647 complex. Breast
cancer cells were incubated with scFv-Erbitux-Zip2-488 for 1h followed by post-incubation with
Zip1-647 for 3h, or with scFv- Erbitux -647 for 3h. The internalization process was carried out at
37°C. The green represents 488 channel, the red represents 647 channel, and the blue represents
DAPI channel. The internalized molecules were indicated by white arrows. The cells treated with

Zip1-647 alone were shown in figure 4.13.
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Figure 4.15. Fast internalization of the scFv-aEpCAM-Zip2-488 and Zip1-647 complex. Breast
cancer cells were incubated with scFv-aEpCAM-Zip2-488 for 1h followed by post-incubation with
Zip1-647 for 3h, or with scFv-0aEpCAM-647 for 3h. The internalization process was carried out at
37°C. The green represents 488 channel, the red represents 647 channel, and the blue represents
DAPI channel. The internalized molecules were indicated by white arrows. The cells treated with

Zip1-647 alone were shown in figure 4.13.
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Figure 4.16. Fast internalization of the scFv-Herceptin-Zip2-488 and Zip1-647 complex. Breast
cancer cells were incubated with scFv-Herceptin-Zip2-488 for 1h followed by post-incubation with
Zip1-647 for 3h, or with scFv-Herceptin-647 for 3h. The internalization process was carried out at
37°C. The green represents 488 channel, the red represents 647 channel, and the blue represents
DAPI channel. The internalized molecules were indicated by white arrows. The cells treated with

Zip1-647 alone were shown in figure 4.13.
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Figure 4.17. Fast internalization of the scFv-Sacit-Zip2-488 and Zip1-647 complex. Breast
cancer cells were incubated with scFv-Sacit-Zip2-488 for 1h followed by post-incubation with Zip1-
647 for 3h, or with scFv-Sacit-647 for 3h. The internalization process was carried out at 37°C. The
green represents 488 channel, the red represents 647 channel, and the blue represents DAPI channel.
The internalized molecules were indicated by white arrows. The cells treated with Zip1-647 alone

were shown in figure 4.13.
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4.5.5 Specific cytotoxicity of MMAE based pre-targeting complex

The cytotoxicity of an ADC centers on the payloads, which are usually high potent
small molecules and kill cells indiscriminately. Since the specific binding,
colocalization and internalization property of pre-targeting complex have been
confirmed by flow cytometry and fluorescence microscopy, these properties were
expected to be retained after conjugation with BG-MMAE. Zip1-SNAP and scFv-
SNAP were modified with MMAE by SNAP-tag technology, generating Zipl-MMAE
and scFv-MMAE as mentioned in 3.2.3.2, and their specific cytotoxicity was confirmed
by cytotoxicity assay using Cell Proliferation (XTT) Kit II.

The specific cytotoxicity was confirmed by incubating breast cancer cells (MDA-MB-
468, MDA-MB-231, MDA-MB-453, Hs758T, MCF-7, SKBR3 and BT474) with
increasing concentration of scFv-MMAE, pre-targeting complexes (scFv-Zip2-Zip1-
MMAE), unconjugated antibodies (scFv-Zip2-Zipl-SNAP or scFv-SNAP), Zipl-
MMAE or MMAE at 37°C for 72 h (Figure 4.18). After treating the cells with MMAE,
all the cell lines showed reduced cell proliferation and different levels of sensitivity
according to the half maximal inhibitory concentration (ICso) (Table 4.2). Both pre-
targeting complex and scFv-MMAE displayed specific cytotoxicity in EGFR-,
EpCAM-, Her2- or Trop2-expressing cell lines but spared low expressing cell lines.
Compared to scFv-MMAE, the complex exhibited relatively lower cytotoxicity,
consistent with flow cytometry and fluorescence microscopy results. Meanwhile, the
up to 640 nM of unconjugated antibodies and Zipl-MMAE showed limited cytotoxicity
in all treated cell lines. Interestingly, the scFv-Herceptin-MMAE presented extremely
strong cytotoxicity in SKBR3, with ICso (2.049 £ 0.1969 nM) even 19 times lower than
MMAE (38.65 +2.712 nM), but the scFv-Herceptin-Zip2-Zip1 -MMAE did not achieve

the same efficacy. Full data about ICso was listed in table 4.2.
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Figure 4.18. Specific cytotoxicity was triggered by pre-targeting complex. (a) Breast cancer cell
lines were treated with increasing concentration of scFv-Zip2-Zipl-MMAE (m), scFv-MMAE (o)
(except SKBR3 treated with scFv-Herceptin-MMAE), scFv-Zip2-Zipl-SNAP (V) scFv-SNAP
(A), Zipl-MMAE (o) or MMAE ( x ) at 37°C for 72 h. (b) SKBR3 was incubated with increasing
concentration (0.03125, 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16 nM) of scFv-Herceptin-MMAE at
37°C for 72 h. Cell viability was determined by Cell Proliferation (XTT) Kit II, and the experiment
was carried out in triplicates for three times. One independent experiment was shown with the mean
+SD.
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4.5.6 Induction of apoptosis by MMAE based pre-targeting complex

Apoptosis is one of the major kinds of programmed cell death to get rid of damaged
cells. Propidium iodide (PI) is a membrane-impermeable fluorescent nuclear stain that
can distinguish necrotic and late apoptotic cell which lost membrane integrity from
living and early apoptotic cell [120]. Phosphatidylserine predominantly locates at the
cytoplasmic face, but the asymmetry distribution is broken since the initiation of
apoptosis as the phosphatidylserine moves to express at the outer plasma membrane
[121]. Annexin V is found to specifically bind to phosphatidylserine at the extracellular
membrane leaflet [122], and therefore in conjunction of annexin V and PI has been
widely used to detect apoptotic cells by conjugating annexin V with fluorescent dyes.
Woitok et.al has reported an economical method using fluorescent dye labeled Annexin
V-SNAP for apoptosis, which shows comparable results to the commercial staining kit
[112].

Here, the apoptosis triggered by MMAE-based ADCs was successfully visualized by
flow cytometry using SNAP-Surface® Alexa Fluor® 647 conjugated Annexin V-SNAP
(Annexin V-647) and PI (Figure 4.19-4.23). Negative and positive controls were set
up by treating cells with PBS or camptothecin (apoptosis inducer). The figure 4.19-
4.23 depict the living (Q4), early apoptotic (Q3), late apoptotic (Q2) and necrotic (Q1)
cells, and the sum of early and late apoptotic cells were used for statistical analysis. In

comparison to negative control, apoptosis was triggered in all cell lines after treatment
with camptothecin or MMAE (p < 0.001). Compatible with cytotoxicity assay results,

the fractions of apoptotic cells in EGFR- (MDA-MB-468, MDA-MB-231, Hs578T,
SKBR3 and BT474), EpCAM- (MDA-MB-468, MDA-MB-453, MCF7, SKBR3 and
BT474), Her2- (MDA-MB-453 and BT474) or Trop2- (MDA-MB-468, MDA-MB-231,
MDA-MB-453, MCF7, SKBR3 and BT474) expressing cell lines were significantly
increased after incubating them with 640 nM of either scFv-Zip2-Zipl-MMAE or scFv-
MMAE for 48 h. The 16 nM of scFv-Herceptin-MMAE was enough to trigger apoptosis
in SKBR3 under the same conditions. Unconjugated antibodies (scFv-Zip2-Zipl-

SNAP or scFv-SNAP) and Zipl-MMAE did not induce apoptosis in all breast cancer
67



4. Results

cell lines.

(a) MDA-MB-468 ~ MDA-MB-231 Hs578T MDA-MB-453 MCF7 SKBR3
4 10%Q1 @ (1ot Q2 |07 10711 Q | ot Qz |07 Qz Q2
0.56 Taed 167 47,09 2138 2.09
10¢ : 10¢ 10¢
10° 10 10°
f Qs Q3 Q3 Q3 @ [
238 | O 469 | 0f74 220 | Ofes 312 204 3.94
0100 16t 10 01 10t 10 0 10 10 10° 010 10 100 010 16 100 TN (T 1010
o 10%q1 Q2 [10%q1 Q2 @ (10%q1 Q2 | . 10°Q1 @ Q2
Z jost 419 | 1190 554 9.88 164 |gdai00 482, 124 26,36
G : 10 ; 10 i o 10 :
wy
ol
g 10°
= Q3 Qs a3
E “9.00 531 218 {8662 1.20
) 010 10t 10f 07 10" 10° 10° 0 10° 10° 10° 0" 10° 10' 10° 0 100 10° 10°
o 10 a2 |10°F Q2 (0@ . az
- ) 3s1 | 914 340, 1) 10 759
& 0 L e 0 "
94 100
5% ™
e Q3 a3
#N 860 | O o 156
& DT TR RGN
<. 'Inﬁ |
< 10%iar @2 s Qz
= ™ 1.9
= 10
i
wy i
& 10 -
il Q4 3 [+]
= = 0 83 377 | ofsa: 237
=| 3
] 0 10° 10* 10 0100 _10*_10* 0 10'_10* 10° 0 10° _10° 10°
R 105! Qz (101 @z [10Ma1 Qz
2 |.2m 2.17 694 138 i128 4.5T. 140
g N'§ 10¢
= v,
S|§=w
alde
] L:& a3
e O | 1.13
0100 10' 10° 100 10 10°
2o lat az | ot a [10° @
S o 212 13.2 229
S = e
i o ‘
N o4 Q3 a3
0 81,18 362 | g 464
- o0 it 10 o To
Q1
211
Q4
58 | i
0 10° 10* 10° 0100 10 10* 0 10° _10* 10° 0 10° 10* i0°
£ 10% . | 1
E 10 10 a1 a2
3 o ] 10° 411
él(}‘ 10° 10
o
Em’ 10" 101
@]
0 407 | of1ss 810 758
104 10° 0100 100 10 0100 10° 100 0 10t 0t 100 010 10 10
Annexin V-647
(b) PO oo
H]O[) o . T
£ 80 o e [ scFv-425-SNAP
z T : [ scFv-425-Zip2-Zipl-SNAP
4 " EEER scFv-425-MMAE
S 404 H scFv-425-Zip2-Zipl-MMAE
& H ,
g : Zipl-MMAE
< 204 : p E= MMAE
H Y ;
04 3 4 Il Camptothecin
M

DA-MB-453

MCF

SKBR. BT47.

Figure 4.19. EGFR-targeting ADCs induced apoptosis. (a) Scatter plot of one measurement as
an example. (b) Statistic analysis of apoptotic cells including early (Q3) and late (Q2) apoptotic
cells. The experiment was carried out independently in triplicates for three times. Data were shown
as mean+SEM. The statistical analysis was carried out using one-way ANOVA and corrected by
Tukey’s test (** p < 0.01, **** p <0.0001).
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Figure 4.20. EGFR-targeting ADCs induced apoptosis. (a) Scatter plot of one measurement as
an example. (b) Statistic analysis of apoptotic cells including early (Q3) and late (Q2) apoptotic
cells. The experiment was carried out independently in triplicates for three times. Data were shown
as mean+SEM. The statistical analysis was carried out using one-way ANOVA and corrected by
Tukey’s test (¥** p < 0.01, **** p <(0.0001). The cells treated with PBS, MMAE, camptothecin or
Zipl-MMAE were shown in figure 4.19.

69



4. Results

(a) MDA-MB-468 MDA-MB-231 Hs578T MDA-MB-453 MCF7 BT474
1 Jat az [10%a1 Qz 10%Q1 Qz | oot Qz 104a1 Q2
E 1o 237 327 1.61 . 574 226 E5i10.4 240 109 317 4.09
< G 10° 10T : 10¢ fofle
Q10 10t s
-9 5 L 3
£ 0 i o
5 fex] Q3 3 Qu i Q3 o4 @R o3
5z olsas 454 5.47 477 | olssn 164 ’ 047 8% 4.94
2
010 10t 10 010 10t 10 0 10° 10° 10° 0 100 10° 10° 107 10* 10° 0 100 10° 10
- Qz [10Pag Qz Q2 ot Qz Qz [10%Q1 @2
=, E'fztw 238 430 | 200 537 859 7.21 690 e O 4.16
sl5a" : i |
21 B3 100 4 10
E |me R i
e Q3 5] Q3 Qa4 G Q2 Qs BERCE T Q3 Q3
2|2 ojess: 376 519 158 851585 084 | 0482 332 5 7.52
g |Le
£ | e 010 10t 10 0" 10" 10° 10° 0 10° 10° 10° 0" 10° 10" 10° 0 10t 10t 100 10010 10°
2| at az (101 az 105a1 Qz [
g1z w 151 181 6,15 3.06 g7 M4
(s e Lo 7. o i
g 10
&
5}
40
rs 3
95 ol sas
010 10t 10f 10° 10" 10°
m
= Q2 AT
= {00
i 10
10"

Q3

0 10 10t 10t 100 100 10°

®) o0 s L

e ans [ pBS
£ 80 [ scFv-uEpCAM-SNAP
3 : B scFv-aEpCAM-Zip2-Zipl -SNAP
a 0% EEEEA scFyv-0EpCAM-MMAE
é; 40 4 scFv-uEpCAM-Zip2-Zipl-MMAE
2 H Zipl-MMAE
< 201 == MMAE
04 H Il Camptothecin

MDA-MB-468 MDA-MB-231Hs578T MDA-MB-453 MCF7 SKBR3 BT474

Figure 4.21. EpCAM-targeting ADCs induced apoptosis. (a) Scatter plot of one measurement as
an example. (b) Statistic analysis of apoptotic cells including early (Q3) and late (Q2) apoptotic
cells. The experiment was carried out independently in triplicates for three times. Data were shown
as mean+SEM. The statistical analysis was carried out using one-way ANOVA and corrected by
Tukey’s test (*** p <0.001, **** p <(0.0001). The cells treated with PBS, MMAE, camptothecin
or Zipl-MMAE were shown in figure 4.19.
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Figure 4.22. Her2-targeting ADCs induced apoptosis. (a) Scatter plot of one measurement as an
example. (b) Statistic analysis of apoptotic cells including early (Q3) and late (Q2) apoptotic cells.
The experiment was carried out independently in triplicates for three times. Data were shown as
mean+SEM. The statistical analysis was carried out using one-way ANOVA and corrected by
Tukey’s test (*p < 0.05, ** p < 0.01, **** p <0.0001). The cells treated with PBS, MMAE,
camptothecin or Zipl-MMAE were shown in figure 4.19.
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Figure 4.23. Trop2-targeting ADCs induced apoptosis. (a) Scatter plot of one measurement as
an example. (b) Statistic analysis of apoptotic cells including early (Q3) and late (Q2) apoptotic
cells. The experiment was carried out independently in triplicates for three times. Data were shown
as mean+SEM. The statistical analysis was carried out using one-way ANOVA and corrected by
Tukey’s test (*p < 0.05, **** p <0.0001). The cells treated with PBS, MMAE, camptothecin or
Zipl-MMAE were shown in figure 4.19.

4.6 Functional assay in ovarian cancer

4.6.1 Expression of targets in ovarian cancer

The ovarian cancer cell lines (SKOV3, OVCAR3, A2780 and Hey) were confirmed to
express different levels of EGFR, Her2 and Trop2 on cell membrane by flow cytometry
(Figure 4.24, Table 4.3). The EGFR and Her2 were highly expressed on SKOV3 and
OVCAR3, moderately presented on Hey, and relatively low expressed on A2780.
A2780 and SKOV3 had low expression of Trop2, while OVCAR3 and Hey presented

extremely high expression of Trop2.
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Figure 4.24. EGFR, Her2 and Trop2 were differently expressed in ovarian cancer cell lines.
The EGFR, Her2 and Trop2 expression in breast cancer cell lines were determined by flow
cytometry. The cells were treated with anti-EGFR (EGFR Monoclonal Antibody, H11), anti-Her2
(ErbB2 monoclonal antibody, 3B5) and anti-Trop2 (Trop2 monoclonal antibody, MR54) antibodies,
respectively, followed by incubation with secondary antibody (Goat anti-Mouse IgG Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ Plus 647).

Table 4.3 Expression profile of EGFR, Her2 and Trop2 in ovarian cancer cell lines

SKOV3 OVCAR3 A2780 Hey
EGFR high high low medium
Her2 high high low medium
Trop2 low high low high

The expression levels of EGFR, Her2 and Trop2 were determined by flow cytometry.

4.6.2 Binding and colocalization of pre-targeting complex in ovarian cancer

The specific binding and colocalization of pre-targeting complex in ovarian cancer cell
lines were confirmed by flow cytometry (Figure 4.25a-4.28a) and fluorescence
microscopy (Figure 4.25b-4.28b). The flow cytometry showed that both scFv-Zip2-
Zip1-647 and scFv-647 specifically bound to EGFR- (SKOV3, OVCAR3 and Hey),
Her2- (SKOV3, OVCAR3 and Hey) or Trop2- (OVCAR3 and Hey) expressing cell
lines, while Zip1-647 showed no unspecific binding. The binding process was further
visualized by fluorescence microscopy as the fluorescence was observed on the cell
membrane. However, the binding of EGFR- and Her2-targeting scFv-647 was weakly
observed in Hey, but the scFv-425-Zip2-488-Zip1-647 and scFv-Herceptin-Zip2-488-
Zip1-647 fluorescence was not detected in either green-488 or red-647 channel by

fluorescence microscope due to the relatively low expression and the different
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sensitivity of each experiment method, which also happened in breast cancer cell lines.
In addition to the validation of binding property, the figure 4.25b-4.28b and figure
4.25¢-4.28¢ further proved the colocalization and interaction of scFv-Zip2-488 and
Zipl1-647. As an example, the scFv-425-Zip2-488 and Zip1-647 fluorescence signals
were detected on the cell membranes of SKOV3 and OVCAR3 by green-488 and red-
647 channels individually, and the localities were totally overlapped in merged figures
(Figure 4.25b). No binding was observed by incubating cells with Zip1-647, indicating
that the red-647 signal detected on SKOV3 and OVCAR3 was from the combined
complex rather than unspecific binding. The intensity of scFv-425-Zip2-488 and Zip1-
647 increased and decreased simultaneously along the white arrow in merged figures

further confirmed the colocalization (Figure 4.25¢).

74



(a) SKOV3 OVCAR3 A2780 Hey
A
1) ] —— scFv-425-647

—— scFv-425-Zip2-Zip1-647
Zip1-647

Events

; blank

0 10 10° 10° 0 10* 10° 10° 0 10% 10° 10°

104 10° 10°
Fluorescence activity (APC—A)
scFv-425-Zip2 SLF\f—425-Z] 2 scFv-425-Zip2

b -488-Zip1-647 —4882116 -488-Zip1-647 Zinl -
L scFv-425-647 (488 Lhanncl) (647 channcl) (DAPI channcl) Zip1-647

o
o
b
)
on
[«
<€
@)
>
]
o
o0
o~
o
<
=
0
(c) OVCAR3
2504 4 .
2009 | scFv-425-Zip2-488-
2 100 2150 Zipl-647 (488 channel)
§ |l Vo 2 go0ff \ ) — seFy-425-7ip2-488-
B 501t ) Ml = o S Zip1-647 (647 channel)
/ W N
0 20 40 60 0 10 20 30 4o
Distance (um) Distance (um)

Figure 4.25. The EGFR-targeting complex specific binds to EGFR-expressing cells and
colocalize on cell membranes. (a) Specific targeting of pre-targeting complex to ovarian cancer
cell lines and comparison with direct conjugated antibody by flow cytometry. (b) The binding and
colocalization of scFv-425-Zip2-488 and Zip1-647 were visualized by fluorescence microscopy.
The binding process was carried out at 4°C. The fluorescence intensity along the white arrow in
EGFR-expressing cell lines was shown in (c) and calculated by Image J software.
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Figure 4.26. The EGFR-targeting complex specific binds to EGFR-expressing cells and
colocalize on cell membranes. (a) Specific targeting of pre-targeting complex to ovarian cancer
cell lines and comparison with direct conjugated antibody by flow cytometry. (b) The binding and
colocalization of scFv-Erbitux-Zip2-488 and Zip1-647 were visualized by fluorescence microscopy.
The binding process was carried out at 4°C. The fluorescence intensity along the white arrow in
EGFR-expressing cell lines was shown in (c) and calculated by Image J software. The cells treated

with Zip1-647 alone to confirm no unspecific binding were shown in figure 4.25.
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Figure 4.27. The Her2-targeting complex specific binds to Her2-expressing cells and colocalize
on cell membranes. (a) Specific targeting of pre-targeting complex to ovarian cancer cell lines and
comparison with direct conjugated antibody by flow cytometry. (b) The binding and colocalization
of scFv-Herceptin-Zip2-488 and Zipl1-647 were visualized by fluorescence microscopy. The
binding process was carried out at 4°C. The fluorescence intensity along the white arrow in Her2-
expressing cell lines was shown in (c) and calculated by Image J software. The cells treated with

Zip1-647 alone to confirm no unspecific binding were shown in figure 4.25.
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Figure 4.28. The Trop2-targeting complex specific binds to Trop2-expressing cells and
colocalize on cell membranes. (a) Specific targeting of pre-targeting complex to ovarian cancer
cell lines and comparison with direct conjugated antibody by flow cytometry. (b) The binding and
colocalization of scFv-Sacit-Zip2-488 and Zip1-647 were visualized by fluorescence microscopy.
The binding process was carried out at 4°C. The fluorescence intensity along the white arrow in
Trop2-expressing cell lines was shown in (c) and calculated by Image J software. The cells treated

with Zip1-647 alone to confirm no unspecific binding were shown in figure 4.25.

4.6.3 Internalization property of pre-targeting complex in ovarian cancer

Compatible to the aforementioned results, scFv-Zip2-488-Zip1-647 and scFv-647 were
internalized into the cells, and its binding and colocalization properties were observed
by fluorescence microscopy (Figure 4.29-4.32). Similarly, the internalization of scFv-
425-7Zip2-488-Zip1-647, scFv-Erbitux-Zip2-488-Zip1-647 and scFv-Herceptin-Zip2-
488-Zip1-647 were not detected in Hey, but scFv-425-647, scFv-Erbitux-647 and scFv-

Herceptin-647 were weakly detected. No unspecific internalization of Zip1-647 was
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Figure 4.29. Fast internalization of the scFv-425-Zip2-488 and Zip1-647 complex. Ovarian
cancer cells were incubated with scFv-425-Zip2-488 for 1h followed by post-incubation with Zip1-
647 for 3h, or with scFv-425-647 for 3h. The internalization process was carried out at 37°C. The
green represents 488 channel, the red represents 647 channel, and the blue represents DAPI channel.

The internalized molecules were indicated by white arrows.
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Figure 4.30. Fast internalization of the scFv-Erbitux-Zip2-488 and Zip1-647 complex. Ovarian
cancer cells were incubated with scFv-Erbitux-Zip2-488 for 1h followed by post-incubation with
Zip1-647 for 3h, or with scFv-Erbitux-647 for 3h. The internalization process was carried out at
37°C. The green represents 488 channel, the red represents 647 channel, and the blue represents
DAPI channel. The internalized molecules were indicated by white arrows. The cells treated with

Zip1-647 alone were shown in figure 4.29.
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Figure 4.31. Fast internalization of the scFv-Herceptin-Zip2-488 and Zip1-647 complex.
Ovarian cancer cells were incubated with scFv-Herceptin-Zip2-488 for 1h followed by post-
incubation with Zip1-647 for 3h, or with scFv-Herceptin-647 for 3h. The internalization process
was carried out at 37°C. The green represents 488 channel, the red represents 647 channel, and the
blue represents DAPI channel. The internalized molecules were indicated by white arrows. The cells

treated with Zip1-647 alone were shown in figure 4.29.
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Figure 4.32. Fast internalization of the scFv-Sacit-Zip2-488 and Zip1-647 complex. Ovarian
cancer cells were incubated with scFv-Sacit-Zip2-488 for 1h followed by post-incubation with Zip1-
647 for 3h, or with scFv-Sacit-647 for 3h. The internalization process was carried out at 37°C. The
green represents 488 channel, the red represents 647 channel, and the blue represents DAPI channel.
The internalized molecules were indicated by white arrows. The cells treated with Zip1-647 alone

were shown in figure 4.29.

4.6.4 Specific cytotoxicity of MMAE based pre-targeting complex

The specific cytotoxicity of MMAE-based ADCs was validated by determining cell
viability after treating cells with increasing concentration (10, 20, 40, 80, 160, 320, 640
nM) of scFv-MMAE, pre-targeting complex (scFv-Zip2-Zipl-MMAE), unconjugated
antibodies (scFv-Zip2-Zipl-SNAP or scFv-SNAP), Zip]-MMAE or MMAE at 37°C
for 72 h (Figure 4.33). All ovarian cancer cell lines showed high sensitivity to MMAE
with 1Csp around 100 nM. After tethering MMAE to antibodies or Zip1-SNAP, the
sensitivity reduced but specificity profoundly improved: cytotoxicity was observed in
EGFR- (SKOV3, OVCAR3 and Hey), Her2- (SKOV3, OVCAR3 and Hey) and Trop2-

(OVCAR3 and Hey) expressing cells, but not in EGFR®Y (A2780), Her2!°" (A2780)
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and Trop2'®¥ (SKOV3 and A2780) cell lines. The scFv-SNAP and Zipl-MMAE
showed no or minimal cytotoxicity up to 640 nM. The range of ICso differed in different
cell lines influenced by various factors such as sensitivity to MMAE and the expression

of the antigens. Full details are listed in table 4.4.
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Figure 4.33. Specific cytotoxicity was triggered by pre-targeting complex. Ovarian cancer cell

lines were treated with increasing concentration (10, 20, 40, 80, 160, 320, 640 nM) of scFv-Zip2-

Zipl-MMAE (m), scFv-MMAE (), scFv-Zip2-Zipl-SNAP (V) scFv-SNAP (A), Zip]-MMAE (o)
or MMAE ( x ) at 37°C for 72 h. Cell viability was determinized by Cell Proliferation (XTT) Kit II,

and the experiment was carried out in triplicates for three times. One independent experiment was

shown with the mean+SD.
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4.6.5 Induction of apoptosis by MMAE based pre-targeting complex

The specific cytotoxicity was further validated by apoptosis assay. The figure 4.34-
4.37 shows the proportion of apoptotic cells in EGFR- (SKOV3, OVCAR3 and Hey),
Her2- (SKOV3, OVCAR3 and Hey) and Trop2- (OVCAR3 and Hey) expressing cells
significantly increased after treating them with 640 nM of scFv-MMAE, scFv-Zip2-
Zipl-MMAE or MMAE, but not in EGFR!*Y (A2780), Her2'°" (A2780) and Trop2'°%¥
(SKOV3 and A2780) cell lines and cells treated with unconjugated antibodies (scFv-
Zip2-Zip1-SNAP or scFv-SNAP) or Zipl-MMAE. The detailed statistical analysis is
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showed in figure 4.34b-4.37b.
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Figure 4.34. EGFR-targeting ADCs induced apoptosis. (a) Scatter plot of one measurement as
an example. (b) Statistic analysis of apoptotic cells including early (Q3) and late (Q2) apoptotic
cells. The experiment was carried out independently in triplicates for three times. Data were shown

as mean+SEM. The statistical analysis was carried out using one-way ANOVA and corrected by
Tukey’s test (** p < 0.01, **** p <0.0001).
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Figure 4.35. EGFR-targeting ADCs induced apoptosis. (a) Scatter plot of one measurement as
an example. (b) Statistic analysis of apoptotic cells including early (Q3) and late (Q2) apoptotic
cells. The experiment was carried out independently in triplicates for three times. Data were shown
as mean+SEM. The statistical analysis was carried out using one-way ANOVA and corrected by
Tukey’s test (*** p <0.001, **** p <(0.0001). The cells treated with PBS, MMAE, camptothecin
or Zipl-MMAE were shown in figure 4.34.
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Figure 4.36. Her2-targeting ADCs induced apoptosis. (a) Scatter plot of one measurement as an

example. (b) Statistic analysis of apoptotic cells including early (Q3) and late (Q2) apoptotic cells.
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The experiment was carried out independently in triplicates for three times. Data were shown as

mean+SEM. The statistical analysis was carried out using one-way ANOVA and corrected by
Tukey’s test (**** p < 0.0001). The cells treated with PBS, MMAE, camptothecin or Zipl-MMAE

were shown in figure 4.34.
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Figure 4.37. Trop2-targeting ADCs induced apoptosis. (a) Scatter plot of one measurement as
an example. (b) Statistic analysis of apoptotic cells including early (Q3) and late (Q2) apoptotic
cells. The experiment was carried out independently in triplicates for three times. Data were shown
as mean+SEM. The statistical analysis was carried out using one-way ANOVA and corrected by
Tukey’s test (** p <0.01, **** p <(0.0001). The cells treated with PBS, MMAE, camptothecin or
Zipl-MMAE were shown in figure 4.34.
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5. Discussion

The construction of ADC perfectly fits the concept of “magic bullet” by combining the
specificity of antibody and cytotoxicity of small molecules. Undoubtedly, the targeted
delivery of drug expands the therapeutic window by lowering the minimum effective
dose and increasing the maximum tolerated dose, as the drugs increase the toxicity of
mAbs and the mAbs reduce the drug toxicity in normal or non-target cells [123].
However, even the 13 approved ADCs have achieved tremendous success in improving
clinical outcomes as adjuvant therapy, it is still in the early stage of the development,
especially for solid tumor treatment.

This study focuses on establishing a novel pre-targeting drug delivery system to
improve the design of the ADC, enhance the ADC efficacy, and provide more
alternative treatment options for breast cancer and ovarian cancer. The scFv-based
ADCs, which were directly conjugated with MMAE via SNAP-tag, has been confirmed
to bind and eliminate the EGFR- or EpCAM-expressing TNBC cells specifically [124].
Here, the corresponding scFv-SNAP of pre-targeting system was also generated to

compare the efficacy.

5.1 ADC design

Antibody, linker and payload are three core components for constructing an ADC. Once
the ADC have entered human body, each step including blood circulation, ADC
accumulation, antigen recognition and binding, ADC-antigen complex internalization,
drug releasing and cell killing, can be the “rate-limiting step” for a successful therapy.
The growing number of tumor associated antigens, the diversification of the optional
components and the fast development of conjugation methods nowadays make the ADC
design like an endlessly intricate puzzle. Therefore, choosing suitable components to
maximize the function of ADC and minimize the side effect is one of the most
challenging tasks.

This study involved EGFR, EpCAM, Her2 and Trop2 as targets, scFv as backbone, Val-

Cit dipeptide as cleavable linker, MMAE as payload and SNAP-tag technology as
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conjugation method to establish the novel ADCs.

5.1.1 EGFR, EpCAM, Her2 and Trop2 as potential targets for breast and ovarian

cancers

Breast cancer is the most common and ovarian cancer is the most mortal cancer among
the gynecologic cancers. There are already three ADCs have been approved for breast
cancer but only one that was just recently approved for ovarian cancer. However, many
ADC:s either approved or in clinical trial are focusing on Her2 in breast cancer and FRa.
in ovarian cancer. Although a wide range of clinical trials have displayed favorable
efficacy results of Her2-targeing ADCs in Her2-positive or even Her2-low breast cancer,
most of patients with advanced or metastatic tumor ineluctably progressed [85, 125].
Besides, the drug resistance issue also limits patients to benefit from long-term
treatment, which is reported to be associated, but not limited with Her2 down-regulation,
epitope masking and ADC recycling after internalization [126, 127]. Apparently,
selecting more breast or ovarian cancer related antigens to develop new ADCs is in
urgent need.

In this study, EGFR and EpCAM were selected as potential targets for breast cancer
except Her2 and Trop2, while EGFR, Her2 and Trop2 were selected for ovarian cancer
after extensive literature survey. A plethora of researches have shown that EGFR is
overexpressed in breast cancer, especially in TNBC, associating with higher
proliferation, recurrence and poor survival [128-130]. Immunohistochemistry result
indicates that EGFR-overexpressing patients range from 13% to 76% in TNBC
depending on the detection methods and antibodies used [131]. This study included four
TNBC cell lines (MDA-MB-468, MDA-MB-231, Hs578T and MDA-MB-453), among
which three fourths of the cell lines showed high expression of EGFR (Figure 4.6).
Similarly, EpCAM is also reported to be upregulated in breast cancer and is related to
unfavorable outcomes and metastases [132-135]. In particular, the high expression of
EpCAM can lead to poor neoadjuvant chemotherapy, indicating the importance to

eliminate EpCAM-overexpressing tumor cells [136]. Her2 and Trop2 have already been
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used as targets for ADCs, but they are mainly focusing on special types of breast cancer.
The application of T-DXd in patients with Her2-low breast cancer have achieved
impressive results (clinical trial, NCT03734029) [83], and now more studies (clinical
trials, NCT05831878, NCT04400695 and NCT04742153) are ongoing to evaluate the
efficacy and safety of Her2-targeting ADCs in Her2-low breast cancer. Trodelvy® is a
Trop2-targeting ADC approved for TNBC, but high level of Trop2 is detected in all
breast cancer types (50% ER+, 74% HER2+, and 93% TNBC) [89]. Considering that
this study not only focuses on exploring new targets, but also aims to establish and
estimate a novel drug delivery system, Her2 and Trop2 are also included as targets. The
two Her2-positive cell line (SKBR3 and BT474) presented high expression level of
Her2 as expected and all breast cancer cell lines except Hs578T showed overexpression
of Trop2 (Figure 4.6). However, the MDA-MB-453 is officially defined as a TNBC
cell line but exhibited high Her2 expression (Figure 4.6). As there are conflicting
results on MDA-MB-453 that some research groups use it as TNBC cell line, some
report low gene amplification and protein expression, some confirm the high mRNA
level, and others find high Her2 expression [137-140], the MDA-MB-453 was used as
a Her2-expressing cell line in this study according to the flow cytometry result (Figure
4.6).

Apart from the potency or confirmed efficacy in breast cancer, EGFR, Her2 and Trop2
are also candidate targets for ovarian cancer. These antigens have been confirmed to be
overexpressed in ovarian cancer and correlated with aggressive clinical features by
many studies [141-146]. While the results of Her2- and Trop2-targting ADCs in clinical
trials are still awaited (clinical trials, NCT04965519 and NCT04152499), unfortunately,
the previous clinical trials using anti-EGFR mAbs show no significant or limited
clinical activity in ovarian cancer [147-149], and no EGFR-targeting ADC is in clinical
trial by far. The wide range of EGFR expression (4-100%) [150] on ovarian cancer cells
and limited toxicity of mAbs might be reasons to some degree. Given the importance
of EGFR in tumorigenesis and cancer progress in ovarian cancer, it remains the

potential to be the target for ADC.
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Some studies have reported that the EGFR epitope for mAb Erbitux is distinct from
mAb 425 [116, 151]. Thus, EGFR-specific scFv-SNAP and scFv-Zip2 derived from
mADb Erbitux and mAb 425 are both generated. These scFvs were also confirmed to
bind distinct epitopes of EGFR as their parental antibodies by blocking the epitopes
using 10 pg of naked scFv-425-SNAP or scFv-Erbitux-SNAP, followed by post-
incubation with scFv-Erbitux-647 or scFv-425-647, respectively (Figure 4.7). As the
binding site for 425 was blocked by scFv-425-SNAP, the scFv-425-647 could not bind

anymore, but the scFv-Erbitux-647 were still able to bind EGFR, and vice versa.

5.1.2 Application of scFv in ADC design

ADC accumulation is one of the limiting factors to exert full activity of ADCs. The
majority of ADCs either approved or under development are using IgG scaffold. In spite
of the wide application and mature technology of full-length antibody in ADC field,
there still remains demerits. On the one hand, researchers indicate that the size of intact
antibody (approximately 150 kDa) might be the reason for the low accumulation (less
than 0.01%) in tumor site due to its poor penetration capability [31, 152]. On the other
hand, the interaction between the Fc region and Fc receptor (FcR) can lead to Fc-
mediated side effects. For example, the thrombocytopenia which is a common adverse
effect of T-DM1 can be partially caused by FcyRIla-mediated internalization into
megakaryocytes to affect production of platelets [153]; ADC aggregates can be
internalized into non-target cells to cause off-target toxicity by FcyR-dependent cellular
uptake [154]; and the Fc domain also contributes to inter-individual variation as the Fc-
FcR interaction varies from person to person [155]. The antitumor activity of
therapeutic mAb is driven by antibody-dependent cellular cytotoxicity, complement-
dependent cytotoxicity, signal transduction change, immunomodulation and antibody-
dependent cellular phagocytosis [156, 157]. These immune reactions mediated by Fc
region increase the cytotoxicity of mAb but may be superfluous for ADC, since the
toxicity of ADC mainly relies on payload not antibody [158]. Furthermore, the toxicity

of these immune reactions is doubted to be limited. An assessment from European
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Medicine Agency in 2012 indicates that Adcetris® exhibits no complement dependent
cytotoxicity and limited antibody-dependent cell-mediated cytotoxicity in vitro [32].
In the course of time, many small antibody fragments such as scFv, Fab, nanobodies
have been developed to supersede full-length antibodies, among which scFvs have
gained attention and achieved impressive results. The scFv is about 30 kDa and made
up of the variable regions of heavy chain and light chain connected by a flexible peptide
linker [159]. The scFv has smaller size compared to intact antibody but still retains the
antigen-binding fragment which is responsible for specific antibody binding. Thus,
scFv obtains better tissue penetration property to diffuse to tumor site more efficiently.
While the scFv is able to reach the maximum accumulation after 0.5 to 6 h in tumor
model, the full-length antibody takes 48 to 96 h to meet the equivalent distribution [160,
161]. Also, the small size results in fast clearance. For example, the Beovu®
(brolucizumab-dbll), which is a FDA-approved scFv as vascular endothelial growth
factor inhibitor, can reach maximum serum concentration after 24 h and the systemic
half-life is 4.4 + 2.0 days, whereas most therapeutic full-length antibodies exhibit much
longer serum half-life (around 21 days) [162]. The increased tissue permeability, fast
accumulation and clearance lead to the low concentration of scFv in blood circulation,
which can further help to reduce side eftects due to less accumulation in non-target cells
[161].

The recombinant antibody technology boosts the development of protein expression
technique without animal immunization and hybridoma, and it also enables the genetic
manipulation of antibodies [163]. Most of the marketed full-length antibodies are
expressed by mammalian cells as they have better folding, secretion and post-
translation function compared to other expression system [164]. Without Fc fragment
which requires for glycosylation and disulfide bond which needs folding function of
host, the scFv can be produced in E. coli, yeast, mammalian cells, plant and insect cells
[163, 165]. Another advantage of scFv is that the antibody allows diversified
modification such as generating tandem scFv to target two different antigens or adding

tags [166, 167]. While manipulating intact antibody might further increase the size to
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cause worse pharmacokinetics, these manipulation in scFv might even improve the
therapeutic index. For example, the molecular weight of scFv-SNAP is around 52 kDa,
and some researchers have reported that the protein around 50 kDa can achieve the
maximum tumor-to-plasma exposure ratio for Fc-independent targeted protein
therapeutics [168]. Given the advantages and disadvantages of E. coli and mammalian
expression system, the expression systems of scFv varies in different studies: the
marketed Beovu® is expressed by E. coli BL21(DE3) bacteria, but Blincyto® is
produced by mammalian expression system using chinese hamster ovary cells. As the
scFvs in this study were modified with SNAP-tag or Zip2, the mammalian expression
system might be a better choice to maintain the full activity of protein. The HEK293T
protein expression system has been well established in this lab. Even though this
mammalian expression system is difficult to scale up for manufacturing compared to
chinese hamster ovary cells, it is a commonly used method to produce protein in
research settings as it allows transiently transfection and is cost-saving.

The insertion of IgK leader (Figure 4.1) allowed the secretion of the protein to culture
medium, which simplified the protein purification to some extend by skipping cell lysis
and reducing the intracellular protein in the initial collected medium by the way. After
the protein enrichment, almost only the interest proteins were in final collection (Figure
4.2, Supplementary Figure 1), and this expression system was proved to be high-yield
as up to 10 mg of SNAP-fusion proteins and 5 mg of Zip2-fusion proteins were
produced per liter of culture medium. These SNAP- or Zip2-modified scFvs retained
full activity to bind BG-derivatives (Figure 4.4b, Supplementary Figure 2) or Zip1-
SNAP (Figure 4.5b), and the specific targeting property of antibody was remained,
which was further confirmed by flow cytometry and fluorescence microscopy (Figure
4.8-4.12, Figure 4.25-4.28).

Taking these advantages, the scFv has been widely applied in medicine field for
research, diagnosis and treatment. Apart from the antitumor effect from the scFv itself
[169-171], researchers have conjugated scFv with various agents, for example,

chelating agent [172], fluorescence [173] or radionuclide as imaging probes for
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diagnosis or treatment. However, most of the scFv-based therapy now are focusing on
generating bispecific antibody as engager to facilitate T cells to tumor cells (Kimmtrak®
and Blincyto®) or CAR T-cell therapy, and most of the scFv-based ADCs are still in
pre-clinical research. Theoretically, using the scFv as backbone can be a promising way
to overcome the limitations of full-length antibody-based ADCs. Therefore, this study
investigated the potential of the scFv as vehicle or as target protein to deliver
fluorescence or cytotoxic agent by either direct conjugation or pre-targeting system.
The three core procedures of ADC antitumor mechanism were estimated: 1) the specific
antigen binding ability of scFv was confirmed by both flow cytometry and fluorescence
microscopy as fluorescence is only detected on antigen-expressing cell lines (Figure
4.8-4.12, Figure 4.25-4.28); 2) fast internalization of scFv-antigen complex was
achieved within 3 h (Figure 4.13-4.17, Figure 4.29-4.32), evincing that scFv could
efficiently deliver therapeutic agent into cells; 3) specific cell death was observed on
ADC treated cells but not on naked antibody treated cells (Figure 4.18, Figure 4.33),
indicating that the cytotoxicity was mainly from the MMAE, and the scFv-based ADCs
were harmless to antigen-low cells which might reduce side effect caused by off-target

effect.
5.1.3 MMAE with cleavable linker

Choosing a potent toxin and a suitable linker to help toxin exert maximum toxicity is
of importance as the toxicity of ADC is mainly from payload at low therapeutic doses.
MMAE is one of the derivatives of dolastatin 10 which exhibits no significant activity
but its derivatives such as MMAE and MMAF are highly potent [46]. Although both
MMAE and MMAF have been utilized in approved ADCs, MMAE is the most
prevalent one. The MMAE (ICso: 0.47-6.5 nM) is reported to be more toxic than
MMAF (ICso: 130 nM-2.7 uM) which may be due to the different ability to penetrate
membrane [47, 174]. The MMAE is more permeable than MMAF, so a cleavable linker
is preferred so as to exert bystander effect. With cleavable linker, MMAE is able to

diffuse to extracellular environment after releasing from antibody. Thus, the free
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MMAE can kill the adjacent cells by antigen-independent way. In contrast, non-
cleavable linker exhibits higher stability in blood circulation as it relies on the antibody
degradation by lysosomal processing to release payload in the target cells. Therefore,
the drugs still contain some peptides or amino acids after antibody degradation, which
impedes the bystander effect and also may affect the activity of drug [175]. For example,
as aforementioned in introduction (1.3.6.1), T-DXd contains a cleavable linker and the
DAR is approximately 8, while the T-DMI is designed with uncleavable linker with
approximately 3.5 molecules of DM1. Considering the heterogeneous environment of
breast cancer with different levels of antigen expression and the membrane permeability
of free DXd released by cleavable linker, the high DAR and the bystander effect might
be one of the reasons to account for the higher efficacy achieved by T-DXd compared
to T-DM1 [176].

The cleavable linker contains chemically cleavable linker (e.g., acid-cleavable linkers
and reducible disulfides) and enzyme cleavable linker (e.g., dipeptide-containing
linkers and glycosidase-cleavable linkers) [35]. In this work, the well-characterized
MMAE with a cleavable linker containing protease-sensitive Val-Cit dipeptide, which
is confirmed to have better human or mouse plasma stability than hydrazone-containing
linker (acid-cleavable linker) and can also be cleaved in extracellular environment due
to the overexpressed lysosomal enzymes, was included to extend the toxicity of the
ADC:s for the future in vivo experiment. In the current in vitro experiment, all breast
cancer and ovarian cancer cell lines showed different levels of sensitivity to MMAE
(Figure 4.18, Figure 4.33, Table 4.2, Table 4.4). In breast cancer cell lines, SKBR3
(ICs0: 38.65 nM) and MDA-MB-468 (ICs0: 60.78 nM) displayed the highest sensitivity,
the MCF (ICso: 599.5 nM) showed relatively low sensitivity, and the other cell lines
MDA-MB-231, Hs578T, MDA-MB-453 and BT474) exhibited medium level (ICso:
108.3-290.6 nM). Also, MMAE achieved potent cytotoxicity in all ovarian cancer cell
lines (SKOV3, OVCAR3, A2780 and Hey) with ICso range of 77.13-166 nM. In
addition, this work elucidated that the cell death was driven by the released MMAE

rather than the naked antibody as the naked scFv or pre-targeting complex engendered
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no effect at least up to 640 nM. The apoptosis assay further proved the result (Figure
4.19-4.23, Figure 4.34-4.37). The Apoptosis or specific apoptosis was only observed
on cells treated with MMAE or MMAE-based ADCs, consistent with previous studies

which indicate that MMAE can trigger apoptosis to cause cell death [177, 178].
5.1.4 The site-specific conjugation using SNAP-tag technology

Since the approval of Mylotrag®, ADC has undergone three generations of upgrades.
One of the biggest improvement during the development is the conjugation methods.
While the first- and second-generation ADC mainly use random conjugation by lysines
or reduced interchain cysteines, resulting in heterogeneous products, the third-
generation ADC are more focusing on site-specific conjugation to generate
homogeneous product with defined DAR [18]. Hitherto, many site-specific conjugation
methods have been developed such as using engineered cysteine residues, unnatural
amino acids, selenocysteine and enzymatic conjugation [123]. However, some methods
still produce relatively heterogeneous ADCs (DAR: 2-4), need some complex steps like
redox reaction or require additional materials to catalytic reactions, or consume excess
amount of cytotoxic payload [123, 179-181]. While these methods may affect the
activity of antibody or be laborious, the SNAP-tag technology, which is a kind of
enzymatic method, provides a fast and economical approach to achieve site-specific
conjugation. The SNAP-tag, as introduced before (1.3.5), is capable to specifically react
with BG derivatives so as to produce homogeneous product.

In this work, scFv and Zipl were genetically modified with SNAP-tag as conjugation
site for cytotoxic agent. The SNAP-fusion proteins were successfully expressed by
HEK293T cells. With the SNAP-tag, the rapid conjugation was achieved within 2 h
with different BG-derivatives, and site-specific conjugation was confirmed by post-
incubating SNAP-Surface® Alexa Fluor® 647 or BG-MMAE blocked SNAP-fusion
proteins with SNAP-Surface® Alexa Fluor® 488 (Figure 4.4b, Supplementary Figure
2). The SDS gel visualization showed that once the conjugation site was blocked, BG-

derivatives cannot conjugate with the SNAP-fusion proteins anymore. Apart from
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saving the time, this technology allows the reaction to occur under physiological
conditions ensuring the full activity of the proteins. The conjugation was carried out in
PBS at room temperature with a two-fold molar of BG derivatives and the successful
conjugation was observed.

The SNAP-tag technology allows to produce homogeneous product in a rapid and
economical way. It extremely simplifies the conjugation step in lab and also shows
potential to be used for manufacturing. Although the technology is only used to
conjugated BG-modified fluorescent dye and MMAE in this study, it can be tagged to
any antibody and even cell surface [182], and can react with more kinds of substrates

as long as they are BG derivatives such as BG-biotin [183].
5.2 A coil coils-based pre-targeting drug delivery system

The pre-targeting strategy, which is developed from the radioimmunotherapy, requires
the pre-localization of antibodies followed by the injection of radiolabeled effectors.
This approach is now mainly studied in nuclear medicine, including nuclear imaging
and nuclear therapy. The concept of conventional radioimmunotherapy is kind of like
ADC, which links mAb with a radioactive substance instead of cytotoxic agent. There
are two radiolabeled anti-CD20 mAbs (Bexxar® and Zevalin®) have been approved by
FDA for non-Hodgkin lymphoma treatment. However, in the same situation as ADC,
the big size of the full-length antibody impedes the rapid accumulation in target site due
to the long half-life and poor tissue penetration ability. To circumvent this problem,
some studies also engineer small antibody fragments such as Fab and scFv to bear
radionuclides [184, 185]. Additionally, to be sure that the radionuclides are still active
enough to kill cells after days or even weeks in blood circulation, radionuclides with
long half-lives are also required. Some long-lived radionuclides such as %°Zr, '**I and
7TLu have been developed, of whom the half-lives are around 3.3 days, 4 days and 6.7
days, respectively [186, 187]. But every coin has two sides. While the radioactivity is
ensured, the healthy cells under exposure are at risk. Thus, the concept of pre-targeting

strategy emerges as a promising way. The approach allows the combination of
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antibodies and complementary radiolabeled effectors in the tumor site after the
sequential administration [188]. Once the antibodies have reached desired
biodistribution in the tumor site, the radiolabeled effector molecules can rapidly
penetrate the tissue to bind the antibodies and the excess small molecules will be fast
cleared from blood circulation. This concept extremely increases the tumor/nontumor
ratio of the effector molecules and also allows the use of radionuclides with short half-
lives.

Therefore, the problem has switched to find an ideal strategy to achieve the combination
of antibodies and radioactive molecules in vivo. To date, there are four major
bioconjugation methodology harnessed: 1) streptavidin and biotin; 2) bispecific
antibodies targeting both tumor associated antigens and radiolabeled haptens; 3)
oligonucleotides; 4) click chemistry [186]. The advantages and limitations of each
approach have been extensively discussed, but it is difficult to define which is the
optimal solution due to the lack of head-to-head competition [186, 189]. In view of the
fact that ADC and radioimmunotherapy have the similar concern on long blood
circulation and off-target effect, as discussed before, the pre-targeting concept has
already moved from radioimmunotherapy to other field such as drug delivery based on
these developed bioconjugation approaches [190, 191]. This work introduced a novel
binding strategy using coiled coils to achieve the two-step drug delivery process, and

the function of the system was fully studied in vitro.

5.2.1 The coiled coil can mediate specific interaction between targeting protein and

vehicle protein

After Reinke ef al. introduced 23 heteroassociating synthetic coiled coils in 2010 [107],
Thompson et al. further studied the biological properties of 14 synthetic Zips and 32
pairs of coiled coil in Reinke’s work [105]. In light of Thompson’s work, 22 pairs of
Zips have relatively strong interaction with low dissociation constant (less than 10),
among which some Zips (14, 16, 20 and 21) show homodimers [105]. To avoid the self-
interaction of the coiled coil, the coiled coil pairs with these four Zips were filtered out.
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After the preliminary screening, five coiled coil pairs (1+2, 2+19, 6+19, 11+19 and
18+19) were deemed to be candidates for the pre-targeting system. However, the yeast
two-hybrid assay conducted by Thompson et al. demonstrates three autoactivating
DNA-binding domain fusions (Zips, 4, 11, and 18) without its partner for some
unexplained reasons [105], so 11+19 and 18+19 were also excluded. Among these three
remained pairs, the Zip1 and Zip2 pair is the most detailed one in previous work, which
is proved to form parallel, dimeric coiled coils with melting temperature at 47°C [105,
107].

Therefore, Zipl and Zip2 with high specificity and affinity was selected as the first try
to establish the pre-targeting drug delivery system. The Zip2 was genetically modified
to EGFR-, EpCAM-, Her2- and Trop2-specific scFvs, while Zipl was modified with
SNAP-tag to allow the conjugation with BG derivatives. To estimate the potential of
Zipl and Zip2 to conduct the combination of targeting molecules and eftector
molecules, far-western blotting was conducted to confirm the specific binding between
Zipl and Zip2. Obviously, the specific interaction between Zipl and Zip2 was still
maintained after fusing it to scFvs or SNAP-tag as all Zip2-labeled antibodies were
detected by Zipl-SNAP-488 in PVDF membrane except the scFv-Erbitux-SNAP,
which was set as negative control (Figure 4.5). In addition, the binding property of
Zip2 to Zipl was not affected by being labeled to different antibodies. Compared to
direct conjugation, the pre-targeting drug delivery system also simplifies the generation
of ADC, which means that this two-step system has no need to repeat conjugation step
if the target antigen is switched as the payload is conjugated to the vehicle protein

instead of the targeting protein.

5.2.2 The specific delivery property of pre-targeting system

Delivering the drugs to the targeted tumor site is a pivotal step of achieving targeting
therapy, which is also the main difference between pre-targeting drug delivery system
and directly conjugated ADCs. With the aim of illustrating the potential of the coiled

coil-mediated drug delivery to be used in pre-targeting therapy, scFv-SNAP, Zip1-
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SNAP and scFv-Zip2 were conjugated with fluorescent dyes instead of MMAE to
visualize the binding and internalization processes of the pre-targeting complex and
compare its specificity and sensitivity with direct conjugation.

Some studies have calculated that only 1.56% of the administered cytotoxic agent can
finally reach the tumor site if each step of ADC mechanism (accumulation in tumor site,
binding to the target, ADC-antigen complex internalization, drug releasing and drug
reaching the target) achieves 50% efficiency [44]. In fact, the efficiency is even much
lower in practical implementation due to various factors [31]. In the pre-targeting
therapy, even though the reduced size of targeting proteins in this study were supposed
to increase the accumulation efficiency, the additional binding step might lose
efficiency to some degree. Fortunately, the specific targeting property in all pre-
targeting complexes and the comparable fluorescence activity between pre-targeting
complexes and directly conjugated antibodies in breast and ovarian cancer cell lines
were confirmed by flow cytometry, demonstrating the efficient binding between scFv-
Zip2 and Zip1-647 (Figure 4.8a-4.12a, Figure 4.25a-4.28a). The similar result was
also observed in colocalization analysis by fluorescence microscopy. The experiment
was conducted at 4°C to reduce the cellular internalization processes. While both scFv-
Zip2-SNAP-488 and Zip1-647 were detected on the cell membrane (Figure 4.8b-4.12b,
Figure 4.25b-4.28b) which were expressing targeting antigens, Zip1-647 did not show
any binding to tested cells without the pre-incubation with scFv-Zip2-488, indicating
that the detected red-647 signal was entirely from the complex rather than unspecific
binding. However, the EGFR- and Her2-targeting pre-targeting complexes showed
binding to BT474 and Hey in flow cytometry but none or very weak in fluorescence
microscopy. Considering the scFv-425-647, scFv-Erbitux-647 and scFv-Her2-647 also
exhibited none or weak binding in fluorescence microscopy, this was more likely due
to the different sensitivity of methods rather than the loss of binding efficiency. In the
antigen-expressing cell lines, the colocalization was better presented by tracing the
intensity of the fluorescence (Figure 4.8¢c-4.12¢, Figure 4.25¢-4.28¢). The Zip1-647

showed good overall agreement with scFv-Zip2-488, and the intensity of Zip1-647 was
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generally higher than scFv-Zip2-488 as the Alexa Fluor® 647 usually is brighter than
Alexa Fluor® 488. In some cases, the scFv-Zip2-488 showed more rapid or gentle
change of intensity than Zip1-647 such as SKBR3 in figure 4.11¢c and MDA-MB-231
in figure 4.8¢c, or sometimes stronger intensity than Zip1-647 such as OVCAR3 in
figure 4.28c. This might be caused by the random conjugation of scFv-Zip2 with
fluorescence using the lysine side chains of antibody, leading to heterogeneous mixture
with different fluorescence intensity of each molecule.

After showing the membrane localization of the pre-targeting complex, exploring its
internalization property is essential to estimate the efficacy of an ADC as the targets
chosen in this study are all depending on intracellular trafficking and processing to
release the drug. Cells were incubated at 37°C instead of 4°C to retain the cellular
uptake activity. In contrast with colocalization analysis, more punctiform signals were
observed in cytoplasm (Figure 4.13-4.17, Figure 4.29-4.32) after 3h. While the
colocalization at 4°C showed great merged signal of scFv-Zip2-488 and Zip1-647, the
gree-488 and red-647 detected in cytoplasm at 37°C were sometimes separated on the
ground that some 647 molecules have already been cleaved. Even though all the pre-
targeting complexes showed internalization within 3 h, the internalization speed varied,
depending on the antigen target, the antibody and cell line itself [192]. For example,
EGFR-targeting ADCs were relatively fast internalized, while Her2-specific complex
was less internalized into cells within 3 h (Figure 4.13, 4.14 and 4.16). In consistent
with this result, studies have reported that the internalization of Ab033 (anti-EGFR
antibody) is detected after 1 h in A431 and H441 cell lines [193]. Also, almost 20-30%
of cetuximab is internalized in SW1573 and H292 cell lines within 1 h and the rate
increases only around 10% for another three-hour incubation [194]. However, the
trastuzumab just starts to be internalized after 4h in SKBR3, BT474 and MDA-MB-
453, and so does T-DM1 in BT474 and MDA-MB-453 [195, 196].

Overall, this coiled coil-based pre-targeting system could specifically deliver the
payload to the target cells and be internalized into cells as required by the classical

mechanism of ADC.
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5.2.3 The specific cytotoxicity of pre-targeting system

The ADC widens the scope of mAb-based targeting therapy by endowing mAb with
cytotoxic agent while retaining its specificity. Some small molecules such as DM1 and
MMAE (ICso: 10! and 10~ M) are too toxic to be used in chemotherapy [197, 198].
Loading these toxic molecules to mAbs definitely increases the maximum tolerated
dose. Meanwhile, the ADC also reduces the minimum effective dose of the mAb. For
example, while the standard dose of trastuzumab for Her2-overexpressing breast cancer
as adjuvant treatment is 4 or 8 mg/kg as initial dose followed by 6 or 2 mg/kg weekly
for 52 weeks, the standard dose of its ADC (T-DM1) is 3.6 mg/kg every 3 weeks
(prescribing information from FDA). As the pre-targeting system has been confirmed
to have comparable binding and internalization property with directly conjugated ADCs
in this study, the specific cytotoxicity was further validated (Figure 4.18, Figure 4.33,
Table 4.2, Table 4.4). The scFvs were labeled with fluorescent dyes instead of cytotoxic
agent to visualize the binding and internalization. Although there was a possibility that
conjugating with different molecules might change the protein property, it was more
inclined that these properties would be retained after conjugation with BG-MMAE and
the specific toxicity observed also proved the scenario.

The free drug inhibited the cell proliferation in all cell lines in the nanomolar range as
expected. Once the MMAE was tethered to scFv-SNAP or Zip1-SNAP, both directly
conjugated ADC and pre-targeting complex showed specific cytotoxicity in EGFR-,
EpCAM-, Her2- and Trop2-expressing cell lines. The toxicity of ADCs varies (Table
4.2, Table 4.4) in different cell lines or using different antibody for several reasons.
First of all, cell lines have different sensitivity to MMAE, for example, MCF7 showed
relatively low sensitivity to MMAE, so the EpCAM- and Trop2-based ADCs also
exhibited weak cytotoxicity in MCF7 even it expressed EpCAM and Trop2. Secondly,
cell lines express different amounts of antigens. For instance, while the MDA-MB-468
expresses 1.9 x 10° EGFR per cell, the MCF7 only expresses about 10* EGFR per cell
[199, 200]. Also, the SKBR3 expresses 1.26 x 10% Her2 per cell but only expresses 2.2

10° EGFR per cell [201, 202]. Thus, the ADCs showed different efficacy in different
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cell lines and also the cell viability was consequentially inhibited to different extent.
Thirdly, the high turnover rate of the antigen can increase the ADC efficacy by
increasing the internalization [203]. Last, for some unknown reason, the ADC can
achieve extremely potent toxicity in specific cell lines. The scFv-Herceptin-MMAE
exhibited superior activity in SKBR3 with 19 times lower ICso than free MMAE. This
phenomenon is also noticed in other studies. Gail et al. have revealed that once the
DM1 is conjugated to trastuzumab, its ICso is about 5 times lower than free DM1 [204].
However, this special issue was not observed when using pre-targeting complex to
deliver MMAE, indicating that this system could have more universal mechanism of
action.

Moreover, compared to the directly conjugated scFvs, the pre-targeting system showed
relatively lower toxicity due to the additional binding step. Even though the flow
cytometry and fluorescence microscopy confirmed the high efficiency of the interaction
between Zipl and Zip2, there is no doubt that any additional step will influence the
efficacy of ADC. However, most of the complexes still exhibited the ICso in the
nanomolar range, and the main purpose of the pre-targeting system was to accelerate
the accumulation and reduce off-target effect. As discussed before, the full-length
antibody has long circulation time, so it is more likely to bind healthy tissue. For
example, the major side effect of EGFR-targeting therapy such as cetuximab is skin
toxicity as the skin tissues also widely express EGFR [205, 206]. This study introduced
the small antibody fragment scFv instead of full-length antibody to accelerate
accumulation in cancerous tissue and shorten its circulation in blood. The drug delivery
vehicle Zipl-SNAP was only about 32 kDa, which further reduced the exposure of
healthy cells to drug. The limited cytotoxicity of Zipl-MMAE without scFv-Zip2
confirmed the safety of this system.

With the fast development of the ADC, there are innumerable new reported ADC
models. The efficacy of ADCs varies in studies due to the different cell lines,
conjugation methods, targets, payloads, DAR and incubation time, leading to a wide

range of ICso from subnanomolar to nanomolar [207-209]. This pre-targeting system,
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in most cases, has lower toxicity than these ADC models, but the efficacy was
influenced by many factors. The pre-targeting complex generated here was a 1:1
conjugation method, while most ADC models are with a DAR around 2-8. Study has
revealed that the toxicity of ADC increases with increasing DAR in vitro, but the mAb
with two MMAE molecules exhibits the best response after doubling the dose to reach
an equal amount of mAb with 4 or 8 molecules of MMAE in vivo [210]. Researchers
also indicate that the high DAR may result in fast clearance due to the increased
hydrophobicity [211]. Considering that Zipl-SNAP was a small molecule, increasing
the DAR would further accelerate the clearance, which might be actually adverse.
Furthermore, the scFv has lower affinity than intact antibody since it only contains one
antigen-binding fragment rather than two in its parental antibody, which may also be
one of the reasons for the lower cytotoxicity. Misfortune might be a blessing in disguise.
Antibodies have high affinity can be trapped in the tumor surface or around the blood
vessel but less penetrate to the deep-seated tumor cells or tumor far away from the
vessels [18].

This study confirmed the specific toxicity of the pre-targeting system, with minimal
effect by the Zip]-MMAE and stable mechanism of action. Even though the
cytotoxicity was relatively compromised but still comparable with directly conjugated
ADCs, the system was supposed to reduce the side effect and target deep part of the
tumor. Further work needs to be performed in vivo to confirm the therapeutic and safety

properties of this pre-targeting approach.
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6. Summary

The target therapy has ushered in a new generation of cancer treatment, but it still
confronts to some limitations, for example, most of the mAbs lack enough cytotoxicity
to be translated into clinical fruition. The ADC comes of age as a novel and promising
antineoplastic therapy on the grounds that it combines the specificity of mAb and potent
toxicity of small molecules. As the cytotoxicity of ADCs mainly comes from the
payload rather than mAb, it allows more mAbs to be applied into target therapy and
also endows the possibility of these small molecules to be used in patients. Although
the approved ADCs have achieved tremendous success in clinical outcomes, still there
are obstacles such as the low accumulation in tumor site, off-target cytotoxicity and
heterogeneous products after conjugation. To overcome these problems and optimize
the ADC design, a pre-targeting drug delivery system was established in this study.

The pre-targeting system is based on the specific interaction between a pair of synthetic
coiled coils proteins named Zip1 and Zip2. Compared to the conventional drug delivery
system, the two-step drug delivery approach, first, is designed to reduce the size of the
antibody to improve the tissue penetration so the antibodies are more likely to reach the
deep-seated tumor. Second, in virtue of the small size of the Zipl-labeled effector
molecule, the pre-targeting system is supposed to accelerate the accumulation of drug
in the target site and increase the tumor/nontumor ratio of drug by fast clearance of the
excess effector molecules in the circulation. Additionally, a site-specific conjugation
method using the SNAP-tag was introduced to achieve effortless and rapid labelling
and also to produce homogeneous product. To evaluate the potential of the pre-targeting
system for drug delivery, functional assays were carried out. The specific interaction
between the Zipl and Zip2 was confirmed by far-western blotting, and the EGFR-,
EpCAM-, Her2- and Trop2-specific pre-targeting complex exhibited the rapid and high
specific drug or fluorescence delivery ability as well as the comparable cytotoxicity
with direct conjugation in breast cancer and ovarian cancer cell lines. However, the in
vivo experiment which is not involved in this study should be further performed to

assess the therapeutic and safety property and in vivo efficacy.
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In conclusion, this study firstly demonstrated the pre-targeting drug delivery system
using scFv, SNAP-tag technology and interaction between coiled coils. Even though
this pre-targeting drug delivery system was just assessed in breast and ovarian cancers,
the application is never limited in these four antigens or in these two cancer types. This
novel drug delivery system can be broadened to treat various types of cancers, target

suitable tumor associated antigens and bearing different BG-modified drugs.
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7. Zusammenfassung

Obwohl die zielgerichtete Therapie eine neue Generation der Krebs-Behandlung
einleitet, gibt es immer noch einigen Grenzen, die es zu iiberwinden gilt. Zum Beispiel,
dass den meisten monoklonalen Antikdrper (mAbs) die ndtige Zytotoxizitét fehlt, um
einen klinischen Einsatz zu ermdoglichen. Mit Medikamenten konjugierte Antikdrper
(ADC) stellen eine neue und vielversprechende antineoplastische Therapieoption da,
indem die spezifische Bindung der mAbs genutzt und mit der potenten, zytotoxischen
Wirkung kleiner Molekiile kombiniert wird. Da die zytotoxische Wirkung der ADCs
hauptsdchlich von ihrer gebundenen Ladung kommt, ermdglichen diese den Einsatz
von mehr mAbs und ebenfalls potenteren kleinen Molekiilen fiir die Anwendung an
Patienten. Obwohl ADCs schon in klinischen Studien erfolgreich getestet wurden, gibt
es auch hier noch einige Hindernisse zu iiberwinden, wie zum Beispiel eine schlechte
Akkumulation in Tumorgewebe, die Off-target-Zytotoxizitdt und unterschiedliche
Verhiltnisse von Antikorper zu Medikament nach Konjugation. Um diese Hiirden zu
iiberwinden und die ADC zu optimieren, entwickelten wir eine zweizeitiges System zur
Applikation von Medikamenten.

In dieser Studie basiert das Vorauswahlsystem auf der spezifischen Bindung der
Doppelwindungsproteinen Zipl und Zip2. Verglichen mit den konventionellen
Systemen zur Applikation von Medikamenten verfolgt der Zwei-Schritt-Ansatz zwei
Ziele: (a) Die GroBle der Antikorper zu reduzieren, um so die Gewebepenetranz zu
erh6hen, damit die Antikorper auch tiefere Tumorzellen erreichen konnen und (b) die
Beschleunigung der Akkumulation im Zielgewebe zur Erh6hung des Verhiltnisses der
Medikamentenbindung von Tumor zu Nichttumor, um iiberschiissigen Effektor
Molekiilen im Blutstrom schneller zu beseitigen. Zusédtzlich stellen wir eine
ortsspezifische Konjugationsmethode vor, die die SNAP-tag benutzt um eine
reibungslose und schnelle Konjugation zu ermdglichen und auBBerdem ein homogenes
Produkt zu erzeugen. Um die Effektivitét der zweizeitiges Systems zur Medikamenten-
Applikation zu testen, wurden Funktions-Assays durchgefiihrt. Die spezifische

Interaktion zwischen Zipl und Zip2 wurde mittels Western Blot verifiziert und
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exemplarisch mittels EGFR-, EpCAM-, HER2- und Trop2-spezifischen zweizeitigen
Applikations-Systemen angewendet. Es zeigte sich eine hochspezifische Abgabe von
Medikamenten oder Fluoreszenz; auch die Zytotoxizitdt war mit direkter Konjugation
vergleichbar. Allerdings muss noch in einer kiinftigen in vivo Studie, gezeigt werden,
dass die Methode in vivo ebenso effektiv funktioniert und die notigen
Sicherheitsbestimmungen erfiillt.

Zusammengefasst zeigen wir erstmalig ein zweizeitiges System zur Applikation von
Medikamenten unter Verwendung von scFv, SNAP-tag-Technologie und der
Interaktion zwischen Doppelwindungsproteinen.

Obwohl das zweizeitige System nur an Brust- und Eierstockkrebszellen getestet wurde,

konnte diese neue Methode in verschiedensten Arten von Krebs Anwendung finden.
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9. Supplementary materials

9.1 Sequences of open reading frames

9.1.1 scFv-Erbitux-SNAP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT
TCCACTGGTGACGCGGCCCAGCCGGCCCAGGTGCAGCTGAAGCAGAGCG
GCCCCGGCCTGGTGCAGCCCAGCCAGAGCCTGAGCATCACCTGCACCGTG
AGCGGCTTCAGCCTGACCAACTACGGCGTGCACTGGGTGAGGCAGAGCCC
CGGCAAGGGCCTGGAGTGGCTGGGCGTGATCTGGAGCGGCGGCAACACC
GACTACAACACCCCCTTCACCAGCAGGCTGAGCATCAACAAGGACAACAG
CAAGAGCCAGGTGTTCTTCAAGATGAACAGCCTGCAGAGCAACGACACCG
CCATCTACTACTGCGCCAGGGCCCTGACCTACTACGACTACGAGTTCGCCT
ACTGGGGCCAGGGCACCCTGGTGACCGTGAGCGCCGGTGGAGGCGGTTCA
GGCGGAGGTGGCAGCGGCGGTGGCGGGTCGGACATCCTGCTGACCCAGA
GCCCCGTGATCCTGAGCGTGAGCCCCGGCGAGAGGGTGAGCTTCAGCTGC
AGGGCCAGCCAGAGCATCGGCACCAACATCCACTGGTATCAGCAGAGGAC
CAACGGCAGCCCCAGGCTGCTGATCAAGTACGCCAGCGAGAGCATCAGCG
GCATCCCCAGCAGGTTCAGCGGCAGCGGCAGCGGCACCGACTTCACCCTG
AGCATCAACAGCGTGGAGAGCGAGGACATCGCCGACTACTACTGCCAGCA
GAACAACAACTGGCCCACCACCTTCGGCGCCGGCACCAAGCTGGAGCTGA
AGGGGTCTTCTAGAATGGACAAAGACTGCGAAATGAAGCGCACCACCCTG
GATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCGAACAGGGCCTGCA
CGAGATCAAGCTGCTGGGCAAAGGAACATCTGCCGCCGACGCCGTGGAAG
TGCCTGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCCACTGATGCAGGCC
ACCGCCTGGCTCAACGCCTACTTTCACCAGCCTGAGGCCATCGAGGAGTTC
CCTGTGCCAGCCCTGCACCACCCAGTGTTCCAGCAGGAGAGCTTTACCCGC
CAGGTGCTGTGGAAACTGCTGAAAGTGGTGAAGTTCGGAGAGGTCATCAG
CTACCAGCAGCTGGCGGCCCTGGCGGGCAATCCCGCCGCCACCGLCCGCCG

TGAAAACCGCCCTGAGCGGAAATCCCGTGCCCATTCTGATCCCCTGCCACC
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GGGTGGTGTCTAGCTCTGGCGCCGTGGGGGGCTACGAGGGCGGGCTCGCC
GTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTGGGCAAGCCTG
GGCTGGGCGCTGAGCACGAATTTCGAGGAGGGCCCGAACAAAAACTCATC
TCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGA

9.1.2 scFv-425-SNAP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT
TCCACTGGTGACGCGGCCCAGCCGGCCATGGCCGAGGTGCAACTGCAGCA
GTCTGGGGCTGAACTGGTGAAGCCTGGGGCTTCAGTGAAGTTGTCCTGCA
AGGCTTCCGGCTACACCTTCACCAGCCACTGGATGCACTGGGTGAAGCAG
AGGGCTGGACAAGGCCTTGAGTGGATCGGAGAGTTTAATCCCAGCAACGG
CCGTACTAACTACAATGAGAAATTCAAGAGCAAGGCCACACTGACTGTAG
ACAAATCCTCCAGCACAGCCTACATGCAACTCAGCAGCCTGACATCTGAGG
ACTCTGCGGTCTATTACTGTGCCAGTCGGGACTATGATTACGACGGACGGTA
CTTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTCCTCAGGTGGCG
GTGGCTCGGGCGGTGGTGGGTCGGGTGGTGGCGGATCTGACATCGAGCTC
ACCCAGTCTCCAGCAATCATGTCTGCATCTCCAGGGGAGAAGGTCACTATG
ACCTGCAGTGCCAGCTCAAGTGTAACTTACATGTATTGGTACCAGCAGAAG
CCAGGATCCTCCCCCAGACTCCTGATTTATGACACATCCAACCTGGCTTCTG
GAGTCCCTGTTCGTTTCAGTGGCAGTGGGTCTGGGACCTCTTACTCTCTCA
CAATCAGCCGAATGGAGGCTGAAGATGCTGCCACTTATTACTGCCAGCAGT
GGAGTAGTCACATATTCACGTTCGGCTCGGGGACAGAACTCGAGATCAAAC
GGGCGGCCGCACTCGAGTCTAGAATGGACAAAGACTGCGAAATGAAGCGC
ACCACCCTGGATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCGAACA
GGGCCTGCACGAGATCAAGCTGCTGGGCAAAGGAACATCTGCCGCCGACG
CCGTGGAAGTGCCTGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCCACTG
ATGCAGGCCACCGCCTGGCTCAACGCCTACTTTCACCAGCCTGAGGCCATC
GAGGAGTTCCCTGTGCCAGCCCTGCACCACCCAGTGTTCCAGCAGGAGAG
CTTTACCCGCCAGGTGCTGTGGAAACTGCTGAAAGTGGTGAAGTTCGGAG
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AGGTCATCAGCTACCAGCAGCTGGCGGCCCTGGCGGGCAATCCCGCCGCC
ACCGCCGCCGTGAAAACCGCCCTGAGCGGAAATCCCGTGCCCATTCTGATC
CCCTGCCACCGGGTGGTGTCTAGCTCTGGCGCCGTGGGGGGCTACGAGGG
CGGGCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTG
GGCAAGCCTGGGCTGGGCGCTGAGCACGAATTTCGAGGAGGGCCCGAAC
AAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATC
ATCATCATTGA

9.1.3 scFv-aEpCAM-SNAP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT
TCCACTGGTGACGCGGCCCAGCCGGCCATGGCCCAGGTGCAGCTGGTGCA
GTCTGGGGCTGAGGTGAAGAAGCCTGGGTCCTCGGTGAGGGTCTCCTGCA
AGGCTTCTGGAGGCACCTTCAGCAGCTATGCTATCAGCTGGGTGCGACAGG
CCCCTGGACAAGGGCTTGAGTGGATGGGAGGGATCATCCCTATCTTTGGTA
CAGCAAACTACGCACAGAAGTTCCAGGGCAGAGTCACGATTACCGCGGAC
GAATCCACGAGCACAGCCTACATGGAGCTGAGCAGCCTGAGATCTGAGGA
CACGGCTGTGTATTACTGTGCAAGAGACCCGTTTCTTCACTATTGGGGCCA
AGGTACCCTGGTCACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGGAGGTG
GCTCTGGCGGTGGCGGATCGGAAATTGAGCTCACTCAGTCTCCACTCTCCC
TGCCCGTCACCCCTGGAGAGCCGGCCTCCATCTCCTGCAGGTCTAGTCAGA
GCCTCCTGCATAGTAATGGATACAACTATTTGGATTGGTACCTGCAGAAGCC
AGGGCAGTCTCCACAGCTCCTGATCTATTTGGGTTCTAATCGGGCCTCCGG
GGTCCCTGACAGGTTCAGTGGCAGTGGATCAGGCACAGATTTTACACTGAA
AATCAGCAGAGTGGAGGCTGAGGATGTTGGGGTTTATTACTGCATGCAAGC
TCTACAAACTTTCACTTTCGGCCCTGGGACCAAGGTGGAGATCAAACGTGC
GGCCGCACTCGAGTCTAGAATGGACAAAGACTGCGAAATGAAGCGCACCA
CCCTGGATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCGAACAGGGC
CTGCACGAGATCAAGCTGCTGGGCAAAGGAACATCTGCCGCCGACGCCGT
GGAAGTGCCTGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCCACTGATGC
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AGGCCACCGCCTGGCTCAACGCCTACTTTCACCAGCCTGAGGCCATCGAG
GAGTTCCCTGTGCCAGCCCTGCACCACCCAGTGTTCCAGCAGGAGAGCTT
TACCCGCCAGGTGCTGTGGAAACTGCTGAAAGTGGTGAAGTTCGGAGAGG
TCATCAGCTACCAGCAGCTGGCGGCCCTGGCGGGCAATCCCGCCGCCACC
GCCGCCGTGAAAACCGCCCTGAGCGGAAATCCCGTGCCCATTCTGATCCCC
TGCCACCGGGTGGTGTCTAGCTCTGGCGCCGTGGGGGGCTACGAGGGCGG
GCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTGGGC
AAGCCTGGGCTGGGCGCTGAGCACGAATTTCGAGGAGGGCCCGAACAAA
AACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATC
ATCATTGA

9.1.4 scFv-Herceptin-SNAP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT
TCCACTGGTGACGCGGCCCAGCCGGCCGCCACCATGGATTGGACTTGGAG
AGTGTTTTGCCTGCTGGCTGTCGCACCTGGGGCTCATAGTGAAGTGCAGCT
GGTCGAGAGTGGAGGAGGGCTGGTGCAGCCTGGCGGCAGCCTGAGGCTG
TCCTGCGCAGCCTCTGGCTTCAACATCAAGGACACCTACATCCACTGGGTG
CGGCAGGCCCCTGGCAAGGGCCTGGAGTGGGTGGCCAGGATCTATCCAAC
CAATGGCTACACACGGTATGCCGACAGCGTGAAGGGCCGGTTCACCATCA
GCGCCGACACCTCCAAGAACACAGCCTACCTCCAGATGAACAGCCTGAGG
GCCGAGGATACAGCCGTGTACTATTGCTCTCGCTGGGGAGGCGACGGCTTC
TACGCTATGGACTATTGGGGACAGGGCACCCTGGTGACCGTGAGCAGCGGT
GGAGGCGGTTCAGGCGGAGGTGGCAGCGGCGGTGGCGGGTCGGACATCC
AGATGACTCAGTCCCCTAGCTCCCTGAGTGCTTCAGTGGGCGACAGGGTCA
CTATTACCTGCCGCGCATCTCAGGATGTGAACACCGCAGTCGCCTGGTATCA
GCAGAAGCCTGGAAAAGCTCCAAAGCTGCTGATCTACAGCGCATCCTTCCT
GTATTCCGGCGTGCCCTCTCGGTTTTCTGGGAGTAGATCAGGAACTGACTT
CACACTGACTATTTCTAGTCTGCAGCCTGAGGATTTTGCCACCTACTATTGC
CAGCAGCACTACACCACACCCCCTACTTTCGGCCAGGGGACCAAAGTGGA
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GATCAAGTCTAGAATGGACAAAGACTGCGAAATGAAGCGCACCACCCTGG
ATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCGAACAGGGCCTGCAC
GAGATCAAGCTGCTGGGCAAAGGAACATCTGCCGCCGACGCCGTGGAAGT
GCCTGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCCACTGATGCAGGCCA
CCGCCTGGCTCAACGCCTACTTTCACCAGCCTGAGGCCATCGAGGAGTTCC
CTGTGCCAGCCCTGCACCACCCAGTGTTCCAGCAGGAGAGCTTTACCCGCC
AGGTGCTGTGGAAACTGCTGAAAGTGGTGAAGTTCGGAGAGGTCATCAGC
TACCAGCAGCTGGCGGCCCTGGCGGGCAATCCCGCCGCCACCGCCGCCAT
GAAAACCGCCCTGAGCGGAAATCCCGTGCCCATTCTGATCCCCTGCCACCG
GGTGGTGTCTAGCTCTGGCGCCGTGGGGGGCTACGAGGGCGGGCTCGCCG
TGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTGGGCAAGCCTGG
GCTGGGCGCTGAGCACGAATTTCGAGGAGGGCCCGAACAAAAACTCATCT
CAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGA

9.1.5 scFv-Sacit-SNAP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT

TCCACTGGTGACGCGGCCCAGCCGGCCCAGGTGCAGCTGCAGCAGTCCGG
CTCTGAGCTGAAGAAGCCCGGCGCCAGCGTGAAGGTGTCCTGCAAGGCCT

CTGGCTACACCTTCACAAACTATGGCATGAATTGGGTGAAGCAGGCACCTG
GACAGGGCCTGAAGTGGATGGGCTGGATCAACACCTACACAGGCGAGCCA
ACCTATACAGACGACTTCAAGGGCAGGTTCGCCTTTTCCCTGGACACCAGC

GTGTCCACAGCCTACCTGCAGATCAGCTCCCTGAAGGCCGACGATACCGCC
GTGTATTTCTGCGCAAGGGGAGGATTTGGCTCTAGCTACTGGTATTTCGACG
TGTGGGGACAGGGAAGCCTGGTGACAGTGTCCTCTGGAGGAGGAGGATCT
GGAGGAGGAGGAAGCGGAGGAGGAGGATCCGATATCCAGCTGACCCAGTC
TCCAAGCTCCCTGTCTGCCAGCGTGGGCGACCGGGTGAGCATCACCTGTAA
GGCAAGCCAGGACGTGAGCATCGCAGTGGCATGGTACCAGCAGAAGCCAG
GCAAGGCCCCTAAGCTGCTGATCTATTCCGCCTCTTACCGGTATACCGGCGT

GCCTGACAGATTCAGCGGCTCCGGCTCTGGCACAGACTTCACCCTGACAAT
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CTCTAGCCTGCAGCCAGAGGATTTCGCCGTGTACTATTGTCAGCAGCACTA
CATCACCCCCCTGACATTTGGCGCCGGCACCAAGGTGGAGATCAAGTCTAG
AATGGACAAAGACTGCGAAATGAAGCGCACCACCCTGGATAGCCCTCTGG
GCAAGCTGGAACTGTCTGGGTGCGAACAGGGCCTGCACGAGATCAAGCTG
CTGGGCAAAGGAACATCTGCCGCCGACGCCGTGGAAGTGCCTGCCCCAGC
CGCCGTGCTGGGCGGACCAGAGCCACTGATGCAGGCCACCGCCTGGCTCA
ACGCCTACTTTCACCAGCCTGAGGCCATCGAGGAGTTCCCTGTGCCAGCCC
TGCACCACCCAGTGTTCCAGCAGGAGAGCTTTACCCGCCAGGTGCTGTGG
AAACTGCTGAAAGTGGTGAAGTTCGGAGAGGTCATCAGCTACCAGCAGCT
GGCGGCCCTGGCGGGCAATCCCGCCGCCACCGCCGCCGTGAAAACCGCCC
TGAGCGGAAATCCCGTGCCCATTCTGATCCCCTGCCACCGGGTGGTGTCTA
GCTCTGGCGCCGTGGGGGGCTACGAGGGCGGGCTCGCCGTGAAAGAGTGG
CTGCTGGCCCACGAGGGCCACAGACTGGGCAAGCCTGGGCTGGGCGCTGA
GCACGAATTTCGAGGAGGGCCCGAACAAAAACTCATCTCAGAAGAGGATC
TGAATAGCGCCGTCGACCATCATCATCATCATCATTGA

9.1.6 scFv-Erbitux-Zip2

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT
TCCACTGGTGACGCGGCCCAGCCGGCCCAGGTGCAGCTGAAGCAGAGCG
GCCCCGGCCTGGTGCAGCCCAGCCAGAGCCTGAGCATCACCTGCACCGTG
AGCGGCTTCAGCCTGACCAACTACGGCGTGCACTGGGTGAGGCAGAGCCC
CGGCAAGGGCCTGGAGTGGCTGGGCGTGATCTGGAGCGGCGGCAACACC
GACTACAACACCCCCTTCACCAGCAGGCTGAGCATCAACAAGGACAACAG
CAAGAGCCAGGTGTTCTTCAAGATGAACAGCCTGCAGAGCAACGACACCG
CCATCTACTACTGCGCCAGGGCCCTGACCTACTACGACTACGAGTTCGCCT
ACTGGGGCCAGGGCACCCTGGTGACCGTGAGCGCCGGTGGAGGCGGTTCA
GGCGGAGGTGGCAGCGGCGGTGGCGGGTCGGACATCCTGCTGACCCAGA
GCCCCGTGATCCTGAGCGTGAGCCCCGGCGAGAGGGTGAGCTTCAGCTGC
AGGGCCAGCCAGAGCATCGGCACCAACATCCACTGGTATCAGCAGAGGAC
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CAACGGCAGCCCCAGGCTGCTGATCAAGTACGCCAGCGAGAGCATCAGCG
GCATCCCCAGCAGGTTCAGCGGCAGCGGCAGCGGCACCGACTTCACCCTG
AGCATCAACAGCGTGGAGAGCGAGGACATCGCCGACTACTACTGCCAGCA
GAACAACAACTGGCCCACCACCTTCGGCGCCGGCACCAAGCTGGAGCTGA
AGGGGTCTTCTAGAGCGCGGAACGCGTATCTAAGAAAAAAAATAGCAAGA
CTCAAAAAAGATAATCTCCAGCTAGAAAGAGACGAACAGAACCTCGAGAA
GATCATTGCGAATTTACGTGACGAAATTGCAAGATTAGAGAACGAAGTGGC
GTCTCACGAACAGGCTGAGCACGAATTTCGAGGAGGGCCCGAACAAAAA
CTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATC
ATTGA

9.1.7 scFv-425-Zip2

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT
TCCACTGGTGACGCGGCCCAGCCGGCCATGGCCGAGGTGCAACTGCAGCA
GTCTGGGGCTGAACTGGTGAAGCCTGGGGCTTCAGTGAAGTTGTCCTGCA
AGGCTTCCGGCTACACCTTCACCAGCCACTGGATGCACTGGGTGAAGCAG
AGGGCTGGACAAGGCCTTGAGTGGATCGGAGAGTTTAATCCCAGCAACGG
CCGTACTAACTACAATGAGAAATTCAAGAGCAAGGCCACACTGACTGTAG
ACAAATCCTCCAGCACAGCCTACATGCAACTCAGCAGCCTGACATCTGAGG
ACTCTGCGGTCTATTACTGTGCCAGTCGGGACTATGATTACGACGGACGGTA
CTTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTCCTCAGGTGGCG
GTGGCTCGGGCGGTGGTGGGTCGGGTGGTGGCGGATCTGACATCGAGCTC
ACCCAGTCTCCAGCAATCATGTCTGCATCTCCAGGGGAGAAGGTCACTATG
ACCTGCAGTGCCAGCTCAAGTGTAACTTACATGTATTGGTACCAGCAGAAG
CCAGGATCCTCCCCCAGACTCCTGATTTATGACACATCCAACCTGGCTTCTG
GAGTCCCTGTTCGTTTCAGTGGCAGTGGGTCTGGGACCTCTTACTCTCTCA
CAATCAGCCGAATGGAGGCTGAAGATGCTGCCACTTATTACTGCCAGCAGT
GGAGTAGTCACATATTCACGTTCGGCTCGGGGACAGAACTCGAGATCAAAC
GGGCGGCCGCACTCGAGTCTAGAGCGCGGAACGCGTATCTAAGAAAAAAA
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ATAGCAAGACTCAAAAAAGATAATCTCCAGCTAGAAAGAGACGAACAGAA
CCTCGAGAAGATCATTGCGAATTTACGTGACGAAATTGCAAGATTAGAGAA
CGAAGTGGCGTCTCACGAACAGGCTGAGCACGAATTTCGAGGAGGGCCCG
AACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATC
ATCATCATCATTGA

9.1.8 scFv-0aEpCAM-Zip2

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT
TCCACTGGTGACGCGGCCCAGCCGGCCATGGCCCAGGTGCAGCTGGTGCA
GTCTGGGGCTGAGGTGAAGAAGCCTGGGTCCTCGGTGAGGGTCTCCTGCA
AGGCTTCTGGAGGCACCTTCAGCAGCTATGCTATCAGCTGGGTGCGACAGG
CCCCTGGACAAGGGCTTGAGTGGATGGGAGGGATCATCCCTATCTTTGGTA
CAGCAAACTACGCACAGAAGTTCCAGGGCAGAGTCACGATTACCGCGGAC
GAATCCACGAGCACAGCCTACATGGAGCTGAGCAGCCTGAGATCTGAGGA
CACGGCTGTGTATTACTGTGCAAGAGACCCGTTTCTTCACTATTGGGGCCA
AGGTACCCTGGTCACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGGAGGTG
GCTCTGGCGGTGGCGGATCGGAAATTGAGCTCACTCAGTCTCCACTCTCCC
TGCCCGTCACCCCTGGAGAGCCGGCCTCCATCTCCTGCAGGTCTAGTCAGA
GCCTCCTGCATAGTAATGGATACAACTATTTGGATTGGTACCTGCAGAAGCC
AGGGCAGTCTCCACAGCTCCTGATCTATTTGGGTTCTAATCGGGCCTCCGG
GGTCCCTGACAGGTTCAGTGGCAGTGGATCAGGCACAGATTTTACACTGAA
AATCAGCAGAGTGGAGGCTGAGGATGTTGGGGTTTATTACTGCATGCAAGC
TCTACAAACTTTCACTTTCGGCCCTGGGACCAAGGTGGAGATCAAACGTGC
GGCCGCACTCGAGTCTAGAGCGCGGAACGCGTATCTAAGAAAAAAAATAG
CAAGACTCAAAAAAGATAATCTCCAGCTAGAAAGAGACGAACAGAACCTC
GAGAAGATCATTGCGAATTTACGTGACGAAATTGCAAGATTAGAGAACGAA
GTGGCGTCTCACGAACAGGCTGAGCACGAATTTCGAGGAGGGCCCGAACA
AAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCA
TCATCATTGA
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9.1.9 scFv-Herceptin-Zip2

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT
TCCACTGGTGACGCGGCCCAGCCGGCCGCCACCATGGATTGGACTTGGAG
AGTGTTTTGCCTGCTGGCTGTCGCACCTGGGGCTCATAGTGAAGTGCAGCT
GGTCGAGAGTGGAGGAGGGCTGGTGCAGCCTGGCGGCAGCCTGAGGCTG
TCCTGCGCAGCCTCTGGCTTCAACATCAAGGACACCTACATCCACTGGGTG
CGGCAGGCCCCTGGCAAGGGCCTGGAGTGGGTGGCCAGGATCTATCCAAC
CAATGGCTACACACGGTATGCCGACAGCGTGAAGGGCCGGTTCACCATCA
GCGCCGACACCTCCAAGAACACAGCCTACCTCCAGATGAACAGCCTGAGG
GCCGAGGATACAGCCGTGTACTATTGCTCTCGCTGGGGAGGCGACGGCTTC
TACGCTATGGACTATTGGGGACAGGGCACCCTGGTGACCGTGAGCAGCGGT
GGAGGCGGTTCAGGCGGAGGTGGCAGCGGCGGTGGCGGGTCGGACATCC
AGATGACTCAGTCCCCTAGCTCCCTGAGTGCTTCAGTGGGCGACAGGGTCA
CTATTACCTGCCGCGCATCTCAGGATGTGAACACCGCAGTCGCCTGGTATCA
GCAGAAGCCTGGAAAAGCTCCAAAGCTGCTGATCTACAGCGCATCCTTCCT
GTATTCCGGCGTGCCCTCTCGGTTTTCTGGGAGTAGATCAGGAACTGACTT
CACACTGACTATTTCTAGTCTGCAGCCTGAGGATTTTGCCACCTACTATTGC
CAGCAGCACTACACCACACCCCCTACTTTCGGCCAGGGGACCAAAGTGGA
GATCAAGTCTAGAGCGCGGAACGCGTATCTAAGAAAAAAAATAGCAAGAC
TCAAAAAAGATAATCTCCAGCTAGAAAGAGACGAACAGAACCTCGAGAAG
ATCATTGCGAATTTACGTGACGAAATTGCAAGATTAGAGAACGAAGTGGCG
TCTCACGAACAGGCTGAGCACGAATTTCGAGGAGGGCCCGAACAAAAACT
CATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCAT
TGA

9.1.10 scFv-Sacit-Zip2

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT
TCCACTGGTGACGCGGCCCAGCCGGCCCAGGTGCAGCTGCAGCAGTCCGG
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CTCTGAGCTGAAGAAGCCCGGCGCCAGCGTGAAGGTGTCCTGCAAGGCCT
CTGGCTACACCTTCACAAACTATGGCATGAATTGGGTGAAGCAGGCACCTG
GACAGGGCCTGAAGTGGATGGGCTGGATCAACACCTACACAGGCGAGCCA
ACCTATACAGACGACTTCAAGGGCAGGTTCGCCTTTTCCCTGGACACCAGC
GTGTCCACAGCCTACCTGCAGATCAGCTCCCTGAAGGCCGACGATACCGCC
GTGTATTTCTGCGCAAGGGGAGGATTTGGCTCTAGCTACTGGTATTTCGACG
TGTGGGGACAGGGAAGCCTGGTGACAGTGTCCTCTGGAGGAGGAGGATCT
GGAGGAGGAGGAAGCGGAGGAGGAGGATCCGATATCCAGCTGACCCAGTC
TCCAAGCTCCCTGTCTGCCAGCGTGGGCGACCGGGTGAGCATCACCTGTAA
GGCAAGCCAGGACGTGAGCATCGCAGTGGCATGGTACCAGCAGAAGCCAG
GCAAGGCCCCTAAGCTGCTGATCTATTCCGCCTCTTACCGGTATACCGGCGT
GCCTGACAGATTCAGCGGCTCCGGCTCTGGCACAGACTTCACCCTGACAAT
CTCTAGCCTGCAGCCAGAGGATTTCGCCGTGTACTATTGTCAGCAGCACTA
CATCACCCCCCTGACATTTGGCGCCGGCACCAAGGTGGAGATCAAGTCTAG
AGCGCGGAACGCGTATCTAAGAAAAAAAATAGCAAGACTCAAAAAAGATA
ATCTCCAGCTAGAAAGAGACGAACAGAACCTCGAGAAGATCATTGCGAAT
TTACGTGACGAAATTGCAAGATTAGAGAACGAAGTGGCGTCTCACGAACA
GGCTGAGCACGAATTTCGAGGAGGGCCCGAACAAAAACTCATCTCAGAAG
AGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGA

9.1.11 Zip1-SNAP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT
TCCACTGGTGACGCGGCCCAGCCGGCCAATCTCGTAGCCCAACTAGAAAA
CGAGGTGGCCTCGCTTGAGAACGAGAATGAGACGTTGAAAAAAAAGAATT
TGCACAAGAAAGACCTAATAGCATATTTGGAGAAGGAAATAGCTAATTTAC
GGAAAAAGATTGAGGAGTCTAGAATGGACAAAGACTGCGAAATGAAGCGC
ACCACCCTGGATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCGAACA
GGGCCTGCACGAGATCAAGCTGCTGGGCAAAGGAACATCTGCCGCCGACG
CCGTGGAAGTGCCTGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCCACTG

131



9. Supplementary materials

ATGCAGGCCACCGCCTGGCTCAACGCCTACTTTCACCAGCCTGAGGCCATC
GAGGAGTTCCCTGTGCCAGCCCTGCACCACCCAGTGTTCCAGCAGGAGAG
CTTTACCCGCCAGGTGCTGTGGAAACTGCTGAAAGTGGTGAAGTTCGGAG
AGGTCATCAGCTACCAGCAGCTGGCGGCCCTGGCGGGCAATCCCGCCGCC
ACCGCCGCCGTGAAAACCGCCCTGAGCGGAAATCCCGTGCCCATTCTGATC
CCCTGCCACCGGGTGGTGTCTAGCTCTGGCGCCGTGGGGGGCTACGAGGG
CGGGCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTG
GGCAAGCCTGGGCTGGGCGCTGAGCACGAATTTCGAGGAGGGCCCGAAC
AAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATC
ATCATCATTGA

9.1.12 Annexin V-SNAP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT
TCCACTGGTGACATGGCGGGTGGTTGTGGTCACGCACAGGTTCTCAGAGG
CACTGTGACTGACTTCCCTGGATTTGATGAGCGGGCTGATGCAGAAACTCT
TCGGAAGGCTATGAAAGGCTTGGGCACAGATGAGGAGAGCATCCTGACTC
TGTTGACATCCCGAAGTAATGCTCAGCGCCAGGAAATCTCTGCAGCTTTTA
AGACTCTGTTTGGCAGGGATCTTCTGGATGACCTGAAATCAGAACTAACTG
GAAAATTTGAAAAATTAATTGTGGCTCTGATGAAACCCTCTCGGCTTTATGA
TGCTTATGAACTGAAACATGCCTTGAAGGGAGCTGGAACAAATGAAAAAG
TACTGACAGAAATTATTGCTTCAAGGACACCTGAAGAACTGAGAGCCATCA
AACAAGTTTATGAAGAAGAATATGGCTCAAGCCTGGAAGATGACGTGGTG
GGGGACACTTCAGGGTACTACCAGCGGATGTTGGTGGTTCTCCTTCAGGCT
AACAGAGACCCTGATGCTGGAATTGATGAAGCTCAAGTTGAACAAGATGC
TCAGGCTTTATTTCAGGCTGGAGAACTTAAATGGGGGACAGATGAAGAAA
AGTTTATCACCATCTTTGGAACACGAAGTGTGTCTCATTTGAGAAAGGTGT
TTGACAAGTACATGACTATATCAGGATTTCAAATTGAGGAAACCATTGACCG
CGAGACTTCTGGCAATTTAGAGCAACTACTCCTTGCTGTTGTGAAATCTATT
CGAAGTATACCTGCCTACCTTGCAGAGACCCTCTATTATGCTATGAAGGGAG
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CTGGGACAGATGATCATACCCTCATCAGAGTCATGGTTTCCAGGAGTGAGA
TTGATCTGTTTAACATCAGGAAGGAGTTTAGGAAGAATTTTGCCACCTCTCT
TTATTCCATGATTAAGGGAGATACATCTGGGGACTATAAGAAAGCTCTTCTG
CTGCTCTCTGGAGAAGATGACTCTAGAATGGACAAAGACTGCGAAATGAA
GCGCACCACCCTGGATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCG
AACAGGGCCTGCACGAGATCAAGCTGCTGGGCAAAGGAACATCTGCCGCC
GACGCCGTGGAAGTGCCTGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCC
ACTGATGCAGGCCACCGCCTGGCTCAACGCCTACTTTCACCAGCCTGAGGC
CATCGAGGAGTTCCCTGTGCCAGCCCTGCACCACCCAGTGTTCCAGCAGG
AGAGCTTTACCCGCCAGGTGCTGTGGAAACTGCTGAAAGTGGTGAAGTTC
GGAGAGGTCATCAGCTACCAGCAGCTGGCGGCCCTGGCGGGCAATCCCGC
CGCCACCGCCGCCGTGAAAACCGCCCTGAGCGGAAATCCCGTGCCCATTC
TGATCCCCTGCCACCGGGTGGTGTCTAGCTCTGGCGCCGTGGGGGGCTACG
AGGGCGGGCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAG
ACTGGGCAAGCCTGGGCTGGGCGCTGAGCACGAATTTCGAGGAGGGCCCG
AACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATC
ATCATCATCATTGA
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9.2 Supplementary figures
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Supplementary Figure 1. SNAP-tag and Zip2 fusion proteins are enriched. The His-tagged
proteins were enriched by nickel purification and confirmed by SDS-PAGE. While the SNAP-tag
fusion proteins were confirmed by SNAP-Surface® Alexa Fluor® 488 followed by Coomassie blue
staining, the Zip2 fusion proteins were confirmed by Coomassie blue staining (highlighted with red
box). The signal was visualized with ChemiDoc XRS+ System. M: Blue prestained protein standard
broad range (11-250 kDa). S: cell-free culture supernatant; F: flowthrough.
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Supplementary Figure 2. High conjugation efficiency between SNAP-fusion proteins and BG-
modified agents. SNAP-fusion proteins were conjugated with either SNAP-Surface® Alexa Fluor®
647 or BG-MMAE followed by post-incubation with SNAP-Surface® Alexa Fluor® 488. The

fluorescence was visualized and corresponding Coomassie blue staining was shown
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Abbreviation

mADb
FDA
scFv
ADC
DAR
TF
Trop2
FRa
Nectin4
Her2
BCMA
MMAE
MMAF
TNBC
ucC
DLBCL
HGBL
ALL
AML
PD-1
PD-L1
ASCT
Ig

VH

CH

VL

CL

Fab

Monoclonal antibody

Food and Drug Administration
Single-chain variable fragment
Antibody drug conjugate
Drug-to-antibody ratio

Tissue factor

Trophoblast cell-surface antigen 2
Folate receptor alpha

Nectin cell adhesion molecule 4

Human epidermal growth factor receptor 2

B-cell maturation antigen
Monomethyl auristatin E
Monomethyl auristatin F
Triple-negative breast cancer
Urothelial cancer

Diffuse large B-cell lymphoma
High-grade B-cell lymphoma
Acute lymphoblastic leukemia
Acute myeloid leukemia
Programmed death receptor-1
Programmed death-ligand 1
Autologous stem cell transplant
Immunoglobulins

Variable heavy region
Constant heavy region
Variable light region

Constant light region

Fragment antigen-binding region
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Abbreviation

Fc Fragment crystallizable region

ICso Half maximal inhibitory concentration
DXd Deruxtecan

BG Benzylguanine

ER Estrogen receptor

PgR Progesterone receptor

T-DM1 Ado-trastuzumab emtansine

PFS Progression-free survival

oS Overall survival

ORR Objective response rate

T-DXd Trastuzumab deruxtecan

SG Sacituzumab govitecan

MIRV Mirvetuximab soravtansine

bZip basic leucine-zipper

CAR Chimeric antigen receptor

EGFR Epidermal growth factor receptor
EpCAM Epithelial cell adhesion molecule

PCR Polymerase chain reaction

SDS-PAGE Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
BSA Bovine serum albumin

BG-MMAE BG-GLA-PEG4-Val-Cit-PAB-MMAE
HPLC High-performance liquid chromatography
PVDF Polyvinylidene difluoride

PI propidium iodide

CMV Cytomegalovirus enhancer and promoter
IgK leader Murine immunoglobulin kappa chain leader
GS Glycine-serine
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