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Summary

The thesis is focused on the development of antibody based therapeutic molecules
for the treatment of HER2 positive breast cancer. The generated molecules consist
in antibody-drug conjugates (ADCs) including whole antibody and antibody fragment
conjugates, and an immunocytokine, all of these molecules being based on the
model monoclonal antibody Trastuzumab. This work comprises the whole
production and characterization process of the molecules, going from the cloning of
the genetic sequences of the antibody molecules to the in vitro analysis of their
antiproliferation activity, and, for one of the developed candidates, an in vivo

assessment of its therapeutic potential was also performed.

In a first step, the reference antibody Trastuzumab was produced using the
mammalian cell line HEK293, its production being characterized in shake flasks as
well as in 5L and 50L single use culture strategies. An operation sequence was
defined for recovering and purifying the product, obtaining purity levels in the order
of 99% and physicochemical characterization tools were implemented in order to
assess the quality of the product. The production, purification and characterization
strategies developed for Trastuzumab were applied to the other antibody-derived

molecules later produced.

In a first attempt to develop a Trastuzumab antibody-derived molecule with an
enhanced therapeutic activity, Trastuzumab was fused to the cytokine interferon-
a2, forming an immunocytokine. This construct, however, did not result in an
improved antiproliferative activity with respect to Trastuzumab, as assessed in an in
vitro 2D proliferation assay. It did not result neither in an activation of the immune

system, as analyzed in an in vitro lymphocyte proliferation assay.

An increased potency of the antiproliferative activity of Trastuzumab was achieved
by heterogeneously conjugating it to the cytotoxic drugs DM1 and vcMMAE, with

drug-antibody ratios (DARs) of 3.1 and 4, respectively, applying two of the main



reference conjugation strategies found in commercially approved ADCs: conjugation
to endogenous lysine residues of the antibody (DM1), and conjugation to
endogenous interchain cysteine residues after a partial reduction step (vceMMAE).
After successfully implementing the conjugation strategies and DAR characterization
tools, site-directed conjugation strategies (yielding homogeneous products that
have therapeutic advantages in the form of a wider therapeutic window) were

attempted.

Three different strategies were implemented for the homogeneous conjugation of
Trastuzumab. In a first simple and straightforward strategy, Trastuzumab was
conjugated to veMMAE with an aimed DAR of 8, by applying a complete reduction
of the antibody. High DARs, however, can result in instability and impaired in vivo
therapeutic efficacy of the ADC. Therefore, the homogeneous conjugation for a DAR
of 2 was attempted by inserting a cysteine in the sequence of Trastuzumab and
conjugating the veMMAE drug to it, obtaining a DAR of 1.79. An innovative
alternative strategy to obtain an homogeneous ADC with a DAR of 2 was also
developed, consisting in the cysteine conjugation of an independently produced light
chain, which is then assembled with independently produced heavy chains, forming

an homogeneous ADC with a DAR of 2.

The heterogeneous and homogeneous conjugation strategies implemented for
whole Trastuzumab antibody were also applied to Trastuzumab-based scFv antibody
fragments, resulting in conjugation processes with a low recovery yield due to

precipitation issues.

The different generated ADCs had their antiproliferation activity tested in 2D in vitro
models using the breast cancer model SKBR3 cell line, confirming their antitumor
potential. 3D culture models were also generated, showing a higher resistance to the
developed drugs than the 2D display. Finally, the therapeutic effect of the

homogeneous ADC formed by the chains assembly was tested on a developed mouse



model in vivo, displaying a strong antitumor response, and therefore validating the

whole developed ADC production process.



Resum

La tesi esta centrada en el desenvolupament de molécules terapéutiques basades en
anticossos per al tractament de cancer de mama HER2 positiu. Les molecules
generades consisteixen en anticossos conjugats a drogues (ADCs) i una
immunocitoquina, totes aquestes molécules basades en I’anticds monoclonal model
Trastuzumab. Aquest treball comprén el procés produccid i caracteritzacié de les
molécules, partint del clonatge de les seqiiéncies dels anticossos i anant fins I'analisi
in vitro de la seva activitat antiproliferativa, i, per a un dels candidats desenvolupats,

analitzant també el seu potencial terapéutic in vivo.

Com a primer pas, I'anticos de referencia Trastuzumab ha estat produit mitjancant
la linia cel-lular HEK293, s’ha caracteritzat la produccié a escala matras aixi com en
sistemes d’un sol Us de 5 i 50 litres. També s’ha definit una seqliéncia d’operacions
per a la recuperacié i purificacié del producte, amb la qual s’ha obtingut una puresa
de I'ordre del 99%. Aixi mateix, s’"han implementat eines per a la caracteritzacio
fisicoquimica del producte obtingut. Les estrategies de produccid, purificacio i
caracteritzacié desenvolupades per a I'anticos Trastuzumab han estat aplicades a la

resta de molecules derivades d’anticos, produides posteriorment.

En un primer intent per a desenvolupar molécules derivades de Trastuzumab amb
una activitat terapéeutica incrementada, I’anticos Trastuzumab ha estat fusionat a la
citoquina interferé-a2, en forma d’immunocitoquina. Aquest constructe, pero, no
ha generat una activitat antiproliferativa més potent que la del Trastuzumab, ni
tampoc ha resultat en una activacié del sistema immunitari. Ambdues activitats han

estat analitzades en assajos in vitro.

L'increment de la poténcia antiproliferativa de I'anticos Trastuzumab ha estat
aconseguida a través de la seva conjugacid a les drogues citotoxiques DM1 i
vcMMAE, amb ratios droga-anticos (DAR) de 3.1 i 4, respectivament. Aquesta

estrategia implica I'aplicacié de dos dels principals metodes de conjugacié de
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referéncia, utilitzats en ADCs aprovats comercialment: conjugacié a residus
endogens de I'anticos de lisina (DM1) i de cisteina, després d’una reduccid parcial
(VeMMAE). També s’han aplicat estratégies de conjugacid dirigida, les quals generen

ADCs homogenis, que presenten un index terapeutic més favorable.

Tres estrategies diferents han estat implementades per la conjugacié homogénia de
I’anticos Trastuzumab. En una primera estrategia, I'anticos ha estat conjugat a la
droga veMMAE amb un DAR objectiu de 8, mitjancant una reduccié completa de
I'anticos. DARs elevats, pero, poden causar inestabilitat de la molecula i perjudicar-
ne I'efecte in vivo. Aixi, s’ha realitzat la conjugacié homogenia amb un DAR objectiu
de 2, a través de la insercié d’una cisteina a la seqiieéncia del Trastuzumab, la qual ha
estat conjugada al veMMAE, amb un DAR resultant d’1.79. També s’ha desenvolupat
una estrategia innovadora per tal d’obtenir un ADC homogeni amb un DAR de 2,
basada en la conjugacié del residu de cisteina de cadenes lleugeres produides
independentment, després unides a cadenes pesades també produides

independentment: s’"obté un ADC homogeni amb un DAR de 2.

Les estrategies de conjugacié heterogenies i homogenies implementades per a
I'anticos Trastuzumab sencer han estat també aplicades a fragments scFv, en aquest
cas, han resultat en processos amb un baix rendiment de recuperacid a causa de la

poca estabilitat dels conjugats.

Els diversos ADCs generats en aquest treball han estat analitzats en models in vitro
2D amb la linia cel-lular SKBR3, model de cancer de mama, amb els quals s’ha
confirmat el seu potencial anticancerds. També s’han desenvolupat models 3D, els
quals han estat més resistents que els models 2D. Finalment, |'efecte terapeutic de
I’ADC homogeni format per la unié de les cadenes independents ha demostrat una
forta activitat terapéutica en un model de ratoli in vivo, validant, aixi, el procés de

produccié d’ADCs desenvolupat.
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Resumen

La tesis se centra en el desarrollo de moléculas terapéuticas basadas en anticuerpos
monoclonales para el tratamiento de cancer de mama HER2 positivo. Las moléculas
generadas consisten en anticuerpos conjugados a drogas (ADCs) y una
inmunocitoquina, todas ellas basadas en el anticuerpo monoclonal modelo
Trastuzumab. Este trabajo comprende el proceso de produccién y caracterizaciéon de
las moléculas, partiendo del clonaje de las secuencias de los anticuerpos, y llegando
hasta el analisis in vitro de su actividad antiproliferativa, y, para uno de los

candidatos desarrollados, analizando también su potencial terapéutico in vivo.

Como primer paso, el anticuerpo de referencia Trastuzumab ha sido producido
mediante la linea celular HEK293, caracterizandose su produccién a escala matraz
asi como en sistemas de un solo uso de 5 y 50 litros. Se ha definido una secuencia de
operaciones para la recuperacién y purificacion del producto, con la cual se ha
conseguido una pureza aproximada del 99%. Asimismo, se han implementado
herramientas para la caracterizacién fisicoquimica del producto obtenido. Las
estrategias de producciéon, purificacién y caracterizacidn desarrolladas para el
anticuerpo Trastuzumab han sido aplicadas al resto de moléculas derivadas,

producidas posteriormente.

En un primer intento para desarrollar moléculas derivadas de Trastuzumab con una
actividad terapéutica incrementada, el anticuerpo Trastuzumab ha sido fusionado a
la citoquina interferén-a2, generando una inmunocitoquina. Este constructo, no
obstante, no ha causado un incremento en la actividad antiproliferativa del
Trastuzumab, ni tampoco ha resultado en una activacién del sistema inmunitario,

ambas actividades siendo analizadas en ensayos in vitro.

El incremento de la potencia antiproliferativa del anticuerpo Trastuzumab ha sido
conseguido conjugandolo a las drogas citotéxicas DM1 y veMMAE, con ratios droga-

anticuerpo (DAR) de 3.1y 4, respectivamente. Esta estrategia implica la aplicacién
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de dos de los principales métodos de conjugacién de referencia, utilizados en ADCs
aprobados comercialmente: conjugacién a residuos enddgenos del anticuerpo de
lisina (DM1) y de cisteina, posteriormente a una reduccién parcial (vcMMAE).
También se han aplicado estrategias de conjugacidn dirigida, las cuales generan

ADCs homogéneos, que presentan un indice terapéutico mas favorable.

Tres estrategias diferentes han sido implementadas para la conjugacién homogénea
del anticuerpo Trastuzumab. En una primera estrategia, el anticuerpo ha sido
conjugado a la droga veMMAE con un DAR objetivo de 8, mediante una reduccién
completa del anticuerpo. DARs elevados, no obstante, pueden causar inestabilidad
de la molécula, perjudicando su efecto in vivo. Asi, se ha realizado la conjugacion
homogénea con un DAR de 2, a través de la insercién de una cisteina a la secuencia
del Trastuzumab, la cual ha sido conjugada a veMMAE, obteniendo un DAR de 1.79.
También se ha desarrollado una estrategia innovadora para obtener un ADC
homogéneo con un DAR de 2, basada en la conjugacidn del residuo de cisteina de
cadenas ligeras producidas independientemente, después unidas a cadenas pesadas
también producidas independientemente, obteniendo un ADC homogéneo con un

DAR de 2.

Las estrategias de conjugacion heterogéneas y homogéneas implementadas para el
anticuerpo Trastuzumab entero han sido también aplicadas a fragmentos scFv,
dando lugar a procesos de conjugacidn de bajo rendimiento de recuperacién a causa

de la inestabilidad de los conjugados.

Los diferentes ADCs generados en este trabajo han sido analizados en modelos in
vitro 2D con la linea celular SKBR3, modelo de cancer de mama, con los cuales se ha
confirmado su potencial anticancerigeno. También se han desarrollado modelos 3D,
los cuales han presentado mas resistencia que los modelos 2D. Finalmente, el efecto
terapéutico del ADC homogéneo formado por la unidn de las cadenas

independientes ha demostrado una fuerte actividad terapéutica en un modelo de
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ratén in vivo, validando, de esta forma, el proceso de produccién de ADCs

desarrollado.
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Abbreviatures

ADC: Antibody Drug Conjugate

CDR: Complementarity-Determining Region

CFSE: Carboxt-Fluorescein Diacetate Succinimidyl Ester
CMV: Cytomegalovirus

DAR: Drug Antibody Ratio

DCU: Digital Control Unit

DEPC: Diethyl Pyrocarbonate

DhAA: Dehydroascorbic Acid

DM1: Mertansine or (N2'-deacetyl-N2'-(3-mercapto-1-oxopropyl)-maytansine)
DMA: Dimethyl Acetamide

DMSO: Dimethyl sulfoxide

ER: Estrogen Receptor

ErbB: erythoblastic leukemia viral oncogene B
EGF: Epidermal Growth Factor

EGFR: Epidermal Growth Factor Receptor

ELISA: Enzyme Linked Immunosorbent Assay
FITC: Fluorescein Isothiocyanate

ICK: Immunocytokine

IL: Interleukin

IPTG: Isopropyl--D1 thiogalactopyranoside

IRES: Internal Ribosome Entry Site

HBEGF: Heparin Binding Epidermal Growth Factor
HER2: Human Epidermal Receptor 2

HIC: Hydrophobic Interaction Chromatography
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HPLC: High Performance Liquid Chromatography
HRG: Heregulin

kDa: kilo Dalton

LAL: Limulus amebocyte lysate

LAMP: Lysosomal Associated Membrane Protein |
mAb: monoclonal antibody

MAPK: Mitogen Activated Protein Kinase

MCS: Multi-Cloning Site

MRNA: messenger Ribonucleic acid

MS: Mass Spectrometry

MSC: Mesenchymal Stromal Cells

MTS:  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium

NHS: N-Hydroxy Succinimide

NK : Natural Killer

NRG-1: epigen neuregulin-1

PAB: p-aminobenzylcarbamate

PMA: Phorbol 12-myristate 13-acetate
PBMNC: peripheral blood mononuclear cells
PCR : Polymerase Chain Reaction

PI3K: Phosphoinositide 3-Kinase

PR: Progesterone Receptor

RTK: Receptor Tyrosine Kinase

SDS-PAGE: Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
SEC: Size Exclusion Chromatography

SMCC: Succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate
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TCEP: tris(2-carboxyethyl) phosphine

TGFa.: Transforming Growth Factora

TMB : 3,3’,5,5'-Tetramethylbenzidine

TNFou: tumor necrosis factor o

ULA: Ultra-low attachment

UV/Vis: Ultraviolet visible

vcMMAE: valine-citrulline Monomethyl Auristatin E
Vc: variable region of the light chain of the antibody

Vuc: variable region of the heavy chain of the antibody
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Chapter 1. Introduction

1.1. Breast cancer

1.1.1. Broad implications of cancer: definition, impact and treatment

Cancer is a generic term that includes several diseases characterized by the growth
of abnormal cells beyond their usual boundaries, based on an uncontrolled division
and loss of differentiation. It is one of the most spread diseases in the world, being
the second leading cause of global death globally and accounting for 8.8 million
deaths in 2015 (WHO, 2018), and an increase to 19.3 million cases per year expected
for 2025. The majority of cancer cases occur in low- and middle-income countries,
and this trend is expected to increase by 2025 (Block et al., 2015). Moreover, it has
a big economic impact in the society, the direct medical cost for cancer being
estimated at $80.2 billion only in the US in 2015 (“Economic Impact of Cancer,”
2018). Cancer development is originated by damage or mutation of proto-oncogenes
that are involved with the regulation of the cell proliferation and differentiation, as
well as tumor suppressor genes that code for proteins related to the generation of
signals that inhibit cell growth and/or stimulate apoptosis (Pérez-Herrero et al.,
2015). Environmental as well as hereditary causes lie behind these mutations (Arnold
etal., 2012). Cancer cells form tumors that, in their solid form, interact with different
cell types that collectively allow the tumor growth and progression (Figure 1.1)

(Hanahan et al., 2011).
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Figure 1.1: Depiction of a tumor with cancer cells and other cell types found in the tumor

microenvironment (Hanahan et al., 2011).

There are several types of cancers, the most important in terms of affected people
being: lung, colorectal, prostate, stomach and liver for men; and breast, colorectal,
lung, cervix and stomach for women (WHO, 2018). Depending on the cell type in

which they start, they can be classified into different subtypes (Table 1.1).

Table 1.1: cancer types and origin
Cancer types Cancer origin
Carcinoma Skin or tissues that line or cover
internal organs.
Sarcoma Connective or supportive tissues such
as bone, cartilage, fat, muscle or
blood vessels.
Leukaemia Blood forming tissue such as the bone
marrow and causes abnormal blood

cells to be produced and go into the

blood
Lymphoma and myeloma Cells of the immune system
Brain and spinal cord cancers Central nervous system
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Treatment of cancer includes several main strategies, which are summarized in table
1.2. Conventional treatments include surgery, radiotherapy and chemotherapy, this
last method being the trademark medical treatment for cancer since it was approved
around 60 years ago (Baudino, 2015). However, both radiotherapy and
chemotherapy are non-targeted, potentially affecting non-cancerous cells and
generating strong secondary effects on the patient. Alternative treatments in which
a more selective and effective approach is attempted include targeted therapy,
which can include hormone therapy and immunotherapy (see Table 1.2 and Figure

1.2).

Table 1.2: therapies for cancer treatment
Therapy Characteristics
Surgery First line of attack against cancer,
tumor is removed from the body
Radiotherapy Use of high doses of radiation to kill

cancer cells and shrink tumors

Chemotherapy Chemical drugs are used to kill cancer
cells
Targeted Cancer cells are specifically targeted, with molecules such
therapy as antibodies:
Hormone Inhibits the growth of cancers that
therapy rely on hormones to grow

Immunotherapy The immune system is activated in

order to attack tumor cells
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Figure 1.2. Schematic representations of different antibody-derived molecules potentially applied for

targeted cancer therapies. Obtained from (Paul Carter, 2001).

In relation to this topic, the thesis work presented will focus on targeted therapies,
which are based on molecules that allow a specific targeting of the tumor cells,
mainly: monoclonal antibodies (and molecules derived from them, such as antibody-
drug conjugates (ADCs), or immunotoxins (Akbari et al., 2017)) and small molecule
inhibitors (which include several molecules such as hormones) (Baudino, 2015).
Cancer is treated according to different parameters such as the type of cancer and

its stage of development (“Stages of cancer | Cancer Research UK,” 2017).

1.1.2. Breast cancer: impact, physiology and subtypes

Breast cancer is the most prevalent cancer in women, in both developed and
developing countries (Society, 2011), with an estimated 1.7 million newly diagnosed
cases worldwide in 2012 alone (Kalimutho et al., 2015). It accounted for 41% of total

cancer cases in women in the US in 2012 (Siegel et al., 2013). Survival to breast
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cancer is not evenly distributed: there is an estimated 5-year survival of 80% in high
income countries, while in developing countries it drops to below 40% (Coleman et
al., 2008). Its classification and prognosis have historically relied on the analysis of
both tumor morphology and molecular markers (mainly estrogen receptors (ER),
progesterone receptor (PR) and human epidermal receptor 2 (HER2) (Kalimutho et

al., 2015).

Since it is a heterogeneous disease, breast tumors can be classified into four main
molecular subtypes: luminal A, luminal B, HER2+, and basal-like (Guiu et al., 2012).
The luminal subtype is characterized by a high expression of receptors for estrogen
(ER) and progesterone (PR), while HER2+ tumors are negative for ER and PR, but
express high levels of HER2. The basal-like class of breast tumors comprises the
triple-negative breast cancers (TNBCs) and is defined by lack of ER, PR, and HER2

expression (Tudoran et al., 2015). Each type is summarized on Table 1.3.

Table 1.3: breast tumor types and characteristics

Breast tumor type Characteristics

Luminal A PR/ER positive. They are often low
grade and treatable with hormonal
therapies. They generally exhibit the
best outcomes among all subtypes.

Luminal B Usually ER positive, and may be
associated with either HER2
overexpression or high levels of Ki67.
Treatable by hormonal therapy, but
they frequently relapse and present
a poor clinical outcome (Cancello et

al.,, 2013).
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HER2+ HER2 overexpressed. Aggressive.
Treated with monoclonal antibodies
Trastuzumab or pertuzumab or
small-molecule kinase inhibitor
lapatinib (Schnitt, 2010).
Basal-like / Triple negative ER, PR, HER2 negative. Treatable
only with chemotherapy and

radiotherapy.

Breast cancer treatment is designed on the basis of this classification, luminal tumors
having a more favorable prognosis, while TNBC patients (Onitilo et al., 2009) and
HER2 positive patients (Tolaney et al., 2015) (Gutierrez & Schiff, 2011) have been

historically affected by a poor prognosis.

1.1.3. Human Epidermal Receptor 2 (HER2) positive breast cancer

HER2 positive breast tumors, as previously stated, are defined by presenting an
overexpression of the HER2 gene. The human Epidermal Growth Factor Receptor 2
(HER2) can be known as HER-2/neu (neu in rodents (Wieduwilt et al., 2008)) or ErbB2,
although HER2 remains the most commonly used designation (Cooke, 2000). It is a
member of the ErbB family of cell surface receptor tyrosine kinases (RTKs), which
takes part in the transmission of signals involved in controlling normal cell growth
and differentiation (Rubin & Yarden, 2001). ErbB gene symbol is derived from the
homologous erythroblastic leukemia viral oncogene B (Vennstrém et al., 1982). The
HER2 receptor is a 185 kDa type 1 transmembrane glycoprotein, encoded by the
HER2 gene, a proto-oncogene located on the long arm of chromosome 17 (Coussens

et al., 1985).
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Figure 1.3: HER family of receptors. Obtained from (Roskoski, 2014).

The ErbB family (Figure 1.3) consists of four members: HER1 (also EGFR (Epidermal
Growth Factor Receptor) or ERBB1), HER2 (Neu or ERBB2), HER3 (ERBB3) and HER4
(ERBBA4). All of four receptors have three domains: Ligand binding, Transmembrane

and Tyrosine kinase domains (Roskoski, 2014).

All members of the HER Family, with the exception of HER2, have several known
ligands, and at least 11 of which have been identified: Epidermal Growth Factor
(EGF), Transforming Growth Factor-alpha (TGF-a), amphiregulin, betacellulin,
Heparin Binding-EGF (HBEGF), epiregulin, epigen, neuregulin-1 (NRG-1)/Heregulin
(HRG), NRG-2, NRG-3 and NRG-4 (Baselga et al., 2009). Ligand binding induces either
homodimer formation between two identical HER receptors, or heterodimer
formation between two different HER receptors (Cooke, 2000).

The extracellular domain of HER proteins can exist in a closed inhibited conformation
or an open active one. The ligand binding induces a conformational change in their
extracellular domain that in turn induces the active conformation and promotes

their dimerization and consequent trans-phosphorylation (Moasser, 2007).
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Dimerization activates the tyrosine kinase activity of the intracellular domain, which
provokes the activation of several downstream signalling pathways, such as MAPK
(Mitogen Activated Protein Kinase) or Akt-PI3K (Protein Kinase B-phosphoinositide
3-kinase) pathway, which control several processes, including cell proliferation,
survival, migration, invasion and differentiation. Related to a tumour environment,

this also leads to tumour cell survival (Baselga et al., 2009).
ligands Oy ‘—\

UL

9;‘“"1\3‘?

\0 mm

Figure 1.4. HER receptors cellular activity. Obtained from (Hudis, 2007).

HER2, unlike the other HER-family receptors, constitutively exists in an active
conformation. Consistent with this fact, it lacks an endogenous ligand (Garrett et al.,
2003), being considered an “orphan receptor”. This lack of ligand binding activity
causes it to partner with other receptors of the family in order to perform its
signalling activity (Moasser, 2007). Of these associations, the HER2-HER3
heterodimer is considered the most potent HER-dimer with regards to the strength

of interaction, ligand induced tyrosine phosphorylation and downstream signalling
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(Franklin et al., 2004). This can be related to the fact that HER2 lacks ligand binding
activity while HER3, unlike the other members of the family, lacks ATP binding within
its catalytic domain. Individually they are, therefore, incomplete signalling
molecules. Several studies have shown that the interaction between HER2 and HER3
generates the most active signalling heterodimer of the family and it is essential for
many biological and developmental processes (Britsch et al., 1998; Sliwkowskiso et

al., 1994; Tzahar et al., 1996).

The HER2 protein can be deregulated via different mechanisms, including point
mutations occurring in the tyrosine kinase domain and protein overexpression,
generally resulting from HER2 gene amplification, which represents the most widely
known mechanism underlying HER2 deregulation in many cancers. Overexpression
can cause the appearance of an abnormally high number of monomers on the cell
membrane, which favours receptor interaction and results in constitutively activated
signal transduction. HER2 overexpression and/or amplification were initially
discovered in approximately a third of human breast cancers and were associated
with more aggressive tumour behaviour and poorer outcomes (Slamon et al., 1987).
Further studies showed that HER2/neu (c-erbB-2) is amplified and/or overexpressed
in some 18-25% of human breast cancers, depending on different factors such as the
diagnostic technique used (Baselga et al., 2009). Numerous studies have shown that
this event is associated with a more aggressive phenotype. In particular, HER2/neu
overexpressing tumors are known to be refractory to various types of chemo- and
endocrine therapy (often associated with down-regulation of the estrogen receptor;

ER) and to be associated with shortened overall survival (Wilso et al., 2002).

Other studies have reported HER2 overexpression and/or amplification in a variety
of other cancer types, including gastric, colorectal, salivary gland, bladder, ovarian,
stomach, oesophagus, colon, kidney, prostate and lung cancers (Scholl et al., 2001).

In these different types of solid tumours, a correlation of the HER2 status in the
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primary tumour and the paired distant metastatic lesions was observed, thus
supporting the key role of HER2 deregulation in tumour progression and spreading

(Martin et al., 2014).

The important biological role of HER2 in the signaling network that drives epithelial
cell proliferation, together with its extracellular accessibility and its overexpression
in some human tumors led to considering HER2 as an appropriate target for tumor-

specific therapies (Molina et al., 2001).

1.1.4. Non-directed therapies against breast cancer

Breast cancer is treated using different strategies, depending on the subtype of the
disease and the stage of development of each case. Conventional therapies include
surgery, radiotherapy and chemotherapy. Surgery is carried out in order to remove
the tumor by chirurgical means. It involves breast conserving surgery or mastectomy.
Surgery is applied more predominantly in patients at early stages of development of
the tumor. Of all the patients diagnosed with breast cancer in England during 2013-
14, 81% of them had surgery to remove their primary tumor as part of their primary

cancer treatment (NCRAS, 2018).

Radiotherapy is a treatment based on using ionizing radiation that focused on the
tumor site, therefore targeting all the cells localized into the tumor
microenvironment (Baudino, 2015). In breast cancer it is often applied following
surgery, although it can also be independently applied. When applied following
breast conserving surgery, in regional or localized cancers, long-term survival is the
same as with mastectomy (Miller et al., 2016). Approximately 56% of breast cancer
patients received radiation therapy in the US in 2014-15 (American Cancer Society,

2015).
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Another conventional treatment strategy consists on the use of chemotherapy.
Chemotherapy relies in a systemic application (i.e., treating the whole body) of
molecules that attack fast dividing cells, which are characteristic of cancer.
Therefore, these molecules are intended to target elements of the cell related to the
cellular division or DNA synthesis. Common drug types used in chemotherapy
include: alkylating agents, topoisomerase inhibitors, anthracyclines, plant alkaloids
or pyrimidine and purine metabolites (Baudino, 2015). In the case of breast cancer,
the most common chemotherapy drugs for breast cancer treatment include
anthracyclines, such as doxorubicin and epirubicin, taxanes, such as paclitaxel and
docetaxel, 5-florouracil, cyclophosphamide, and carboplatin (Table 1.4). Most often,
combination of 2 or 3 of these drugs are used. In the case of advanced breast cancer,
drugs are not used in combination, they are more often individually used. However,
some combinations, such as paclitaxel plus carboplatin, are commonly used

(American Cancer Society, 2017).

Table 1.4. Most common drugs used for breast cancer chemotherapy
Anthracyclines (doxorubicin, epirubicin)
Taxanes (paclitaxel, docetaxel)
5-florouracil
cyclophosphamide
carboplatin

Taxanes (paclitaxel, docetaxel)

Chemotherapy and radiotherapy can be used together in different ways, such as
neoadjuvant therapy (pre-surgery), adjuvant therapy (following surgery), and
concomitant therapy (without surgery intervention). Combining the two treatments
allows attacking the tumor cells from different approaches and can prevent the

appearance of resistance to each treatment (Tanvetyanon et al., 2005). Neoadjuvant
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therapies are used to reduce the size of the tumor and thus facilitate the following
surgery, whereas adjuvant therapies are applied to kill the cells that may have not

been removed by surgery.

However, these therapies face several drawbacks, mainly related to the generation
of side-effects, which include pain, nausea, diarrhea, cardiotoxicity, hair loss,
darkened or dry skin and depression of the immune system (Baudino, 2015). Since
they are not targeted to the cancer cells, the effects of the chemotherapy can also
be suffered by the healthy non-cancerous cells. Therefore, the therapeutic window
of these kinds of treatments is also limited. Moreover, the cells that are not killed by
these treatments often end up by acquiring resistance to the treatment, and cause
a more aggressive cancer (Baudino, 2015). These issues can be overcome by using

directed therapies.

1.1.5. Directed therapies against breast cancer

Directed therapies are based on molecules which are specifically targeted to the
tumor site. This results in lower side effects with respect to conventional non-
directed therapies. Directed therapies include several strategies, mainly the ones
based on monoclonal antibodies (mAb) and those based on small inhibitor

molecules.

Monoclonal antibodies are molecules that bind to a specific antigen, thus conferring
selectivity to the therapy. They can be used as a therapy in itself: by binding to the
antigen, they inhibit the activity of the antigen (and, thus, the proliferation of the
cell, when the antigen is a receptor for hormones that promote cell proliferation).
Another mechanism of action of monoclonal antibodies is the activation of antibody
derived cellular response (ADCC), by which they activate the response of the immune

system against their target cell (explained in section 1.2.2).
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This therapeutic ability of monoclonal antibodies can be further strengthened by
using them as a vehicle for delivering potent antitumor molecules to the tumor site.
This category includes molecules such as antibody drug conjugates (ADCs), which are
antibodies conjugated to highly cytotoxic payloads; and immunocytokines (ICKs), in
which antibodies are fused to cytokines that can have a direct antiproliferation effect

on the targeted tumor cell and also activate the immune system against it.

There are several other directed therapies derived from monoclonal antibodies,
which take advantage of their selectivity for a specific antigen, which are related to
the field of immunotherapy (Gotwals et al., 2017). Examples of this can be found in
the form of engineered T cells: early trials relied on expression of cloned cell
receptors (TCR) with targeted affinity, more recently, artificial receptors such as
chimeric antigen receptors (CAR), which consist of a specificity-conferring antibody
extracellular domain coupled to one or more intracellular co-stimulatory domains,
have been engineered into T cells, resulting in CAR-T cells (Fesnak et al., 2017).
Therefore, CAR-T cells generated from patient T cells are targeted to attack the
tumor (see Figure 1.5). Two cases of approved CAR-T therapies already exist in the

market (Zheng et al., 2018).

T CELL

Killing (fost, gronzymes)
Survival (sce-x)

Activation (rep70, Lek, Erk)

TCR signaling
4-18B signaling
€D28 signaling

Figure 1.5: CAR-T cell mechanism of action. CAR receptor recognizes the CD19 antigen expressed
by the tumor cell, activating signals that induce the T cell to attack the tumor. Obtained from

(Enblad et al., 2015).
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Targeted delivery of anticancer therapeutic agents is also being tested through
means independent from antibodies, mainly related to the nanomedicine field
(Mattos-arruda et al., 2016). These vehicles include engineered virus particles (Yildiz
et al., 2011), liposomes, and nanoparticles from different materials such as

nanodiamond and graphene (Jiang et al., 2015).

Other molecules non-related to antibodies are also included in the domain of
directed therapies. These consist in small inhibitor molecules that selectively bind to
specific receptors of the target cell, and exert an inhibitory effect upon binding to

them (Baselga et al., 2009).

In the case of breast cancer, the targeted therapy to be applied depends on the
subtype of cancer. Focusing on the HER2+ subtype, the approved available
treatments include the antibody Trastuzumab (commercial name: Herceptin), the
antibody Pertuzumab (Perjeta), the ADC ado-trastuzumab emtansine (Kadcyla or T-
DM1), the tyrosine kinase inhibitor Lapatinib (Tykerb), and the tyrosine kinase

inhibitor Neratinib (Nerlynx) (American Cancer Society, 2018).

Trastuzumab is a humanized monoclonal antibody that targets the HER2 receptor,
and it is often given along with chemotherapy although it can also be used alone
(especially when chemotherapy has already been tried). It can be used both in early
and late-stage breast cancer. When started before or after surgery to treat early
breast cancer, this drug is usually given for a total of 6 months to a year. For advanced
breast cancer, treatment is given for as long as the drug is helpful. Pertuzumab (Agus
et al., 2005) is also a humanized monoclonal antibody that also targets HER2 (albeit
at a different subdomain than Trastuzumab) that can be given with Trastuzumab and
chemotherapy, either before surgery to treat early-stage breast cancer, or to treat
advanced breast cancer. Trastuzumab emtansine (T-DM1) is used in advanced breast

cancers, when chemotherapy and Trastuzumab have already been used. Lapatinib is
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used to treat advanced breast cancer and might be used along with certain
chemotherapy drugs or Trastuzumab. Neratinib is used to treat early stage breast
cancer after a woman has completed one year of Trastuzumab and is usually given

for one year (American Cancer Society, 2018).

1.2. Monoclonal antibodies for cancer therapy

1.2.1. Therapeutic monoclonal antibodies

Antibodies (Abs) are glycoproteins that belong to the immunoglobulin (Ig)
superfamily which play an important role in the immune system, being secreted by
B cells to identify or neutralize foreign organisms or antigens. They are formed by
two heavy and two light chains and are classified into different isotypes dependent
on the type of heavy chain they contain. Therapeutic monoclonal antibodies (mAbs)

are normally of the y-immunoglobulin (or IgG) isotype (Figure 1.6).

Figure 1.6: Schematic representation of an IgG. Adapted from (Buss et al., 2012).

This isotype of antibodies are large molecules of approximately 150 kDa, which are
formed by heavy and light chains interconnected by disulphide bonds. The heavy
chains contain a variable domain (V4), a hinge region and three constant domains

(Cul, C42 and Cy3). The light chains contain one variable (V.) and one constant (C\)
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domains. The structure can also be separated into the Fragment antigven binding
(Fab) region that is composed of one variable and one constant domain of both the
heavy and the light chain and the fragment crystallizable (Fc) domain, which is
composed by two constant domains (Cs2 and Cy3) (Figure 1.6). The specificity of
antibodies is driven by their variable domains, which can be further subdivided into
hypervariable regions (or complementary-determining regions (CDR), which bind to
the antigen directly and framework regions which serve as a scaffold for the CDR to

contact the antigen (Buss et al., 2012).

The immune response to an antigen or organism is normally polyclonal in nature,
however, in 1975 it was described for the first time the in vitro production of murine
mAbs from hybridomas (Kéhler & Milstein, 1975). In the late 1980s, murine mAbs
were already in clinical trials, with the first one being approved in 1986 (muromonab-
CD3) (Leavy, 2010). However, murine mAbs presented several drawbacks, including:
causing allergic reactions and the induction of anti-drug antibodies; presenting a
relatively short-life compared to human IgG (Ober et al., 2001); and being poor
recruiters of effector function, antibody-dependent cellular cytotoxicity (ADCC) and

complement-dependent cytotoxicity (CDC) (Stern & Herrmann, 2005).

In order to overcome these limitations, chimeric mouse-human mAbs were
developed. This was achieved by grafting the whole antigen-specific variable domain
of a mouse Ab onto the constant domains of a human Ab using genetic engineering
techniques, obtaining molecules that were ~65% human (Morrison et al., 1984).
Despite presenting an extended half-life in man and generating less immunogenicity,
these antibodies still induce the generation of anti-drug antibodies (Presta, 2006).
This lead to the development of humanized mAbs, through the grafting of just the
murine hypervariable regions onto a human antibody framework, yielding molecules
that are arround 95% human (Jones et al., 1986). Humanization of an antibody,

however, can be a laborious process and present limitations. Currently, fully human
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mAbs can be generated through the application of phage display technology
(McCafferty et al., 1990), and the use of transgenic mouse strains expressing human
variable domains (Lonberg et al., 1994). The different types of mAbs are summarized

in Table 1.5 and depicted in Figure 1.7.

E'Y

Murine Chimeric
(-omab) (-ximab)
Humanized Human
(-zumab) (-umab)

Figure 1.7: Depiction of the structure of different types of mAb (murine, chimeric, humanized

and human). Obtained from (Buss et al., 2012).

Table 1.5: antibody types and features

Antibody type Features
Murine e Produced through “hybridoma” technology
e Generates allergic reactions
e Induces the generation of anti drug antibodies
e Low half-life

e Nomenclature: suffix -omab
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Chimeric e Genetically engineered: variable region of murine
mADb grafted into human IgG framework (about 65%
human)

e Induces the generation of anti drug antibodies
e Nomenclature: suffix -ximab
Humanized e Genetically engineered: hypervariable CDR region of
murine mAb grafted into human IgG framework
(about 95% human)
e Improved immunogenic and effector response in
humans
e Grafting process can be laborious
e Nomenclature: suffix -zumab
Human e Produced through:
o Phage display technology
o Transgenic humanized mice

Nomenclature: suffix -umab

As of 10 May 2018, the Food and Drug Administration of the United States (FDA) has
approved 80 therapeutical monoclonal antibodies, 17 of which were approved in
2017 (its record high for a single year). 7 of these 17 mAbs were related to oncology
indications (H. H. Cai, 2018). One of the approved monoclonal antibodies with a
higher impact in terms of cancer treatment is the anti-HER2 mAb Trastuzumab
(Herceptin), which has had an important role in the breast cancer treatment since it

was approved by the FDA in 1998 (Dall et al., 2018; Hartkopf et al., 2014).

Several monoclonal antibody modifications have been studied in order to improve
their therapeutic efficacy, including engineering the Fc fraction and developing
bispecific antibodies. The Fc fraction mediates the ADCC and CDC response by

binding to Fcy receptors (FcyRs) expressed on immune effector cells, eventually
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leading to the killing of the target cell. Modifications into the amino acids of the Fc
that interact with FcyRs, as well as into the glycosylation of these domains, have been
applied in order to improve the activity of the Fc region with regards to the
ADCC/CDC triggering (Strohl, 2009). Fc engineering has also been directed to
extending the half-life of the antibody, by introducing mutations that improve the
binding of the Fc to the Fc neonatal receptors (FcRn), which is responsible of the long

half-life of mAbs (Hinton et al., 2006).

Bispecifics consist on antibody constructs that have multiple, functionally different,
binding domains that allow for interaction with two target antigens (Figure 1.8).

Symmetric
IgG and IgG-like molecules

Bivalent Tetravalent
Antibody i i
conjugates

Antigen-binding sites
of 2 antibodies

N

Small molecules Non-immunoglobulin
fusion proteins

o

Figure 1.8. Schematic representation of several antibody formats, including different bispecific

Asymmetric IgG and
IgG-like molecules

displays. Obtained from (Kontermann et al., 2015)

A common strategy of bispecific antibodies relies in simultaneously targeting an

antigen of the site of the target disease, and an effector cell. This was the case of the
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first approved bispecific antibody catumaxomab, which targets CD3 antigen of T cells

and epithelial cell antigen molecule-positive carcinoma EpCAM (Linke et al., 2010).

Other important antibody modifications consist in antibody fragments, which consist
in using parts of the antibody instead of the whole antibody as therapeutic tools.
Thanks to the modular nature and multi domain structure of immunoglobulins, they
can be customized or engineered to produce antibodies with desired pharmacologic
properties for specific applications (Alibakhshi et al., 2017), leading to the
optimization of properties such as tissue penetration, affinity, half-time and
distribution (Schroeder et al., 2010). Antibody fragments will be more thoroughly
explained in section 1.2.2.2.

Monoclonal antibodies can also have their therapeutic activity enhanced through
their combination with other effector molecules. Their use as vehicles for delivering
potent cytotoxic drugs to the site of the disease, yielding Antibody Drug Conjugates
(ADCs) has represented an important breakthrough for the therapeutic treatment of

cancer, with 4 ADC currently approved by the FDA.

1.2.1.1. Trastuzumab

Trastuzumab (commercial name: Herceptin) is a humanized monoclonal antibody (P
Carter et al., 1992) developed by Genentech, which selectively binds to the HER2
receptor on the C-terminal portion of the extracellular domain (ECD) (Cho et al.,
2003); it was constructed by grafting the complementary-determining regions (CDRs)
from the murine mAb 4D5 into a human kappa IgG1 to avoid a human anti-mouse
antibody (HAMA) response in patients (Nahta et al, 2006). Trastuzumab has
antitumor activity against HER2-positive human breast cancer cells in laboratory
models (Baselga et al, 1998) and is active for the treatment of women with HER2-
overexpressing breast cancers (Slamon et al., 2001). Based on Trastuzumab clinical

efficacy, this antibody was approved in 1998 for clinical use for HER2 overexpressing
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metastatic breast cancer (Molina et al., 2001), and it was later approved for HER2
positive gastric and gastroesophageal junction (GEJ) adenocarcinomas (Davidson et

al., 2016).

The working mechanisms of Trastuzumab are not completely understood, but its
binding to the HER2 receptor causes a diminishing of the tumor growth and activates
the immune system activity against the tumor (ADCC, Antibody Dependent Cell

Associated Cytotoxicity). Its proposed action mechanisms (Figure 1.9) include:

Inhibited Sequestration of Active
immune system

Partner

HER2

receptor
HER2

Ligand

Breast-cancer cell

Stimulation
of
proapoptotic
Internalisation pathways
o

Disregulation
of cell cycle Transcription (PARP,
‘—0 HIF, COX2, VEGF, CCR4,

Apoptosis cyclins)

Nucleus

Figure 1.9: Mechanism of action of Trastuzumab and Lapatinib therapies for HER2-expressing

breast cancer (Cho et al., 2003).

1) Trastuzumab sensitises cells to apoptotic agents: it is currently unclear whether
or not Trastuzumab induces apoptosis in tumours in vivo (Gennari et al., 2004),
(Mohsin et al., 2005) but it does sensitise tumour cells to apoptosis-inducing agents.
Trastuzumab also enhances TRAIL-induced apoptosis, (Cuello et al., 2001) and
prevents cells from repairing DNA damage caused by chemotherapy or irradiation
(Pietras et al., 1994).

2) HER2 Extracellular domain (ECD)-shedding inhibition: HER2 is cleaved by proteins
containing Metalloprotease A domains: the extracellular domain is shed and the

truncated kinase domain (p95-HER2) retains the ability to form heterodimers with
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HER3 (Molina et al., 2002), and can be phosphorylated and activated. Higher levels
of ECD-shedding in vivo correlate with a poor prognosis and decreased
responsiveness to endocrine therapy and chemotherapy in patients with advanced
breast cancer. Trastuzumab inhibits ECD-shedding in vitro (Molina et al., 2001), and
in vivo, the serum ECD levels of HER2 are lower in Trastuzumab-treated patients
compared to those not treated with Trastuzumab (Ko et al., 2004).

3) Inhibition of angiogenesis: HER2 overexpression correlates with elevated levels of
vascular endothelial growth factor (VEGF) and increased angiogenesis (Konecny et
al., 2004). Angiogenesis consists in the growth of new blood vessels from pre-existing
ones and is essential for tumour growth (lzumi et al., 2002). Trastuzumab in vivo
treatment of xenograft mice models results in lower angiogenesis levels (Zhang et
al., 2010).

4) Antibody-dependent cell-mediated cytotoxicity (ADCC): Trastuzumab activates
Antibody-dependent Cell-mediated Cytotoxicity (ADCC) via recruitment of natural
killer (NK) cells to the tumour. The NK cells express an Fcy receptor (Fcy-R) which

binds to the Fc domain on Trastuzumab (Clynes et al., 2000).

/"‘—‘"\ Granzymes/perforin
/ \ ° "\
/ 4 °® \®
| ) L) \ ®e
| X
/
\ /
¥ Lysis @
- — Y b e
FcyRllla P -

Tumor antigen

48



Chapter 1. Introduction

Figure 1.10: Representation of the mechanism of action of the ADCC response mediated by an
antibody against a cancer cell, attracting natural killer (NK) cells to the tumor site. Obtained

from: (Nagayama et al., 2017).

5) Reduction of signalling through Protein kinase B (Akt) and Mitogen Activated
Protein Kinase (MAPK). Trastuzumab disrupts HER2-Src tyrosine kinase interaction,
which lowers the Phosphatase and Tensin Homologue (PTEN) phosphorylation, thus
increasing its activity. PTEN is a tumor suppressor protein. This results in a

dephosphorylation of Akt and the inhibition of proliferation (Nagata et al., 2004).

Therapeutic effect of Trastuzumab was confirmed in the first phase Il clinical trial,
in women with HER2+ metastatic breast cancer. Higher respondent rates and
increased time to disease progression when Trastuzumab was added to standard
chemotherapy were observed. Follow-up data revealed prolonged survival (median
survival, 25.1 versus 20.3 months), and a 20 per cent reduction in risk of death
compared with standard chemotherapy alone (Slamon et al., 2001). Cardiac
dysfunction was the main observed toxic side-effect, which has been addressed
through several measures including monitoring of cardiac function and minimising
of cardiovascular risk factors (Jones et al., 2009). Later, in 2006, Trastuzumab was
also approved for adjuvant treatment of early stage HER2+ disease after phase lll
trials showed that Trastuzumab reduced the risk of recurrence (Piccart-Gebhart et
al., 2005). This was confirmed in a follow-up study of the same trial, which revealed
that after a follow-up of 11 years, random assignment to 1 year of Trastuzumab
significantly reduced the risk of a disease-free survival event and death compared

with observation (Cameron et al., 2017).

Trastuzumab conjugated to the maytansinoid cytotoxic drug DM1, forming an ADC,
has also been approved for therapeutic use for metastatic breast cancer patients
that do not respond to Trastuzumab or that despite being initially responsive

ultimately experience disease progression (Lambert et al., 2014).
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Apart from the approved mAb and ADC, Trastuzumab derived molecules such as
CAR-Ts (Zhao et al., 2009) and antibody fragments (Selis et al., 2016) are also being

investigated as potential therapeutic candidates.
1.2.2. Antibody fragments

Due to their modular structure, as previously stated, parts of antibodies can also be
used as functional entities since they retain some of the functions of the whole
molecule and can even be preferable to using the complete antibody with regards
to some issues caused by the Fc region (Deonarain et al., 2015). Despite the fact of
being important for its effector function in activating the ADCC/CDC immune
response and for the antibody half-life, the Fc region can also be associated to some
drawbacks. These include: the long half-life associated to neonatal Fc receptor (FcRn)
recycling increases normal tissue exposure, giving more time for off-target payload
releasing leading to side-effects (Litvak-Greenfeld et al., 2012); Fc-gamma receptor
(FcyR) mediated cross reaction with immune or endothelial cells can also cause
toxicity; the overall large size of an IgG provides a physical barrier to tumour
penetration (R. K. Jain, 1990); steric blocking that might inhibit receptor
dimerization, often needed for internalization or epitope access (de Goeij et al.,
2014). Eliminating the Fc domain from the antibody, predominantly by genetical
engineering, results in antigen-binding fragments (Fab), single chain fragment
variable (scFv) and other multiple formats derived from antibodies, including
nanobodies and multivalent antibody fragments such as diabodies, triabodies,

tetrabodies and minibodies (Alibakhshi et al., 2017). They are depicted in Figure 1.11.
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Figure 1.11: Several fragment antibody formats. Adapted from Alibakhshi et al., 2017.

Fab and scFv were the first developed fragments and are the most used fragments

in the literature.
1.2.2.1. Fragment antigen binding (Fab) and single chain fragment variable (scFv)

Antigen-binding fragments (Fab) are the oldest form of antibody used in medicine
(Nelson, 2010). They were first made by enzymatic cleavage of an intact antibody
with the protease papain, resulting in two Fab fragments from a whole antibody.
Each Fab fragment has a molecular weight of about 50 kDa and is formed by one VH
and one VL chain linked by disulfide bonds and contains a single antigen-binding site
(Andrew & Titus, 2001). As of May 2017, there were 5 therapeutic Fabs approved by
the FDA (Animal Cell Technology Industrial Platform, 2017).

Single chain fragment variable (scFv) consist of a single polypeptide chain (molecular
weight of approximately 25 kDa) formed by the variable regions of an antibody heavy
and light chains joined with a short flexible peptide linker. The linker is usually based

on glycine and serine residues, which render it flexible and resistant to proteases.
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scFv have a monovalent structure with a good affinity for a single antigen (Ahmad et
al., 2012). Several scFv fragments are employed in clinical trials as promising
therapeutic or diagnostic fragments (Elvin et al., 2013). As of November 2018, only
one scFv had been approved by the FDA, which is binatumomab, a bispecific T-cell
engager (BIiTE) consisting of the fusion of two scFv, directed against CD19 and CD3
(Santos et al., 2018). scFvs, as well as other fragments and whole antibodies, can
have their activity enhanced by their conjugation to effector molecules such as
cytotoxic drugs or by their fusion to other proteins such as toxins or cytokines

(Deonarain et al., 2015).
1.2.3. Immunocytokines (ICKs)

Another way of improving the therapeutic potential of antibodies is mediating their
fusion to effector proteins such as cytokines, forming an immunocytokine (ICK) or
antibody-cytokine fusion protein. In this configuration, the antibody serves as a
vehicle for delivering a cytokine to the site of the disease. Cytokines are molecules
that play an important role in the immune system, being regulators and mediators
of both the innate and the adaptive immune system (Kontermann, 2012).
Immunotherapy with immunostimulatory cytokines was initially established for
interferons and IL-2 (Baxevanis et al., 2009), IFNa being the first recombinant
cytokine approved for the treatment of cancer. Cytokines as therapeutic agents,
however, can cause severe side effects, and at the same time, their accumulation in
the target site can be insufficient (Kontermann, 2012). Therefore, their targeted
delivery through their fusion with antibodies has been proposed as a way to

overcome these issues (Dela Cruz et al., 2004).

1.2.3.1. Structural elements and action mechanism of cytokines

Immunocytokines are composed by an antibody or antibody-derived fraction and the

cytokine payload, fused by a peptide linker. Therefore, several structures can be
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found in the immunocytokines, depending on the antibody format: fusions with
whole immunoglobulins, or with fragments such as Fab, scFv and other derivate
fragments. Differences in the structure of the immunocytokine can also be caused
by the cytokine itself: many cytokines are monomeric (Interleukin 2, IL-2), while
others are homodimeric (interferon gamma, IFNy) or homotrimeric (tumor necrosis
factor, TNF), and there are also some immunocytokines that are composed by two
different polypeptide chains (IL-12) (Kontermann, 2012), connected by a flexible
peptide linker (Peng et al., 1999). Combining two different cytokines in the same
construct, for example by fusing them at N and C-terminal has also been attempted
(Kontermann, 2012). Some of the immunocytokine formats are depicted in Figure

1.12.

IgG-cytokine 1gG-DNL-cytokine
j‘
e
SCFV-CL::SCFVCH1-
Fe-cytokine scFv-Fo-cytokine  scFv-CH3-cytokine Fab-cytokine cytokine

LN N

Figure 1.12: different immunocytokine antibody formats. Obtained from (Kontermann, 2012).

The fusion construct format has a direct impact on the therapeutic activity of the
immunocytokine: antibody fragment based immunocytokines will lack the
ADCC/CDC response driven by the Fc region of the antibody. The therapeutic
antitumor activity of the immunocytokine is also defined by the cytokine, which can
have a direct cytotoxic effect on the target cells (IFN-a, TNFa, FasL) and/or have a

stimulatory effect over the immune system.
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Despite the fact that many different antibody-cytokine fusion proteins have been
investigated, relatively few have entered clinical phases (featuring mostly IL2, TNF
and IL12 as immunomodulatory payloads), and only recently they have been able to
reach Phase Il clinical trials (Hutmacher et al., 2018). The high molecular mass of
immunocytokines can reduce therapeutic efficacy by impairing vascular evasion and
tissue penetration (Kontermann, 2012). Another issue can be generated
immunogenicity associated to the linkers used to connect the cytokine and the
antibody and also to using non-human or humanized antibody moieties

(Kontermann, 2012).

1.2.4. Antibody Drug Conjugates (ADCs)

Antibody drug conjugates (ADCs) are one of the most prominent spearheads of the
anticancer therapeutic field (Diamantis et al., 2016). They consist of cytotoxic drugs
covalently linked to antibodies that specifically recognize antigens overexpressed in

tumors or other diseases (Figure 1.13).

T

ANTIBODY LINKER CYTOTOXIC DRUG

Figure 1.13: scheme of the structure of an ADC with its three main elements: antibody, linker,

and cytotoxic drug (Wooge, 2014).

Targeting cytotoxic agents to the tumor site represents an improvement with

respect to chemotherapy, which can cause severe side-effects due to off-target
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cytotoxicity. Thus, a broader therapeutic window is obtained with ADCs (Figure

1.14).
Chemotherapy ADCs
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Figure 1.14: therapeutic index improved by ADCs with respect chemotherapy treatment.

Obtained from (Panowski et al., 2014).

ADCs are the translation of the “magic bullet” theory described by Paul Ehrlich in
1913 (Ehrlich, 1913), referring to the selective delivery of toxic agents to target cells
causing disease. In 1958, the first ADC was generated, consisting of methotrexate
conjugated to a leukemia cell-targeting antibody (Mathe et al., 1958). The first ADC
clinical trial in humans was performed using an anticarcinoembryonic antigen (anti-
CEA) antibody-vindesine conjugate in 1983 (Ford et al., 1983), and promising results
were reported. However, poor target antigen selection, immunogenicity derived
from the use of murine or chimeric antibodies, and low potency drugs, hindered the
success of the first ADCs (Panowski et al., 2014). Technological advances on
antibodies (including antibody humanization) led to an increasing in ADC studies. The
first-generation ADCs consisting of chimeric or humanized antibodies were tested in
the 1990s (Tsuchikama & An, 2016). Finally, further efforts towards practical
therapeutics led to the first FDA-approved ADC brentuximab vedotin (Adcetris) in

2011 (Younes et al., 2010) (previous to that, another ADC, gemtuzumab ozogamicin
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(Mylotarg) had been approved in 2000 but later withdrawn from market in 2010 due
to a lack of clinical benefit and high fatal toxicity rate compared to standard

chemotherapy (ten Cate et al., 2009)).

Currently, there are 4 FDA-approved ADCs in the market (Figure 1.15), and a high
number of them (around 60 (Chalouni et al., 2018)) are in clinical trials (Tables 1.6
and 1.7 report some of the ADCs that are in phase Il and Ill). The numbers of ADCs
entering clinical trials has steadily increased over the past years, and a higher

number of approved ADCs is expected in the future.
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Figure 1.15: representation of the 4 approved ADCs. A) Mylotarg; B) Adcetris; C) Kadcyla; D)
Besponsa. Obtained from (Joubert et al., 2017).
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Table 1.6 ADCs in clinical phase Il (beginning 2018) (adapted from (Lambert et al., 2018))

: SO Conjugation
ADC Company Antigen Indication Drug compound Jug
strategy
Mirvetuximab
. i M4 H
Soravtansine Immonogen FRa Ovarian D b eterogeneous
cancer (Maytansinoid) (Lysines)
(IMGN853)
. Triple
Sacituzumab  Immunomedics .
i (licensed to negative Heterogeneous
govitecan TROP-2 breast cancer, SN-38 .
Seattle thelial and (Cysteines)
(IMMU-132)  genetics) uroTheta an
other cancers
Vadastuximab Homogeneous
talirine . Acute myeloid .
Seattle genetics CD33 leukemia PBD dimers (cysteine
(SGN-CD33A) addition)
Depatuxizumab Glyoblastomea Heterogeneous
P . Abbvie EGFR and other MMAF (Auristatin) & .
mafodotin (cysteine)
EGFR+ tumors
Rovalpituzumab Abbvie DLL3 Small Cell PBD dimers Heterogeneous

tesirine (Rova-T) Lung Cancer (cysteines)

Table 1.7 ADCs in clinical phase Il (beginning 2018) (adapted from (Lambert et al., 2018))

. S Conjugation
ADC Company Antigen Indication Drug ug
strategy
Renal cell Het
AGS-16C3F Astellas ENPP3 enatce MMAF ¢ croBeneous
carcinomas (cysteines)
Anetum.ab Mesothelioma Heteroreneous
Ravtansine Bayer Mesothelin  and othersolid = DM4 (Lys?nes)
(BAY94-9343) tumors
iffuse | -
Naratbssian ::I):elluLsemarhg;rr?a Heterogeneous
emtansine Immunogen CD37 and zollpi)cular DM1 (L s?nes)
(IMGN529) ¥
Lymphoma
Rovalpituzumab Abbvie DLL3 Small Cell Lung PBD dimers Heterogeneous

tesirine (Rova-T)
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From an economical perspective, the ADC market is anticipated to grow in the
upcoming years, reaching an estimated value of $8 billion in the next five years
(Sharma, 2018), and representing one of the most developed biologic drugs by

biopharma companies (Figure 1.16).

BIOPHARMA INVESTMENT: TYPES OF BIGLOGICS
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Figure 1.16. Percentage of biopharma companies that develop the listed products ((Ferraro,

2016).

1.2.4.1. ADCs: action mechanism and structural elements

ADCs are formed by an antibody moiety covalently linked to a cytotoxic drug
(payload) by a linker, as previously presented in Figure 1.13. The general mechanism
of action of an ADC consists in its binding to the cancer cell surface-expressed
antigen. Then, the ADC is internalized through endocytosis, and processed in the

lysosomes, where the cytotoxic payload is released and then released inside the cell
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in a bioactive form. This allows the payload to exert its function, normally disrupting

DNA or microtubules, or inhibiting RNA polymerase or topoisomerase. A general

mechanism of action is depicted in Figure 1.17.
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Figure 1.17: action mechanism depiction and explanation of an ADC, and challenges associated

with ADC design (Peters & Brown, 2015).

Taking into account their action mechanism, it is important that the ADCs antibodies

have enough affinity and specificity for the target antigen. In this regard, it is also

crucial that the selected antigen is predominantly expressed in the target cells while

having a minimal expression on healthy cells, thus minimizing off-target driven side-

effects and broadening the window therapy. It is also important for the antibody to

avoid the generation of immunogenicity and have a long half life in human blood
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stream. This can be achieved by using humanized or fully human antibodies

(Tsuchikama et al., 2016).

1.2.4.1.1. Payload

Regarding the payload, it is important that it is a potent molecule, and that, ideally,
they have inherent selectivity for target cells. It must be considered that a very low
proportion of the injected payload molecules will exert its function into the target
cell: some approximations state that less than 2% of administered drug load
molecule enter the target cells due to loss of drug at each step of the ADC action
mechanism (biodistribution, binding to antigen, internalization, release of payload,
intracellular stability of payload, and payload binding to target (Teicher et al., 2011)),
therefore, potent drugs are needed, with cytotoxic activity ideally in the picomolar
range (Tsuchikama et al., 2016). Related to this fact, payloads can attain non-target
cells through nonspecific pinocytosis or mediating interaction with the Fc region of
the antibody (Lencer et al.,, 2005). Moreover, payload can be released due to
degradation during the circulation into the bloodstream. These issues render
attractive the use of antimitotic agents as payloads, since they are generally less toxic
to noncancerous cells than to cancerous cells (Tsuchikama et al., 2016). These
include calicheamicin, auristatins (such as monomethyl auristatin E, MMAE) and
maytansinoids (such as DM1) (all three used in FDA-approved ADCs), and new classes
of antimitotic compounds such as duocarmycins, pyrrolobenzodiazepine dimers
(PBDs), amanitins and tubulysin analogs (Chari et al., 2014) (Pérez-Herrero et al.,

2015). Table 1.8 summarizes the most used payloads in ADCs in development.

Table 1.8 Targets and action mechanisms of the main payloads used in ADCs

Target Payloads Action mechanism
DNA repair Calicheamicins They bind to the minor
ways groove of DNA of the tumor

cell, were they form diradical
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Duocarmicines

Pirrolobenzodiacepines(PBD)

Microtubule Auristatins

formation

Maitansines

62

species that end up by
causing the escission of the
DNA chains in different
locations

(Smith & Nicolaou, 1996).
They bind to A-T rich regions
of DNA.

They bind to G residues of
DNA.

They stop the cell cycle in
phase G2/M. They interfere
with microtubule formation
during mithosis by binding to
b subunits of a-b tubulin.
Therefore, GTP hydrolysis is
avoided in the b-tubulin
subunit, causing the
excessive growth of the
microtubules (Francisco et
al., 2003) (Figure 1.15).

They stop the cell cycle at
G2/M phase. They interfre
with tubuline microtubules
formation during mithosis by
blocking the polymerization
of tubulin dimers and avoid
mature microtubules
formation. Moreover,

already formed mature



Chapter 1. Introduction

microtubules despolymerize
when the GTP, which is
bound to b-tubulin subunits,
is hydrolized. (Lopus et al.,
2010) (Figure 1.15).

GTP
pyImi g

(e o]
Polymerization Seces Depolymerization
B-Tubulin © GoP

a-Tubulin @
Tubulin dimer

bound to GTP

Tubulin dimer
bound to GDP

Shrinking microtubule

Growing microtubule

Paused microtubule (neither polymerizing
nor depolymerizing)

Figure 1.18. Effect of auristatins and maytansines cytotoxic drugs on tubulin microtubules

(Peters et al., 2015).

1.2.4.1.2. Linker and conjugation strategies

The linker element of the ADC is also crucial for its success. In order to have the best

outcome in terms of therapeutic window and therapeutic efficacy of the ADC, the

linker should comply several requirements, including: being stable enough to allow

the circulation of the ADC through the bloodstream without being cleaved and
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releasing the payload; being able to rapidly cleave in the lysosome in the target cell,
allowing the payload to have its cytotoxic effect; being hydrophilic, since
hydrophobic linkers promote the aggregation of the ADC, resulting in loss of
therapeutic function and generation of immunogenicity (Tsuchikama et al., 2016).
Current linkers can be classified into two categories: cleavable and non-cleavable
(Panowski et al., 2014). Cleavable linkers can be divided into three main groups: acid
labile, protease cleavable linkers and disulfide linkers. Acid labile linkers are stable in
blood at neutral pH but break at acidic pH found in lysosomes. Protease cleavable
linkers are also stable in plasma but are designed to be cleaved by specific proteases
found in lysosomes of cancer cells. Another class of linkers are the ones that
conjugate through disulfide linkage, exploiting the high level of intracellular reduced
glutathione to release the free drug inside the cell (Panowski et al., 2014). The linker
and conjugation strategy applied in an ADC determine their main classification into

conventional heterogeneous ADCs or homogeneous ADCs.

1.2.4.2. ADC conjugation strategies: heterogeneous

Heterogeneous ADCs are a mixture of products that differ in the site and
stoichiometry of conjugation (Behrens et al., 2015). This strategy includes the
conventional conjugation methodology, which is based on using solvent accessible
amino acids lysine and cysteines derived from the reduction of the interchain
disulfide bonds in the antibody (Panowski et al., 2014). In both heterogeneous cases,
the process affords a mixture of ADC species with variable Drug-Antibody Ratios
(DARs) and different conjugation sites. Generally, a broad distribution of the DAR
leads to reduced efficacy. High DAR can increase potency and the risk of aggregation,
clearance rate and premature release of the cytotoxic drug during circulation

(Tsuchikama et al., 2016).

Lysine conjugation is based on an amide coupling: solvent accessible lysine residues

are conjugated to linkers containing activated carboxylic acid esters. Since there are
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about 80 lysine residues on a typical antibody and about 10-20 residues (depending
on the source: (Chari, 2008), (Panowski et al., 2014)) are chemically accessible, the
outcome results in a multiple ADC species with variable DARs and conjugation sites:
linker drug per antibody can range from 0-8 (Hamblett et al., 2004). Furthermore,
some lysine residues that are critical in antibody-antigen interaction may be
modified, resulting in reduced binding affinity (Tsuchikama et al.,, 2016). The
heterogeneity of the product also renders consistency in ADC production

challenging.

Despite the above mentioned drawbacks, lysine conjugation has yielded 3 of the 4
FDA-approved ADCs. These consist in gemtuzumab ozogamicin (Mylotarg),
trastuzumab-emtansine (Kadcyla) and inotuzumab ozogamicin (Besponsa).
Gemtuzumab ozogamicin is an anti-CD33 ADC approved for acute myelogenous
leukemia treatment. The payload consists in the calicheamicin ozogamicin.
Inotuzumab ozogamicin shares the same payload than Mylotarg and is directed to
the antigen CD22, being approved to treat acute lymphoblastic leukemia. Kadcyla
consists of the previously described anti-HER2 antibody Trastuzumab conjugated to
the maytansinoid microtubule inhibitor DM1, with a DAR of 3.5. This ADC was
approved in 2013 for metastatic HER2+ breast cancer patients who had relapsed
after Herceptin (Trastuzumab) treatment. Phase llI clinical trial results showed that
Kadcyla significantly prolonged progression-free and overall survival with less
toxicity than the standard treatment of lapatinib plus capecitabine (Lambert et al.,

2014).

The second conventional heterogeneous conjugation method consists of using
solvent accessible cysteines from the reduced interchain disulfide bonds of the
antibody. In 1gG1, the most commonly used form in modern ADC, there are 4
interchain and 12 intrachain disulfide bonds. The 4 interchain bonds can be reduced

and generate 2, 4, 6 or 8 free thiols while maintaining the intrachain disulfide bridges
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unaltered. This conjugation strategy leads to products with species with DARs
ranging from 0-8. It has been used in FDA-approved ADC brentuximab-vedotine, an

anti-CD30 ADC with a DAR of 4, for treating relapsed or refractory Hodgkin’s

lymphoma.
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Figure 1.19: conjugation mediating classical lysine and cysteine residues. Adapted from (Panowski et

al., 2014).

Some of the drawbacks of heterogeneous ADCs can be overcome by alternative

conjugation strategies in which homogeneous products are obtained.
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1.2.4.2. ADC conjugation strategies: homogeneous

Homogeneous ADCs contain a specific number of conjugated drugs at defined sites
on the antibody (Jain et al., 2015). This allows obtaining a product in which there is
only one specie with the same number of drugs per antibody and at the same
location, therefore eliminating naked antibody species (with low therapeutic
activity) and high-loaded species, which tend to aggregate and produce toxic side-
effects. This can lead to improvements in ADCs properties such as stability, potency
and safety, rendering the therapeutic windows of homogeneous ADCs wider when

compared to conventional heterogeneous benchmarks (Jackson, 2016) (Figure 1.20).

A chemotherapy 1st generation ADCs 2nd generation ADCs
toxic
ot toxic

S

g therapeuti therapeutic window therapeutic window
o
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Disulfide reduction (thiol groups; Adcetris®) - Cysteine engineering (TH
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- Chemoenzymatic systems
(FGE, SHA, MTG, TTL/Tub-tag)

Figure 1.20: therapeutic index improved by homogeneous ADCs with respect heterogeneous ADC and

chemotherapy treatment. Adapted from (Schumacher et al., 2016).

Homogeneous ADCs can be obtained through different strategies (Figure 1.21 and

table 1.9), the most relevant including:

A) Thiomabs: The typical cysteine-based homogeneous conjugation process relies
on a genetically modified antibody which normally contains a single point
mutation where one of the amino acids of the antibody is substituted by a
cysteine, to which the cytotoxic drug will be conjugated in a selective manner

(Sochaj et al., 2015).
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B) Antibodies with unnatural amino acids: These are antibodies which contain
unnatural amino acids in concrete locations. They are homologous to Thiomabs,
but contain unnatural amino acids instead of cysteines. These amino acids have
specific side-chains that allow them to be conjugated in a site-directed way, since
the applied conjugation chemistry will not react with the rest of the amino acids
of the antibody.

C) Enzymatic conjugations: Site-directed conjugations can be driven by enzymes
that selectively modify antibodies with unique functional groups.

D) Linker-based approaches: Site-directed conjugations can also be performed
through linker-based processes. In this case, the processes are chemically driven
and differ from previously described processes in that they are focused on linker

modifications.

Figure 1.21. Depiction of an antibody marked with different conjugation sites and strategies,

explained in Table 1.9. Figure obtained from (Dennler et al., 2015).
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Table 1.9. Summary of ADC conjugation strategies (related to Figure 1.18)
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Fig. 1.18
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Fig. 1.18
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Fig. 1.18
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Fig. 1.18
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Several homogeneous ADCs have entered clinical trials and reached late phases,
thus, the possibility of seeing a homogeneous ADC in the market being very close

(Beck et al., 2017).

1.2.5. Preclinical models for analyzing therapeutic mAb and derived

molecules

Experimental therapeutic anticancer molecules need to be tested in order to check
their efficacyand this can be achieved through several methodologies. In preclinical
research, 2D in vitro tests and in vivo mice are standard procedures. In the last years,
3D culture models, comprising different methodologies, have been gaining

importance.

2D in vitro cultures with cells growing as monolayer are routinely used for drug
screening, and also allow to study the genetic and molecular mechanisms underlying
cancer (Nyga et al., 2011). For the analysis of Trastuzumab and Trastuzumab ADC
derived molecules, HER2+ breast cancer cell lines are used, including SKBR3, BT474
and JIM-T1 (Phillips et al., 2008), (Barok et al., 2011). However, the 2D approach does

not reproduce the native in situ environment of cancer or normal tissues.

In vivo models provide the native 3D microenvironment in which the tumors reside.
The most commonly used in vivo model is the human tumor xenograft which consists
of inoculating human cancer cells or small fragments from cancer specimens either
subcutaneously or orthotopically in other organs/tissues of the laboratory mouse

and let the tumor grow. Mice used for xenografts are immunocompromised so they
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do not reject human cells and include: athymic nude mice, severely compromised
immunodeficient (SCID) mice or non-obese diabetic (NOD)/SCID humanized mice
(Richmond & Su, 2008). Xenograft models have been useful in therapeutic testing,
however, sometimes phase | clinical trials reveal a different behavior of the observed
in mice, showing the fact that in vivo models may provide insufficient relevant

information for translation to the clinic (Nyga et al., 2011).

3D culture models present several advantages over classical 2D cultures, including:
morphology of the cells; differentiation, which is better characterized and evidenced
in 3D cultures; viability, since cells in 3D culture are more viable and less prone to
apoptosis than 2D cells, due to the stronger interactions between cells; drug
metabolism; gene expression and protein synthesis. All of this makes 3D system
more in vivo relevant than 2D (Gupta et al., 2016). 3D culture models comprise
different displays, going from cancer cell spheroids to models comprising many
cellular lines, or microfluidic devices. They are used in order to simulate more closely
the tumor microenvironment, and offer a compromise between the 2D and the mice
in vivo approaches. Strategies for generating 3D models include spheroids, which can
be of one cell type or multicellular; using matrices and scaffolds (the last generation
of which can be generated through bioprinting); and microfluidic related methods

(Gupta et al., 2016).

1.3. Justification of the thesis project

As it has been explained in the previous sections, immunocytokines and antibody
drug conjugates represent some of the most promising and effective therapies
against cancer. The work that will be carried out in this thesis will focus on the
development of production strategies for Trastuzumab derived molecules:
immunocytokines and heterogeneous and homogeneous ADCs. The whole process

of generation and validation of these molecules will be performed: starting from
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cloning the DNA sequences for Trastuzumab expression and finishing with the in vivo

validation of one of the produced ADCs.
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2. Objectives

The work presented in this thesis has been performed in the Cellular Bioprocess and
Engineering Group, the main aim of which is the development, optimization and
scaling up of bioprocesses, based specially on mammalian cells. In particular, the
work performed in the thesis is focused on the development of a production
platform for therapeutic antibody-derived molecules: immunocytokines and
antibody drug conjugates, based on the therapeutic anti-HER2 monoclonal antibody
model Trastuzumab. The production platform comprises the antibody alone or
antibody-fusion protein or antibody-drug conjugates conjugation, production,
purification, and the implementation of tools for physicochemical and biological
activity characterization. Several antibody formats and conjugation strategies will be

assessed.

A summarized diagram of the proposed platform is depicted below:

ADC
physicochemical
and biological
characterization

mAb/ICK cloning mAb conjugation

mAb/ICK
Cell line selection physicochemical
and characterization and biological
characterization

mAb/ICK

mAb/ICK production I e

The main objective can be divided in the following sub-objectives:

87



Chapter 2. Objectives

Construction of Trastuzumab, which includes: cloning of the DNA sequences
into the selected expression vector, transfection and selection of the
productor HEK293 cell line, production, purification, and physicochemical
and biological characterization of the product, for which several tools will be
established, and will be later applied to the immunocytokine and antibody-
drug conjugate products. The following list includes the characterized
features and the tools implemented for their assessment:

o Recognition capacity (Identity): ELISA and flow cytometry

o Amount of the obtained product: SDS-PAGE

o Purity and aggregate content: SDS-PAGE and HPLC-SEC

o Security: endotoxin content test

o Stability: HPLC-SEC

Generation of an immunocytokine based on Trastuzumab: the
antiproliferative activity of several cytokines will be assessed, and one of
them will be selected and genetically fused to Trastuzumab. The fusion
construct will then be produced, purified and both physicochemically and

biologically characterized.

Definition of conjugation strategies of Trastuzumab to the cytotoxic drugs
DM1 and veMMAE, in heterogeneous and homogeneous ways. Construction
(applying the development sequence implemented for Trastuzumab) of the
variant Trastuzumab_cys114 for the homogeneous conjugation with
vcMMAE. Conjugation and physicochemical and biological characterization
of the conjugate products will be performed. Additional characterization
tools will be implemented:
o Drug Antibody Ratio: UV spectroscopy, HIC-HPLC, Mass
Spectrometry (MS)

88



Chapter 2. Objectives

o Safety: free drug assessment through SEC-HPLC

Development of fragment conjugates: construction, production, and
purification of a scFv and a scFv_cys111 anti-HER2 fragments based on
Trastuzumab. The scFv fragment will be heterogeneously conjugated to DM1
and scFv_cys111l will be homogeneously conjugated to vceMMAE. Both
fragment conjugates will then be physicochemically and biologically

characterized.

Development and evaluation of different methodologies for the assessment
of the biological activity of the generated products. In vitro 2D and 3D
models will be compared, and an in vivo model based on immunosuppressed
mice will also be developed in order to validate the therapeutic effect of one

of the selected antibody conjugated candidates.
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3. Results (I): Development of Trastuzumab production,
purification and physicochemical characterization
3.1. Introduction

In order to develop an antibody fused to a cytokine or an antibody drug conjugate
production platform, the first step consists in producing the selected antibody of
interest, which in this case corresponds to Trastuzumab. As it has been mentioned
in the introduction chapter (see section 1.2.2.), Trastuzumab is approved for its use
in breast cancer and metastatic cancer therapy and forms the antibody part of the
commercially approved ADC Trastuzumab-emtansine (see section 1.2.10). As it is
the case for all recombinant proteins, antibody production requires several steps
that start with the obtaining of the codifying DNA sequence and end up with the
purification and characterization of the product. The sequence followed in this
chapter is depicted in Figure 3.1, and considerations for its several steps are

commented below.

Pilot scale
.P . production
physicochemic
‘Small scale al L
purification characterizatio

n

assay
Qell line

construction and
characterization

.Codifying DNA

obtention and
expression
vector
construction

Figure 3.1. Sequence followed for Trastuzumab production, purification and physicochemical

characterization.
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DNA sequence obtention: in order to express the therapeutic antibody
Trastuzumab, it has to be considered that two DNA sequences are necessary,
one for the heavy chain (HC) and another for the light chain (LC) that form the
antibody (see section 1.2.1). DNA sequences from heavy and light
trastuzumab chains were indirectly obtained from an online database and
were then synthetically generated (see section 3.2). An important parameter
when designing DNA sequences consists in taking into account the fact that
the genetic code is degenerated, resulting in different codons codifying for
each amino acid (Komar, 2016). In this regard, the codon usage bias (preferred
codons for each amino acid of each species) and codon context (the codons
that immediately precede or follow the preferred codons) have to be adapted
to the expression host in order to maximize the transcription rate of the gene
of interest. At this respect, the Codon Optimization On-line (COOL) software
(Chin et al., 2014), were used for this pourpose.
Expression vector construction: in order to express the antibody, it is
necessary to express its 2 chains. Regarding the expression vector, this can be
achieved through different ways. One possibility is the expression of each
chain in a different mRNA. The other possibility is the coexpression of both
chains in the same mRNA, which is the one that has been used in this work
(see section 3.2). This could be performed using a derivate of the commercial
bicistronic pIRESpuro3 plasmid (Figure 3.2). The main elements of the
pIRESpuro3 expression cassette include:

o A cytomegalovirus (CMV) promoter with an enhancer sequence.

o A multiple cloning site (MCS) sequence, in which the gene of interest

is cloned.
o An IVS synthetic intron (Intervening sequence) which improves the

stability of the mRNA (Huang et al., 1990).
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o An Internal Ribosome Entry Site (IRES) sequence for expressing 2
genes in the same mRNA by allowing the entry of the ribosome
inside the codifying mRNA (Jackson et al., 1990).

o A gene codifying for the puromycin-acetyltransferase gene (pac),
which acts as a selection marker by conferring resistance to the
eukaryotic antibiotic puromycin, which is used to stably select the

transfected cells (Paik et al., 1985) .

pIRESpure3 |

5171 bp
pUC
ori

IRES

Pvull
(3180}

SV4D Puro’
polyA

Figure 3.2. Graphic map of pIRESpuro3 commercial plasmid. Obtained from (Clontech,

2010).

As it has been seen, the IRES element allows the expression of two genes in
the same mRNA. This fact presents several advantages:

o Since the plasmid does not have a replication origin, all the

selected cells contain the whole expression cassette integrated

in their genome: the selection marker, necessary for cell

survival, will only be expressed when the promoter of the
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expression cassette (therefore, the whole expression cassette)
is also integrated.

o The cells containing the expression marker will also express the
target gene of interest, therefore, all the selected cells will
produce the protein of interest.

o Coexpressing the gene of interest with the selection marker
allows avoiding undesirable issues that appear when other
expression strategies are used. For example, when two different
promoters are used, there can be resistant cells that do not
express the protein of interest due to epigenetic silencing
(Mariati et al., 2014).

Host cell line: Once the expression vector is constructed, the next step
consists in its transfection to the host cell line. The cell line used in this work
for Trastuzumab and all the different Trastuzumab derived antibody
molecules production has been HEK293 (Human Embryonic Kidney 293). Most
therapeutic recombinant proteins are currently produced with CHO (Chinese
Hamster Ovarium) cell line (Butler et al., 2014), with commercial Trastuzumab
(Herceptin) also being produced with this cell line (Li et al., 2010). However,
human cell lines such as HEK293 have been gaining importance in the last
years, with several commercially approved therapeutic proteins being
produced in human cell lines (Dumont et al., 2016). With respect to CHO cell
line, they present the main advantage of performing human glycosylation on
the produced protein, avoiding some immunogenic glycosylation produced by
CHO cells (Dumont et al., 2016). Moreover, other characteristics of HEK293

that render them viable production hosts include:

o Easily genetically modified (Kim et al., 2012), with a high transfection
efficiency (Thomas et al., 2005).

o Easy growth in suspension cultures, reaching high densities.
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o Growth in media that do not contain bovine serum (chemically
defined media allow better reproducibility and safety profiles than
media containing human derived molecules) (Liste-Calleja et al.,

2014).

Once the cell line has been selected, its characterization in terms of growth
rate and maximum cell density achieved in small scale cultures (Erlenmeyer)

are performed, prior to the scale-up to bioreactor culture.

Recombinant protein production in bioreactors: single use technologies. In
the production phase, cells are typically cultured in a bioreactor in controlled
conditions of temperature, pH and pO, mediating automatized control
systems managed from the Digital Control Unit (DCU). Normally, some of the
parameters controlled by the DCU are monitored on-line through the
corresponding probes (oxygen, pH, temperature), and other off-line variables
are also monitored, such as counting of viable cells or metabolite analysis.

Classical bioreactor culture processes are carried out in stainless steel
bioreactors, however, the use of single use bioreactors in the
biopharmaceutic industry has hugely incremented in the last years (Kaiser et
al., 2015). Single use bioreactors are mostly based bag technology made of
FDA-approved plastics (Loffelholz et al.,, 2013), and present several

advantages (Kaiser et al., 2015):

o Reduced cleaning procedures.
o Lack of validation issues (cleaning, sterilization, etc.).
o Lower investment costs.

o Easier to adapt to changing process demands.
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o Less contamination risks (including avoiding cross-contamination

issues).

The breakthrough of this technology was paved by the wave-technology,
based on disposable bags mounted on rocking devices (the WAVE bioreactor
was introduced in 1996 (Shukla et al., 2013)). The success of this technology
led the way to the appearance of stirred bioreactors based on the bag
technology, with higher working volumes, up to the m? scale (Kaiser et al.,
2015). In this work, both single use technologies (wave and stirred bioreactor)

have been used.

Downstream: recovery and purification of the product. Once the product has
been produced, it has to be recovered through a series of steps forming the
downstream process. Downstream sequences for monoclonal antibody
production processes have been established in the biopharmaceutic industry,
consisting in the following general steps compliant with FDA quality
requirements (Shukla et al., 2017; Xenopoulos, 2015):
o Cell culture harvest
= Centrifugation: it is the first common step for separating the
culture broth, where the antibody is secreted, form the
cells. However, complete removal of cells and cell debris,
which must be removed prior to chromatography, cannot be
achieved (Shukla et al., 2007).
= Depth filtration: applied in order to remove cellular debris.
Depth filtration consists in using a porous medium that is
capable of retaining particulates throughout its matrix
rather than just on its surface. Depth filters typically consist

of a fibrous bed of cellulose or polypropylene fibers along
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with a filter aid (diatomaceous earth) and binder (Khanal et
al., 2018), therefore, not having an absolute pore size rating.
=  Membrane filtration: normally of 0.45 or 0.2 um of absolute
pore size rating, it ensures the removal of solid particulates
from the cell culture harvest supernatant.
Capture chromatography: protein A chromatography. It is an affinity
chromatography based on protein A ligand, which has a strong
affinity for the constant fraction of the heavy chain of most IgGs. It
serves as the capture step of the process, and can yield around 99%
purity starting from the cell culture supernatant (Shukla et al., 2007).
Further polishing steps can remove levels of host cell protein
contaminants, DNA and product-related species (high molecular
weight aggregates and low molecular weight clipped species) and
assure viral safety.
Low pH viral inactivation: due to regulatory requirements (Shukla et
al., 2007), a low pH treatment is applied in order to inactivate virus
content. Since the elution from the protein A chromatography is
performed with an acid pH, the eluted solution is adjusted to pH <
3.8 and incubated assuring the viral inactivation.
Polishing chromatography steps: these steps are aimed at reducing
host cell protein impurities, high molecular weight aggregates, low
molecular clipped species, and DNA and leached protein A that
remain after the protein A chromatographic step. Usually 2 to 3
subsequent chromatography steps are typically employed,
consisting in cation-exchange chromatography (CEX), anion-
exchange chromatography (AEX) and hydrophobic chromatography
(HIC) (Marichal-Gallardo et al., 2012).
Viral filtration: applied to complement the low pH- viral inactivation

step.
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o Ultrafiltration / Diafiltration: step to exchange the buffer to the
formulation buffer.
For smaller scale productions and purifications, as it is the case of this thesis
work, modifications of this downstream sequence can be applied.
Characterization of the product: Once purified, the product needs to be
characterized. Biotechnological therapeutics, particularly monoclonal
antibodies, can have numerous quality attributes that can potentially affect
the safety and/or efficacy of the product (Rathore, 2009). The European
Medicine’s Agency (EMA) regarding “Production and Quality Control of
Monoclonal Antibodies” states that “the mAb should be characterized
thoroughly”, including several parameters such as molecular weight or size,
disulfide bridge integrity, aggregates, and glycosylation pattern (EMA, 2016).
Physicochemical and functional characterization need to be performed in
order to assure that the product is able to correctly perform its functions.
Immunological properties of the antibody, such as determining the binding
ability to its target antigen, also have to be performed (EMA, 2016). The
characterization of several of these parameters will be performed in this
work:
o Concentration
o Purity
o Molecular weight
o Structure: the formation of the interchain disulfide bridges of the
antibody are critical for the correct structure formation and stability
of the antibody (McAuley et al., 2008).
o Antigen recognition capacity. The antibody ability to recognize its
target antigen will be assessed in two different ways: ability to bind
to an immobilized antigen and ability to bind to a cell surface

antigen, for which several cell lines have been used:
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= SKBR3: it is a breast cancer model cell line which
overexpresses the target antigen of Trastuzumab antibody
(HER2).

= MCF7: breast cancer model cell line that does not
overexpress the HER2 antigen.

= Hybridoma (KB-26.5): hybridomas are cell lines formed by
fusing an immortal B cancer cell with an antibody-producing
B cell. It does not express the HER2 antigen.

o Aggregates: the active monoclonal antibody will be found in a
monomer form, while aggregates can affect the biological activity of
the mAb, are irreversible, have the potential to cause side effects
(Wang et al., 2018) and, from a conjugation point of view, are more
prone to precipitation once conjugated and render more difficult
obtaining a conjugated product with the desired proprieties (see
chapter 5).

o Glycosylation pattern: glycosylation is one of the most common
post-translational modifications (PTMs) of proteins, and have an
effect on a high number of functions of their protein carrier. In
antibodies, glycosylation can affect their stability and in vivo
efficacy, including pharmacokinetics and immunogenicity
(Torkashvand et al., 2017). IgG1 antibodies are typically glycosylated
on the Asparagine 297 residue of the heavy chain, with the light
chain generally not being glycosylated.

o Safety: endotoxin content test. Endotoxins (molecules that come
from gram negative bacteria) can cause fever after intravenous
administration or inhalation (they are pyrogens) (Franco et al.,
2018). Therefore, their content in a therapeutic product has to be

determined.
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o Stability: the produced antibody has to remain stable along time,
maintaining its function. One of the parameters that can be analyzed
for stability determination is the aggregate content of the antibody

sample.

Trastuzumab production is the base for the subsequent generation of the different
ADCs later assessed in this thesis (chapter 5), and allows the implementation of

several tools for antibody and ADC characterization that will also be used later.

3.2. Trastuzumab sequence construction and cloning

As it has been explained in the introduction, Trastuzumab is formed by two different
protein subunits: the heavy chain (HC) and the light chain (LC). The DNA sequences
of each chain that were used by Genentech for Trastuzumab production are not
publicly available. However, their amino acid sequences are reported in the
Drugbank database (Wishart et al., 2017). These amino acid sequences were used to
obtain the DNA sequences by reverse translation. Then, the obtained DNA
sequences were adapted to the HEK293 host codon usage, since due to the
degeneration of the genetic code, multiple codons can be used to codify for a
determined DNA sequence. This was performed using the Codon Optimization On-
line (COOL) software (Chin et al., 2014), which considers the individual codon usage
and the codon context of a given sequence, thus obtaining a sequence similar to a
natural sequence of the host organism. These sequences are contained in the

Appendix I.

Up to this point, the obtained DNA sequences of each chain codified for the mature

protein, therefore lacking a signal peptide, which was added to each chain sequence.
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Signal peptides are short sequences which are necessary in order to allow the
secretion of a protein from a production host, and which are then cleaved from the
mature protein (Martoglio & Dobberstein, 1998) (this is the reason why it was not
included in the DrugBank sequence). Bibliographically obtained signal peptides
described as highly efficient for Trastuzumab secretion (Haryadi et al., 2015) were
used. Finally, the restriction sites Nhel and Agel were added to the LC sequence,
while Notl and BamHI| were added to the HC sequence, in order to clone them into
the expression vector. Signal sequences are included in the sequences contained in
the Appendix I. The designed DNA sequences were then chemically synthesized by
the company GenScript (US), each one of them (LC and HC) in a commercial pUC57

plasmid vector (see section 10.6 of Materials and Methods).

As it has been explained in the introduction of this chapter, the expression of both
chains of the antibody in an equilibrated manner has to be ensured. This can be

achieved through different approaches regarding the chains cloning, which include:

1. Cloning the heavy chain and the light chain each one in a different vector.

2. Cloning both chains in the same vector, each one of them under the control
of different promoters.

3. Cloning both chains in the same vector, both of them under the control of

the same promoter, and, therefore, in the same mRNA.

The third strategy, consisting in cloning both chains in the same vector, presents
several advantages with respect to approaches 1 and 2: only one plasmid is needed,
and, by controlling the expression of both chains with only 1 promoter, a more
equilibrated expression of the chains can be obtained, avoiding epigenetic silencing

of one of the two promoters potentially resulting in decompensated LC:HC

100



Chapter 3. Results (1)

proportions (Ho et al.,, 2013). Therefore, this was the selected strategy for the

expression of Trastuzumab.

In order to express LC and HC under the control of the same promoter, a tricistronic
plasmid derived from the commercial pIRESpuro3 plasmid was used. As it has been
explained in the introduction of this chapter, pIRESpuro3 is a bicistronic plasmid that
allows the expression of a gene of interest and the antibiotic resistance selection
marker (puroR) in a single mRNA, therefore ensuring that all the selected cells,
resistant to the selective pressure, produce the protein of interest. The pIRESpuro3
vector, however, only allows the expression of one gene of interest. In order to allow
the expression of the two chains from the same mRNA, the pIRESpuro3 vector was
modified and converted in a tricistronic vector, named pTRIpuro3. This was achieved
by cloning an extra IRES sequence (identical to the IRES sequence of pIRESpuro3) into
the MCS of the pIRESpuro3 vector, thus generating a tricistronic vector as depicted

in Figure 3.3 and detailed in (Roman, 2018).
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Figure 3.3 Map of generated pTRIpuro3 vector.

LC and HC were cloned from the original pUC57 vector to the pTRIpuro3 vector
between Nhel-Agel and Notl-BamHI sites, respectively, resulting in the sequence
shown in Figure 3.4. The pTRIpuro3 plasmid containing LC and HC was named

pTRIpuro3_Tzmb.

— — —
Promoter LC IRES HC IRES puroR

Figure 3.4. Scheme of LC and HC distribution in under the control of the CMV promoter, separated

by two IRES sequences with the puromicyn resistance gene at the end.

3.3. Trastuzumab production, purification and physicochemical

characterization establishment

3.3.1. Cell line characterization: growth and production assessment

Once constructed, pTRIpuro3_Tzmb was transfected to HEK293 cells (see section
10.7.6), resulting in HEK293_Tzmb cell line, and cell pools were selected with culture
medium containing 10 mg/L of puromycin antibiotic (see section 10.2.1.1.). Once the
cell pool had been established, cells were transferred to 125 ml shake flasks and their
growth profile and production titers were assessed, as depicted in Figure 3.5. Values
of maximum cell density (MCD) of 13.4-10° cell/m| were reached, and a final
concentration of 9.1 mg/L of Trastuzumab product was obtained, with a maximum
exponential growth rate of 0.0295 h! corresponding to a doubling time of 23.5 h.
Trastuzumab concentration assessment is detailed later in the chapter, in section

3.3.3.1.
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Figure 3.5. HEK293_Tzmb growth profile and Trastuzumab production titers in erlenmeyer culture.

Error bars correspond to standard deviation of n = 3 replicates.

3.3.2. Purification assay

After the production cell line was characterized, a sequence for recovering and
purification of the produced Trastuzumab was implemented. This initial recovery
and purification sequence was implemented at a small scale (50 ml of initial broth
culture), since the produced product came from shake flask productions. This
sequence consisted in a first solid-liquid separation step performed by
centrifugation, followed by a 0.45 um microfiltration, an affinity chromatography
with a Protein A resin (which selectively binds to the constant fraction of heavy
chains IgGs), and a final dialysis step, in order to exchange the buffer of the eluted
chromatography fraction from an acid one (pH = 2.75) to a buffer closer to a neutral

pH (PBS), more adequate for the preservation of the product. This downstream
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sequence is summarized in Figure 3.6. See section 10.8 for more detailed information

on the specifics of the performance of this downstream process.

Affinity
chromatography

Microfiltration

Centrifugation

Figure 3.6. Scheme of the downstream process implemented for small scale purification of

Trastuzumab.

This purification sequence had a global yield of 86% obtaining a product with a purity
of >95%. The purity determination is detailed later in this chapter, in the section

3.3.3.1.

3.3.3. Physicochemical characterization of produced Trastuzumab

In order to analyze the quality of the produced Trastuzumab and characterize the
obtained purified Trastuzumab samples, several analytical techniques have been

implemented. The assessed physicochemical parameters include:

e Concentration

e  Purity

e Correct structure formation

e Antigen recognition capacity

e Aggregate content

e Molecular weight and glycosylation
e Endotoxin content

e Stability
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3.3.3.1. Concentration, purity and correct structure formation of the obtained

product: SDS-PAGE

Concentration and purity of Trastuzumab in the different obtained samples was
performed by means of densitometry analysis of the protein bands of a SDS-PAGE
(Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis) gel using a molecular
weight marker with a known amount of a reference protein (see 10.9.1. section for
further detail). An example of a SDS-PAGE gel with Trastuzumab is depicted on Figure
3.7.

This gel was also used to assess the correct formation of the Trastuzumab antibody:
when it is correctly formed, heavy and light chains are bridged through disulfide
bonds, forming an antibody of ~150 kDa (145585.6 Da). The gel is depicted in Figure
3.7., were a band of ~150 kDa, corresponding to fully formed Trastuzumab, can be
observed. When the Trastuzumab sample is reduced, two bands appear,
corresponding to the antibody heavy and light chains of around 50 and 25 kDa,

respectively.
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Figure 3.7. SDS-PAGE of a purified Trastuzumab sample (lane A) and the same sample reduced

with B-mercaptoethanol (lane B), with the molecular weight marker at the left.

Purity of the Trastuzumab samples was also determined with the same SDS-PAGE
analytics, in this case by measuring the intensity of the protein band of interest with
respect to the total intensity of the total number of bands of the sample (see 10.9.1.).
A band intensity profile of a purified Trastuzumab sample is shown on Figure 3.8, in
this case, the whole Trastuzumab molecule accounts for 95.5% of the protein

content of the sample.
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Figure 3.8. SDS-PAGE of a purified Trastuzumab sample, showing the relative intensities of the
protein bands of the sample, where the band corresponding to Trastuzumab (150 kDa) represents

95.5% of the total protein.

3.3.3.2. Antigen recognition capacity: ELISA and flow cytometry

Once the correct formation of the product had been tested, its ability of recognizing
the target antigen was assessed. Trastuzumab is an anti-HER2 antibody, therefore,
HER2 was the antigen used for the antigen recognition assays. First, the antibody-
antigen recognition was assessed through an ELISA (Enzyme Linked Immunosorbent
Assay) assay, in which the antibody binds to an immobilized antigen. Then, a second
assay has been implemented, in which the capacity of Trastuzumab to bind to its
target antigen expressed in the surface of breast cancer model cells has been

assessed by means of flow cytometry analysis.

The implemented ELISA assay disposition consists in the coating of a microplate well
with HER2 protein, to which Trastuzumab selectively binds. Then, a secondary anti-
human IgG1 antibody conjugated to alkaline peroxidase is added, binding to
Trastuzumab and generating a colorimetric signal upon addition of the alkaline
peroxidase substrate TMB (3,3’,5,5'-Tetramethylbenzidine). The ELISA assay is

depicted on Figure 3.9. and detailed on section 10.9.2.
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Figure 3.9. Depiction of the implemented ELISA assay.

With the implemented test, Trastuzumab was shown to efficiently bind to its target

HER2 antigen (Figure 3.10.).

Figure 3.10. ELISA assay performed with produced Trastuzumab. Lane 1: produced Trastuzumab
dilution in HER2 coated wells; Lane 2: negative control, produced Trastuzumab dilution in non-

coated HER2 wells.

The next step consisted in the assessment of Trastuzumab’s capacity to bind to the
HER2 antigen expressed in the surface of breast cancer cells. The breast cancer
model cell line SKBR3, which overexpresses the HER2 antigen (see introduction of
the chapter), was used for this test. In this case, Trastuzumab binds to the HER2
antigen present on the cell membrane, and a secondary anti-lgG1l antibody

conjugated to a phycoerythrin fluorochrome binds to Trastuzumab. Fluorimetry
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values can then be checked by means of a flow cytometry analysis. A depiction of

the assay can be observed on Figure 3.11.

Trastuzumab
— Secondary antibody
’ conjugated to
HER2 phycoerythrin
SKBR3 cell

Figure 3.11. Depiction of the implemented assay for analyzing the Trastuzumab ability to bind to

cell surface HER2.

This assay confirmed the ability of Trastuzumab to selectively bind to the HER2
antigen present on the surface of SKBR3 cells. As it can be observed on Figure 3.12.,
Trastuzumab binds to SKBR3 cells but not on Hybridoma cells, which do not

overexpress HER2 antigen, or MCF7 cells, which present a mild overexpression of the

HER2 antigen.
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Figure 3.12. Trastuzumab selectively binding to SKBR3 cells. A) SKBR3 cells treated in different
conditions. Black: negative control (cells not treated with Tzmb nor secondary antibody), green:
cells treated with secondary antibody without previous addition of Trastuzumab; red: cells treated
with Trastuzumab and secondary antibody. B) Different cell lines treated with Trastuzumab and

secondary antibody: black: hybridoma cells; green: MCF7 cells; violet: SKBR3 cells.

3.3.3.3. Aggregate content: HPLC-SEC

Another quality parameter that was assessed was the aggregate content of the
produced Trastuzumab antibody. This was achieved by means of a HPLC-SEC assay
(High Performance Liquid Chromatography — Size-Exclusion Chromatography), in
which the monomer fraction of the antibody (approximate weight of 150 kDa) can
be quantified and differentiated from the aggregates, which have a higher weight
and therefore are eluted before from the size exclusion column (Fig 3.13). See

section 10.9.3. of materials and methods for more information of the procedure.

The produced Trastuzumab had a 98.3% of monomer content, as determined by this
analysis, showing a low aggregate proportion, therefore validating its quality with

regards to the aggregates parameter.
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Fig 3.13. HPLC-SEC profile of a Trastuzumab sample. The peak corresponding to the Trastuzumab

monomer can be observed at 7.56 min, whereas the aggregates peak can be observed at 6.51 min.

3.3.3.4. Molecular weight and glycosylation pattern: mass spectrometry assay

The obtained Trastuzumab product was then analyzed in terms of its mass through

a mass spectrometry (MS) assay. The analysis was performed by the BioOrganic Mass

Spectrometry Laboratory (LSMBO) at Université de Strasbourg. Trastuzumab

samples were deglycosylated with IgGZero enzyme and analyzed by native MS

analysis (see materials and methods section 10.9.4).
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Fig 3.14. A) Schematic depiction of a glycosylated mAb, the two green lines indicating the cleavage

of IgGZero enzyme, leaving the first GIcNAc residue attached to the asparagine 297 (Asn 297) of
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the mAb. B) Different glycans obtained in glycoproteins expressed in mammalian cell lines. Image

modified from (Sha et al., 2016).

The deglycosylation with IgGZero hydrolyzes the B-1,4 linkage between the core N-
Acetyl glucosamine (GlcNAc) residues in the mAb-glycan, leaving the innermost

GlcNAc intact on the mAb (see Figure 3.14).

The analysis confirmed that the produced Trastuzumab had the expected molecular
weight (Fig 3.15): a mass of 145999 Da was obtained. This mass corresponds to the
Trastuzumab theoretical mass of 145586 Da to which the mass of two molecules of
GlcNAc, of 203 Da each, have to be added, yielding the total mass of 145002 Da
(145586+203-2), very close to the obtained 145999 Da. See the full mass spectrum

in the Appendix Ill.
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Fig 3.15. MS deconvoluted profile of the produced Trastuzumab, showing a mass of 145999 Da of

deglycosylated Trastuzumab.

The glycosylation pattern of the obtained mAb has also been analyzed, it was
performed in the same way than for the mass determination, but without
performing the deglycosylation of the antibody. The obtained glycosylation pattern

contained typical glycans found in mAbs produced in animal cell lines. Figure 3.16.
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shows the glycosylation of the Trastuzumab antibody produced in this work

compared to the pattern of commercial Trastuzumab.
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Fig 3.16. Glycoforms distribution of the produced Trastuzumab (A) compared to the commercial

Trastuzumab (B), both being analyzed at LSMBO.

Glycoforms distribution slightly differs between commercial Trastuzumab and
Trastuzumab produced in this work. This could be attributed to different factors,
including differences in cell culture processes, downstream purification strategies
and the used expression system (Zhang et al., 2016): commercial Trastuzumab is
produced with Chinese Hamster Ovarium (CHO) cell line (Li et al., 2010), whereas
human cell line HEK293 has been used in this work, fact that corroborates the
difference on the glycosilation pattern betwen the rodent cell line and the human

cell line.

3.3.3.5. Endotoxin content test

Endotoxin content of the obtained product was also assessed, by means of a Limulus
amebocyte lisate (LAL) chromogenic test (see section 10.9.5 of materials and
methods), which allows determining the concentration of endotoxin units (EU/ml or
EU/mg) of the sample of interest. Applied to the obtained Trastuzumab product, an

endotoxin level of 81.47 EU/mg was obtained. These levels would not ensure the
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necessary quality of the product for clinical assays: as determined by the US
Pharmacopeia, endotoxin limit levels for Trastuzumab should be at 0.63 EU/mg of
product (Dawson, 2017) (considering a dose of 8 mg/kg body weight, which
corresponds to the dose to be administered) (EMA, 2018).

3.3.3.6. Stability: HPLC-SEC

The stability of the produced Trastuzumab was assessed through a SEC-HPLC
analysis: the monomer content of the product was determined at different times,
while being stored at 42C. The results are summarized in Table 3.1. The produced
Trastuzumab presents very high monomer proportion (>98%) after 2 months of
storage. After 5 months, monomer levels were still over 92%, which had slightly

dropped 1 month later, after 6 months, when fragments also appeared.

Table 3.1. Stability of

Trastuzumab
Time Monomer Fragments
(months) (%) (%)
1 98.29 0
2 98.25 0
5 92.76 0
6 Sl 0.9
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3.4. Production in bioreactor platforms

3.4.1. Production in 5L single use wave bioreactor

After the small-scale characterization of the production process had been
performed, a 5L batch production in a single use bag of 10Lwave bioreactor was
performed (see section 10.4.1.1.3), in order to obtain more product for performing
the subsequent conjugation assays (see chapter 5) and also as an intermediary
production scale prior to the pilot scale of 50L (see next section, 3.4.2). The cell
culture was performed without controlling the pH of the medium (pH-free), since it
had previously been shown in our group that in these conditions, HEK293 cells
present a more balance metabolism that can result in higher biomass densities and
product titers (Liste-Calleja et al., 2015), (Martinez-Monge et al., 2019). The
production was successfully carried out, reaching a MCD of 10.68 - 10° cell/ml and a
final concentration of Trastuzumab of 6.6 mg/L, with a maximum exponential growth

rate of 0.0228 h'! corresponding to a doubling time of 30.4 h.
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Figure 3.17. HEK293_Tzmb growth profile and Trastuzumab production titers in wave 5L culture.
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Recovery of the produced Trastuzumab was performed following a downstream
sequence slightly modified with respect to the sequence previously described in
section 3.2.2 in order to adapt it to the higher culture volume. The applied sequence
consisted in this case in a solid-liquid separation through depth filtration followed by
a 0.22 pm microfiltration, a concentration performed by tangential flow filtration,
an affinity chromatography with protein A and a dialysis to PBS (see 10.8 section).
This purification process had a global yield of 85% and allowed the obtention of >99%
of purity for the final product, therefore being confirmed as an efficient purification

sequence.
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Figure 3.18. Scheme of the downstream process implemented for the wave culture purification of

Trastuzumab.

3.4.2. Production in 50L single use STR bioreactor

Once the production and purification had been established for a 5L culture, a pilot
scale production was attempted. A batch culture was performed with a single use
cultibag stirred tank reactor (STR) bioreactor (see section 10.4.1.1.4) in order to
obtain enough product for performing all the different conjugation assays with
Trastuzumab (see chapter 5). The production was again successfully performed,
reaching a MCD of 8.65-10° cell/ml and a final concentration product of 19.0 mg/ml
was obtained, with a maximum growth rate of 0.019 h?, corresponding to a
duplication time of 36.5 h. Lower biomass levels and growth rates than in previously

described smaller scale processes were achieved, but product titers were higher.
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This relation between slower culture growth and higher product titers had already

been observed in our group (data not shown).
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Figure 3.19. HEK293_Tzmb growth profile and Trastuzumab production titers in single use 50L STR

culture.

The produced Trastuzumab was purified following the same sequence applied for
the 5L culture. The devices, size of membranes and chromatography columns were
scaled up in order to adapt them to the higher culture volume (see section 10.8). In
this case, the recovery yield was lower than in the previous purifications: a yield of
60% was obtained, due to lower efficiency of microfiltration and concentration

steps. However, the purity of the product remained high, at >99%.

3.5. Conclusions

In this chapter, Trastuzumab production has been successfully achieved, starting
from the construction of the expression vector and generating the HEK293
productive cell line. The production and purification of the product has been
performed at shake flask level and then scaled up at 5L and 50L using single use

systems. The final scheme for the Trastuzumab production is presented in figure

3.20.
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Figure 3.20. Flow diagram for Trastuzumab production and purification (made with SuperPro

Designer).

Several tools for the physicochemical characterization of the produced Trastuzumab
have been implemented, allowing the assessment of different parameters of the
product: concentration, purity, antigen recognition, mass, aggregation, endotoxin
content and stability. The production, purification and characterization sequences of
Trastuzumab implemented in this chapter will be used as a model for Trastuzumab
derived molecules later addressed (see chapters 4, 6 and 7), while some of the
physicochemical characterization tools will also be applied to the conjugated ADC
molecules (chapters 5-7). Finally, it can be stated that enough product of an
appropriate quality for performing antibody conjugations, which will be described in

chapter 5, has been obtained.
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Chapter 4. Results (ll): Development of an
Immunocytokin fusion protein based on Trastuzumab
and Interferon

4.1. Introduction

After having constructed and produced Trastuzumab, the next step of this work
consisted in fusing it to a cytokine, in order to enhance its antiproliferative activity,
generating an immunocytokine. Immunocytokines are fusion proteins based on an
antibody fused to a cytokine, which have emerged as promising therapeutic tools for
tackling cancer. Several immunocytokine formats have been explored, with different
cytokines having been tested as therapeutic candidates (see section 1.2.6.). The
cytokine that has been chosen in this work for fusion with Trastuzumab consists in
interferon alpha 2b (IFNa.2), since it is a cytokine with antiproliferative activity and
with the ability to activate the immune system, and it has been assessed for breast
cancer therapy (Parker et al., 2016, Kontermann, 2012), and our research group had

worked with it in a project related to recombinant proteins production.

IFN molecules are pleiotropic cytokines that are involved in innate and adaptive
immunity that have been shown to promote antitumor immune responses (Dunn et
al., 2005). There are three types of interferons, IFN I, Il and lll; interferons type |
including 17 different types, 13 of which correspond to several IFNa. subtypes in
humans; IFN type | can be produced by most cell types in the body in response to
several stimuli (Parker et al., 2016), including some cytokines such as colony-
stimulating factor 1 in myeloid cells (Parker et al., 2016), or viral elements (Kato et
al., 2005). IFNa2 was the first IFN | subtype to be characterized, therefore, it was
widely used in basic research to study its biological activities, and it was also the first
IFN to be manufactured by the biopharmaceutical industry for its use as a drug

(Antonelli et al., 2015). There exist several alleles for IFNa2, the most described
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being IFNa2a and IFNa2b, which differ in a neutral Lysine/Arginine substitution at
position 23 (Paul et al., 2015). IFNa.2 variants have similar effects than the rest of
IFNa subtypes (Paul et al., 2015). IFNa.2b is a protein of 165 amino acids of about 19
kDa, and has been approved for several antiviral and antitumoral indications,
including chronic hepatitis B and C, hairy cell leukemia, follicular lymphoma,
carcinoid tumor and malignant melanoma (Antonelli et al., 2015). The IFNa2 can
exert its function in two ways, by directly inducing an antiproliferative effect on its
target cells; and by stimulating the immune system against the target cells:

e |IFNa2 interacts with the IFNAR receptor, which is composed of two subunits
(IFNAR1 and IFNAR2), which are expressed in most cells. By binding to the
receptor, it triggers signaling cascades that activate the transcription of
genes involved in antiproliferative activities (Asmana Ningrum, 2014). These

signaling pathways are depicted in Figure 4.1.
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4.1: Molecular pathways of IFNa2 interaction. Obtained from (Hervas-Stubbs et al.,

IFNo2 is involved in immune system regulation through different
mechanisms. The interaction with IFNAR receptor on some immune cells can
trigger different effects, such as the induction of chemokines that allow the
recruitment of immune cells to the site of infection; inducing the secretion
of a second wave of cytokines, further regulating the number and activities
of some immune cell types, such as lymphocytes, including T cells, natural
killer (NK) cells and dendritic cells (Le Bon et al., 2001; Nguyen et al., 2002).
Some of these pathways are again depicted on Figures 4.1 and 4.2. In this
chapter, the immunomodulation activity of IFNa2 will be analyzed by

assessing its effect on the proliferation of lymphocytes.

o Lymphocyte proliferation: a symptom of immune cell activity, for
some cell types such as lymphocytes, consists in their proliferation.
Lymphocyte proliferation can be triggered by different factors,
including the presence of pro inflammatory cytokines, such as IL2 or
IL15. Type | IFN have been described to induce the proliferation of
different types of lymphocytes, including NK cells and CD8
lymphocyte T, mainly through the induction of IL15 production
(Ortaldo et al., 1980; Sprent et al., 2000; Tough et al., 1996).

o Lymphocyte degranulation: degranulation is a mechanism by which
some immune cells, such as lymphocytes NK cells and CD8 cytotoxic
T cells, release lytic granules against target cells, in order to kill them.
There are reports of IFNa inducing the degranulation of NK cells

(Benlahrech et al., 2009).
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Figure 4.2. Representation of the interaction of type | IFN with the immune system cells and tumor

cells in antitumor actions. Obtained from (Parker et al., 2016).

These different effects have rendered interesting the use of IFNa2b for antitumor
therapy, being approved as a therapy against several cancers, as previously stated.
However, its use for treating breast cancer has not yet been approved, although
several preclinical and clinical studies based on IFNa. have been carried out, showing
the interest of IFNa as a potential therapy. In in vivo preclinical assays:

e In some in vivo studies with mice, it has been observed that expression of
transgenic IFNa, through the genetic modification of hematopoietic stem
cells, affects the progress of breast cancer (Escobar, Moi et al., 2014). This
same effect is observed when macrophages are engineered in order to

generate IFNa (Escobar, Gentner et al., 2014).
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e It has been proven that inhibition of type | IFN signaling is a mechanism of
immune escape of metastasis to the bone. Applying IFNa to these cells
reduces the metastasis development and increases metastasis-free survival

in mice models (Parker et al., 2016).

In clinical trials:

e The first pilot clinical trials with patients with advanced breast cancer
treated with human leukocyte IFN (a mixture of IFNo subtypes) showed a
promising effect (Borden et al., 1982). In subsequent Phase Il clinical trials,
using recombinant IFNa2 in advanced metastatic breast cancers, the
response was limited (Quesada et al., 1984). In all these cases, several toxic

side effects were encountered.

e In light of these issues, it was attempted to use IFNa in combination with
chemotherapeutics or other cytokines. Promising effects were obtained
combining IFNa. with chemotherapeutics in pilot studies, however, they
were again associated to toxic side effects (Welander, 1987). The
combination of IFNa with other cytokines, such as IL2 and TNFa, were

ineffective or with very low response rates (Parker et al., 2016).

As a general comment observed for clinical trials with IFNa., they are limited by poor
pharmacokinetics and by toxic secondary effects, which include fatigue, fever,
nausea, dizziness, anorexia, depression and leucopenia (Parker et al., 2016). This fact
limits the therapeutic potential of IFN, impeding applying high doses of the cytokine.
A way to overcome this issue could consist in directing the cytokine to the tumor

site, for example, by fusing it to an antibody, generating an immunocytokine.
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This strategy had been previously tested in antibodies targeting CD20, an antigen
present in lymphocyte B cells (Huang et al., 2007), (Xuan et al., 2010). In these cases,
the immunocytokine was constructed by fusing the IFNa2 to the C-terminal of the
antibody, through a peptide linker consisting in 4 glycines and one serine (GlysSer).
These amino acids have a small side chain that allows the linker to be flexible and,
therefore, ensures the correct folding of the different domains of the fusion protein
(Van Rosmalen et al., 2017). This resulted in a molecule with a higher in vivo half life
and with a higher antitumoral activity than individual IFNa2, when applied against

target lymphoma B cells (Kontermann, 2012).

In this chapter, the construction of an immunocytokine using the anti-HER2 antibody
Trastuzumab fused to the cytokine IFNa2b is assessed. The fusion is attempted in
the same way as described above: the IFNa.2b molecule is fused to the C-terminal of

the Trastuzumab antibody through a Gly.Ser linker.

4.2. Assessment of antiproliferation and immunomodulation

activity tests of IFNa.2

As a first step for the immunocytokine construction, the biological activity of the
cytokine to be used in the immunocytokine (IFNa2) was assessed. As it has been
explained in the introduction of this chapter, the interferon-a2 can have an
antiproliferative activity on the tumor cells, while also having an immunomodulatory
effect on the immune system. Therefore, its antiproliferative activity on the target
breast cancer model SKBR3 cells was assessed, as well as its immunomodulation

capacity, which was tested on lymphocytes.
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4.2.1. Antiproliferation assay: MTS assay

The antiproliferative activity of IFNa2 was tested on breast cancer model SKBR3
cells, by means of a MTS assay, which is based on the conversion of the MTS
tetrazolium compound to a colored formazan product that can be detected and
quantified (see section 10.12.1). Formazan is formed when MTS is reduced by the
cells, therefore, the formazan amount can be related to cellular activity, and, thus,
proliferation. With this test, a mild antiproliferative activity on SKBR3 cells was
confirmed, as it can be observed in Figure 4.3. Therefore, the next step consisted in

assessing the immunomodulation activity of IFNa2.
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Figure 4.3. Antiproliferation activity of IFNa2 assessed by MTS with SKBR3 cells.
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4.2.2. Immunomodulation: Lymphocyte proliferation assay

The immunomodulation activity of IFNa2 was assessed by a lymphocyte
proliferation assay, which was carried out at the Advanced Therapies Group of the

Blood and Tissues Bank (Banc de Sang i Teixits (BST), Barcelona).

Proliferation of lymphocytes is one of the main features of the adaptive immune
response to pathogens (Heinzel et al., 2018), and plays an important role in tumor
immunity (Datta et al., 2009). As it has been indicated in the introduction of this
chapter, IFNa.2 could trigger lymphocyte proliferation through several mechanisms.
The assessment was carried out by means of a test in which human peripheral blood
mononuclear cells (PBMNC, they consist of mononuclear cells: lymphocytes and
monocytes) are stained with a fluorescent compound (Carboxt-Fluorescein
Diacetate Succinimidyl Ester, CFSE) that is incorporated into the cytoplasm of the
cells, therefore allowing to detect the cells that have proliferated, since they have a
diminished content of CFSE with respect to the cells that have not proliferated. The
detection of the cells was performed by flow cytometry. This test had been
previously developed by the Advanced Therapies group, aiming at measuring the
impact of mesenchymal stromal cells (MSC) on the proliferation of lymphocytes
(Oliver-Vila et al., 2018). In this case, it was adapted to the assessment of IFNa2

activity, by replacing the PBMNC incubation with IFNa2 instead of MSC (see 10.12.2).

The results of the test did not show a proliferating activity of the IFNa2 molecule on
lymphocyte population. As it can be observed on Fig 4.4., in row A, the PBMNC cells
treated with IFNa2 generally present a similar size and complexity profile
(represented by the SSC (complexity) versus FSC (size) graph) than non-treated cells
(basal medium), very different from the stimulated cells (stimulation medium).
However, a small population of cells in the IFNa.2 treated cells condition, different
to the untreated cells, appeared (circled in black). The histogram of CFSE

fluorescence (detected through the FLI-H channel of the flow cytometer) shows the
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same pattern of general distribution similitude between cells treated with IFNa2 and
untreated cells, while cells treated with stimulation medium confirm their

proliferation.

A
Basal Medium IFNa. 5 pg/ml Stimulation medium
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Figure 4.4. Row A) DotPlot graphs of PBMNC treated with basal medium (negative control, C-),
with IFNa2 at a concentration of 5 pg/ml, or with stimulation medium (positive control, C+). Row

B) Histograms of the fluorescence (FLI-H) of PBMNC treated with the same conditions as in row A.

Figure 4.4. show the profiles of PBMNC treated with IFNa2 at 5 pg/ml, which
corresponds to the highest IFNa2 concentration applied. Lower concentrations of
IFNa2 were also applied to the PBMNC, also yielding similar results, which can be
observed in Figure 4.5. Therefore, it can be stated that IFNa2 did not cause a

proliferation effect on PBMNC.
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Figure 4.5. Lymphocyte proliferation of treated cells with basal medium (BM), stimulation medium

(SM), and IFN@.2b at different concentrations (ug/ml).

4.3. Trastuzumab-IFNa2 sequence construction and production

Once the biologic activity of the cytokine had been analyzed, its fusion to the
Trastuzumab antibody was attempted. As it has been explained in the introduction
of this chapter, the IFNa2 sequence was aimed to be fused to the C-terminal of the
heavy chain of Trastuzumab. In order to obtain the Trastuzumab-IFNa2 fusion
protein, a genetic fusion of the DNA sequences of the heavy chain of Trastuzumab
and IFNa2 was attempted by means of a splicing overlap extension PCR (SOE-PCR)
(see section 10.7.4.1). Through this strategy, a sequence codifying for a linker
consisting in four glycines and one serine amino acids (GGGGS) was inserted
between Trastuzumab and IFNa2 sequences. These amino acids have a small side
chain that allows the linker to be flexible, and therefore ensures the correct folding

of the different domains of the fusion protein (Van Rosmalen et al., 2017).

The DNA sequence of the heavy chain of Trastuzumab was obtained as explained in

Chapter 3, and the IFNa2 sequence had been previously obtained in our group by
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means of retrotranscriptase PCR (RT-PCR), using as a template the total mRNA
extracted from blood cells of one of the members of our group, and cloning the

resulting copy DNA (cDNA) into the pIRESpuro3 plasmid.

For the fusion Trastuzumab-IFNa2 DNA sequence construction, the oligonucleotides
were designed so that the sequence of the mature IFNa.2 was fused to the antibody,
avoiding the signal peptide sequence of the cytokine. The Trastuzumab and IFNa.2
DNA sequences are contained in Appendix |, while the oligonucleotides used for this
SOE-PCR are listed in the Appendix II. In Figure 4.7 the obtained Trastuzumab-IFNo.2
DNA band is observed, having a molecular weight of around 2000 base pairs,
corresponding to the addition of Trastuzumab heavy chain (1441 bp) and IFNa2 (527
bp). The obtained fusion sequence was confirmed by sequencing (see 10.7.8), as

depicted in Figure 4.6.

Trastuzumab (HC) GGGGS IFNa2
€50 &80 &70 £50 £90
EiEEEEEEEEENEEEEEEEEENEEEEEEEEENEEEEEEEEENEEEEER
CTGAGCCCTIGGGRAAGGGAGGAGGTGGTTICATGTGATICTIGCCTICRARRACC

[0 O AP

Figure 4.6. Sequencing chromatogram of the overlapping region of the Trastuzumab-IFNa2

construction.
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Figure 4.7. Electrophoresis gel of Tzmb-IFNa2 PCR product. Lane A corresponds to the fused

sequence while lane B corresponds to the molecular weight marker.

Once obtained the Trastuzumab-IFNa2 DNA sequence, it was cloned into the
previously described pTRIpuro3_Tzmb vector (Chapter 3) using the EcoRl and BamHI
restriction sites, substituting the Trastuzumab heavy chain with the Trastuzumab-
IFNa2 fusion construct, resulting in pTRIpuro3_Tzmb-IFNa2. The obtained
expression vector was then transfected into HEK293 cells (see 10.7.7.2), and cell
pools were selected with culture medium containing 10 mg/L of puromycin antibiotic
(see 10.2.1.1). Once the cell pool had been selected, cells were transferred to 125 ml
shake flasks and their growth profile and production titers were assessed, as
depicted in Figure 4.8. Values of maximum cell density (MCD) of 8.72-10° cell/ml
were reached, and a final concentration of 1.9 mg/L of Trastuzumab-IFNa.2 product
was obtained, with a maximum exponential growth rate of 0.0219 h' corresponding

to a doubling time of 31.67 h.
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Figure 4.8. HEK293_Tzmb-IFNa2 growth profile and Trastuzumab-IFNa2 production titers in

erlenmeyer culture. Error bars correspond to standard deviation of n = 3 replicates.

Once the cell line had been characterized, a 1L production was carried out in order
to have enough product for the subsequent characterization steps. The product was
purified following the purification sequence developed for Trastuzumab described

in Chapter 3.
4.4, Product characterization:

4.4.1. Confirmation of the correct structure formation of the obtained

product: SDS-PAGE

The purified product was analyzed by SDS-PAGE, which confirmed the structure and
molecular weight of the obtained immunocytokine, as it can be observed in Figure
4.9. In this case, the light chain was the same as for Trastuzumab, while the heavy
chain was larger due to its fusion with the interferon alfa 2 through the GGGGS linker.
Therefore, a protein with a total weight of 184753.8 Daltons (Da) was expected,
composed by the 23443.1 Da of the light chain, and the 68933.8 Da resulting of the
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addition of heavy chain and linker-interferon sequence (both chains per duplicate).
The fully formed fusion protein with its correctly formed disulfide bridges
corresponded to approximately the 80% of the purified product, the rest of it being

single heavy chain-IFN light chains.

@
-] 250 kDa
—
.__/ 150 kDa
I 100 kDa
P 75 kDa
—>
/ 50 kDa
pa 25 kDa

Figure 4.9. SDS-PAGE of the Trastuzumab-IFNa2 produced protein. Lane R corresponds to a
reduced sample, while lane NR corresponds to a non-reduced sample. Schematic structures of the

fully formed fusion protein, a single heavy chain-IFN, and a single light chain are represented.

4.4.2. Antigen recognition capacity of both immobilized and cell surface

antigen

The ability of the purified Trastuzumab-IFNa2 to recognize its target HER2 antigen
was assessed by means of the same ELISA developed for Trastuzumab in the previous
chapter (section 3.3.3.2), as it can be observed in Figure 4.10. The Trastuzumab-
IFNa2 successfully bound to the immobilized HER2 antigen, the fused IFNo2
molecule therefore was not impairing the ability of the antibody moiety of the

immunocytokine to recognize its target antigen.
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Figure 4.10. ELISA of Trastuzumab-IFNa2.

Then, the ability of the immunocytokine to bind to the antigen present on the surface
of HER2 overexpressing SKBR3 cells was assessed, in the same way as had been
previously performed for Trastuzumab (see section 3.3.3.2). The ability of the
immunocytokine to bind to the cell surface antigen in the same levels than

Trastuzumab was confirmed, as it is shown on Figure 4.11.

g

Count
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o

10e0 10e1 10e2 10e3 10e4
Yellow Fluorescence (YLW-HLog)
Figure 4.11. Trastuzumab selectively binds to SKBR3 cells treated in different conditions. Black:
negative control (cells not treated with Tzmb nor secondary antibody), green: cells treated with
secondary antibody without previous addition of Trastuzumab; red: cells treated with

Trastuzumab and secondary antibody; white with red line: cells treated with Trastuzumab-IFNa2.

138



Chapter 5. Results (lll)

4.4.3. Antiproliferative activity assessment of Trastuzumab-IFNa.2

The antiproliferative activity of the constructed Trastuzumab-IFNa2 protein was
then assessed by means of an MTS test with the target SKBR3 breast cancer model
cells, as previously performed with the IFNa2. This test revealed that the produced

immunocytokine did not have an improved antiproliferative with respect to the

antibody Trastuzumab.
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Figure 4.12. Antiproliferative activity of Trastuzumab and Trastuzumab-IFNa2 molecules on SKBR3

cells measured by means of the MTS test.

4.5. Conclusions

In this chapter, the construction of a Trastuzumab-IFNa.2 immunocytokine has been
attempted. First, the IFNa.2 immunomodulatory activity has been assessed, showing
no stimulation of lymphocyte proliferation. However, it showed an antiproliferative
activity against target HER2 positive SKBR3 cells, justifying its use as the cytokine

moiety for the attempted immunocytokine. The Trastuzumab-IFNa.2 fusion protein
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was successfully cloned, produced, and purified, and had its antiproliferative activity
tested, resulting in no improved effect with respect to the Trastuzumab antibody.
Therefore, alternative antibody-based molecules (Antibody-Drug Conjugates, ADCs)
with higher therapeutic activities will be constructed and assessed in the following

chapters.
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Chapter 5. Results (lll): ADCs: Heterogeneous
conjugation of Trastuzumab

5.1. Introduction

Antibody drug conjugates represent an emerging class of cancer treatment in which
a cytotoxic payload is targeted to the tumor site. Their structure is based on an
antibody covalently linked to a cytotoxic payload (Figure 5.1), having a mechanism
of action consisting in recognizing an antigen and being internalized into the target

cell (see introduction section 1.2.4).

Antibody \ /
* Maintains characteristics when
linked to the requisite number
of cytotoxic molecules via linker > Cytotexic agent

= Targeted at a well- * Mon-immunogenic
characterized EII"I_!:JEI'I * Mon-toxic (dormant or inactive)

* Targeted at an antigen found during circulation in the blood
onky on target cells = Highly potent in small quantities

* Targeted at an antigen that such that two to four molecules
I= not downregulated on Ab are sufficient

bimding
= Minimal non-specific binding r"r\
Linker
= Stable to emsure ADC remains intact until it reaches target
= Does not alter the Ab characteristics (pharmacokinetics)
= Ensures that the cytotoxic agent ks functional once at target site

Fig. 5.1: Scheme of the structure of an ADC, with its three main parts (antibody, linker and

cytotoxic drug) and features of each part. Obtained from (Zolot et al., 2013).

Several parameters influence the efficiency of an ADC, including the conjugation
strategy by which the cytotoxic payload is linked to the antibody and the nature of
the payload. Conjugation strategies can be classified in two types: heterogeneous

and homogeneous (see section 1.2.6).

An heterogeneous conjugation yields an ADC that is a mixture of products that differ

in the site and stoichiometry of conjugation (Behrens et al., 2015). This can be
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observed in Figure 5.2, where conjugations through native lysine residues, or native
interchain cysteine residues generate heterogeneous ADC products that are

conjugated to 0-8 drugs per antibody.
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Fig. 5.2. Scheme of heterogeneous lysine and cysteine residues conjugation (Bhat et al., 2014).

The broad DAR (Drug Antibody Ratio) distribution obtained in heterogeneous
products leads to reduced efficacy: high DAR species can increase potency and the
risk of aggregation, clearance rate and premature release of the cytotoxic drug
during circulation (Tsuchikama et al., 2018), while unconjugated antibodies, if
present, will block potential binding sites on tumor surface and thus lower ADC
efficacy (Merten et al., 2015). Therefore, alternative conjugation strategies, aiming
at directing the drug at specific sites of the antibody in order to obtain homogeneous

ADCs, thus, widening the therapeutic window, have been developed.

Several of these conjugation strategies, as well as the conventional heterogeneous
strategies, are summarized in Figure 5.3. Despite this fact, conventional conjugation

to native lysine and cysteine residues, which were the first developed conjugation
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strategies, still remain a benchmark in the field of ADCs, with most ADCs entering
late clinical phases being conjugated in this way and with the 4 current commercially

approved ADCs being heterogeneous.

The 4 approved ADCs consist in (in order of approval): gemtuzumab ozogamicin
(Mylotarg), brentuximab vedotin (Adcetris, approved in 2011 (de Claro et al., 2012)),
trastuzumab-emtansine (Kadcyla, approved in 2013 (Amiri-Kordestani et al., 2014)),
and inotuzumab ozogamicin (Besponsa, approved in 2017 (Lamb, 2017)).
Gemtuzumab ozogamicin was firstly approved in 2000 for the treatment of acute
myeloid leukemia in an accelerated-approval process, then removed in 2010 due to
bad results in a confirmatory trial (Jen et al., 2018), and later reapproved in 2017

after subsequent trials and data meta-analysis (Egan et al., 2018).
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Fig. 5.3. Different conjugation chemistries for ADCs (Merten et al., 2015).
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Mylotarg® (gemtuzumab ozogamicin)
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Kadcyta® (ado-trastuzumab emtansine)

Besponsa® (inotuzumab czogamicin)

7

Figure 5.4.: representation of the 4 approved ADCs. A) Mylotarg; B) Adcetris; C) Kadcyla; D)

Besponsa. Obtained from (Joubert et al., 2017).

In order to carry out the mentioned conjugations of cytotoxic drug to the antibody,
a third element is critical: the linker. As it has been indicated in the introduction
chapter (see 1.2.5), there are two main linker categories: cleavable and non-
cleavable linkers (Panowski et al., 2014). Cleavable linkers allow the release of the
drug in the tumor microenvironment (Lu et al., 2016) and can be divided into three

main groups: acid labile, protease cleavable linkers and disulfide linkers.

e Acid labile linkers are stable in blood at neutral pH, but break at acidic pH
found in lysosomes.
e Protease cleavable linkers are also stable in plasma, but are designed to be

cleaved by specific proteases found in lysosomes of cancer cells.
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e Disulfide linkers exploit the high level of intracellular reduced glutathione to

release the free drug inside the cell (Panowski et al., 2014).

In the case of non-cleavable linkers, the mAb needs to be degraded into the
lysosomes in order to release the cytotoxic drug. As an advantage with respect to
the cleavable linkers, they present a higher stability in plasma, therefore reducing
the drug leaking and potentially widening their therapeutic window (Lu et al., 2016).

Both cleavable and non-cleavable linkers have been used in the approved ADCs.
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Figure 5.5. Conjugation of an antibody to ADC, using the example Lysine and cysteine conjugation

strategies (Joubert et al., 2017).

In order to establish a platform for ADC production, a first step could consist in
implementing the conjugation of the selected model antibody to the cytotoxic drugs
used in the reference approved products. Therefore, in this chapter, the
heterogeneous conjugation of the model antibody Trastuzumab will be attempted

with the cytotoxic drugs DM1 (mertansine) and veMMAE (monomethyl auristatin E).
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They were the payloads of the approved ADCs in September 2015, the time when
this thesis was started, and are still the most used payloads in ADCs that are in clinical
phases: 2 thirds of these payloads are DM1 or veMMAE (Hoffmann et al., 2018). will

be attempted.

The selected model antibody Trastuzumab will be conjugated to the cytotoxic drug
DM1 following the example of the approved ADC Trastuzumab-emtansine
(commercial name: Kadcyla), developed by the company Immunogen in
collaboration with Genentech (Ballantyne et al., 2013) (Genentech produced the
antibody and the conjugation to the cytotoxic drug was developed by Immunogen).
In this case, the lysine residues of the antibody are used as conjugation sites for the
linker SMCC  (Succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate),
which is a heterobifunctional molecule with two reactive groups at each end: a N-
hydroxysuccinimide (NHS) ester and a maleimide (Koniev et al., 2015). It is a non-
cleavable linker and it might be one of the most popular crosslinkers ever designed
for protein conjugation purposes (Hermanson, 2013). The N-hydroxysuccinimide
group reacts with primary amines forming stable amide bonds, whereas the
maleimide group reacts with sulfhydryl (thiol) groups (Fig 5.7). Applied to
Trastuzumab-DM1 conjugation, the NHS group of the linker SMCC reacts with the
amine of lysine residues and then the maleimide group reacts with the sulfhydryl
group located in the DM1 cytotoxic drug. The cytotoxic drug DM1 (Fig 5.6), also
called mertansine, is a maytansinoid, derivate from the molecule maytansine (a
microtubule assembly inhibitor molecule isolated from the shrub Maytenus ovatus
(Lopus et al., 2010)). The conjugation yields the Trastuzumab-SMCC-DM1 conjugate
(Figure 5.8) with an aimed drug-antibody ratio (DAR) of 3.1, following the example
described on the reference patent (W0O/2005/037992, 2005).

149



Chapter 5. Results (IIl)

OMe OH

Maytansine DM

Figure 5.6: Structures of maytansine and DM1 (Bouchard et al., 2014).
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Figure 5.7: Reaction scheme of the SMCC linker with primary amines and sulfhydryl groups.

Obtained from (Hermanson, 2013).
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Figure 5.8: Depiction of DM1 linked through the SMCC linker to a lysine residue of an antibody
(Bouchard et al., 2014).

The conjugation of Trastuzumab with veMMAE will also be attempted. In this case,
the conjugation process will be analogous to the procedure performed for the
approved antibody brentuximab-vedotin (Adcetris), developed by Seattle Genetics
(Van de Donk et al., 2012). The aimed product is an ADC with a DAR of 4, and the
conjugation strategy followed is based on using the interchain cysteines as
conjugation sites. In this process, the antibody undergoes a first step of partial
reduction which allows breaking its interchain disulfide bonds, therefore rendering
available for conjugation the thiol groups contained in the cysteine residues involved
in the disulfide bonds. An antibody has 4 interchain disulfide bonds, with 2 cysteines
per bond, therefore a maximum of 8 drug molecules can be linked per antibody. In
order to obtain a DAR of 4, the antibody is partially reduced, generating an average
of 4 free thiols per antibody, which are subsequently conjugated to the cytotoxic
drug. The conjugation is performed using the cytotoxic drug veMMAE, a derivative
from MMAE (monomethyl auristatin E), which is an auristatin (which consist in
antimitotic agents related in structure to the marine natural product dolastatin 10
(Francisco et al., 2003)), and acts by inhibiting the polymerization of tubulin in

dividing cells (Doronina et al., 2003). The vceMMAE molecule consists in the cytotoxic
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drug MMAE with the addition of an arm that serves as a linker. The conjugation
chemistry of this molecule is the same than for the SMCC conjugation to DM1: in this
case, the maleimide group present in the linker reacts with the thiol group from the
antibody. The rest of the molecule consists of the spacer sequence PAB (p-
aminobenzylcarbamate) and the two amino acids valine-citrulline (vc), which are a
cleavage site for the protease cathepsine B, which is overexpressed in the lysosomes
of some carcinomas. This renders the vceMMAE arm a cleavable linker, selectively

freeing the cytotoxic drug in the tumor site (Figure 5.9).

NSRS aR Ioaa s pecs e ane
o Ho§ \L

HN @

Figure 5.9: Depiction of veMMAE linked to a cysteine residue of an antibody. Modified from
(Bouchard et al., 2014). In blue, the MMAE molecule, in red, the PAB spacer, in green, the vc

cathepsine cleavable sequence, and in yellow, the maleimido-craproyl sequence.

Once conjugated, the obtained products will be characterized in terms of the DAR
and the content of aggregates and free drug, for which different analytic techniques
will be implemented. In the case of the Trastuzumab-DM1 ADC, the DAR will be firstly
assessed through spectroscopy analysis, by assessing the absorbance of
ultraviolet/visible (UV/Vis) light, and will be confirmed with a more precise Mass
Spectrometry (MS) analysis. In the case of the Trastuzumab-vcMMAE molecule, it
will be performed with a hydrophobic chromatography HIC-HPLC analysis. This
chromatographic analysis can be performed for cysteine conjugated products but
not with lysine conjugated products, which are too heterogeneous and do not allow

obtaining defined peak profiles.
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The two attempted conjugations have been carried out using the previously

produced Trastuzumab (Chapter 3).
5.2. Trastuzumab conjugation to DM1

5.2.1. Conjugation process definition

The conjugation process for Trastuzumab-DM1 was defined, as stated before,
following a reference patent (W0O/2005/037992, 2005) and literature related to
lysine conjugation methodologies (Brun et al., 2013). The resulting conjugation
process is depicted in Figure 5.10, consisting in a first step of SMCC linker addition to
the antibody solution, incubation for 2h at room temperature, followed by a
diafiltration in order to remove the excess of linker, then by the addition of DM1 and
reaction step for 16.5h at room temperature and agitation at 300 rpm, followed by
a final diafiltration in order to remove the excess of non-conjugated DM1 drug. In
order to achieve the aimed DAR of 3.1, a SMCC molar proportion with respect to
antibody of 7.5 was applied, and then 8.5 molecules of DM1 per antibody were

added in the conjugation step.

o Sy N _
o A ~
|SMCC addition DM1 addition
Diafiltration W Conjugation Diafiltration PBS
2R ‘Buffer A 16.5h, pH=65
300 rpm,
RT

Figure 5.10: Scheme of the applied conjugation process for Trastuzumab-DM1 conjugation.
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The process was implemented at a small scale: around 5 mg of antibody were
conjugated, with a working volume of around 0.25 ml in the first step (linker
addition) and around 0.5 ml in the DM1 conjugation step. The yield of the process,
regarded as the percentage of antibody recovered after each step with respect to
the initial antibody, was of 66 +/- 15.1% for the total process, being lower than for
the reference process, which was 84% (W0O/2005/037992, 2005). Four repetitions
were performed of the conjugation process. Process data are summarized in Table
1. See section 10.10.1 of the Materials and methods chapter for more information

of the performance of the conjugation process.

Table 5.1: Summary of Trastuzumab-DM1 conjugation process data

Amount of Yield for SMCC Yield for DM1 Total process
Trastuzumab addition + dialysis  addition + dialysis yield
antibody step
step

conjugated (mg)

~5 78.83 +/-11.5 83.7 +/-14.9 66 +/-15.1

5.2.2. Physicochemical characterization of the conjugated product

Once the conjugation of the antibody had been performed, in order to analyze the
quality and characterize the conjugated ADC, several analytical techniques were
implemented. The analyzed parameters included most of the ones previously
analyzed for Trastuzumab (see chapter 3), adding, in this case, the DAR and free drug

levels:

e DAR

e Antigen recognition capacity
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e Aggregate content and free drug levels
e Endotoxin content

e Stability

5.2.2.1. DAR: UV/Vis, MS

The number of DM1 molecules per antibody, referred to as drug antibody ratio or
DAR, has been assessed by ultraviolet/visible (UV/Vis) spectroscopy and also by mass
spectrometry (MS). The UV/Vis spectroscopy analysis represents a first fast analysis
that allows determining the DAR of the ADC. Through the absorbance measure and
using the molar extinction coefficient of both the cytotoxic drug and antibody of
interest, the concentrations of both the cytotoxic drug and the antibody can be
calculated (Wakankar et al., 2011) (see section 10.11.1. of the Materials and

methods chapter).

Figure 5.11 shows the absorbance profile of a Trastuzumab-DM1 (T-DM1) ADC
obtained, in which the absorbance maximum of the antibody can be observed at a
wavelength of ~280nm, and the peak absorbance of DM1 can be observed at
~252nm. The average DAR obtained for the conjugated Trastuzumab-DM1 product
has been of 3.13 +/- 0.53. This value corresponds to the average DAR obtained for
the 4 conjugation processes attempted. It is very similar to the aimed 3.1 DAR value,
however, it presents a high variability (standard deviation of 0.53), which could be
attributed to the heterogeneity of the products derived from lysine conjugation,
which have been reported to difficult the implementation of manufacturing

processes ensuring a controlled DAR (Tsuchikama et al., 2018).
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Figure 5.11: Absorbance profile of a Trastuzumab-DM1 ADC obtained in this work (red) and a

Trastuzumab naked antibody (blue).

Regarding the MS analysis, of the 4 different T-DM1 batches performed, the product
of only one of the batches could be analyzed by MS due to limitations in the available
resources. The product was analyzed with an Orbitrap mass spectrometer at the
Laboratoire de Spectrométrie de Masse Bio-Organique of the Université de
Strasbourg (see section 10.11.3 of the Materials and Methods chapter). The obtained

DAR for this analysis was 3.0, with the drug load distribution depicted in Figure 5.12.
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Figure 5.12: drug load distribution of the T-DM1 sample analyzed by MS (percentage of each ADC

specie).

156



Chapter 5. Results (lll)

This value is coherent with the DAR value that had been obtained with UV/Vis
analysis for the same batch process, which was 2.93. This result confirms the UV/Vis
spectroscopy analysis as a reliable, fast and simple alternative for the DAR
determination in lysine-conjugated ADCs. Reliability between UV/Vis and MS DAR

values determination have been reported in the literature (Kim et al., 2014).

5.2.2.2. Antigen recognition capacity: ELISA and flow cytometry

In order to assess the recognition ability of the conjugated Trastuzumab-DM1 ADC,
an ELISA assay was performed (see section 3.3.3.2 and 10.9.2), which showed that
the ADC recognizes the HER2 antigen in a similar way than the naked Trastuzumab.
This was later confirmed with the assay of recognition of the HER2 antigen expressed
in the surface of breast cancer cells (Figure 5.13), showing that Trastuzumab-DM1

presented, with respect to naked Trastuzumab, a 102.3% average intensity level.
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Figure 5.13. Trastuzumab and Trastuzumab-DM1 selectively binding to SKBR3 cells. HEK293 is used
as a negative control. NT: non-treated (cells non-treated with Trastuzumab, Trastuzumab-DM1 nor

secondary antibody).
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5.2.2.3. Aggregates and free drug determination

The aggregates and free drug determination has been performed through a size
exclusion (SEC)-HPLC analysis (see section 10.9.3 of the Materials and Methods
section). As in the previous case of the MS analysis, only one of the 4 performed
batches could be analyzed. The results obtained are summarized in Table 2 and the

chromatography profile obtained is shown in Figure 5.14.

Table 5.2: summary of aggregates and free drug SEC-HPLC analysis

Retention Area (%) Aggregates  Monomer (%) Free drug (%)

time (min) (%)
6.77 7.13 7.13 92.87 n.d.

7.71 92.87

0.90
0.72
0.54
<0.36

0.18
0.00 ) —

100 200 300 400 500 600 7.00 800 9.00 10.00 11.00 12.0
Minutes

Figure 5.14: HPLC-SEC profile obtained from a T-DM1 sample. The aggregates peak (retention time:

6.77 min) and monomer peak (7.71 min) are depicted.

Aggregates (which elute first from the column, with a retention time of 6.77 min)

consisted in the 7.13% of the conjugated product, which represents an increase from
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the naked initial antibody, where the aggregates were at 1.75%. Increasing aggregate
levels in the ADC with respect to the naked antibody could be attributed to the
hydrophobicity of the drug. Free drug was not observed, therefore validating the
clearance of the drug from the product during the post-conjugation dialysis step. The
fact that no free drug is observed is coherent with the fact that the DAR value
obtained with MS is similar to the value obtained with UV/Vis: a higher DAR value
with UV/Vis than with MS could have meant that free drug was present in the ADC
final product, since UV/Vis measures the absorbance of both attached and free drug,

whereas MS only takes linked drug into account.

5.2.2.4. Stability

The stability of the conjugated ADC was assessed through a SEC-HPLC analysis: the
monomer content of the product was determined at different times, while being
stored at 42C. The results are summarized in Table 5.3. The produced ADC presents
a monomer proportion that diminishes over time, especially between 1 and 2
months of storage. This was mainly due to the increasing presence of aggregates and
antibody fragments. Compared to naked (non-conjugated) Trastuzumab, the ADC
presents a higher tendency to lower its monomer content where at 2 months it was
still at 98.25%, compared to 79.69% for Trastuzumab-DM1 (see section 3.3.3.6), with
monomer decrease due to the hydrophobicity of DM1. Free drug remained

undetected along time, showing a high stability of the product in this regard.

Table 5.3. Stability of Trastuzumab-DM1

Time (months) Monomer (%) Free drug (%)

0 (fresh) 92.87 0
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1 89.03 0
2 79.69 0
3 75.96 0

5.3. Trastuzumab conjugation to vcMMAE

5.3.1. Conjugation process definition

The conjugation process for Trastuzumab-veMMAE was defined from several
references, including research articles and patents (Doronina et al., 2003), (Francisco
et al., 2003), (Klussman et al., 2004), (Sun et al., 2005), (US20050238649, 2004),
(W02006065533, 2006). The resulting conjugation process is depicted in Figure 5.15,
consisting in a first step of partial reduction with TCEP addition and incubation for
1h at 379C, followed by a dilution, addition of vceMMAE and reaction step for 1h at
49C, then quenching with cysteines (in order to inactivate not-conjugated drug and
to cap remaining free thiols) and finally followed by a final diafiltration in order to
remove the excess of non-conjugated vceMMAE drug.

0y_OH L Hs/\(LOH

NH,

Py
o o
- veMMAE addition Quenching
TCEP addition  Yeddasadgiion)  uencil L
“““““““ with cysteines
r
] i v
Reduction Dilution 1:4 Coniugation Diafiltration
““““ th with 4°C PBS
379C PBS + DTPA 1h

Figure 5.15: Scheme of the applied conjugation process for Trastuzumab-vcMMAE conjugation.
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The process was implemented at the same scale as in the previous Trastuzumab-
DM1 conjugation process: 5 mg of antibody were conjugated, with a working volume
of around 0.5 ml in the first step (reduction) and around 2 ml in the vceMMAE
conjugation step. In order to achieve the aimed DAR of 4, the partial reduction step
was performed with a molar proportion of TCEP of 4 with respect to the antibody,
and then 6 molecules of vceMMAE per antibody (1.5x free thiol group) were added in
the conjugation step. The yield of the process, regarded as the percentage of
antibody recovered after each step with respect to the initial antibody, was of
73.5+/- 13.5% for the total process. Four repetitions were also performed in this
conjugation process. See section 10.10.2 of the Materials and methods chapter for

more information of the performance of the conjugation process.

5.3.2. Characterization of the conjugated product

For the obtained Trastuzumab-vcMMAE ADC, the characterization of the conjugated
product in terms of the DAR is performed with a hydrophobic interaction
chromatography (HIC)-HPLC analysis. Mass spectrometry analysis could not be

performed in this case, due to resource and timing limitations.

5.3.2.1. DAR: HIC-HPLC

A good way to obtain a DAR value for cysteine-conjugated ADCs consists in HIC-HPLC:
differently loaded species of the ADC mixture have different hydrophobicity levels
(higher loaded species are more hydrophobic, since the cytotoxic drug veMMAE is
hydrophobic) and thus have different retention times. Assigning a specific drug
loaded specie to each peak of the chromatogram profile, a DAR value can be
obtained. In this case, a reference profile from the column supplier (see 10.11.2) was

used. In Figure 5.16, a chromatography profile from one of the Trastuzumab-
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vcMMAE products obtained is shown. The DAR value resulting from this analysis for
the obtained Trastuzumab-veMMAE product is 3.98 +/- 0.31, which corresponds to

the aimed value of 4.

1.04]
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Figure 5.16: HIC-HPLC profile from Trastuzumab-vcMMAE product obtained. Retention times for

each peak are indicated, as well as the DAR assigned to each peak.

5.3.2.2. Antigen recognition capacity: ELISA

The recognition ability of the target antigen of the conjugated Trastuzumab-
vcMMAE ADC has been performed in the same way than the Trastuzumab-DM1 (see
5.2.2.2), showing again a recognition of the antibody to ghe HER2 target. Again, this
was later confirmed with the assay of recognition of the HER2 antigen expressed in
the surface of breast cancer cells (Figure 5.17), showing that Trastuzumab-vceMMAE

presented, with respect to naked Trastuzumab, a 92% average intensity level.

162



Chapter 5. Results (lll)

Trastuzumab SKBR3

V
J \ NT SKBR3

J{ Trastuzumab HEK293

Figure 5.17. Trastuzumab and Trastuzumab-vcMMAE selectively binding to SKBR3 cells. HEK293 is
used as a negative control. NT: non-treated (cells non-treated with Trastuzumab, Trastuzumab-

VvcMMAE nor secondary antibody).
5.3.2.3. Aggregates and free drug determination

As for the previous Trastuzumab-DM1 conjugation product, the aggregates and free
drug determination has been performed through a SEC-HPLC analysis (see section
10.9.3 of the Materials and Methods section). Aggregates consisted in the 0.75% (+/-
0.49) of the conjugated product, representing a decrease from the naked initial
antibody, where the aggregates were at 1.75%. The reduction step applied in this

conjugation process could be a possible explanation for this fact.
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Figure 5.18. SEC-HPLC profile of Trastuzumab-vcMMAE.

163



Chapter 5. Results (lll)

Table 5.4: summary of aggregates and free drug SEC-HPLC analysis for

Trastuzumab-vcMMAE

Retention Area (%) Aggregates  Monomer (%) Free drug (%)
time (min) (%)
6.78 0.75

0.75 99.25 n.d.
7.57 99.25

Free drug, again, was not observed, therefore validating the clearance of the drug

from the product during the post-conjugation dialysis step.

5.3.2.4. Endotoxin content

The endotoxin content was determined through the LAL assay (see sections 3.3.3.5
and 10.9.5), and showed that for the conjugation process of Trastuzumab with
vcMMAE, an increasing of 36% in the endotoxin content occurred (EU (endotoxin

units)/mg) with respect to the unconjugated Trastuzumab.

5.3.2.5. Stability

As for previously performed with Trastuzumab-DM1 (section 5.2.2.4), the stability of
Trastuzumab-veMMAE was assessed through a SEC-HPLC analysis. The results are
summarized in Table 5.6. The produced ADC presents a monomer proportion that
diminishes over time, especially between 2 and 3 months of storage at 42C. This was
mainly due to the increasing presence of aggregates and antibody fragments.
Compared to naked (non-conjugated) Trastuzumab, the ADC presents a higher
tendency to lower its monomer content, where at 6 months Trastuzumab was still

at 91.1%, compared to 76.43% for Trastuzumab-vcMMAE at 3 months (see section
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3.3.3.6), with monomer decrease due to the hydrophobicity of vceMMAE. Free drug
remained undetected along time, showing a high stability of the product in this

regard.

Table 5.6. Stability table of Trastuzumab-vcMMAE

Time (months) Monomer (%) Free drug (%)
0 (fresh) 98.33 0
1 97.53 0
2 89.6 0
3 76.43 0

5.4. Conclusions

In this chapter, Trastuzumab has been successfully conjugated to the cytotoxic drugs
DM1 and vcMMAE in an heterogeneous way. The obtained products show a DAR
value coherent with the aimed DARs for both conjugation strategies, with low
aggregates percentage and no free drug observed. Therefore, it can be stated that a
heterogeneous conjugation process platform based on the benchmark approved

ADCs Kadcyla and Adcetris has been implemented.

Heterogeneous ADCs, however, present drawbacks in terms of therapeutic activity
and also from a manufacturing point of view, as seen in this chapter, where
variability in the DAR value has been observed, particularly in the case of
Trastuzumab lysine conjugation to DM1. These issues can be overcome by using

homogeneous ADCs, the production of which will be analyzed in the following
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chapter. The antiproliferative activity of the generated heterogeneous ADCs will be

assessed later and compared with the homogeneous ADCs.
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Chapter 6. Results (IV): ADCs: Homogeneous conjugation
of Trastuzumab with vcMMAE

6.1. Introduction

Homogeneous ADCs contain a specific number of conjugated drugs at defined sites
on the antibody (Jain et al., 2015). This leads to a uniform ADC product, limiting
batch-to-batch variability, positively impacting their manufacturing process as well

as their clinical potential (Sochaj et al., 2015).
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Fig 6.1. Scheme and DAR distribution of two heterogeneous ADCs (generated by conventional
lysine and cysteine conjugations) and an homogeneous ADC generated through a site-directed

conjugation to an added cysteine (obtained from (Panowski et al., 2014).
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Homogeneous ADCs have a wider therapeutic window with respect to
heterogeneous ADCs (McDonagh et al., 2006), which contain a mixture of highly-
conjugated (overloaded) and unconjugated (naked) antibodies. Naked antibodies
compete with drug-loaded species for antigen binding, which can diminish the
efficiency of the ADC therapeutic effect. Moreover, high-loaded species may result
in antibody aggregation, increased toxicity, decreased stability and shorter half-life
of ADCs in circulation (Sochaj et al., 2015). Several homogeneous ADCs have reached

late clinical trial phases (Beck et al., 2017; Nejadmoghaddam et al., 2019).

Several protein site-directed conjugation chemistries have been developed, which
can be applied for specifically labeling proteins for several applications including
homogeneous ADC generating purposes (Krall et al., 2016). Most of these strategies
rely on the genetic modification of the antibody or on complex chemistry linkers.

Some of the most relevant strategies include:

1.- Thiomabs: The typical cysteine-based homogeneous conjugation process
relies on a genetically modified antibody which normally contains a single
point mutation where one of the amino acids of the antibody is substituted
by a cysteine, to which the cytotoxic drug will be conjugated in a selective
manner (Sochaj et al., 2015). The mutation introduced to the antibody
should avoid altering the structure of the antibody and its function, and the
selected location should also allow the reaction of the added cysteine with
the cytotoxic drug of interest (Junutula et al., 2008), (Junutula et al., 2010).
The location of the added cysteine in the antibody is critical, since it can
affect the stability and pharmacokinetics of the ADC (Strop et al., 2013;
Vollmar et al., 2017), for example by interacting with other cysteine residues
of the same protein, and, hence, result in conformational issues that may
lead to the inactivation of the protein or its improper folding. This problem
has been overcome by the development of tools that allow detecting sites

on the antibody that do not affect its activity, such as the PHESELECTOR
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(Phage ELISA for Selection of Reactive Thiols). This method relies in the
introduction of reactive cysteine residues at various sites, displaying the Fab
on phage, and screening to identify reactive cysteines that do not interfere

with antigen binding (Junutula et al., 2008).

2.- Antibodies with unnatural amino acids: These are antibodies which
contain unnatural amino acids in concrete locations. They are homologous
to Thiomabs, but contain unnatural amino acids instead of cysteines. These
amino acids have specific side-chains that allow them to be conjugated in a
site-directed way, since the applied conjugation chemistry will not react with
the rest of the amino acids of the antibody. There are several unnatural
amino acids applied in ADCs, the most common being p-acetylphenylalanine

(pAcPhe) and selenocysteine (Sec) (Panowski et al., 2014).
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Figure 6.2. Conjugation of an antibody containing a pAcPhe with a an auristatin payload

O
o
O

derivatized alkoxy amine. Modified from (Axup et al., 2012).

Both of these methods require genetically engineering the antibody

producing cell line:

=  P-acetylphenylalanine: it is added through introducing the amber
stop codon (UAG) at the desired location of the antibody. The
antibody cDNA is then coexpressed with an amber-suppressor tRNA
and the properly paired mutant tRNA synthetase. The tRNA
synthetase loads pAcPhe onto the amber tRNA and thus pAcPhe is

incorporated into the antibody at the amber site UAG (Liu et al.,
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2007; Wang et al., 2003). pAcPhe contains a keto group that can be
selectively conjugated to a drug containing an alkoxy-amine through
an oxime ligation (Axup et al., 2012).

Selenocysteine: in this case, selenocysteine (Sec) can be added
through the opal stop codon (UGA). Normally, UGA codes for
transcriptional termination, however, in the presence of a Sec
insertion sequence (SECIS) located in the 3’ UTR (untranslated
region) of Sec containing proteins, termination is prevented by the
formation of an mRNA secondary structure and Sec is inserted at the
UGA codon (Caban et al., 2006). Selenocysteine is very similar to the
classical cysteine, but contains selenium instead of a sulfur atom. The
selenolate group is more reactive than its thiol counterpart,
rendering it easier to conjugate with electrophilic compounds in
conditions in which selenocysteine is selectively activated (Hofer et
al., 2009).

Other unnatural amino acids are being investigated for their use in
site-directed conjugation. One of them is p-azidomethyl L-
phenylalanine (pAMF), introduced into the antibody with a cell free
expression system (Cai et al., 2015), which allows its conjugation to
alkyne linkers via strain-promoted azide-alkyne cycloaddition

copper-free chemistry (Jackson, 2016) (Zimmerman et al., 2014).

3.- Enzymatic conjugations: Site-directed conjugations can be driven by

enzymes that selectively modify antibodies with unique functional groups.

Several enzymatic methodologies have been developed, depending on the

enzyme. They include:

Glycosyltransferases: glycosyltransferases are enzymes involved in
the oligosaccharides synthesis and are responsible for the transfer of

a sugar residue from an activated sugar nucleotide to a sugar
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acceptor or glycoprotein/lipid. Mutant glycosyltransferases can be
used to attach a chemically active sugar moiety to a specific
glycosylation site on the antibody. Molecules of choice can then be
conjugated to the chemical handle on the sugar moiety. This
technique has been applied in mutant glycosyltransferases which are
able to transfer the reactive sugar residue 2-keto-Gal (Ramakrishnan
et al., 2002) to the conserved Asn-297 N-glycosylation site of the Fc
fragment. 2-keto-Gal can then be coupled to biomolecules with an

orthogonal reactive group (Boeggeman et al., 2009).
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Figure 6.3. Scheme of the conjugation reaction using glycosyltransferases. Obtained from

(Jackson, 2016).

o Transglutaminases: there are different transglutaminase enzymes.
Microbial transglutaminase (mTG) recognizes a sequence tag
(LLQGA), in which the glutamine serves as an acyl donor for
enzymatic ligation to primary amines catalyzed by the
transglutaminase (Farias et al., 2014). In the case of bacterial
transglutaminase (BTG), it can be used without introducing a
sequence tag: following deglicosylation of the antibody, a site-
directed conjugation mediated by BTG takes place at the native

glutamine Q295 (Dennler et al., 2014).
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Figure 6.4. Scheme of the conjugation reaction using transglutaminases. Obtained from

(Jackson, 2016).

o Formylglycine generating enzymes (FGE): they have been used to

construct homogeneous ADCs th

rough the

insertion of

its

recognition tag (CXPXR), in which its cysteine is converted by FGE to

formylglycine, which can then be conjugated to the corresponding

payload (Rabuka et al., 2012).
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Figure 6.5. Scheme of the conjugation reaction using FGE. Obtained from (Jackson, 2016).

o Sortase A (Processes for constructing antibody drug conjugates). It is

a transpeptidase which catalyzes the transfer of polyglycine

substrates to the C-terminus of the sequence motif LPXTG, resulting

in a stable linkage with the antibody (Beerli et al., 2015).
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Figure 6.6. Scheme of the conjugation reaction using Sortase A. Obtained from (Jackson,

2016).
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4.- Linker-based approaches: Site-directed conjugations can also be
performed through linker-based processes. In this case, the processes are
chemically driven and differ from previously described processes in that they
are focused on linker modifications. The majority of this linker-based
strategies use interchain cysteines for conjugation obtaining homogeneous
ADCs with four or eight drug/antibody (Jackson, 2016a). These
methodologies include bis-alkylating linkers (Badescu et al., 2014) and
substituted maleimides (Castafieda et al., 2013), in which bifunctional linkers

are used to cross-link interchain cysteines.

In this chapter, 3 different strategies for the generation of homogeneous ADC using

site-directed cysteine conjugation will be applied:

Generation of a Trastuzumab ADC with an aimed DAR of 8.

Generation of a Trastuzumab tiomab ADC with an aimed DAR of 2 by means of
site-directed conjugation to an added cysteine at the 114 position.

Generation of a Trastuzumab ADC with an aimed DAR of 2 without genetic
modification: assembly and conjugation of independently produced heavy and

light antibody chains.

1. Trastuzumab-vcMMAE with a DAR of 8. Trastuzumab will be conjugated to
the cytotoxic drug veMMAE using all the available cysteines of the antibody,
thus, obtaining a DAR of 8. In this case, the product will not be a mixture of
different ADC species as it is the case for Tzmb-vcMMAE with a DAR of 4 (see
section 5.3): a product in which each antibody molecule is conjugated to 8
drug molecules will be aimed. Its conjugation strategy consists in a reduction
step that reduces all the disulfide bridges of the antibody, followed by a

dialyzing step in order to remove the reducing agent, and then by the
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conjugation with veMMAE and a final dialyzing step in order to remove the
excess of cytotoxic drug. This conjugation will be used as a first simple way

to generate an homogeneous ADC.

\Y4 N

Reduction Dialysis and

conjugation

Fig 6.7. Scheme of the conjugation process for homogeneous Trastuzumab-veMMAE

with a DAR of 8.

Trastuzumab thiomab with a DAR of 2. In this strategy, the cytotoxic drug
will be conjugated in a site-directed way to an added cysteine in the position
114 (Kabat numbering) of the heavy chain of the antibody. This location has
been chosen since it had been reported to be an optimal conjugation site on
an anti-MUC16 antibody (Junutula et al., 2008) and on Trastuzumab
(Junutula et al., 2010). In this site-specific type of conjugation, a first
reduction step is required in order to free the thiol group of the target
cysteine from disulphide bonds formed with glutathione or other reactive
thiol-containing molecules during the antibody production in cell culture
(Junutula et al.,, 2008). This reduction step also breaks the endogen
interchain disulphide bridges of the antibody. Next, a diafiltration step is
needed in order to remove the mentioned glutathione and/or cysteine
molecules and the excess of reducing agent, followed by a reoxidation step
that rebuilds the previously broken interchain disulphide bridges of the
antibody, hence allowing only the engineered cysteines as available
conjugation sites (Fig 6.8).
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Fig 6.8. Scheme of the conjugation process for homogeneous Trastuzumab_cys114-

vcMMAE with a DAR of 2.

In homogeneous cysteine-based conjugation processes, it is crucial to have
a good understanding of each step of the conjugation sequence. Reduction
conditions for obtaining a homogeneous thiomab conjugated ADC have
been described in different cases (Bhakta et al., 2013; Junutula et al., 2008;
Watkinson et al., 2017). However, there is a lack of in-depth studies of this
reduction step. In this chapter, the reduction conditions that allow the
obtention of a further homogeneous antibody will be analyzed. In this case,
the antibody construction, production and conjugation will be carried out,
with special insight being put into the reduction conditions that allow the
success of the conjugation and obtention of a homogeneous ADC with a DAR

of 2.

Trastuzumab-vcMMAE with a DAR of 2 from independent chains. As it has
been stated, most of homogeneous generating ADC strategies rely in genetic
modifications of the antibody (engineering of cysteines, addition of
unnatural amino acids, tags, etc) or using complex chemistries (bis-alkylating
linkers, etc). These approaches are time consuming and specific for each
construct, since they often require extensive antibody engineering to

identify the optimal conjugation sites (Shinmi et al., 2016; Sochaj et al.,
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2015), where unique side chains can be introduced for conjugation, or they
require complex linker and payload modifications that have not been
clinically validated (Jain et al., 2015). As a result, they are not suitable for
converting existing antibodies directly into ADCs (Jackson, 2016; Kline et al.,
2015). Therefore, an alternative way to obtain homogeneous conjugates has
been developed in this thesis, avoiding the genetic modification of the
antibody sequence and using conventional simple linking chemistries. This
has been achieved by independently producing the heavy and light chains of
Trastuzumab and then selectively conjugating the interchain cysteine of the
light chain to the veMMAE cytotoxic drug (Figure 6.9), by means of a
reduction step in order to free the capped cysteine of the light chain (in an
analogous way to the previous Trastuzumab thiomab approach) followed by
a diafiltration step in order to remove the reducing agent and by the addition
of the veMMAE cytotoxic drug. Reassembling conjugated light chains with

heavy chains allowed the formation of the homogeneously conjugated ADC.

] / | -

Reduction and Conjugation Assembly

dialysis and dialysis
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Fig 6.9. Scheme of the conjugation process for homogeneous Trastuzumab assembled from

independent HC and LC with a DAR of 2.

6.2. Homogeneous conjugation of Trastuzumab with a DAR of 8:

6.2.1. Conjugation process definition

The first attempt of generating a homogeneous ADC consisted in conjugating
Trastuzumab to veMMAE with an aimed DAR of 8. The process was defined from
several references, including (Doronina et al., 2003), (Francisco et al., 2003). This
process consists in a first complete reduction step for 1h at 372Cin order to break all
the interchain disulfide bridges of the antibody, followed by a dialysis in order to
eliminate the excess reducing agent, and the conjugation with veMMAE (1h at 49C),
guenching with cysteines and final dialysis steps. The resulting scheme can be
observed at Fig. 6.10. With respect to the heterogeneous conjugation of
Trastuzumab with veMMAE with an aimed DAR of 4 (section 5.3), the main difference
consists in the reduction conditions: in order to obtain a DAR of 8, all the interchain
disulfide bridges need to be reduced in order to free their 8 thiols, therefore,

reducing agent amount is increased. Furthermore, a dialysis step is added after the
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reduction, in order to eliminate the excess reducing agent. This step is not necessary
in heterogeneous conjugation, since the amount of added reducing agent (4 molar
equivalents with respect to the antibody) is lower and does not interfere in the

conjugation reaction.
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Figure 6.10: Scheme of the applied conjugation process for Trastuzumab-vcMMAE DAR 8
conjugation.
In this case, the reduction conditions were set applying the reducing agent (TCEP) at
a molar proportion of 70 with respect to Trastuzumab, and after dialysis, applying
vcMMAE at a 1.5 molar proportion with respect to each free thiol of the reduced
Trastuzumab (same proportion than for obtaining DAR 4 Trastuzumab ADC (section

5.3.1)).

The yield of the process, regarded as the percentage of antibody recovered after
each step with respect to the initial antibody, was of 47.82 +/- 6.71% for the total
process. Four repetitions were also performed in this conjugation process. See
section 10.10.3.1 of the Materials and methods chapter for more information of the

performance of the conjugation process.
6.2.2. Physicochemical characterization of the conjugated product

Once conjugated, the product was characterized in terms of its DAR (through HIC-

HPLC and MS) and its monomer content (HPLC-SEC).
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The DAR obtained by HIC-HPLC corresponded to 7.3, close to the aimed DAR of 8.
When analyzed by mass spectrometry (see materials and methods section 10.11.3),

the obtained value was 7.7, close to the obtained value with HIC-HPLC (Figure 6.11).

1.20

1.00]
0.80]
0.60]

2
0.40]

0.20]

000}/ N—jp

-0.

.00 200 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00
Minutes

Figure 6.11: HIC-HPLC profile of obtained Trastuzumab-veMMAE ADC.

Aggregates accounted for the 3% of the conjugated product, representing a decrease
from the naked initial antibody, where the aggregates were at 5%. The reduction
step applied in this conjugation process could be a possible explanation for this fact,
as had already happened for Trastuzumab conjugation to veMMAE with an aimed
DAR of 4 (section 5.3.2.3). However, in this case, antibody fragments appeared in the
conjugated product (5% vs 0% in the initial naked antibody), caused by the strong
conditions of antibody reduction. Free drug, again, was not observed, therefore
validating the clearance of the drug from the product during the post-conjugation

dialysis step.

The described Trastuzumab ADC DAR 8 conjugation consists in a straightforward
conjugation method, however, highly-loaded ADCs have been reported as unstable
and limiting the therapeutic effect of the molecule (Hamblett et al., 2004).
Therefore, the construction of alternative homogeneous ADCs, in the form of a site-
directed conjugation aiming a DAR of 2 with genetically modified

Trastuzumab_cys114 is attempted in the next section.

183



Chapter 6. Results (V)

6.3. Construction and site-directed conjugation of

Trastuzumab_cys114 thiomab

One of the main strategies for site-directed conjugation consists in conjugation to
added cysteines, in genetically modified antibodies (thiomabs). In this section, the
construction of the thiomab Trastuzumab_cys114 and its conjugation to the

cytotoxic drug veMMAE to an aimed DAR of 2 are described.
6.3.1. Trastuzumab_cys114 construction

This section includes the construction of the Trastuzumab_cys114 antibody, going
from the construction of the genetic sequences to the purification and
characterization of the protein product, following the same sequence developed for

Trastuzumab, explained in Chapter 3.
6.3.1.1. Genetic sequence construction and cloning

As explained in the introduction of this chapter, Trastuzumab_cys114 is a thiomab,
containing an extra cysteine in the heavy chain of the antibody, in the position 114
(Kabat numbering), instead of an alanine residue (A114C mutation). Therefore, the
heavy chain of the constructed Trastuzumab (see section 3.2) was modified
accordingly by means of a single traditional PCR step: the reverse oligonucleotide
contained the mutated codon and the Kfll restriction site, which is located close to
the 114 position and which was used to clone the modified sequence. The forward
primer contained the BamHI restriction site. The amplified fragment, containing the
mutated sequence, was cloned into a restricted pTRIpuro3_Trastuzumab vector also
restricted with BamHI and Kfll, generating the vector pTRIpuro3_Tcysl114. The
original GCC codon (Ala) was substituted by a TGC codon (Cys) (Figure 6.12). The
resulting sequence is contained in Appendix | and was checked by sequencing, and

the primers used, in Appendix Il.
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Fw
BamHI Kfll
5' * 3,

GCC

N i ... 5’

Rv
Fig. 6.12. Scheme of the modification performed for the A114C mutation on Trastuzumab heavy

chain DNA sequence. Primers forward (Fw) and reverse (Rv) are indicated.

6.3.1.2. Growth curves and productions of transfected cell lines

Once constructed, pTRIpuro3_Tcys114 was transfected to HEK293 cells (see section
10.7.6), resulting in HEK293_Tcys114, and cell pools were selected with culture
medium containing 10 mg/L of the eucaryotic antibiotic puromycin (see section
10.2.1.1.). Once the cell pool established, cells were transferred to 125 ml shake
flasks and their growth profile and production titers were assessed, as depicted in
Figure 6.14. Values of maximum cell density (MCD) of 5.96-10° cell/ml| were reached,
and a final concentration of 6.2 mg/L of Trastuzumab_cys114 product was obtained,
with a maximum exponential growth rate of 0.0167 h™ corresponding to a doubling

time of 41.5 h.

The product was purified following the purification sequence developed for

Trastuzumab described in Chapter 3 (Figure 6.13).

Affinity
chromatography

Centrifugation Microfiltration
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Figure 6.13. Scheme of the downstream process implemented for small scale purification of

Trastuzumab_cys114.
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Figure 6.14. HEK293 Tcys114 growth profile and Trastuzumab_cys114 production titers in

erlenmeyer culture. Error bars correspond to standard deviation of n = 3 replicates.

6.3.1.3. Product characterization

The obtained product was characterized in the same way as for Trastuzumab. A
product with a purity higher than 99% was obtained, and it showed the same
structure on a SDS-PAGE as Trastuzumab (Fig. 6.15). Its antigen recognition was also

confirmed by means of an ELISA.
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Fig. 6.15. A) SDS-PAGE SDS-PAGE of a purified Trastuzumab_cys114 sample (lane A) and the same

sample reduced with B-mercaptoethanol (lane B), with the molecular weight marker at the left.

B) ELISA of the produced Trastuzumab_cys114.

Bands with corresponding to a higher molecular weight than 150 kDa (weight of the
antibody) appeared on the gel (lane A, Fig. 6.15). These bands could correspond to
aggregates, possibly caused by some interaction of the added cysteine forming a
disulfide bridge, since, in reducing conditions (lane B) these aggregates disappeared.
The presence of aggregates was also observed in the SEC-HPLC profile, showing a
slightly different profile than the one obtained with Trastuzumab (Fig 6.16), with

monomer value of 91.7%, lower than the 98.3% obtained for Trastuzumab.
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Fig 6.16. HPLC-SEC profile of a Trastuzumab_cys114 sample. The peak corresponding to the

monomer can be observed at 7.6 min.
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6.3.1.4. Higher scale production: wave and pilot scale bioreactor

Once characterized, a higher scale production was performed in order to have
product enough for conjugation steps. As it had been the case with Trastuzumab,
productions using single use devices were carried out: wave bioreactor (5L) and STR

bioreactor (50L) (see material and methods: 10.4.1.1.2 and 10.4.1.1.3).

Regarding the wave bioreactor, the product was collected at 138 h, when viable cell
density reached values of 5.1-10° cell/ml, close to the maximum cell density reached
in the small-scale characterization culture. A product concentration of 5.6 mg/L was
obtained (Fig 6.17), and Trastuzumab_cys114 was purified following the sequence
implemented for the purification of the wave scale bioreactor for Trastuzumab (see

section 3.4.1), obtaining a product with a purity of >99%.
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Figure 6.17. HEK293_Tcys114 growth profile and Trastuzumab_cys114 production titers in wave

bioreactor culture.

A pilot scale production was also performed with the STR 50L reactor, in this case,
the product was collected at 120 h, since the viable cell density had reached values
of 6.9:10° cell/ml, higher than the reference cultures. In this case, 4 mg/L of
Trastuzumab_cys114 were produced (Fig 6.18), a little lower than in the previous
cultures, maybe associated to the faster growth of the culture. The product was

purified applying the implemented sequence for Trastuzumab (see section 3.4.2),
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with a recovery yield of 64% (loss of the product mainly in protein A chromatography

and dialysis steps), and a purity of >99%.
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Figure 6.18. HEK293_Tcys114 growth profile and Trastuzumab_cys114 production titers in STR 50L

bioreactor culture.

6.3.2. Conjugation of Trastuzumab_cys114: generation of an homogeneous

thiomab ADC

Once the antibody produced, its homogeneous conjugation was attempted. As it has
been stated in the introduction of this chapter, the site-directed conjugation of
Trastuzumab_cys114 consists of several steps: an initial reduction in order to free
the capped cys114; a dialysis step in order to eliminate the reducing agent; a
reoxidation step, so interchain disulfide bridges can be rebuilt; a second dialysis in
order to eliminate the reoxidating agent, and then the conjugation and final dialysis
steps (Fig 6.19), based on a reference protocol developed by Junutula et al. (Junutula
et al., 2008) for an anti-MUC16 antibody. In this protocol, the reduction step is set
at a molar proportion of 10 with respect to the antibody and the reoxidation is
carried out with dhAA (dehydroascorbic acid), added at a molar excess of 2 with

respect to the previously added reducing agent.
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Figure 6.19: Scheme of the applied conjugation process for Trastuzumab_cys114 conjugation.

Applying this protocol, the obtained ADC product showed three different peaks
when analyzed with hydrophobic chromatography (HIC-HPLC) (Figure 6.20 A). The
first peak corresponds to unconjugated product (naked antibody). The two other
peaks have a higher hydrophobicity and, therefore, they could correspond to
conjugated fractions with a different drug load. They also could be antibody
aggregates, which are more hydrophobic than the antibody monomer: in the HIC-
HPLC profile (Figure 6.20 A), the peak corresponding to the aggregates of the
unconjugated mAb displays the same retention time as the second peak of the ADC.
However, these peaks of the ADC product were discarded to be aggregates through
analysis with size-exclusion chromatography (HPLC-SEC). In a first analysis, the
conjugated product presented the same profile as the non-conjugated antibody

(Figure 6.20 B).
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Figure 6.20: HIC profile (A) and SEC profile (B and C) of Trastuzumab_cys114 conjugated after a
reduction step with 10 molar equivalents of DTT. In figures A and B, black profile corresponds to
the non-conjugated mAb, whereas blue corresponds to conjugated ADC. In figure C, black
corresponds to the non-conjugated mAb, orange profile corresponds to the second peak obtained

in HIC-HPLC (peak 2, A) and green corresponds to the third peak obtained in HIC-HPLC (peak 3, A).

In a second analysis, the two peaks obtained in HIC-HPLC corresponding to
conjugated species were collected and independently analyzed on SEC-HPLC,
showing that they correspond to monomeric antibody (Figure 6.20 C). Comparing

the absorbance of the conjugated fraction with the one of a control Trastuzumab-
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vcMMAE with a DAR of 4, revealed that the conjugated product had a DAR lower
than 4: 280/248nm absorbance proportion for Trastuzumab-vcMMAE DAR4 was
1.42, whereas for the conjugated product it was 1.87. This result supported the idea
that the second peak of the conjugated T_cys114 product obtained by HIC contains
one payload per antibody, whereas the third one is effectively conjugated to 2
payloads per antibody. This could be explained by an incomplete reduction of the
antibody in the reduction step, meaning that some cys114 are not available for

conjugation in further steps, yielding an ADC with a lower DAR than expected.

In order to increase the reduction rate of the antibody and obtaining an ADC product
closer to the target DAR of 2, a screening of reduction conditions was performed,
consisting in carrying out the reduction step at reducing agent/Trastuzumab_cys114
molar equivalents of 10, 15, 20, 50, 100, 150 and 200, each condition was then

followed by reoxidation and conjugation to veMMAE.

The results show that high reducing agent proportion in the reduction step, resulted

in more reduced antibody (Fig 6.21).
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Figure 6.21: reduction percentage of Trastuzumab_cys114 reduced at different reducing agent
molar proportions.
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Consequently, the higher the reducing agent proportion in the reduction step, the
lower the naked antibody and DAR 1 fraction in the product, and, thus, the
proportion of the correctly conjugated fraction is higher, resulting in an almost
homogeneous antibody from a molar equivalent DTT: Trastuzumab_cys114 of 50

(Figure 6.22, 6.23 and 6.24).

Interestingly, even when reduction is carried out with high reducing agent
concentrations (up to 200 molar equivalents), no additional higher-loaded
conjugated antibody species appear in the product (Figure 6.23), suggesting a good
efficiency of the reoxidation step. The HPLC profiles show that the obtained product
contains a DAR close to 2, reinforced again by comparing the 280/248nm absorbance
proportion for Trastuzumab-vcMMAE DAR4 with the conjugated product, which

were 1.42 and 1.69, respectively.
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Figure 6.22: HIC profile of Trastuzumab_cys114 conjugated after reduction with different DTT
concentrations. Black profile corresponds to unconjugated antibody, blue corresponds to a DTT
molar equivalent with respect to the antibody of 10, green to an equivalent of 15, red to 20, pink

to 50, brown to 100, violet to 150 and 200 to yellow.
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Figure 6.23: Relative proportion of each DAR species in the final conjugated T_cys114 product after

reduction with different DTT molar equivalents with respect to the antibody.
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Figure 6.24: DAR obtained for each final conjugated T_cys114 product after reduction with

different DTT molar equivalents with respect to the antibody.

Therefore, from a reducing agent/mAb molar proportion of 50 or higher, a product
with a DAR of 1.79-1.81 was obtained, consistent with the DAR obtained for similar

thiomabs reported in the literature (Junutula et al., 2010).
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The conjugation process described, allowing the obtention of an ADC product with a
DAR close to 2, and using 5 mg of initial antibody, presented a recovery yield of 40.14
+/- 6.9%. Regarding the monomer content of the conjugated product, a monomer
content of 83.48% was obtained, together with 3.25% of aggregates and 13.44% of
antibody fragments. With respect to the initial antibody, it represents a lower
monomer (83.48 vs 87.5%) and aggregate content (12.07 vs 3.25%), whereas
fragments content increases (0.47 vs 13.44%). This behavior is very similar to the one
observed for the conjugation of Trastuzumab with an aimed DAR of 8, where the
aggregate content also decreases and fragments appear in the conjugated product.
As in the DAR 8 case (section 6.2.2), in the Trastuzumab_cys114 conjugation, the
strong reducing conditions (high reducing agent amount) applied could be an

explanation for the high fragments amount appearance.

The site-directed conjugation of Trastuzumab_cys114 allowing the obtention of an
ADC with a DAR close to the aimed DAR of 2 has been obtained. This method,
however, relies on the genetic modification of the antibody, since a cysteine is added
in the position 114 (Kabat numbering) of the heavy chain. This includes first
identifying an appropriate conjugation site and then applying the genetic
modification. This can result in a loss of process efficiency, therefore, a conjugation
process resulting in an homogeneous ADC without needing the genetic modification
of the antibody would be of great interest. A proposal of this process is described in

the next section.
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6.4. Construction and conjugation of an homogeneous
Trastuzumab ADC without genetic modification: conjugation and
assembly of independently produced heavy and light antibody

chains

An alternative approach to obtaining a homogeneous ADC is described in this
section, avoiding the genetic modification of the antibody sequence. This approach
consists in taking advantage of the modular nature of immunoglobulins: the heavy
chain and the light chain of the antibody are independently produced and purified,
then the light chain is conjugated to the cytotoxic drug (veMMAE) and heavy and
light chains are reassembled in order to form the whole antibody, generating an
homogeneous ADC with a DAR of 2 (Figure 6.9). The obtention of Trastuzumab
antibody chains, assays of chain assembly, conjugation of the light chain and

characterization of the conjugated ADC are addressed in this section.
6.4.1. Heavy and light chains sequence obtention

In order to obtain the heavy and light chains of Trastuzumab, in this section is
explained from the construction of the expression vectors to the purification and
characterization of the protein product, following the same sequence developed for

Trastuzumab and Trastuzumab_cys114.
6.4.1.1. Genetic sequence construction and cloning

The DNA sequence codifying for the heavy and light chains of Trastuzumab were
synthetically obtained, as explained in section 3.2. They were cloned from the
original pUC57 plasmid to the bicistronic expression vectors pIRESpuro3 (for HC) and
pIRESneo3 (LC). LC was cloned in pIRESneo3 since in a previous work in our group,
the simultaneous expression of HC and LC using two different plasmids had been
attempted, therefore, in order to assure the selection of both plasmids, each one of

them had to contain a different antibiotic resistance (cells transfected with
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pIRESpuro3 are resistant to puromycin, while with plRESneo3 are resistant to
neomycin or G418 antibiotic). HC was cloned into pIRESpuro3 using the restriction
sites BamHI-Notl and LC was cloned into pIRESneo3 using the sites Nhel-Agel. The

cloned sequences were checked by sequencing (see section 10.7.8).

6.4.1.2. Growth curves and productions of transfected cell lines

Once constructed, pIRESpuro3_HC and pIRESneo3_LC were transfected to HEK293
cells (see section 10.7.6), resulting in HEK293 HC and HEK293_LC, respectively, and
cell pools were selected with culture medium containing 10 mg/L of puromycin
antibiotic or 20 mL/L of neomycin (see section 10.2.1.1.) these concentrations were
selected based on previous works. Once the cell pool established, cells were
transferred to 125 ml shake flasks and their growth profile and production titers
were assessed, as depicted in Figure 6.25. Values of maximum cell density (MCD) of
11.12-10° cell/ml were reached for HEK293_HC, while HEK293_LC reached 14.08-10°
cell/ml, and a final concentration of 15.5 mg/L of Trastuzumab_HC and 20.75 mg/L

of Trastuzumab_LC products were obtained.
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Figure 6.25. HEK293_HC (red) and HEK293_LC (blue) growth profiles and Trastuzumab HC and LC
production titers in erlenmeyer culture. Error bars correspond to standard deviation of n = 3

replicates.
Trastuzumab’s Heavy Chain was purified following the purification sequence
developed for Trastuzumab described in Chapter 3, while for Light Chain, a different
affinity column (Protein L column, which binds specifically to the light chain of
immunoglobulins) was used (see Figure 6.26 and materials and methods section

10.8.5.1). In both cases, purities >99% were obtained.

.Dept.h Microfiltration Concentration AL
filtration chromatography

Figure 6.26. Scheme of the downstream process implemented for the wave culture purification of

Trastuzumab’s light and heavy chains.

However, in the case of Trastuzumab’s heavy chain, precipitation was observed
when the product was stored overnight at 42C in PBS (the storage buffer that had
been used for Trastuzumab). This was attributed to the fact that the isoelectric point
of the heavy chain protein (7.39, calculated with Isoelectric Point Calculator software
(Kozlowski, 2016)) was incompatible the pH of the PBS (7.4). Therefore, citrate
buffer, at a lower pH (6) was applied in this case as storage buffer. It was also applied

to light chain, in order to facilitate the subsequent assembling steps.
6.4.1.3. Product characterization

Once purified, the obtained products were characterized in terms of structure.
Purified heavy chain adopted a conformation of covalently-linked dimers (referred
to as double-chain heavy chain, or dcHC), as it can be seen on Figure 6.27, where a
~100 kDa band, corresponding to two linked heavy chains, appears in the SDS-PAGE
gel. This structure is logical considering that in a whole I1gG, the two heavy chains are

linked through their interchain disulfide bridges, forming a structure on which the
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light chains are coupled. It has also to be considered that the cysteines of the heavy
chain that in a whole conventional IgG would be forming a disulfide bridge with the
light chain, in this case will be capped by a thiol-containing small molecule (e.g.
glutathione or cysteine), as in the case of the added cysteine of Trastuzumab_cys114

thiomab.

In the case of the light chain, unexpectedly, it appeared in the gel in the form of two
bands (Figure 6.20): one of ~23 kDa, corresponding to a single light chain
(representing the ~45% of the total LC product), and another of ~46 kDa,
corresponding to a dimer (double chain light chain, dcLC, representing the ~55% of

the total LC product).
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37.5kDa
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Figure 6.27. SDS-PAGE gel of HC and LC purified samples.

In a further analysis with SEC chromatography (Figure 6.28), a single main peak was
obtained from the LC product, meaning that the whole LC product holds a dimer

conformation, but that 45% of it (the ~23 kDa band observed in the gel) corresponds
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to non-covalently linker dimers, being separated as single light chains in the
denaturing conditions of the SDS-PAGE gel. The light chain presented, moreover, a

3% of aggregate proportion, which was not observed on the heavy chain.
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Fig 6.28. SEC chromatography profile of produced Trastuzumab heavy (A) and light chains (B).
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Regarding the antigen recognition capacity of the heavy and light chains, they were
unable to recognize the HER2 antigen (no signal was detected in the ELISA test),

being at the same concentration range in which Trastuzumab binds to it.
6.4.2. Chains assembly assessment

In order to generate the whole Trastuzumab from the independently produced

heavy and light chains, two different assembly strategies were attempted.
6.4.2.1. Reduction-oxidation assembly approach

In this approach, HC and LC were mixed at an equivalent molar proportion and were
reduced in order to break the disulfide bonds of the dimers and to free the capped
cysteines of HC and LC. This was followed by a dialysis step in order to remove the
reducing agent (and the small thiol-containing molecules capping the cysteines
residues of HC and LC), and followed by a reoxidation step allowing the reformation
of the disulfide bonds, this time between both HC-HC and HC-LC, enabling the
obtention of a whole reassembled IgG (see section 10.10.3.3.1.1. of materials and

methods) (Fig 6.29).

{ “\*‘ 1 —— . ) .
‘ | et
kl i :
\. / \. f \. ," L \l |
Reduction Diafiltration o
16x dHC DTT With somp Reoxidation
1h 37°C citrate buffer, 2x dhAA K RT
pH 6

Fig 6.29. Scheme of reduction-oxidation chain assembly approach.
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With this approach, a 73% of reassembled IgG could be obtained (see Table 6.1 on
next section), which was able to recognize the HER2 antigen, unlike isolated HC or

LC (Table 6.1).

6.4.2.2. Spontaenous approach chain assembly

In parallel to the reduction-oxidation approach, a simpler strategy was tested, based
on mixing HC and LC in a molar equivalent proportion and maintaining them for 3h
at room temperature. Applying this method, no disulfide bonds were generated, but
the IgG structure was formed by non-covalent interactions, since SEC-HPLC
confirmed the presence of 85,3% of monomer (Table 6.1); moreover, removing
disulfide bonds from an antibody has been reported not to affect its functions
((Andersen et al., 2004). This higher monomer proportion with respect to the
previous reduction-oxidation method was due to the lower proportion of non-
assembled HC and LC present in the final product: only residual dcHC was detected
(Table 6.1).

Table 6.1 Molecules detected under native conditions on HPLC-SEC

Isolation Aggregates Monomer
dcHC (% area) dcLC (% area)
method (% area) mAb (% area)
Reduction-
2.1 73.0 14.5 10.4
oxidation
Spontaneous
8.0 85.3 6.7 n.d.
assembly

Table 6.2 Isolated antigen HER2 recognition in ELISA test

In vitro In vitro
Control
dcLC dcHC reassembled reassembled
Trastuzumab
Trastuzumab  Trastuzumab
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(red-ox (spontaneous
approach) approach)
Isolated
HER2 antigen - - + + +
recognition
The resulting product recognized isolated HER2 antigen in an ELISA assay in the same
efficiency as produced Trastuzumab (Table 6.2). Since this method was simpler and
more efficient than the previous reduction-oxidation approach, it was selected as

the preferred antibody chains assembly strategy.
6.4.3. Conjugation of the light chain and assembly of the ADC
6.4.3.1. Conjugation process definition on the light chain

Once a strategy for the assembly of the chains had been successfully achieved, the
conjugation of the light chain was attempted as a first step for the generation of the
homogeneous ADC. The conjugation process consisted in a complete reduction of
the antibody (using TCEP) in order to free and render available for conjugation the
thiol group of the light chain, which was occupied either forming a disulfide bridge
in covalently bonded dcLC, or being capped with thiol-containing small molecules in
non-covalently bonded dcLC (in the same way than for Trastuzumab_cys114
thiomab). The reduction agent was then removed by dialyzing, then veMMAE was
added and then a second dialyzing step to eliminate the unconjugated drug was

carried out (see Figure 6.30, and materials and methods section 10.10.3.3.1).
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Fig 6.30. Scheme of the conjugation process of LC-vcMMAE.

In order to ensure the complete reduction of the light chain in the first step of the
process, several reducing agent concentrations were tested, with a molar equivalent
TCEP:LC of 100 resulting in the TCEP amount that ensured this reduction levels (Fig

6.31).

Initial TCEP TCEP TCEP  TCEP TCEP
10x 25x 50x 100x 200x

Figure 6.31: SDS-PAGE of LC reduced at 0, 10, 25, 50, 50, 100, 150 and 200 TCEP:LC molar

proportion. The band that appears above scLC band at higher reducing agent concentrations
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(circled in blue in the figure) corresponds to LC with internal disulfide bridges reduced. The
reduction of the internal disulfide bridge, despite not interfering with the conjugation process nor

the activity of the LC, causes a shift in the band migration in SDS-PAGE gels (Gaciarz et al., 2016).

6.4.3.2. Characterization of the conjugated LC-vc MMAE

The LC conjugation was assessed by HIC-HPLC, showing that a single peak with higher
hydrophobicity levels was obtained, corresponding to the conjugated LC (Figure
6.32), revealing a successful conjugation of LC to veMMAE with an efficiency close to

100%.
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Fig 6.32. HIC-HPLC profile of naked (unconjugated) LC with its two double chain forms

(discontinuous line) and LC-veMMAE (continuous line).

The conjugation of the LC was also analyzed by mass spectrometry (by LSMBO,
Université de Strasbourg), which confirmed the proper conjugation of each LC to 1

molecule of veMMAE (Fig 6.33), mostly forming dimers.
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Fig 6.33. Deconvoluted MS spectrum of conjugated LC-vcMMAE.

The conjugated LC-vceMMAE did not present aggregates (Fig 6.34), following the
trend of lowering aggregates amount observed for Trastuzumab-veMMAE

conjugations at different DARs (sections 5.3.2.3. and 6.2.2.).

000
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Fig 6.34. SEC-HPLC profile of LC-vcMMAE, in which a single peak is obtained.

6.4.3.3. ADC reassembly and characterization

The next step consisted in the reassembly of the conjugated LC-veMMAE with dcHC
in order to construct the whole ADC. The previously developed spontaneous
assembly strategy was applied, and the obtained ADC was characterized in terms of
aggregate content and DAR. In terms of aggregate content, the obtained ADC
presented a 4.75% of aggregates, slightly higher than the initial 3.3% observed for

the reassembled mAb using dcLC (non-conjugated). Since in this case the dcHC,
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which contain the initial aggregates, have not been reduced, aggregates of the whole
reassembled ADC are not lowered with respect to the unconjugated reassembled

non-conjugated antibody.

DAR was then assessed first through a HIC-HPLC analysis, which showed a single peak
for the reassembled conjugated ADC (Fig 6.35), implying the obtention of a DAR of 2

and consistent with the previous assessment of the conjugation of LC-vceMMAE.

Fig 6.35. HIC-HPLC profile of the reassembled Trastuzumab-vcMMAE ADC (blue) overlapped with

the reassembled non-conjugated Trastuzumab (red)

In order to confirm the DAR of the generated ADC more precisely, an analysis with
mass spectrometry was performed (again at LSMBO, Université de Strasbourg, as in
the previous case (see section 5.2.2.1)). The MS assay confirmed again the DAR of
the obtained product (Fig 6.36), which contained only the DAR 2 specie, being
completely homogeneous. Traces of 100 kDa molecules, corresponding to dcHC,
were also found in the product, consistent with the fact that no previous purification

of the assembled ADC with protein L affinity chromatography had been performed.
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Fig 6.36. Deconvoluted MS spectrum of reassembled non-conjugated Trastuzumab (A) and

reassembled conjugated Trastuzumab ADC (B).

The mass spectrometry analysis confirmed the obtention of a homogeneous ADC
with a DAR of 2.0, completely avoiding antibody species of DAR 0 or 1, which are
found in many other homogeneous ADCs aiming at a DAR of 2 and obtained through

conventional strategies, as already seen in thiomab conjugation.

In this conjugation strategy, a DAR of 2 has been aimed and successfully obtained.
Alternatively, other DARs could be achieved through a different conjugation
approach: in order to obtain a DAR of 6, instead of conjugating the light chain, all the
thiol groups of the heavy chain could be conjugated. A DAR of 4 could be achieved
by reducing all the disulfide bridges of the heavy chains and then reoxidating them:
this would result in only one thiol group of the heavy chains, the one linking the
heavy chain with light chain in a conventional antibody, available for conjugation.
Assembling this single heavy chain conjugated to one cytotoxic drug with a light
chain conjugated to one cytotoxic drug would result in a DAR of 4. Moreover,
applying this strategy, different drugs could be conjugated, combined in a controlled
way, for example, 2 veMMAE molecules could be conjugated to the light chain, and

2 molecules of another cytotoxic drug could be conjugated to the heavy chains.
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Fig 6.37. Scheme of the conjugation process for homogeneous Trastuzumab assembled from

independent HC and LC with DARs of 2, 4 and 6.

6.5. Conclusions

In this chapter, different strategies for an homogeneous conjugation of Trastuzumab
have been attempted and successfully achieved. In a first approach, Trastuzumab
has been conjugated to vceMMAE with a DAR of 8: the cytotoxic drug has been
conjugated to all available reactive thiol groups of the antibody. This has been
achieved through a first reduction step with high reducing agent concentration,
obtaining a product with a DAR of 7.7 (analyzed by mass spectrometry), and

containing fragments.

Another homogeneous ADC was generated through engineered cysteines based on
the thiomab approach, with an aimed DAR of 2. In this case, mild reduction
conditions resulted in a non-homogeneous product, due to an uncomplete reduction
of the antibody. Complete conjugation was achieved when the molar equivalent of
the reducing agent with respect to the antibody was increased to 50. A product with
a DAR of 1.79 was obtained, consistent with the DAR obtained for similar thiomabs
reported in the literature (Junutula et al., 2010). Here we have shown that the

antibody reduction step is critical and the reducing agent molar equivalent with
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respect to the antibody must be correctly adjusted in order to obtain the desired

ADC product.

Finally, an alternative homogeneous strategy was developed, which avoided
genetically modifying the amino acids sequence of the antibody. This was achieved
by independently producing heavy and light chains, then conjugating the light chain
of the antibody and finally assembling heavy and light chains, forming a whole
antibody, with an aimed DAR of 2. A straightforward reassembly approach consisting
in mixing heavy and light chains in a citrate buffer allowed obtaining a whole
reassembled antibody. The conjugation of the light chain required a reduction step
with high reducing agent concentrations. The resulting ADC displayed a DAR of 2.0,
consistent with the aimed DAR, and therefore obtaining a more homogeneous
product than the reference thiomab system. This method for generating

homogeneous ADCs could be applied to other existing antibodies.

The in vitro antiproliferative activity of the different homogeneous ADCs described
in this chapter will be assessed and compared later in this work, and in the case of
the homogeneous ADC obtained through reassembly method, its in vivo activity will

also be analyzed (see Chapter 8).
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Chapter 7. Results (V): Generation and conjugation of
antibody fragments based on Trastuzumab
7.1. Introduction

In this work, several ADCs have been generated through heterogeneous and
homogeneous approaches, using different variants of a whole Trastuzumab antibody

(chapters 5 and 6).

To date, all ADCs that are in clinical trial are based on whole antibodies, which display
an elevated half-life in circulation (1-2 weeks), due to the interaction of their
constant fraction (Fc) with the FcRn receptors (Hess et al., 2014). This constant
fraction is also able to activate the antibody-derived immune response antibody-
dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity
(CDC) (Stern et al., 2005) (see section 1.2.1.). However, differently to other antibody-
based therapies, these activities are not considered essential for the therapeutic
effect of ADCs. However, the Fc fraction can also cause other interactions with Fc
receptors expressed by some immune cells (Hess et al., 2014), leading to potential
harmful effects. Moreover, the whole IgG format can also impair the extravasation

and tumor penetration rates of ADCs (Yokota et al., 1992).

Therefore, antibody fragments lacking the Fc fraction are being considered for
therapeutic use, since they could extravasate with more efficiency and display a
faster blood clearance from non-disease organs, reducing systemic toxicities (Hess
et al., 2014) and resulting in improved biodistribution profiles (Schmidt et al., 2009).
Several formats of fragments for antibody conjugation can be used, including from
Fab (Fragment antigen binding), to single chain fragments including scFv (single chain
fragment variable) and other derivates such as domain antibodies or scFv dimers

(Figure 7.1).
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Approved fragments in the market include Lucentis® (Ranibizumab), which consists
in a Fab derived from an humanized IgG1, targeting the vascular endothelial growth
factor; Cimzia® (Certolizumab pegol), which also consists in a Fab from humanized
IgG, targeting tumor necrosis factor alpha; and Praxbind® (Idarucizumab), consisting
in a human Fab that targets dabigatran, an anticoagulating agent; and Blicynto®
(Bevacizumab) a bivalent scFv dimer that targets both the antigen CD19 present in
lymphoblastic leukaemia-lymphoma and the CD3 antigen present in T lymphocytes
(Animal Cell Technology Industrial Platform, 2017). However, there are no

therapeutic fragment conjugates currently approved.

KEY
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Fig 7.1. Whole IgG and several fragment formats. DAb: domain antibody. Adapted from (Deonarain
et al., 2015).

One of the most employed fragments in clinical trials and used in other studies are
scFv, which consist in a fusion protein in which the variable region of the light chain
(VL) and the variable region of the heavy chain (V) are connected through a peptide
linker (Figure 7.2.). Single-chain fragment variables have been engineered in both V,

-linker-Vy or Vy-linker-V, orientations (Dimasi et al., 2019). They are significantly

218



Chapter 11. Appendix

smaller than a whole antibody, they have molecular weights around 25 kDa, while
an IgG typically has a MW around 150 kDa. They are also simpler in terms of
structure: they do not have interchain disulfide bridges, since they are a single chain.
However, the disulfide bridges from intrachain V. and V4 domains are still present
(Fig 7.2) in the scFv. These disulfide bonds are typical of immunoglobulin domains,
and are necessary for the stability of the antibody molecule (Guglielmi et al., 2009).
Another difference with a whole IgG reveals in the lack of a sugar moiety: scFv are
not glycosylated, since the glycosylation of a mAb is located on the Asnag; residue of
the constant fraction. This absence of complex post-translational modifications
allows the expression of antibody fragments such as scFv in bacterial systems, the

most typical of them being Escherichia coli (Guglielmi et al., 2009).

Fab[qm
A “L;

3 £,
\' \
= m |Fc

mad | )
| scFv Intrachain S-S
bridge

Ab (1gG1)

Fig 7.2. Scheme of a full-length mAb and derived scFv fragment. Adapted from (Dimasi et al., 2019).

Regarding their conjugation, scFv can be conjugated to cytotoxic drugs applying
similar conjugation strategies than the ones applied to whole mAbs. These include
heterogeneous conjugation using lysines (Zhang et al., 2017) (see section 5.1), and
also different approaches to homogeneous conjugations, including conjugation to
engineered cysteines in an analog strategy to the one applied in this work for
Trastuzumab_cys114 (see section 6.3), addition of unnatural amino acids or

strategies combining engineered cysteines with several chemistries (second
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generation maleimides) that allow the obtention of conjugates with improved

stability (Schumacher et al., 2013), (Hervé-Aubert et al., 2018).

In this chapter, the production, purification and heterogeneous conjugation of a scFv
and the homogeneous conjugation of a cysteine-engineered scFv (scFv_cys) will be
attempted. Both scFv and scFv_cys will be derived from Trastuzumab, therefore

targeting the HER2 antigen.

7.2. scFv production in Escherichia coli

scFv production was first attempted in E. coli, since it represents an easier, faster and
less expensive production strategy with respect to alternatives such as animal cell
culture. In this section, the obtention of the genetic sequence of scFv is described,
as well as the production in a small-scale bioreactor and the purification and

characterization of the product.
7.2.1. Sequence construction and cloning

As it has been explained in the introduction, the scFv sequence consists in the fusion
of the variable regions of the light and heavy chains of the antibody, linked through
a spacer sequence. In this case, the sequence of the aimed Trastuzumab-derived scFv
consisted, from N-terminal to C-terminal of the protein, in the variable region of the
light chain (V.c) followed by the linker and the variable region of the heavy chain
(Vuc). This disposition was based on reports from literature (Zhao et al., 2009). The
linker sequence used for fusing the two variable regions consisted in the 218 linker,
a 18-amino acid peptide linker designed for scFv proteins aimed to enhancing their
stability and reducing aggregation (Whitlow et al., 1993). This linker sequence has a
high glutamine-serine (GS) content, conferring flexibility to it, therefore helping the

correct folding of the different domains of the fusion protein. Similar linkers have
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been used for generating other anti-HER2 scFvs (Olafsen et al., 2004). The DNA and

protein sequence of the generated scFv can be found in the Appendix | section.

The DNA sequences of the scFv molecule was obtained from the previously
described pTRI_Tzmb plasmid (see chapter 3). By means of a splicing overlap
extension PCR (see section 10.7.4.1.), the fusion of the light and heavy chains
variable regions was achieved, generating the scFv sequence of 762 base pairs. The
used oligonucleotides are listed in Appendix Il. The obtained fusion DNA sequence

can be observed at Figure 7.3, and it was confirmed by sequencing (see section

10.7.8.).
1000 bp
750 bp
Figure 7.3. DNA sequence of scFv.
Vic 218 linker Vic

460
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
[GGAGAT AGAGGACTG “TCTACTTCCGGTAGCGGTARAACCC CAGGCGAAGGATCGACTAARAGGCGARAGTGCAGCTG
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Fig 7.4. Sequencing chromatogram of the overlapping region of the light chain variable region, 218

linker and heavy chain variable region for the scFv construct.

Once constructed, the scFv DNA sequence was cloned (between Nhel and EcoRI
sites) into the expression vector pET21d (see section 10.6.1.3), an expression vector
in which the expression of the gene of interest is driven by the strong T7 promoter
and the lac operator, therefore only being allowed in the presence of the IPTG

inductor.

7.2.2. Production, purification and characterization
7.2.2.1. Selection of the production host and reactor production

The expression plasmid was transformed into the E. coli expression hosts BL21(DE3)
and Rosetta. BL21 was used since it is one of the most used E. coli strains for
recombinant protein production due to the high yield of produced protein (Robichon
et al.,, 2011), while the Rosetta strain contains tRNAs that allow the optimal
expression of genes with eukaryotic codon usages (Fathi-Roudsari et al., 2016): since
the scFv sequences were generated from DNA sequences with a codon usage
adapted for HEK293 (see section 3.2), it was expected that the Rosetta strain could
overcome possible inefficiencies in the protein expression derived from this codon

usage.

For scFv production, 5 clones of each strain were selected and tested, and then the
highest productor clones of each strain were compared side by side in small scale
Erlenmeyer culture (Fig 7.5.) in a defined medium (see section 10.2.2.2.1) and

induced with 500 uM of IPTG for 3h from a DOsso = 1.
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Fig 7.5. Comparison of scFv production (mg/L) and growth of BL21(DE3) and Rosetta E. coli clones

in Erlenmeyer culture, with 3 independent replicates.

Since no significant difference could be observed between strains, BL21(DE3) was
selected as the expression host, as our research group had more experience working
with this strain. At this point, the size of the product was assessed with SDS-PAGE
gels and was obtained directly from pellets of the E. coli cultures, without being

purified. The obtained scFv had the expected size of 26.686 kDa (Fig 7.6.).

25 kDa
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Fig 7.6. SDS-PAGE of the pellet of E. coli BL21(DE3) scFv producer, with and without IPTG induction.

In the IPTG-induced culture, a band of the scFv expected weight (around 25 kDa) can be observed.

In order to obtain more product for the conjugation and characterization steps, a
new production was performed in a 2L bioreactor (see section 10.4.2.3.). When the
culture reached a DOssp of 3, it was induced with 500 uM IPTG for 3h, since a final
DOsso of 10.3. The culture displayed a specific growth rate of 0.47 h?, and a final
concentration of 51.6 mg/L of scFv was obtained. The growth profile and final

product titer is depicted in Figure 7.7.

5
scFv {mgiL)

Figure 7.7. Growth profile of scFv producer E. coli BL21(DE3).

7.2.2.2. Purification and characterization of the product

The product obtained from the bioreactor was purified following a purification
sequence similar to the one described for whole Trastuzumab antibody (see chapter
3, section 3.3.2), but implementing several changes due to the nature of the bacterial

expression host (Figure 7.8).
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Centrifugation Microfiltration Affinity
chromatography

Figure 7.8.. Scheme of the downstream process implemented for the scFv produced in E. coli.

The first step of the recovery process consisted in a solid-liquid separation mediating
centrifugation (see 10.8.1.1.2.), followed by a disruption step (see 10.8.2.), a
microfiltration step (see 10.8.3.1.), an affinity chromatography using a column
containing Protein L resine (see 10.8.5.1.), which selectively binds to the light chain
of antibodies and antibody fragments, and, finally, a dialysis with sodium citrate
buffer (pH = 6). The production of protein by this method resulted in a product with
a purity of around 95%, and with its 26.868 kDa weight confirmed, as it can be

observed in Figure 7.9.

Postdisr FT Eluted

25 kDa

Fig. 7.9. scFv purified with Protein L affinity chromatography: post disruption, flow-through (FT)

and eluted product are observed.

However, the product recovered by this method precipitated after the dialysis step,

resulting in the loss of more than 95% of the product. Since the elution of the product
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is performed at an acid pH (2.3), several buffer conditions were tested: eluted
aliquots of scFv were diluted with phosphate-citrate buffer at different pH. However,
from a pH of 4, the levels of precipitated product were not reduced (Figure 7.10),
therefore rendering the obtained product not suitable for its further conjugation
with DM1 or veMMAE, since in both cases the product needs to be closer to a neutral

pH (see section 10.10).

7o

60

40 -

304

Recovered product (%)

20 4

pH

Fig. 7.10. Percentage of recovered scFv after dilution into phosphate-citrate buffer at different pH.

It was hypothesized that the product was not being properly folded by the E. coli
BL21 host. In this regard, it was observed by testing the integrity of the disulfide
bridge of the product in reduced and non reduced conditions in a SDS.PAGE gel that
the intrachain disulfide bridge of the produced scFv, necessary for its stability

(Guglielmi et al., 2009), was not correctly formed (Figure 7.11).
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Fig 7.11. SDS-PAGE gel of purified scFv: the protein presents the same migration pattern when
reduced (A) than non-reduced (B). When the intrachain disulfide bridge is correctly formed,
proteins present a different migration pattern when reduced with respect to the non-reduced

form (Gaciarz et al., 2016).

Therefore, an alternative production strategy was attempted in the form of using the
human HEK293 cell line for the producing the scFv, since animal cell lines are able to
produce proteins involving complex processing and post-translational modifications

than bacterial hosts.

7.3. scFv production in HEK293 and heterogeneous conjugation

7.3.1. Sequence construction and cloning

The same previously scFv sequence described for expression with E. coli was used
for its expression in HEK293. In this case, however, a signal peptide had to be added
in order to assure the secretion of the product to the media by the cell, in the same
way than had been done for Trastuzumab and the antibody chains. Therefore, the
same signal peptide employed for the secretion of the light chain of the antibody
was added to the scFv sequence. This was performed by repeating the overlap-
extension PCR using a different forward light chain oligonucleotide (see Appendix Il)

that allowed the incorporation of the signal peptide sequence of the light chain of
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the antibody to the final scFv sequence. The obtained DNA sequence (Figure 7.12)
was then cloned to the expression vector pIREpuro3 (see section 3.2), suited for
recombinant protein expression in animal cells, resulting in the pIRESpuro3_scFv

vector.

Fig 7.12. scFv sequence for HEK293 expression obtained from overlapping PCR.
7.3.2. Production, purification and characterization

The plIRESpuro3_scFv vector was transfected to HEK293 cells, cell pools
(HEK293_scFv) were selected and characterized as previously described (see section
3.3.1). When the recombinant strain where grown in an erlenmeyer, a maximum cell
density of 13.05-10° cell/ml was obtained, with a doubling time of 26.2 h, obtaining
a product concentration of 7.2 mg/L (Figure 7.13).
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Figure 7.13. HEK293_scFv growth profile and scFv production titers in erlenmeyer culture. Error

bars correspond to standard deviation of n = 3 replicates.

The purification sequence followed consisted in the same sequence performed for
light chain purification (see section 6.4.1.2), allowing the obtention of a product with
a purity higher than 99% (Figure 7.14). In this case, unlike for the E. coli-produced
scFv, a precipitation of the product after the dialysis of the eluted product was not
observed. However, after incubation at 42C for 24h, some precipitated appeared,
consisting in around 25% of the product. Therefore, in this case, since the major
fraction of the product remained soluble in a compatible buffer for the subsequent
conjugation steps, these product and purification process were considered

acceptable.
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25 kDa

Fig. 7.14. scFv produced with HEK293 and purified with Protein L affinity chromatography.

The antigen-binding capacity of the purified product was also checked (Figure 7.15).

Fig 7.15. ELISA assay performed with produced scFv. Lane 1: produced scFv dilution in HER2 coated

wells; Lane 2: negative control, produced scFv dilution in non-coated HER2 wells.

In order to have enough product for the subsequent conjugation, more scFv was

produced using single use devices in the same way than for previously described
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Trastuzumab molecules: a 5L wave bioreactor production (Figure 7.16) was carried
out (see section 10.4.1.1.2). In this case, the product was recovered when the culture
reached a cell density of 9.8-10° cell/ml, obtaining a product concentration of 7.5
mg/L, which was purified applying the same downstream processing described for

previous wave bioreactor cultures (see section 10.8), obtaining a purity >99%.
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Figure 7.16. HEK293_scFv growth profile and scFv production titers in wave bioreactor culture.

7.3.3. Conjugation and characterization

Once enough product was obtained, a conjugation procedure was defined for the

heterogeneous conjugation of the scFv protein to the cytotoxic drug DM1.

In a first attempt, the same protocol defined for the whole Trastuzumab antibody
conjugation (see section 5.2.1 and Figure 7.17) was applied. This conjugation
sequence consisted in SMCC linker addition to the scFv fragment solution, incubation

for 2h at room temperature, followed by a diafiltration in order to remove the excess
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of linker, then by the addition of DM1 and reaction step for 16.5h at room
temperature and agitation at 300 rpm, followed by a final diafiltration in order to
remove the excess of non-conjugated DM1 drug. The same DAR of 3.1 was aimed,
therefore applying a SMCC molar proportion with respect to scFv of 7.5, and then

8.5 molecules of DM1 per scFv were added in the conjugation.

o 4 ~4
o

1= =
SMCC addition DM1 addition
<85\ « S &\ &\ Ly
\\[_ & . G SR \ S
‘ Diafiftration Conjugation Diafiltration PBS
v/ 2h, RT \ | “BufierA ¥/ 165h \ .'} pH=65
¥ \/ 300 rpm
v v
RT

Figure 7.17: Scheme of the applied conjugation process for scFv-DM1.

When these conjugation conditions were applied, a strong precipitation of the
product was observed, both after the SMCC linker addition and the DM1 cytotoxic
drug addition, resulting in a very low recovery yield (Table 7.1), close to 10%.
Moreover, the DAR of the conjugated product did not correspond to the aimed DAR
of 3.1, instead, a DAR of 0.9 was obtained (measured by UV/Vis (Figure 7.16)).

It was hypothesized that, since the scFv molecule is smaller than the whole
Trastuzumab antibody, a DAR of 3.1 for the scFv results in a too high hydrophobic
load for this molecule: since Trastuzumab has a molecular weight of around 6 times
higher than the scFv (145.531 vs 26.686 kDa), the same cytotoxic drug load per
molecule results in 6 times more drug load per amount of protein in the case of the
scFv. Therefore, the precipitates observed for the conjugated scFv were expected to

correspond to the higher-loaded scFv species.
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In order to lower the precipitation levels, conjugation attempts lowering the amount
of SMCC linker and DM1 to add to the scFv were carried out, since both SMCC linker
and DM1 are hydrophobic molecules. However, adding lower amounts of linker and
cytotoxic drug results in a lower DAR: in these alternative conjugation conditions,
the aimed DARs were of 1.5 and 0.5 (using the same reference of the previous aimed
DAR of 3.1). Applying these conditions, precipitate levels were lowered and the
recovery yield improved: they were of 36.4 and 46.2%, respectively. However, the

obtained DARs were still lower than before: they corresponded to 0.5 and 0.2 (Table
7.2 and Figure 7.18).

Table 7.1: Summary of scFv-DM1 conjugation process data

Amount of scFv Yield for

Yield for DM1 Total Aimed  Obtained
conjugated SMCC addition + process DAR DAR
(mg) addition + dialysis yield
dialysis step step
1 28.5 27.5 7.8 3.1 0.9
1 72 50.6 36.4 S 0.5
1 61.2 75.5 46.2 0.5 0.2
1,2+
DAR 3. —
% DAR |5 ——
1,07 | 7N DAR 0.5 —
I/
0.8 ‘ ,’f / -\\‘ DAR 0 (initial) ——
| /(/ v’/ i\l
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2 0,6 ‘JH l\\,,,/'/'v»' \\t’
| \
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Fig. 7.18. Absorbance profile of the different scFv-DM1 ADC obtained in this work, with different

initial aimed DARs.

In order to overcome this issue, an alternative approach consisting in conjugating a
cytotoxic drug in a site-directed manner to the scFv was envisaged, being detailed in

the next section.

7.4. scFv_cys111: production in HEK293 and homogeneous

conjugation

An homogeneously conjugated scFv was aimed by genetically modifying the
antibody fragment, generating a cysteine-engineered scFv by inserting a cysteine
residue into the fragment sequence, to which veMMAE cytotoxic drug could be
selectively conjugated, in an analog way to the conjugation strategy described in
section 6.3.2. This section includes the scFv DNA sequence definition, the scFv

production and its purification and conjugation.

7.4.1. Sequence definition, construction and cloning

The same sequence that has been defined before in the 7.2.1 section was employed
for the generation of the cysteine-engineered scFv, in which a cysteine was added to
the reference sequence. The cysteine was added into the linker, in order to avoid
disturbing the variable light or heavy sequences of the scFv, and therefore not
impairing the binding ability of the antibody fragment. The concrete location for
insertion in the linker was finally set at the position 111 of the scFv sequence
(resulting in the scFv_cys111), based on a simulation of the 3D structure of the scFv,
using the Phyre2 software (Kelley et al., 2015). This simulation showed that this
position was sterically accessible, therefore being suitable for the conjugation of the

cysteine (Figure 7.21).
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Then, the DNA sequence codifying for the scFv_cys111 protein was obtained by
means of an overlap extension PCR, as previously performed for the scFv, and using

this same scFv as a template for the PCR.

Control -

scFv_cys111

Fig 7.19. scFv sequence for HEK293 expression obtained from overlapping PCR.

In this case, a TGT codon codifying for the added cysteine at position 111 (cys111)
was added in the overlap-enabling oligonucleotides (Appendix IlI). Finally, the
sequence was cloned in the same pIRESpuro3 vector, using the same restriction sites

(Nhel and EcoRl), generating the plasmid pIRESpuro3_scFv_cys111.

Vic 218 Linker

440
IIIIIIII-II-IIIIIIIIIII-IIII

........................
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Fig 7.20. Sequencing chromatogram of the V| (blue) - linker (orange) region of the scFv_cys111,

comprising the added cysteine in the 111 position (green).

Fig 7.21. A and B: 3D structure of the scFv (A) and scFv_cys111 (B), observed with PDB Viewer. The
electrostatic potential is displayed in blue (negative) and red (positive), with white region
corresponding to a hydrophobic patch. C and D: 3D structure of scFv (C) and scFv_cys111 (B)
observed with PDB Viewer (Guex et al., 1997). The color pattern corresponds to the solvent
accessibility of the molecule, red being the maximum accessible and blue the minimum accessible.

In B and D, the yellow arrow indicates the location of the inserted cysteine.
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7.4.2. Production, purification and characterization

The pIRESpuro3_scFv_cys111 vector was transfected to HEK293 cells, cell pools
(HEK293_scFv_cys111) were selected and characterized as previously described (see

section 3.3.1).
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Figure 7.22. HEK293_scFv_cys111 growth profile and scFv production titers in erlenmeyer culture.

Error bars correspond to standard deviation of n = 3 replicates.

When the recombinant strain where grown in an erlenmeyer a MCD of 16.2-10°
cell/ml was obtained, with a doubling time of 24.6 h, obtaining a product

concentration of 12.2 mg/L (Figure 7.22).

The purification sequence followed consisted in the same sequence performed for
the scFv, allowing the obtention of a product with a purity higher than 97% (Figure
7.23). Similarly, after incubation at 42C for 24h, some precipitated appeared,
consisting in around 20% of the product. Therefore, in this case, since the major
fraction of the product remained soluble in a compatible buffer for the subsequent
conjugation steps, this product and purification process was considered suitable. It

is also worth pointing out that, despite having a cysteine added to its sequence,
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which can lead to dimers formation through disulfide bridges (Schumacher et al.,

2013), no covalently linked dimers were observed in the SDS-PAGE gel (Figure 7.23).

25 kDa

Fig. 7.23. scFv_cys111 produced with HEK293 and purified with Protein L affinity chromatography.

The antigen-binding capacity of the purified product was also checked (Figure 7.24).

Fig 7.24. ELISA assay performed with produced scFv_cys111. Lane 1: negative control, produced

scFv dilution in non-coated HER2 wells; Lane 2: produced scFv dilution in HER2 coated wells.

In order to have enough product for the subsequent conjugation, a 1L Erlenmeyer
production was carried out. In this case, the product was recovered when the culture

reached a cell density of 13.7-10° cell/ml, obtaining a product concentration of 9.6
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mg/L, which was purified applying the same downstream processing described for

scFv, obtaining a purity >97%.
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Figure 7.25. HEK293_scFv growth profile and scFv production titers in 1L erlenmeyer culture.

7.4.3. Conjugation and characterization

Once enough scFv_cys111 product was obtained, its site-directed conjugation with
vcMMAE cytotoxic drug was attempted. The conjugation principle was the same
than the one applied for the conjugation of Trastuzumab_cys114 (see sections 6.3.2,

and 10.10.3.3.2).

The conjugation process applied for the whole Trastuzumab_cys114 consists of
several steps: an initial reduction in order to free the capped cys114; a dialysis step
in order to eliminate the reducing agent; a reoxidation step, so interchain disulfide
bridges can be rebuilt; a second dialysis in order to eliminate the reoxidating agent,
and then the conjugation and final dialysis steps (Figure 7.26, A). In the case of the

scFv_cys111 fragment, the applied protocol is shorter, since the reoxidation step
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does not need to be carried out: after the reduction step, the only available cysteine

for conjugation is the added cys111 (Fig 7.26, B), since the cysteines from the

intrachain disulfide bridges are not sterically available for conjugation.

The reducing agent molar proportion to apply in the reduction step of the whole

antibody Trastuzumab_cys114 was found to be of 50 times (50x) with respect to the

antibody, in order to ensure the complete reduction of the antibody and thus obtain

an homogeneous ADC (same section 6.3.2). In the case of the scFv_cys111 molecule,

the molar proportion of applied reducing agent was set at 20x. It was expected that

this molar proportion would be enough to completely reduce the added cys111,

since the relation reducing agent vs available cysteines is even higher in this case (20)

than the 50x reducing agent proportion for the whole mAb (5).
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Figure 7.26: Scheme of the applied conjugation process for Trastuzumab_cys114 conjugation (A)

and for scFv_cys111 conjugation (B).

This conjugation process resulted in a conjugated scFv_cys111-vcMMAE molecule
with a DAR of 1 measured by HIC-HPLC (Figure 7.24), with a global recovery yield of
27.6% (Table 7.2). Therefore, with this conjugation strategy, an homogeneous

conjugated scFv was obtained.

Compared to the previously generated heterogeneous scFv-DM1, in the condition in
which the scFv-DM1 has a similar DAR than the site-directed scFv-veMMAE (0.9 vs 1)

the homogeneous conjugation process displays a higher recover yield (27.6 vs 7.8%).

Table 7.2: Summary of scFv_cys111-vceMMAE conjugation process data

Yield for
Amount of scFv Yield for vcMMAE Total
Aimed  Obtained
conjugated reduction + addition + process
DAR DAR
(mg) dialysis step dialysis yield
step
1 77.7 35.5 27.6 1 1
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Fig 7.27. HIC-HPLC profile of unconjugated scFv_cys111 (A) and scFv_cys111-vcMMAE (B).

7.5. Conclusions

In this chapter, the previously implemented strategies for antibody conjugation have
been applied to antibody fragments (scFv). First, the scFv antibody fragment based
on Trastuzumab has been designed and its production attempted in E. coli. The scFv
produced in this expression system presented high precipitate levels in the dialysis
step after the elution from the affinity chromatography, impairing its subsequent
conjugation. It was hypothesized that E. coli was not able to properly fold the scFv,
therefore, its expression with the animal system HEK293 was attempted. In this case,
despite the precipitation of a fraction of the product (25%), the scFv could be
recovered and conjugated. A heterogeneous conjugation to the cytotoxic drug DM1
was attempted, obtaining a conjugated product with a DAR of 0.9 but recovering
only around a 10% of the product due to precipitation issues. This issue was
attempted to be overcome through the site-directed conjugation of the fragment,
by genetically inserting a cysteine on the scFv, to which the veMMAE cytotoxic drug
would be conjugated. This strategy yielded a conjugated scFv with a DAR of 1,
recovering around 27% of the product, thus improving the vyield of the
heterogeneous conjugation process. In the next chapter, the antiproliferation

assessment of the scFv conjugates generated in this chapter will be performed.
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Chapter 8. Results (VI): biological activity assessment of
the generated ADCs

8.1. Introduction

Once produced, purified and after the physicochemical characterization, the drugs
developed in this work will have their therapeutic activity tested. In the case of an
antitumoral drug, such as the ADCs that have been developed in this work, the
antiproliferative activity is one of the main parameters to be assessed. This will be
performed using different assays that validate a drug in its preclinical development:

in vitro assays (2D and 3D) as well as an in vivo assay.

In vitro 2D assays have been traditionally used for drug discovery and preclinical
development, with human cell lines providing a defined platform for investigating
cell and tissue physiology. Bidimensional assays present advantages including high
reproducibility, relatively low costs, short time to set up and high throughput (Stock
et al.,, 2016). In 2D cell culture, cells are grown on flat surfaces optimized for
attachment and growth (Saji et al., 2019), and model cell lines or primary cell lines

from patients can be used for testing the drug of interest.

In the case of HER2+ breast cancer, several cell lines are used as representative
models of the disease, including, among others, SKBR3 and BT474 (Jernstrom et al.,
2017), two of the most used HER2 positive breast cancer cell lines in in vitro assays.
SKBR3 cell line is sensitive to Trastuzumab, grows in grape-like appearance with poor
cell-cell contact (Kenny et al., 2007) and presents a poor tumorigenic potential when
incorporated in animal models (Holliday et al., 2011). BT474 cell line has a better
tumor formation ability than SKBR3. Both cell lines have been used for Trastuzumab

ADCs in vitro testing (Phillips et al., 2008).

In order to assess the effect of the drug of interest on the breast cancer target cells

in an in vitro assay, the antiproliferation rate of the cells represents a critical
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parameter. This can be assessed through different methodologies, including
nucleoside-analog incorporation, cell cycle-associated protein detection, use of
cytoplasmic proliferation dyes, cell counting and viability and metabolic activity
assays (Romar et al., 2016). One of the most typical methods, based on metabolic
activity, relies on tetrazolium salts, which can be reduced by dehydrogenases or
reductases from the cell, therefore generating formazan, a colored product that can
be monitored by measuring its absorbance (Riss et al., 2004). Thus, the generation
of formazan is directly proportional to the metabolic activity of the cells. In this
chapter, the MTS tetrazolium salt will be used as the key reagent for the 2D in vitro

antiproliferative assay.

2D culture is generally accepted and has been useful to increase the understanding
of drug mechanisms of action, however, there are limitations associated with it,
mainly the fact that cells grow on a monolayer on flat plates or flasks, being rigid
platforms that do not reproduce the microenvironment of the tumor (Saji Joseph et

al., 2019).

3D culture models have several parameters more similar to the in vivo tumor
microenvironment than 2D cultures, including: morphology of the cells;
differentiation, being better characterized and evidenced in 3D cultures; viability,
since cells in 3D culture are more viable and less prone to apoptosis than 2D cells,
due to the stronger interactions between cells; drug metabolism; gene expression
and protein synthesis. All of this makes 3D systems more in vivo relevant than 2D
(Gupta et al., 2016). 3D culture models comprise different displays, which can be
divided in two main groups: the 3D structures which are cultured using anchorage-
independent approaches (without the use of a substrate that promotes cellular
attachment) or those that use anchorage-dependent conditions (utilizing a substrate
which promotes cellular attachment) (Lovitt et al., 2014). Some of these 3D
strategies include: the formation of spheroids (which can be of one cell type or

multicellular) by different methods such as hanging drop; forced floating; agitation
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in devices such as spinner flask bioreactors; using hydrogel matrices and scaffolds
such as Matrigel, which is composed of tumor-derived basement membrane
proteins; bioprinting approaches, in which biocompatible materials, constituent cells
and supporting structures can form functional living organs; and microfluidic related
methods such as the Lab-on-a-chip approach, which provides microenvironments

compatible with those found in vivo (Gupta et al., 2016).
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Figure 8.1. Methods for 3D culture. Obtained from (Gupta et al., 2016).

In vitro tests with cancer model human cell lines has led to increased understanding
of the molecular events that lead to malignancy as well as assessing the therapeutic
activity of potential drugs. However, many of the mechanisms responsible for
tumorigenicity are modified during cell culture, and drugs that show efficacy in vitro
against human tumor cell lines can be ineffective when translated to tumors in
patients. This can be caused by different factors, including genetic alterations that

appear through multiple passages of the cell line, and issues associated with
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vascularization and the three-dimensional structure of the tumor in vivo as
compared to a two-dimensional cell layer in vitro. In order to overcome these issues,
human tumor cell lines and solid human tumors can be engrafted into
immunosuppressed animal models allowing a more accurate reproduction of the
tumor in vivo environment (L. D. Shultz et al., 2014). Rodent models, particularly
mice (mus musculus), are the most used animal model in oncology due to the
convenience of using a small, rapidly breeding animal which bears relatively close

resemblance to humans (Sausville et al., 2006).

Immunosuppression of these animal models is necessary in order to allow the
engraftment of human tumor cells, otherwise, they would be rejected by the action

of the immune system of the host.

Several immunodeficient mouse models have been developed, their
immunodeficiency degree depending on the mutation presented by the mouse. The
most relevant immunocompromised mice strains, based on implemented mutations,

include:

e Nude: nude mice were discovered in the 1960s, and have a mutation
consisting in the disruption of the gene FOXN1, which is involved in the
thymus development (Vaidya et al., 2016). Therefore, homozygous nude
mice are deficient for T cell activity, and provided an early model for tumor
engraftment of human cell lines derived from solid tumors (Shultz et al.,
2014). The nude mutation (Foxn1") also affects the mouse hair growth
(Wettersten et al., 2014), giving way to its naming as “nude”.

e SCID: while nude mice lack only T cells, mice homozygous for the severe
combined immunodeficiency (SCID) mutation are deficient for both T and B
cells and are thus characterized by an absence of both innate and adaptative
immune response (Bosma et al., 1983), providing a better environment for
xenografting with respect to nude mice (Wettersten et al., 2014). SCID

phenotype was first described in C.B17 mice containing a mutation of the
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protein kinase DNA activated catalytic polypeptide gene (Pkrdc>“P) (Bosma
et al.,, 1983), which is involved in the rearrangement of the genetic
components of antibodies and T cell receptors during B and T cell
development. Currently, the term “SCID” has been adapted to refer to all
severely immunodeficient strains of mice, including those expressing the
Rag1™" or Rag2™" mutations (Bosma et al., 1983), (Shinkai et al., 1992). The
RAG1 and RAG2 genes are also involved in the rearrangement of the genetic
components of antibodies and T cell receptors. Rag mice present the
advantage of not generating any T and B cell, whereas SCID mice with the
Pkrdc®*“P mutation are “leaky”, meaning that they can generate low amounts
of T and B cells (Kotloff et al., 1993). Therefore, Rag mice can present higher
tolerance to engraftment.

NOD-SCID: Further predisposition to engraftment was achieved by
backcrossing the scid mutation into a Non-Obese Diabetic (NOD) strain. The
NOD strain background provides intrinsic defects in innate immunity,
including lowered NK cell activity, reduced levels of macrophage activation,
abnormal dendritic cell development and function, and an absence of
hemolytic complement. Combining these innate immune defects with the
scid mutations led to a murine host more receptive for human tumors: when
compared with C.B17-scid mice, NOD-scid mice were more prone to
engraftment with solid human tumors that failed to grow or grew poorly in
C.B17-scid mice (L. D. Shultz et al., 2014).

NSG: NOD-SCID mice, despite being highly immunosuppressed, still present
some residual innate immune function, mostly due to Natural Killer (NK) cell
activity (L. D. Shultz et al., 2014). Stricter immunodeficiency can be achieved
via the mutation in the IL2-receptor common gamma chain (/L2rg™") (Ito et
al.,, 2012). The IL2rg gene is responsible for high affinity signaling for
different interleukin (IL) receptors (IL2, IL4, IL7, IL9, IL15 and 1L21). Absence

of signaling through these receptors hinders both the adaptive and immune
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system. Combination of the IL2rg™" mutation with the SCID background
results in mice completely deficient in adaptive immunity and severely
deficient in innate immunity that are highly receptive to engraftment of

human cells, tissues and primary tumors (Shultz et al., 2012).
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Figure 8.2. Scheme of model mice strains development. Obtained from (lIto et al., 2012).

The several described mutations can be implemented into different mice strain
backgrounds. Several mice strains are used in biomedical research, the most used
being C57BL/6 and BALB/c strains (Johnson, 2012). C57BL/6 is the most used mouse
strain for research, it was the earliest implanted strain given its strain stability and
easy breeding. C57BL/6 mice are employed as physiological or pathological models
for in vivo studies, and they are also used as a background strain for generating
congenics with both spontaneous and induced mutations (Johnson, 2012). BALB/c
mice is an albino strain, which is used extensively for hybridoma and antibody
production, and are especially useful for cancer therapy research and immunology.
Similarly to the C57BL/6 strain, BALB/c strain is also used as a background strain for
various gene deficiency/knockout studies (Johnson, 2012). In this work, BALB/c

nude, NOD-SCID and Rag strains will be used.
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In this chapter, the assessment of the antiproliferative activity of the developed
antibody-conjugate molecules will be attempted in 2D and 3D in vitro models, and
one of the candidates, the homogeneous Trastuzumab-vcMMAE with a DAR of 2
generated from the in vitro assembly of its chains, being the most innovative of the

proposed molecules, will also be analyzed in an in vivo animal model.

8.2. 2D in vitro assays with SKBR3 cell line:

8.2.1. MTS antiproliferation activity assay development and ADCs

assessment

The first assay developed for the assessment of the antiproliferation activity of the
constructed ADCs consisted in a two dimensional antiproliferative assay based on
the reagent MTS. The test is based on the conversion of the MTS tetrazolium
compound to a colored formazan product that can be detected and quantified (see
section 10.12.1). Formazan is formed when MTS is reduced by the cells, therefore,
the formazan amount can be related to cellular activity, and, thus, proliferation. This
test has been applied to the different ADC molecules developed in this work. In a
first assay, the cytotoxic drugs that have been used in this work, DM1 and vcMMAE,

had their antitumoral activity assessed (Figure 8.3).
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Figure 8.3. Antiproliferative activity of DM1 and vceMMAE cytotoxic drugs tested on SKBR3 cells

and measured with MTS test.

The DM1 cytotoxic drug presented a stronger effect on the SKBR3 cells, with its ICso
value close to the 0.001 nM, while veMMAE was around 50 nM (Table 8.1). The ICs
factor corresponds to the index of cytotoxicity 50, which indicates the concentration
of the drug at which it exerts an effect corresponding to the 50% of its maximum
effect. For both drugs, these values were similar than bibliographic values
(Abdollahpour-Alitappeh et al., 2017), (Lambert et al., 2014), therefore validating the

activity assessment methods and the cytotoxic drugs.

Table 8.1. ICsp of DM1 and veMMAE cytotoxic drugs

DM1 0.001 nM
vcMMAE 50 nM

In the case of the generated antibody-drug conjugate products, the heterogeneous
ADCs Trastuzumab-DM1 (DAR 3) and Trastuzumab-vcMMAE (DAR 3.9) (see sections
5.2 and 5.3) were first evaluated, and their activity was compared to unconjugated

Trastuzumab (Figure 8.4).
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Figure 8.4. Antiproliferative activity of Trastuzumab, Trastuzumab-DM1 (DAR 3) and Trastuzumab-

vcMMAE (DAR 3.9) tested on SKBR3 cells and measured with MTS test.

Trastuzumab, when unconjugated, presented almost no antiproliferation activity on
target SKBR3 cells: only at very high concentrations, close to 500 nM, an lightly effect
was observed. However, when conjugated, the potency of the molecule increased,
reaching IC50 values of around 0.03 nM for Trastuzumab-DM1 and 0.3 nM for
Trastuzumab-veMMAE (Table 8.2). Trastuzumab-DM1 ICso values are similar to
reported bibliographic values (Phillips et al., 2008). The higher potency of DM1 was
also observed in the conjugated products, where for similar DARs, or even with a
slightly higher DAR for the veMMAE conjugated ADC, the Trastuzumab-DM1 product

displayed a higher antiproliferation activity.

Table 8.2. ICsg of Trastuzumab heterogeneous conjugates

Trastuzumab >100 nM
Trastuzumab-DM1 (DAR 3) 0.034 nM
Trastuzumab-vcMMAE (DAR 3.9) 0.32 nM
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The generated homogeneous ADCs were also analyzed, and their antiproliferative
activity profiles can be observed on Figure 8.5. The ADCs consisting in Trastuzumab
conjugated to veMMAE with a DAR of 7.3 (close to being completely homogeneous,
with a targeted DAR of 8 (see section 6.2)), and a DAR of 3.9 (heterogeneous
Trastuzumab-veMMAE with a targeted DAR of 4) and Trastuzumab_cys114
conjugated to veMMAE with a DAR of 1.79 (close to being homogeneous, aimed DAR
of 2 (see section 6.3)) were evaluated. The ADCs displayed an efficacy proportional
to their DAR value: the more loaded the antibody, the more antitumoral activity it
has (Table 8.3). This is in concordance with some reports from literature, in which a
similar trend is observed when the in vitro antiproliferative activity for ADCs with

different DARs is assessed.
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Figure 8.5. Antiproliferative activity of Trastuzumab conjugated to vcMMAE to DARs of 3.9 and
7.3; of Trastuzumab_cys114 conjugated to veMMAE with a DAR of 1.79, and of the respective
naked Trastuzumab and Trastuzumab_cys114 antibodies. Assays performed on SKBR3 cells and

measured with MTS test.
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Table 8.3. IC5q of Trastuzumab and Trastuzumab_cys114-vcMMAE conjugates

Trastuzumab_cys114-vcMMAE (DAR

0.14 nM

1.79)

Trastuzumab-vcMMAE (DAR 3.9)
Trastuzumab-vcMMAE (DAR 7.3)

0.046 nM
0.008 nM

In the case of the homogeneous ADC with a DAR of 2 generated from the conjugation

of light chains and their subsequent in vitro assembly with independently produced

heavy chains (see section 6.4), its antiproliferative activity was also coherent with

the load of the ADC, being lower than an heterogeneous Trastuzumab-veMMAE with

a DAR of 3.9 (Figure 8.6).
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Figure 8.6. Antiproliferative activity of Trastuzumab conjugated to vceMMAE to a DARs of 3.9 and

of Trastuzumab in vitro reassembled conjugated to veMMAE with a DAR of 2, and of the respective

naked Trastuzumab and Trastuzumab in vitro reassembled antibodies. Assays performed on

SKBR3 cells and measured with MTS test
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Table 8.4. ICsq of Trastuzumab and Trastuzumab in vitro reassembled conjugates

Trastuzumab-vcMMAE (DAR 2) 0.050 nM
Trastuzumab-vcMMAE (DAR 3.9) 0.023 nM

The conjugated scFv fragments (see chapter 7) also showed an antitumoral effect on
SKBR3 cells (Figure 8.7). The heterogeneous scFv-DM1 (DAR of 0.9) and the
homogeneous scFv_cys111 (DAR of 1) had very similar antiproliferative profiles, with
almost identical ICsp values (Table 8.5). However, they have a lower efficacy than the
ADCs generated from the whole Trastuzumab antibody. This could be due to the fact
that whole ADCs are loaded with higher drug content (2-8 drug molecules per
antibody, in contrast to around 1 for the conjugated scFv fragments). Another
explanation could rely on a possible lower binding affinity of the fragments with
respect to the whole antibodies for the target HER2 antigen: an scFv fragment has
only one binding domain to the target antigen, compared to two domains for a whole
IgG, resulting in a loss of avidity (accumulated strength of multiple affinities of non-

covalent interactions (Kitov et al., 2003)) for the scFv (Hess et al., 2014).
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Fig. 8.7. MTS activity of scFv and scFv_cys111 conjugates.

Table 8.5. ICsg of scFv and scFv_cys111 conjugates

scFv-DM1 (DAR 0.9) 3nM
scFv_cys111-veMMAE 3nM

Once the antitumoral capacity of the generated ADCs had been tested on a classical
2D in vitro platform, a different approach was attempted, consisting in developing a

3D model.
8.3. 3D in vitro assays with SKBR3 cell line:

A 3D in vitro assay for an improved assessment of the antiproliferative activity of the
developed ADC molecules was attempted. Several methodologies for generating 3D
cell culture models were employed, and then the suitability of the generated model

for the assessment of the efficacy of the generated drugs was analyzed.

8.3.1. 3D culture with SKBR3: assessed methodologies

Different culture strategies were tested in order to generate a 3D model for the
SKBR3 model cell line, in the form of cell spheroids. Some scaffold-free methods
(hanging drop and culture in ultra-low attachment plates) were employed, as well as
methodologies taking advantage of organic scaffolds (Matrigel and collagen). The
applied approaches are summarized in Table 8.6. and consist in the following (see

section 10.12.4 of Material and Methods section for more information):

e Hanging drop: a culture medium drop containing the cells of interest is left
hanging from the inside part of the lid of a culture plate. The cells end by

forming a spheroid by gravity (Montanez-Sauri et al., 2013).
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Figure 8.8. Schematic depiction of hanging drop method. Obtained from (Gupta et al.,

2016).

Culture in ultra-low attachment (ULA) plate: cells are cultured in plates with
an hydrophilic neutrally charged hydrogel coating, therefore impairing the
attachment of the cells and forcing them to grow forming aggregates or

spheroids.

Figure 8.9. Schematic depiction of ULA cultue.

Embedded seeding with Matrigel/collagen: Matrigel is the commercial name
of an extracellular matrix mixture extracted from Englebreth-Holm-Swarm
tumors in mice, primarily consisting of the proteins collagen IV, laminin and
enactin, which are typical structural proteins from extracellular matrices
(Hughes et al., 2010). It also contains growth factors that can influence the
growth of the cells in a 3D conformation. Directly using collagen hydrogels
as a scaffold for cell culture also allows the growth of cell cultures in 3D,
resulting in a more controlled approach than using Matrigel, but with a lower
amount of proteins and factors that can be critical for the cell growth. In
embedded cultures, the hydrogel is mixed with the culture medium and the
cells, which grow inside the matrix (scaffold) formed when the hydrogel

solidifies (Lee et al., 2010).
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On top seeding with Matrigel/collagen: in this case, the hydrogel and the
culture medium are mixed, the hydrogel solidifies and the cells are seeded
on top of the mixture (Weigelt et al., 2010).

2D 3D embedded 3D on-top

69g8g

Figure 8.10. Schematic depiction of 3D embedded and on top cultures. Obtained from

(Lee et al., 2010).

Culture in ULA plate with Matrigel and centrifugation: this strategy combines
the use of ULA plates with the addition of the Matrigel polymer. The cells
are mixed with the culture medium and Matrigel (2.5% v/v), and before the
polymerization of Matrigel takes place, a centrifugation step is applied,
maintaining the cells in the center of the well, forming a spheroid (lvascu et

al., 2007).
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Figure 8.11. Schematic depiction of ULA+centrifugation method for 3D culture

generation. Obtained from (Gupta et al., 2016).
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Table 8.6. Culture strategies tested for the obtention of 3D models with SKBR3

3D Methodology attempted Resulting culture
Hanging drop Loose aggregate
Culture in ultra low attachment plate Loose aggregate
Embedded seeding with Matrigel Individual cells
Embedded seeding with collagen Individual cells
On top seeding with matrigel Individual cells
On top seeding with collagen Individual cells
Culture in ULA plate with Matrigel and centrifugation Spheroid

From all the different culture strategies applied, only when SKBR3 cells were cultured
in an ULA plate with Matrigel and centrifugated, they were able to grow forming a
spheroid-like structure (Figure 8.12.). In the case of the other methodologies, cells
grew individually, or were only able to form loose aggregates (Figure 8.12. A), which
were not compact and resistant enough, their morphology not corresponding to a

spheroid.

SKBR3 cells have been described as a difficult cell line for 3D culture, since they lack
the E-chaderin protein that allows the intercellular cell-cell interaction, which is
present in cell lines that spontaneously generate tight spheroids (lvascu et al., 2007).
Therefore, only in the very specific cell culture conditions described, they were able

to grow in a spheroid conformation.

A
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Figure 8.12. Pictures of SKBR3 cells: A) without matrigel nor centrifugation, B) with 2.5% matrigel,
C) with 5% matrigel. Pictures obtained from a phase inverted microscope (Nikon, TMS) and a Nikon

Coolpix 5400 camera.

Once the SKBR3 spheroid generation was achieved, they were used to evaluate the

antiproliferative activity of the developed ADCs.
8.3.3. ADC antiproliferative activity assessment with SKBR3 spheroids

The developed spheroids were then used for assessing the antiproliferative activity
of the generated ADCs. In a first assay, Trastuzumab and Trastuzumab-vcMMAE
(DAR 7.3) antiproliferative activity was analyzed on SKBR3 spheroids and SKBR3 2D
cultures side by side. In the 2D culture, the typical antiproliferation profile was
observed, however, in the assay carried out with spheroids, an effect of the tested
molecules could not be observed (Figure 8.13), the spheroid being much more

resistant than the 2D culture.
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Figure 8.13. Antiproliferative profile of Trastuzumab and Trastuzumab-vcMMAE (DAR 7.3) in 2D
and 3D SKBRK3 cell cultures. MTS assay.

This effect can be attributed to the spheroid conformation, in which the involved

cells are more resistant to drug treatment than in a bidimensional display.

In order to determine if the lack of effect on the SKBR3 spheroids was related to the

size of the ADC, being too big and thus unable to penetrate into the spheroid,
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spheroids were treated with veMMAE (1316 Da vs >145000 Da for the ADC) (Figure
8.14). The assay resulted in a similar profile than the obtained for the ADC, therefore
confirming the increased resistance of the 3D versus the 2D configuration, even for
small molecules. This behavior has been reported in the literature (Imamura et al.,

2015).
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Figure 8.14. Antiproliferative profile of vcMMAE in 2D and 3D SKBRK3 cell cultures. MTS assay.

An alternative methodology to quantify the antitumoral effect of the developed
ADCs on the SKBR3 cells was also implemented, in order to discard a possible non-
functionality of the MTS assay in the 3D cultures. In this case, the cells, after their
incubation with the cytotoxic drug, were stained with propidium iodide and
observed with confocal microscopy (Figures 8.15, 8.16 and 8.17) (see section
10.12.6). Propidium iodide is an intercalating agent that stains the DNA and RNA and
is not membrane-permeable, therefore only staining the dead cells (both apoptotic
and necrotic). This assay revealed, again, that the 3D cultures were more resistant
than their 2D counterparts: when treated with veMMAE, the viability was lower in

the 2D than the 3D culture (Figure 8.18).
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-

Figure 8.15. Pictures of SKBR3 cells 3D spheroids obtained with confocal microscopy (Leica TCS

SP.5): A) Treated with vceMMAE 10 pM, B) Treated with veMMAE 0.025 pM C) untreated (positive

control). Pictures correspond to the brightfield channel.

.

Figure 8.16. Pictures of SKBR3 cells 3D spheroids obtained with confocal microscopy (Leica TCS

SP.5): A) Treated with vceMMAE 10 pM, B) Treated with veMMAE 0.025 pM C) untreated (positive
control). Blue staining (Hoetsch) corresponds to total nuclei number, while red staining

(propidium iodide) corresponds to nuclei of dead cells.

Figure 8.17. Pictures of SKBR3 cells in 2D 96 well plates obtained with confocal microscopy (Leica

TCS SP.5): A) Treated with vceMMAE 10 uM, B) Treated with vcMMAE 0.025 pM C) untreated
(positive control). Blue staining (Hoetsch) corresponds to total nuclei number, while red staining

(propidium iodide) corresponds to nuclei of dead cells.
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Figure 8.18. Viability of 2D and 3D (spheroid) SKBR3 cell cultures treated with vceMMAE at different
concentrations and assessed with propidium iodide staining. Error bars represent the standard

deviation from independent replicates.

In a further step to validate the antitumor activity of the generated ADCs, an in vivo

assay was developed and applied.
8.4. In vivo assay: tumor model with SKBR3 cell line

8.4.1. Model mice generation

Once the antitumor effect of the developed ADCs had been proven in vitro, in order
to definitively validate the activity of the developed cytotoxic drug, an in vivo assay
was developed and applied. This assay was developed by the Functional Validation
and Preclinical Research service of the Vall d’Hebron Institute of Research
(Barcelona). The first step of the process consisted in the engraftment of the tumor
in immunosuppressed mice. Since it was the cell line that had been used to develop
the in vitro assays, SKBR3 cell line was first used to generate the mice model for
performing the in vivo assay. In a first attempt, SKBR3 cells cultured at UAB were

used for an orthotopic inoculation: a mixture of 10-10° cells with the gelatinous
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protein mixture Matrigel were inoculated in the adipose panicle of the breast gland
of the nude Balb/c mice that were used for the assay. This inoculation was deemed
to be more potentially successful than a subcutaneous one, since it is reported to
yield better growth of the implanted tumors (Kerbel et al., 1991; Manzotti et al.,
1993). After 7 days, an initial tumor of around 50 mm3 seemed to be established,
however, after 4-7 days the volume decreased to around 25 mm? and remained

stable at this value for the rest of the experiment (see Figure 8.19).

In a second attempt, nude NOD-SCID mice were inoculated with SKBR3 cells. Since
NOD-SCID mice are more immunosuppressed than nude mice, it was expected that
the tumor engraftment could be improved in this strain. The tumor evolution
presented a similar trend to that observed in the nude mice: after 11 days a tumor

of around 30 mm?3 seemed to appear, but it did not grow any further (Figure 8.19).
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Figure 8.19: evolution of tumor volume of SKBR3 cells inoculated on NOD-SCID and nude Balb/c
mice.
A third attempt was performed again, in this case, Rag mice were used. Since these
mice are more immunosuppressed than previously used nude Balb/c and NOD-SCID

mice, it was expected that the implementation of the tumor could be facilitated.
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However, successful growth of the tumor was not observed in these conditions

neither.

As previously stated in the introduction of this chapter, SKBR3 cell line has been
reported to have successfully been used as a breast cancer model cell line for tumor
generation in mice. However, other reports describe it as a cell line that forms poorly
differentiated tumors in immunocompromised mice (ATCC, 2016), or that does not
form tumors at all (van Slooten et al., 1995). This, added to the poor ability of 3D
culture of this cell line in the form of spheroid generation, led to trying an alternative
cell line for the in vivo model generation: BT474. This cell line has been reported to
develop into tumors when inoculated in mice (Bryant et al., 2015), (G. D. Phillips et
al., 2008). It has been specifically described as a better cell line than SKBR3 for mouse

xenograft development (van Slooten et al., 1995).
8.5. 2D in vitro assays with BT474 cell line:

BT474 cell line was first assessed in the bidimensional MTS assay previously
performed for SKBR3. Its response to the treatment with vceMMAE, heterogeneous
Trastuzumab-vcMMAE (DAR 3.9) and homogeneous Trastuzumab-vcMMAE (DAR 2)
generated from in vitro reassembled chains, was similar than for SKBR3 (Figure 8.20),

thus validating the BT474 cell line for assessing the ADCs efficacy.
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Since BT474 has been described as a cell line more suitable for spheroid generation

than SKBR3 (lvascu et al., 2007), it was tested for 3D culture.
8.6. 3D in vitro assays with BT474 cell line:

BT474 cells displayed a spheroid formation when cultured in ultra-low attachment
plates, without needing to add Matrigel nor centrifugate the plate (Figure 8.21),

confirming the reports from literature (lvascu et al., 2007).

Figure 8.21. BT474 cells forming a spheroid

when cultured in ULA plates.

The BT474 spheroids were more resistant to the effect of the veMMAE drug than the

2D cultures, similarly than SKBR3 (Figure 8.22).
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As it had been performed for SKBR3 cells, the spheroids were stained with propidium
iodide and observed using a confocal microscope and pictures of the spheroids were

taken (Figures 8.23, 8.24 and 8.25) and their viability assessed (Figure 8.26).

Figure 8.23. Pictures of BT474 cells 3D spheroids obtained with confocal microscopy (Leica TCS
SP.5): A) Treated with vcMMAE 10 uM, B) Treated with vceMMAE 0.025 pM C) untreated (positive

control). Pictures correspond to the brightfield channel.
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Figure 8.24. Pictures of BT474 cells 3D spheroids obtained with confocal microscopy (Leica TCS
SP.5): A) Treated with veMMAE 10 pM, B) Treated with vcMMAE 0.025 pM C) untreated (positive
control). Blue staining (Hoetsch) corresponds to total nuclei number, while red staining

(propidium iodide) corresponds to nuclei of dead cells.

Figure 8.25. Pictures of BT474 cells in 2D 96 well plates obtained with confocal microscopy (Leica
TCS SP.5): A) Treated with vceMMAE 10 pM, B) Treated with veMMAE 0.025 uM C) untreated
(positive control). Blue staining (Hoetsch) corresponds to total nuclei number, while red staining

(propidium iodide) corresponds to nuclei of dead cells.

Similarly to SKBR3 spheroids, they were more resistant to vcMMAE than the 2D
cultures. The pictures obtained from confocal microscopy reveal spheroid
morphology much more round-shaped than the one obtained from SKBR3, again

indicating the ability of BT474 cells to form spheroids.
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Figure 8.26. Viability of 2D and 3D (spheroid) BT474 cell cultures treated with vcMMAE at different
concentrations and assessed with propidium iodide staining. Error bars represent the standard

deviation from independent replicates.

Finally, once their response to the ADC products having been validated in vitro,

BT474 cells were used to generate an in vivo model.

8.7. In vivo assay: tumor model with BT474 cell line

8.7.1. Model mice generation

In order to develop the in vivo model, BT474 cells were inoculated in athymic nude
mice. The mice were orthotopically inoculated: a mixture of 10-10° cells with the
gelatinous protein mixture Matrigel were inoculated in the adipose panicle of the
breast gland of each mouse. Estrogen supplements pellets 17B-Estradiol and
enrofloxacin were fed to the mice. Since BT474 cell line expresses the estrogen

receptor (ER), the estrogen supplementation contributes to induce the growth of the
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cells into forming a tumor (Liang et al., 2010). In this case, the mice successfully
developed a tumor, reaching between 75 and 125 mm?3, therefore enabling starting

with the ADC validation assay.
8.7.2. In vivo ADC validation

Using the successfully developed BT474 xenograft mouse model, the Trastuzumab-
vcMMAE ADC with a DAR = 2 generated from the in vitro assembly of its chains had
its antitumor activity assessed. The ADC was contained in a 50 mM sodium citrate
solution, pH = 6, which was the solution used for the chains assembly (see section
6.4). This buffer has a similar osmolarity than other typical physiological buffers: 50
mM citrate buffer has a concentration of 13.5 g/l versus the approximate 9 g/l of
phosphate buffered saline medium (PBS) or ringer buffer (NaCl 0.9%). Prior to the
administration of the ADC, some mice were administrated with the buffer in order
to assess that it did not have a negative impact over the mice wellbeing. After 24h,

the mice did not show any unhealthy symptom.

The dose of administration was set at 15 mg/kg, based on literature review from
other ADC in vivo assays (G. D. Phillips et al., 2008), (Lambert & Chari, 2014), (Barok
et al., 2011), (Menderes et al., 2017), (Li et al., 2018). The dose was based on total
mAb content. This dose aimed to be high enough to allow tumor regression while, at
the same time, not resulting in toxicities derived from the drug. For the same

reasons, administration pattern was set at once per week.

The administration of the ADC drug resulted in a regression of the tumor volume
from the beginning of the treatment. After 8 days of treatment and the first
administration had been performed, the treated mice showed a clear regression of
the tumor volume (Figure 8.27). After the second administration, decrease in the
body weight of the mice was observed (see Figure 8.23). Since the difference of body
weight from the start of the experiment was close to 10%, and 2 of the mice were

lower than 10%, it was decided to stop the administration of the ADC in order to see

272



Chapter 11. Appendix

if the weight was recovered. From this point on, the body weight of the mice
remained stable, while the tumor volume continued to decrease, and at endpoint,
after 23 days of treatment, 7 out of the 10 mice presented a complete regression of
the tumor (Fig 8.27). At this point, 5 out of the 10 mice presented a 10% loss of
weight from the beginning of the assay, and some toxicity effects were observed in
some of the mice 4 mice, which had lost between 16 and 22% of the weight,
presented signs of cachexia (loss of appetite), hunched (antalgic) position, apathy

(reduced motility) and dermatitis.
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Figure 8.27: Comparative analysis of the primary orthotopic tumor growth of BT474 cells treated
with the vehicle or the Trastuzumab-vcMMAE DAR2 ADC. Red arrows indicate when treatment
was administered to both groups. The tumors no measurable are included with value 0. On day 8,

ADC treated group presented much smaller tumor volumes (p = 0.0003, t-test).

It is worth pointing out that treatment with 17p3-Estradiol by itself might cause some
weight loss. In this regard, in the control group (treated with the vehicle), no net gain
of weight occurred (moreover, 3/8 mice showed losses above 5%), differently to

what would be expected for young mice (6-10 week old) (Figure 8.28). Therefore,
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the combination of 17B-Estradiol with the tested ADC might have increased the
inherent toxicity of the tested ADC in this specific animal model. This observed
pattern in weight loss is quite similar to other weight loss profiles reported in the
literature for ADC-treated mice (Bryant et al., 2015). The toxicity effects of the ADC
on the mice could be mitigated applying lower doses and a dosage pattern with a
lower frequency, finding the compromise between tumor regression and avoidance

of secondary effects.
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Figure 8.28: evolution of the mice weight loss measured in percentage of body weight change from

the beginning of the assay. Red arrows indicate administration point.

It can be stated that the assessed ADC was successfully validated in terms of
antitumoral activity: on day 8, mean tumor volumes in vehicle-treated group was
128.1 + 24.59 and in ADC treated group it was 24.72 + 5.67 mm?3. This difference is
already statistically significant (student t test, p = 0.0003). After the second

administration on day 8, tumors continued to reduce their size along time, and on
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day 23, at endpoint, only 3 animals showed palpable and measurable tumors, with
mean tumor volumes of 253.2 + 30.96 for vehicle-treated group and 7.853 + 4.178
for ADC treated animals. Accordingly, tumor weight at end point was significantly
smaller in the group treated with the ADC: 185.8 + 23.3 mg for the vehicle-treated
vs 17.01 + 6.4 for the ADC treated.
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Figure 8.29. Ex vivo tumor weight at end point. Ex vivo weight was statistically different between

both groups (p<0.0001, t-test).

8.5. Conclusions

In this chapter, in vitro 2D and 3D models have been developed for the assessment
of the antitumor activity of the antibody and fragment conjugates generated along
this work. Moreover, one of the candidates, the ADC Trastuzumab-vcMMAE
generated from the in vitro reassembly of its chains, has been in vivo assessed in an

animal model.
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In the 2D in vitro model based on the metabolic MTS assay, the developed molecules
showed their antiproliferation activity, with all the ADCs having an ICsg in the pM (<1
nM) range. Regarding the heterogeneous ADCs, Trastuzumab-DM1 (DAR 3) showed
a higher antiproliferative activity than the Trastuzumab-vcMMAE (DAR 4). In the
Trastuzumab-vcMMAE conjugates at different DARs, the in vitro potency was directly
proportional to their drug load. Regarding the scFv conjugates, heterogeneous scFv-
DM1 (DAR 0.9) presented similar potency values than homogeneous scFv-vcMMAE

(DAR 1), and they were less effective than their whole antibody counterparts.

A 3D model was attempted with SKBR3 cells applying several methodologies
including scaffold-free methods such as culture in ultra-low attachment plates and
methods using hydrogel scaffolds (Matrigel and collagen). However, the only
approach resulting in the formation of spheroids consisted in the combination of the
addition of Matrigel to the culture and centrifugation of the plate. These spheroids
were much more resistant than their 2D counterparts to the developed ADCs, and

also to the unconjugated cytotoxic drug veMMAE.

Finally, in order to validate the most innovative generated ADC of this work,
(Trastuzumab-vcMMAE obtained from in vitro assembly of its chains) an in vivo
model was developed and used. The first attempt using SKBR3 cells did not result in
the engraftment of tumors in the inoculated mice. This was solved by using an
alternative cell line, BT474, which is more prone to its growth in 3D and tumor-like
morphologies. In the animal model generated with BT474 cell line, the tested ADC
caused a complete tumor regression in 7 of the 10 treated mice in three weeks,
showing a potent antitumoral activity and thus validating the constructed molecule

as a candidate for breast cancer therapy.
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Chapter 9. Concluding remarks and future work

In this work the production and characterization of several therapeutic antibody-
derived molecules based on the anti-HER2 monoclonal antibody Trastuzumab has
been attempted. These molecules consist on an immunocytokine formed by the
fusion of Trastuzumab and interferon-a2, and different formats of antibody-drug
conjugates (DM1 and MMAE as citotoxic drugs), exploring heterogeneous and
different homogeneous conjugation strategies on whole antibody and antibody scFv
fragment. The production process for each molecule includes its cloning into an
expression vector, the production of the protein using the human HEK293 cell line,
its purification and the conjugation to a cytotoxic drug. The physicochemical and
biological activity characterization has also been performed, for which several tools
have been implemented, including 2D and 3D in vitro models and also an in vivo

model using a tumoral human cell as target.
From the developed work and the obtained results it can be concluded that:

e The production of the Trastuzumab antibody and the derived antibodies and
fragments (Trastuzumab_cys114, Trastuzumab light and heavy chain, and
scFv fragments) has been achieved through HEK293 cultures in single use
devices, including 50L productions for  Trastuzumab and
Trastuzumab_cys114. The implemented recovery and purification
sequences, based on Protein A or Protein L affinity chromatography as the
key step, have allowed to obtain products with >97% purity and recovery
yields around between 65 and 80%. For Trastuzumab, several
physicochemical characterization tools have been implemented, which have
proved the obtention of antibody products available for conjugation.

e The constructed immunocytokine consisting in the fusion of Trastuzumab
and IFNa2 has not shown an improved antiproliferative activity against

target SKBR3 breast cancer model cells with respect to Trastuzumab.
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Regarding the IFNa.2 cytokine, a mild antiproliferative activity was detected
in in vitro test assays. However, its fusion to Trastuzumab did not result in
an increase of its antitumor effect. Besides, the impact of the interferon on
the activation of the immune system was not found to be significant: no
lymphocyte proliferation was induced by the interferon. As a future work,
alternative approaches could consist on generating a fusion construct based
on an antibody fragment instead of a whole IgG: fusing the interferon to a
lower molecular weight molecule such as the fragment, might help avoiding
steric impediments allowing a better folding of the protein, preserving the
native structure of the interferon and increasing its activity. Another strategy
to obtain a more potent immunocytokine could rely on fusing a different
cytokine to the antibody. Apoptosis activators such as TNF o (tumor necrosis
factor a) (Krippner-Heidenreich et al., 2008) or FasL (Fas receptor ligand)
hold a powerful cytotoxic activity, while cytokines such as interleukins 2, 6,
7 or 12 have a strong capacity to activate the immune system against the
target tumor (Kontermann, 2012).

The heterogeneous conjugation of Trastuzumab to the cytotoxic drugs DM1
and vcMMAE has been successfully achieved, generating ADCs with the
expected DARs of 3.1 and 4, respectively. The heterogeneous conjugation
methodologies based on conjugation to Lysine residues (in the case of DM1)
and to interchain Cysteine residues (in the case of veMMAE) have been
successfully implemented, as well as the tools for characterizing the DAR of
the obtained conjugates (UV spectroscopy (with its precision confirmed by
mass spectrometry) and hydrophobic interaction chromatography). Similar
recovery yields were obtained for both conjugation processes, around 70%
(66% for Trastuzumab-DM1 vs 73.5% for Trastuzumab-vcMMAE).
Trastuzumab-veMMAE displayed a lower aggregates amount than T-DM1,
due to the partial reduction step involved in the Trastuzumab-vcMMAE

conjugation, which partially eliminated the initial aggregates present in the
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Trastuzumab antibody. Both ADCs recognized their target HER2 antigen on
the SKBR3 cell surface, in a similar proportion than naked Trastuzumab,
therefore not showing any significant loss of effect due to the conjugation
process. Regarding their antiproliferative activities, Trastuzumab-DM1 had a
more potent antitumor effect than Trastuzumab-vceMMAE, in good accord
with the free drug potencies, since DM1 is stronger than veMMAE.

Three different site-directed conjugation strategies of Trastuzumab with the
cytotoxic drug vceMMAE have been implemented. In the first strategy,
Trastuzumab was fully reduced and conjugated to veMMAE with an aimed
DAR of 8, obtaining an ADC with a DAR of 7.3. This method is simple and
straightforward, avoiding genetically modifying the antibody or using
complex chemistries, which are typical features of many site-directed
conjugation strategies. However, the DAR of the product is high, which may
affect the stability of the ADC and could impair its in vivo therapeutic efficacy
(Hamblett et al., 2004). In vivo studies must be performed in orther to
confirm this possibility.

In a second strategy of site-directed conjugation, the cytotoxic drug
VcMMAE has been conjugated to an added cysteine of the cysteine-
engineered Trastuzumab_cys114, in an analogous approach to the one
described by Junutula et al (Junutula et al., 2008), based on the reduction of
the antibody, in order to free the capped cys114. followed by a reoxidation
step, that rebridges the interchain disulfide bonds collaterally broken by the
reduction step. The reduction conditions that allow the full reduction of the
antibody, therefore ensuring the obtention of an ADC with the aimed DAR
of 2, were analyzed, obtaining an optimal excess of 50 molecules of reducing
agent per Trastuzumab_cys114 antibody. This condition allowed the
obtention of a DAR of 1.79 (measured by HIC-HPLC), close to the aimed DAR
of 2. Reduction with higher reducing agent amounts did not result in an

increase of the DAR, suggesting a good reoxidation efficiency. The
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antiproliferation activity of the generated ADCs Trastuzumab_cysl114-
vcMMAE (DAR 1.79), the heterogeneous Trastuzumab-vcMMAE (DAR 3.9)
and the homogeneous Trastuzumab-vcMMAE (DAR 7.3) were proportional
to their drug load, when analyzed with a 2D in vitro cell viability assay.

An new alternative approach, not described previously, into generating an
homogeneous ADC conjugate with a DAR of 2 has been developed. In this
strategy, no genetic modification of the antibody, nor complex conjugation
chemistries are needed. The strategy relies in the independent production
of the chains of the antibody, which can then be conjugated and
reassembled forming an homogeneous ADC with a DAR lower than 8. In the
developed strategy, the light chain was conjugated to vceMMAE, therefore
yielding an ADC with a DAR of 2 after the reassembly of the chains.
Independently produced light chain adopted a dimer structure, with
approximately the 50% having the two light chain subunits covalently bond
through interchain cysteines. All independently produced heavy chains
formed covalently bond dimers. The assembly of the chains was achieved by
simply incubating an equimolar amount of LC and HC for 3h at room
temperature. The conjugation of the light chain with veMMAE included a
reduction step in order to break the interchain disulfide bridges of the
dimers and free the capped cysteine of the non-covalently bond dimers. A
complete conjugation of the light chain was ensured with this method, and
its assembly with the heavy chain generated an ADC with a DAR of 2. It
displayed an in vitro antiproliferation activity lower than Trastuzumab-
vcMMAE (DAR 4), coherently therefore with its drug load. Most importantly,
its therapeutic efficacy was confirmed in an in vivo assay, for which an animal
model was developed.

Three different mouse strains (BALB/c nude, NOD-SCID and Rag) were
inoculated with SKBR3 cells, which did not engraft properly and did not

result in the formation of a tumor. A proper engraftment of the breast
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cancer tumor cells was achieved using the cell line BT474. The developed
ADC was tested with this animal model, causing a complete regression of the
tumor in 7 of the 10 treated animals and therefore showing a strong
therapeutic effect, while also causing some toxicity effects in some of the
mice. As a proposal for future work, studies with lower doses or different
administration patterns could be tested, in order to find the therapeutic
window that maximizes the therapeutic effect while minimizing the toxic
side effects. Performing assays for obtaining the pharmacokinetic and
pharmacodynamic profiles of the developed ADC could also be interesting,
as well as comparing its therapeutic potential in vivo with other ADCs such
as the Trastuzumab_cys114-vcMMAE DAR2 ADC. Generating an
homogeneous ADC applying the developed chains assembly method with a
different DAR, of 4 (by reducing and reoxidating all the disulfide bridges of
the heavy chains and then conjugating the remaining cysteine and
assembling them with conjugated light chains) or 6 (by conjugating all the
available thiol groups of the heavy chains), and assessing its potential
therapeutic could also be relevant. A last proposal could consist in
attempting the implementation of this conjugation strategy to other
therapeutic monoclonal antibodies, in order to test the robustness and
reproducibility of the method.

The heterogeneous and homogeneous conjugation strategies implemented
in this work for Trastuzumab were also implemented in Trastuzumab-
derived antibody fragments. The produced scFv fragment was
heterogeneously conjugated to DM1 with an aimed DAR of 3.1, resulting,
however, in a conjugated molecule with a DAR of 0.9 and a low recovery
yield (approximately 10%), mostly due to precipitation issues. An alternative
scFv_cys111 fragment, with a cysteine incorporated in the position 111, was
also produced and used for site-directed conjugation to vceMMAE in a

strategy analogous to the one employed for the conjugation of
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Trastuzumab_cys114, obtaining a conjugated product with a DAR of 1,
corresponding to the aimed DAR, and with a higher recovery yield, of close
to 30%. The antiproliferative activity of the two scFv conjugates, analyzed
with a 2D in vitro assay, showed similar potency values. Since the proportion
of payload with respect to protein is higher in a conjugated fragment than a
conjugated whole IgG for the same DAR, this can increase the instability and
precipitation possibilities of the conjugated fragment. This could be solved
by using more hydrophilic payloads. Another approach could consist in
incrementing the protein mass of the fragment, for example by fusing it to a
cytokine, therefore generating a conjugated immunocytokine.

The generation of a 3D model for the antiproliferation activity assessment
of the generated antibody-conjugated molecules has been attempted using
SKBR3 cells. Several strategies have been attempted, including scaffold-free
approaches such as culture in ultra-low attachment plates and methods
using hydrogel scaffolds (Matrigel and collagen). However, spheroids were
only formed when combining the addition of Matrigel to the culture and the
centrifugation of the plate. These spheroids were much more resistant than
the 2D cultures to the developed ADCs, and also to the unconjugated
cytotoxic drug veMMAE. 3D cultures with the BT474 cell line resulted in a
much easier formation of spheroids, since they appeared with a simple
culture with ultra-low attachment plates. They also displayed an increased
resistance to the tested drugs.

Taking altogether the obtained results, it can be stated that the main
objectives defined at the beginning of the project have been achieved,
generating several ADCs based on Trastuzumab, including the development
of a new strategy for site-directed conjugation that could be applied to other

antibodies and have a potential impact as an anticancer therapy.
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Chapter 10. Materials and methods

10.1. Biologic material

10.1.1. Mammalian cell lines
10.1.1.1 HEK293 production cell line

For antibody and antibody-derived molecules production, HEK293SF-3F6 cell line
(ATCC CRL-12585) has been used. This cell line derives from the parental HEK293,
which was obtained from a human embryo kidney in 1973 and later immortalized by
means of its transformation with human adenovirus 5 (Thomas et al.,, 2005).
HEK293SF-3F6 cell line variant is adapted to suspension culture in culture medium
without bovine serum (SFM, Serum-free medium) and was gently provided by Dr. A.
Kamen from NRCC (National Research Council of Canada). In this thesis work, several
HEK293 cell lines producing different antibody products have been generated,

summarized in Table 10.1.

Table 10.1. Summary of generated HEK293 cell lines for protein production

HEK293 cell line Plasmid Protein product
HEK293_Tzmb pTRIpuro3_Tzmb Trastuzumab
HEK293_Tzmb-IFNaa2 pTRIpuro3_Tzmb-IFNa2  Trastuzumab-IFNa2

HEK293_Tcys114 pTRIpuro3_Tcys114 Trastuzumab_cys114
HEK293_scFv pIRESpuro3_scFv scFv (Tzmb)
HEK293_scFv_cys111 pIRESpuro3_scFv_cys111l scFv_cys111 (Tzmb)
HEK293_HC pIRESpuro3_HC Trastuzumab heavy chain
HEK293_LC pIRESneo3_LC Trastuzumab light chain
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10.1.1.2. Cell lines used for Trastuzumab binding and antitumoral activity

assessment: SKBR3, MCF7, Hybridoma KB26.5, BT474

SKBR3 is a HER2+ breast cancer model cell line widely used in breast cancer research,
and in particular for in vitro testing the biological activity of HER2 targeting molecules
such as Trastuzumab. It was originally isolated by the Memorial Sloan Kettering
Cancer Center in 1970 from a 43-year-old caucasian female (Memorial Sloan
Kettering Center, 2018). In this work, the SKBR3 cell line (ATCC-HTB30) has been
gently given by Dr. Eduard Escrich, from the GMECM group (Universitat Autonoma

de Barcelona).

MCF7 (ATCC-HTB22) is another breast cancer cell line used in breast cancer research,
which was described for the first time in 1973 (Soule et al., 1973). It expresses the
HER2 receptor, albeit at much lower levels than SKBR3 (Subik et al., 2010). This cell

line was also obtained from Dr. Escrich.

Hybridoma KB26.5. Hybridoma KB26.5 was obtained by fusing a myeloma NS1 cell
with a B lymphocyte from a Balb C mouse. It produces an IgG3 antibody directed
against Al antigen from human erythrocytes. Hybridoma KB26.5 was developed by
Laboratoris Knickerbocker (Barcelona) and donated for research purposes to

Universitat Autonoma de Barcelona.

BT474 is also a HER2+ breast cancer model cell line used in cancer research. It was
originally obtained from a 60 years old Caucasian woman (ATCC, 2016). In this thesis
it has been used to develop the 3D and in vivo assays. The cell line (ATCC HTB-20)
has been gently provided by Dr. lbane Abasolo of the Functional Validation

Preclinical Research group of the Vall d’Hebron Institute of Research (Barcelona).
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10.1.2. Bacterial strains
10.1.2.1. Strain for molecular biology: Escherichia coli DH5c.

E.coli strain DH50. (ThermoFisher, ref. 18265017) has been used for the obtention
and amplification of the plasmids constructed in this work. It has the following
genotype: F— ®80/acZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17 (rK—, mK+)
phoA supE44 A\—thi-1 gyrA96 relAl.

10.1.2.2. Strain for antibody fragment production: BL21

E. coli BL21(DE3) is one of the most used bacterial strains for recombinant protein
production. In this work, E. coli BL21(DE3) (ThermoFisher, ref C6000-03) has been
used for the production of scFv(Tzmb). It has the following genotype:
F~ ompT gal dem lon hsdSg(re"ms™) A(DE3 [lacl lacUV5-T7p07 ind1 sam7 nin5]) [malB*]k-
12(AS).

10.2. Culture media

10.2.1. Culture media for mammalian cell lines
10.2.1.1. Culture media for HEK293 cell line

The base medium that has been used for HEK293 cell line culture is the commercial
medium SFMA4Transfx (SH3086002, Hyclone). This is a serum-free medium, with an
undisclosed composition. The performed analysis has shown that it has a glucose
concentration of 4 g/l. For the production of antibody or antibody-derived
molecules, the medium has been supplemented with the additional supplements
indicated below. The following components have been added on 900 ml of

SFMA4Transfx, preserving the sterility in a laminar flow hood (Telstar AV-100):

e GlutaMAX (35050061, Gibco) at a final concentration of 4 mM: add 20 ml of
GlutaMAX 200 mM.
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e Cell Boost 5 (SH30865, Hyclone), at a final 6% (w/v): add 100 ml of a 60 g/I
solution, sterilized by means of a 0.22 um filtration with Sterivex filters
(10411741, Millipore).

e Puromycin (540511, Merck), at final 10 pug/ml: add 10 ml of a 1 mg/ml stock,
sterilized by means of a 0.22 um filtration with Sterivex filters (10411741,
Millipore).

o For the culture of HEK293_LC, instead of puromycin, the selective
antibiotic consists in G418 solution (Roche), at 20 ml/L.

e Antifoam C (Sigma, A8011), at final 50 mg/L: add 5 ml of a 10 g/L stock
(previously sterilized by autoclave).

e Kolliphor P188 (Sigma, K4894), at 2 g/L: add 20 ml/L of a 100 g/L stock

solution (previously sterilized by autoclave).
10.2.1.2. Medium for SKBR3, BT474, MFC7 and Hybridoma KB26.5 cells culture

SKBR3 and BT474 cells were cultured in base DMEM (Dulbecco’s Modified Eagle’s
Medium, D5671, Sigma) medium, which was supplemented with faetal bovine serum
(FBS) and GlutaMAX. The following components have been added on 900 ml of

DMEM, preserving the sterility in a laminar flow hood (Telstar AV-100):

e GlutaMAX (35050061, Gibco) at a final concentration of 4 mM: add 20 ml of
GlutaMAX 200 mM.
e FBS (Sigma), at 10% volume: add 100 ml of DMEM

10.2.2. Culture media for bacterial strains
10.2.2.1. Culture media for E. coli DH50,
10.2.2.1.1. Luria Broth (LB) liquid medium

Luria Broth is a well-established rich medium for bacterial culture. Its composition

and preparation are described below:
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e Triptone / Peptone (Oxoid): 10 g/I
e Yeast Extract (Oxoid): 5 g/l
e NaCl (Panreac): 10 g/I

The medium is prepared by dissolving the previous components into deionized water
and adjusting the pH at 7 with NaOH 30%. Then, it is autoclaved at 121°C for 20

minutes.
10.2.2.1.2. Luria Broth (LB) solid medium:
LB agar plates composition and preparation are described below:

e Triptone / Peptone (Oxoid): 10 g/I
e Yeast Extract (Oxoid): 5 g/l

e NaCl (Panreac): 10 g/I

e Agar (Oxoid): 15 g/I

The medium is prepared by dissolving the previous components into deionized water
and adjusting the pH at 7 with NaOH 30%. Then, it is autoclaved at 121°C for 20
minutes. The medium is cooled in a bath at 502C and then 20 ml are dispensed in
each sterile Petri plate (Sterilin) and left to solidify. The plates are then conserved at

4°C,
10.2.2.1.3. Super Optimal Broth with Catabolite repression (SOC) medium:

For transformation of the E. coli DH5a cells (see 10.7.6.), SOC medium has been

used, which has the following composition:

e Yeast Extract (Oxoid): 5 g/I
e Triptone (Oxoid): 20 g/I

e NaCl (Panreac): 10 mM

e KCl (Panreac): 2.5 mM

e MgSO, (Sigma): 10 mM
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e MgCl; (Sigma): 10 mM

e Glucose (Panreac): 20 mM

For preparing 100 ml of SOC medium, yeast extract (0.5 g), Triptone (20 g), NaCl (1
g) and KCl (0.019 g) are diluted in 95 ml of H,0, and the pH is adjusted to 7.5 with
NaOH 30%. Then the solution is autoclaved at 1212C for 20 minutes, and
concentrated sterile solutions of MgSO. (1 M, 1 ml), MgCl; (0.4 M, 2.5 ml) and

glucose (2 M, 1 ml) are added to it.
10.2.2.1.4. Selective LB medium

In order to amplify the plasmids used in this work, which contain a selection marker
of resistance to the antibiotic ampicillin, the culture medium has to be selective for
this antibiotic. Therefore, the above mentioned LB media have to be supplemented
with ampicillin (A0166, Sigma) at a final concentration of 100 pg/ml. This is done by
adding 1 ml/L of a 10% (w/v) ampicillin solution to the media, sterilized by filtration
at 0.22 um with a syringe filter (Millex, Millipore). For ampicillin addition, it is
necessary to wait for the medium to reach a temperature below 502C due to the

antibiotic being termolabile.
10.2.2.2. Medium for E. coli BL21(DE3)
10.2.2.2.1. Liquid defined medium for antibody fragment production

Chemically defined media present several advantages with respect to rich media,
including being cheaper and yielding more reproducible results. Therefore, a defined
medium was used for scFv production with E. coli BL21. The composition of the
medium is as presented in Table 10.2, and it was obtained from a previous work in
the department (Pinsach, 2009). The reagents were obtained from Sigma Aldrich,

unless otherwise indicated.

Table 10.2: defined medium composition and stock solutions for preparing 1L of medium
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Amount (g) Volume Concentration  Sterilization (Filtration
preparation of stock or Autoclave)
(ml) solutions (g/L)
Glucose-H,0 22 100 - Autoclave
(Panreac)
K2HPO, 11.9 890 - Autoclave
KH2PO, 24
NacCl 1.8
Mg,S04-7H,0 0.11 0.28 400 Autoclave
FeCl3-6H,0 0.01 0.1 100 Filtration
(NH4)2S04 3.0 10 300 Autoclave
Trace elements  0.72 0.72 - Filtration
ml
Ampicillin 0.1 0.1 1 Filtration
Thiamine 0.03 2.5 12 Filtration

Table 10.3 Trace elements solution composition

Compound g/L
AICl3-6H,0 0.041
ZnS04-7H,0 0.87
CoCl>-6H,0 0.16

CuS04-5H,0 1.6
H3BO3 0.01
MnCl,-4H,0 1.42
NiCl,-6H,0 0.01
NaMo0;-2H,0 0.02
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Trace elements solution is prepared by dissolving the trace elements into H,O and

sterilization by 0.22 pm with a syringe filter (Millex, Millipore).

The medium was prepared by adding the rest of the components on the K;HPO,,
KH2PO4 and NaCl solution, once this solution has reached a temperature below 502C,

due to the termolability of the ampicillin and thiamine solutions.

10.2.2.2.2. Solid defined medium for antibody fragment production

Solid defined medium for antibody fragment production was prepared using the
same protocol than for the liquid medium, and adding Agar (Oxoid) at a final
concentration of 15 g/L. The agar was autoclaved together with the K;HPO,4, KH2PO,
and NaCl solution, and the rest of solutions were again added once the temperature
had dropped below 502C. Then, 20 ml are dispensed in each sterile Petri plate
(Sterilin) and left to solidify. The plates are then conserved at 42C.Composition and

preparation solutions are described in Table 10.4.

Table 10.4: defined medium composition and stock solutions for preparing 1L of solid medium

Amount (g) Volume Concentration  Sterilization (Filtration
preparation of stock or Autoclave)
(ml) solutions (g/L)

Glucose-H,0 22 100 - Autoclave
K:HPO4 11.9 890 - Autoclave
KH2PO, 2.4

NaCl 1.8
Agar 15
Mg,S0,4-7H,0 0.11 0.28 400 Autoclave
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10.3. Maintaining and assessment of the biologic material

10.3.1. Mammalian cell line maintenance

10.3.1.1. Thawing

All cell lines described in section 9.1.1. were maintained frozen in sterile criovials
(Nunc 377267) inside a N2 container at -1962C (Forma Scientific, CMR 8031,
Cryomed). Ensuring an optimal recovery of the cells after thawing (i.e. low

aggregation, short or none lag phase) can be obtained by performing the following

protocol. All the cell-manipulating steps are performed in a laminar flow cabinet:

e Dispense 9 and 10 ml of cell medium in one and two 15 ml centrifuge tube,
respectively, and warm them up to 372C in a water bath.

e Take out the cryovial from the liquid N2 container and put it into the
previously warmed water bath at 372C, avoiding contact between the water
and the cap of the vial.

e Pipette the content of the cryovial into the previously mentioned 15 ml
centrifuge tube with 9 ml of cell medium. Swirl it gently.

e Centrifuge the tube at 500g for 5 minutes, and discard the supernatant
inside the laminar flow cabinet in order to eliminate the dimethyl sulfoxide
(DMSO, Sigma D2438) of the freezing medium, which acts as cryoprotecting

agent but it is toxic to the cells. Resuspend the pellet in 10 ml of the
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previously warmed cell medium and repeat the centrifugation and
discarding the supernatant step in order to ensure the complete removal of
DMSO.

e Resuspend the pellet in 10 ml of the previously warmed cell medium and
pipette the cells into the appropriate culture platform (25 cm? T-flask

(Corning) or 125 ml shake flask (Corning)).
10.3.1.2. Freezing

Cells to be frozen have to be in the middle of their exponential growth phase, and
with viability levels higher than 90%. The following protocol was applied for cell

freezing. All the cell-manipulating steps are performed in a laminar flow cabinet:

e Pipette the cells into a centrifuge tube and centrifuge it at 500g for 5
minutes. Centrifuge the volume of cell culture that allows having the
following cell number in each cryovial to be generated:

o HEK293 and KB26.5: 8-10° cells
o SKBR3, BT474 and MCF7: 1-10° cells

e In alaminar flow cabinet, discard the supernatant and resuspend the cells
with their specific culture medium. In the case of HEK293 and CHO, the FBS
content of this medium is increased to 10% (v/v).

e Repeat the centrifugation and discarding the supernatant step.

e Resuspend the cells with their specific culture medium. Use a medium
volume of 0.5 ml per each cryovial to be generated (i.e. 2 ml for the
preparation of 4 cryovials).

e Add 0.5 ml of freezing medium per each cryovial to be generated into the
cell suspension. The freezing medium consists of the cell culture medium
with a 20% (v/v) of DMSO. Add then gently 1 ml of the cell suspension to

each cryovial.
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e Gently swirl the cryovials and put them into a Mr Frosty™ container,
(ThermoScientific, Ref. 5001-0001) and store in -802C freezer (Nuaire, 6512-
E).

e After 24h take the cryovials out of the Mr Frosty™ and transfer them to the

N, container.
10.3.1.3. Subculture of suspension cells

Suspension cells (HEK293 and CHO-S) were cultured in 125 ml shake flasks (Corning)
agitated at 110 rpm on an orbital shaker (SSL1, Stuart) at 379C in a humidified
atmosphere with 5% CO; incubator (Steri-cult 2000 Incubator, Forma Scientific). Two
to three times a week, cell passaging was routinely performed, seeding 12 ml of

culture at a density of 0.3-10° cell/ml.

It is crucial to ensure the sterility of the different cell culture processes, therefore, it
is important to maintain medium aliquots incubated at 372C as controls. The
different media and cell cultures have to be routinely observed in order to detect
possible contaminations by bacteria, yeasts or fungi. Cells were maintained for up to
30 passages, if this passage number was reached, the culture was discarded and a

new cryovial was used.
10.3.1.4. Subculture of adherent cells

Adherent cell lines (SKBR3 and BT474) were subcultured in 25 cm? T-flasks (NUNC,
Ref.156367) at 372C in a humidified atmosphere with 5% CO; incubator (Steri-cult
2000 Incubator, Forma Scientific). Passaging was routinely performed two to three
times a week, ensuring that cells did not reach >80% confluence. The subculture was
performed through trypsinization of the cells, applying the following protocol (all the
cell and medium manipulating steps performed in a laminar flow cabinet in order to

preserve the sterility:

e Remove cell media from the T-flask.
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e Rinse the T-flask with 1 ml of sterile PBS. This allows removing any trace of
FBS, which inhibits the activity of trypsin.

e Add 1 ml of Trypsin-EDTA 0.5% (ThermoScientific, 10779413) to the culture
and incubate it at 372C for 1 minute.

e Remove the Trypsin solution and incubate again at 372C for 5 minutes.
Visually check with a contrast phase inverted microscope (Nikon, TMS) that
the cells are adopting a rounded-shape and that they begin to detach from
the T-flask surface when tapping is applied.

e Add culture 1 ml of culture medium and gently tap the T-flask and pipette
up and down in order to homogenize the cell suspension. Count the cell and
reseed them at the following concentrations:

o SKBR3: 10.000 cell/cm?
o BT474:5.000 cell/cm?
o MCF7: 5.000 cell/cm?

Sterilization and number of maximum number of passages criteria applied are the

same as for suspension cultures (see section 10.3.1.3.).
10.3.2. Mycoplasma contamination assessment of mammalian cell lines

Mpycoplasma spp. is a bacterium parasite of animal cells. Mycoplasma can generate
cellular changes, such as metabolic and growth changes, and can infect a cell line
causing the invalidation of the performed experiments with this cell line. Therefore,
it is crucial to make sure that the used cell lines are Mycoplasma-free (Uphoff &
Drexler, 2014). In this work, this has been performed by means of a polymerase chain
reaction (PCR), as described in the section 10.7.4., using a commercial kit validated
for this use (EZ-PCR Mycoplasma Test kit (20-700-20), Biological Industries). All the
original and constructed cell lines of this work have been analyzed and shown to be
Mycoplasma free. In Figure 10.1, the results of the test can be seen for SKBR3 cell

line.
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C+ C-

Figure 10.1. Mycoplasma test of SKBR3 cell line. A band corresponding to the amplified

Mycoplasma DNA region appears in the positive control lane (C+), which is absent in the negative

control (C-) and SKBR3 lanes.

10.3.3. Bacterial strains maintaining
10.3.3.1. Thawing

E. coli strains were stored frozen at -802C in cryovials (Nunc, 377267). When
required, the vials are thawed using the following protocol. All the cell-manipulating

steps are performed in a laminar flow cabinet:

e Put the chosen vial in a box filled with ice. Allow it to thaw (achieved in
around 5-10 minutes).

e Add 0.05 ml of the cryovial into 10 ml of the appropriate medium in a 100
ml Erlenmeyer and incubate it at 372C, 135 rpm. Alternatively, seed it into

an agar plate and incubate it at 372C.
10.3.3.2. Freezing

As in the case of mammalian cell lines, at the moment of freezing bacterial cultures
have to be in the middle of their exponential growth phase and volume of cell culture

has to allow obtaining n vials of 1 ml at an ODeg = 2.5. Glycerinated stocks were
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generated using the following protocol. All the cell-manipulating steps are

performed in a laminar flow cabinet:

e Grow E. coli until it reaches middle log phase (ODggo = 0.4-0.6).

e Add the culture volume in a centrifuge tube and centrifuge it at 5000g for
10 minutes at 42C.

e Discard the supernatant and resuspend the pellet in a culture medium
volume equivalent to 0.5 ml for each vial to be generated (i.e. 2 ml for 4
vials).

e Addthe same volume of a 30% (w/v) solution of sterile glycerol and dispense
1 ml to each cryovial.

e Store the cryovials in a freezer at -802C (Nuaire, 6512-E).
10.3.3.3. Bacterial cultures maintenance

Bacterial cultures were maintained in agar plates at 42C due to their fast growth.
Cultures must be reseeded in new plates twice per month. In the case of transformed
bacterial cultures, it is crucial to ensure that the specific antibiotic has been correctly

added to the agar plate medium in order to maintain the plasmid in the cells.

10.4. Culture systems

10.4.1. Culture systems for mammalian cell lines
10.4.1.1. Suspension cell lines
10.4.1.1.1. Shake flasks

Polycarbonate shake culture flasks (Corning, 431143) were used in this work for
suspension cell culture. These shakes have filtered vent caps that allow continuous
gas exchange while ensuring stability and preventing leakage. For cell maintenance

(12 ml of medium volume) and cell line characterization experiments (25 ml of
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medium volume), 125 ml shake flasks were used. For antibody/ICK production or for
scaling up the culture prior to a bioreactor inoculation, 1L shake flasks (Corning,
431147) were used, with 250 ml of medium volume. Shake flasks were generally
inoculated at 0.3-10° cell/ml| and incubated at 372C in an incubator (Steri-cult 2000
Incubator, Forma Scientific) with an humidified atmosphere (95%) to avoid excessive
media evaporation and CO; was set at 5% in order to control the pH of buffered cell

media. Cells were agitated at 110 rpm, using the orbital SSL1 shaker (Stuart).
10.4.1.1.2. Single use bioreactor culture: wave bioreactor

A bioreactor is a A wave bioreactor is a device that allows cell culture using single
use bags in controlled culture conditions of temperature, pH and pO,, in which the
homogenization of the culture is ensured through a rocking mixing technology. The
wave bioreactor comprises a rock base (20/50 EHT, GE), to which the culture bag
(DFBO10L, Sartorius or CBO010L10-11, GE) is installed, and a wavepod that integrates
monitoring and control of process variables: dissolved oxygen and pH. Setpoints of
the variables and how they are monitored and controlled are briefly explained

below:

e Temperature (372C): temperature is controlled through an electric heater
located in the rock base.

e pH (7.0): monitoring of this parameter can be performed using a pH probe
embedded into the culture bag. It can be controlled using as acid correctors
an HCl solution (0.5M) added by a peristaltic pump connected to the
wavepod, or by incrementing the CO, content of the gas mix that enters into
the culture. A solution of NaOH (1M) can be used as basic corrector, being
added using a peristaltic pump connected to the wavepod. In the cultures
performed in this thesis, however, pH was monitored off-line by measuring
the pH of samples to an external pH-meter (Crison), and a 10% of CO; in the

gas mixing was maintained along the culture.
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e pO;: it can be monitored by using an optochemical probe connected to the
culture bag. The control of this parameter can be performed by incrementing
the rocking frequence or by incrementing the O, content of the gas mixing
that enters into the culture. A current of 0.3 L/min of air was applied in the

performed cultures.
The bioreactor is prepared following the sequence:

e Inside a laminar flow hood, a 1L bottle and a 10L bottle are connected in a
sterile way to the culture bag through Luer-lock connectors.

e The bagis installed on the rock base.

e The culture medium is added to the 10L bottle inside the biosafety cabinet.
Then, it is introduced inside the culture bag by air pressure.

e Temperature is set to 379C, rocking frequency to 21 rpm and rocking angle
to 82. An air flow of 0.3 L/min is also defined. The medium at the setpoint
conditions is incubated a minimum of 12 hours before inoculation, in order
to check possible contaminations.

e Inside the flow cabinet, open the sterile 1L bottle that has been previously
connected to the bag and trasvase the necessary volume for the inoculation
from the shakes used for the scaling-up to the sterile bottle. Calculate the
inoculation volume for an initial concentration of 0.3-10° cell/ml using the

following equation (eq. 10.1):

Eq 10.1. V; corresponds to the inoculation volume (ml), V, corresponds to the culture
volume of the bioreactor (ml), C; corresponds to the concentration of the inoculum (-10
cell/ml) and C, o corresponds to the initial concentration desired into the bioreactor (-106

cell/ml).
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10.4.1.1.3. Pilot scale single use bioreactor culture: Stirred Tank Reactor 50L

Pilot scale bioreactors allow cell culture at pilot scale (from 12L to 50L) allowing to
define a process reproducible from the lab scale culture to a large scale production.
In this work, a bioreactor Biostat STR50 (Sartorius), which is based on single-use
technology, has been used. In this bioreactor, the fermentation vessel is substituted
by a plastic bag that is used for a single process, therefore reducing risks of
contamination from resistant microorganisms, and eliminating crossover

contamination between different products and cell lines used.

Figure 10.2. Parts of the STR50 SU bioreactor. 1. Screen of the digital control unit (DCU), 2. Support
for the culture bag (Bag Holder); 3. Motor arm, 4. Stirring motor, 5. Filter suport, 6. Heating jacket,
7. Entry/Exit water tubes to the heating jacket, 8. DCU pmps, 9. Gas rotameter, 10. Support fixing

handle, 11. Support position adjusting arm.

The bioreactor has been prepared following this protocol:

1. Installing the bag on the Bag Holder.

2. Connecting gas connections to the bag.
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Preparation of the culture medium in a clean container, preferably a bag for
the prepration of sterile medium. Once the medium is dissolved it is
introduced into the bag of the biorreactor by means of a peristaltic pump
and a sterilizing filter of 0.22 um (Sartopore 2, Sartorius).

Introduction of the optical pH and pO2 probes into the corresponding ports.
Once the medium has been introduced into the reactor, the setpoint values
for the culture can be introduced through the MFCSWin software.

The medium at the setpoint conditions is incubated a minimum of 12 hours
before inoculation, in order to check possible contaminations.

If the pH, pO. and stirring values are stable and no contamination is
observed, inoculation is performed.

The inoculation biorreactor (a 5L wave biorreactor) is sterily connected to
the 50L culture bag using the corresponding port in the biosafety cabinet.
Slightly pressurize the inoculation biorreactor with air in order to impulse
the inoculum to the 50L reactor. Calculate the inoculum volume for an initial

concentration of 0.3-10° cell/ml (see equation 10.1. from 10.4.1.1.2).

10.4.2. Bacterial strains

10.4.2.1. Solid culture: Petri dishes

Petri dishes with 20 ml of solid medium incubated at 372C were used for the culture

and isolation of individual colonies of E. coli.

10.4.2.2. Erlenmeyer culture

E. coli DH5a cultures for molecular biology purposes and E. coli BL21 cultures for

small scale or inocula cultures have been performed in erlenmeyers of different

volumes (25, 50, 100 and 250 ml) at 372C and 130 rpm.
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10.4.2.3. Bioreactor culture

The laboratory bioreactor is a device that has been designed to culture
microorganisms and animal cells in controlled conditions of temperature, pH and
dissolved oxygen concentration (p0O). It is compounded by two main elements: the
monitoring and controlling digital unit (DCU), which gathers information from the
different probes and acts over the culture in order to maintain the established
parameters; and the fermentation vessel, in which the culture is performed. A

Biostat B (B. Braun Biotech) was used in this thesis.

BIOSTAT B DCY

Figure 10.3. Scheme of a stirred tank bioreactor operating in batch mode. 1) 2L stirred glass vessel.
2) DCU: pH, temperature and pO; control sensors. 3) computer for data acquisition and parameter

control. 4) Sample acquisition. Figure obtained from (Liste-Calleja, 2015).

The DCU performs the data acquisition and possesses the functions for sensor
calibration and control loop management of basic variables. These variables are
temperature, pH and dissolved oxygen (pO2). It can also be integrated into a
hierarchical automatisation system in order to modify the pre-defined control
parameters. The software used in the present work for monitoring and controling
was MFCS/win 3.0 (Sartorius Stedim Biotech). Setpoints of the variables and how

they are monitored and controlled are briefly explained below:
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e Temperature (37-302C): the double-wall (jacketed) vessel enables water to
flow around the bioreactor in order to maintain the set temperature. The
heating element consists of an internal heating resistance and cooling is
performed by water coming from the general pipeline. After the induction
of the culture, the temperature was lowered from 372C to 309C.

e pH (7.0): monitoring of this parameter was performed using a pH electrode
(Hamilton, Easyfer, Plus). The acid correctors were H;SO4 (2M) which was
added by a peristaltic pump. A solution of NH,OH (15%) was used as basic
corrector and it was also added by a peristaltic pump.

e p0,(30% of saturaiton): it was monitored through a polarographic electrode
(Hamilton, Oxyferm FDA). The DCU has four independent gas inlet channels
(air, N2, Oz and CO,), a gas mix chamber and two independent gas outlet
cannels each one of them provided with a mass flowmeter. By the proper

mixture of the gases, pO; is controlled.

The fermentation vessel is made from borosilicate glass and the ratio
height/diameter is 2:1. It has a total capacity of 2.5L but the working volume is 2L.

The bioreactor was used mediating the following protocol:

e Prepare the medium, add it to the fermentation vessel and sterilize it by
autoclave at 1219C, 30 minutes (with filters and tubes but without acid and
base correctors bottles).

e Once sterile, the setpoint values for the culture parameters can be
established through the MFCS/win software.

e Let the medium at the setpoint conditions a minimum of 12 hours before
inoculation, in order to check possible contaminations.

e Check that the values of pO,, temperature, pH and stirring are stable, and
that no contamination has appeared. Connect the acid and base correctors

tubes to the bioreactor.
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e Inside the flow cabinet, open the sterile bottle connected to the
fermentation vessel and trasvase the necessary volume for the inoculation
from the shakes used for the scaling-up to the sterile bottle. Calculate the

inoculum volume for an initial ODggo of 0.3.
10.5. Cell culture analysis

10.5.1. Cell counting and viability assessment

Cell counting is performed from a culture sample obtained in a sterile way. Viable
cell number, dead cells, total cells and viability percentage of the culture are
calculated from a counting performed using an hemocytometer, specifically a
Neubauer chamber (Neubauer Improved, Brand), using a contrast phase inverted
microscope (Nikon, TMS), at 10x magnification. The hemocytometer is a slide with
four square-shaped fields where microscopic 4x4 quadrants are depicted. Each field

contains a known volume, allowing the cell counting of each field.

In order to differentiate viable cells from dead cells, the aliquot of interest is dyed in
a 1:1 proportion with a Trypan blue solution (Sigma, T8154) diluted at 0.2% (v/v) in
PBS 0.1 M, pH = 7. The dye only penetrates into the dead cells, rendering them blue,
while viable cells remain bright. A small volume is pipetted into the chamber, and
the cell counting of each field is performed, and the highest and the lowest cell
number values are not considered, while the other two taken into account, using the

following equation for the viable cell density determination:

ny+n,
Cell rati cells .  ——
ell concentra Lon(mL ) = Y

Equation 10.2. n; and n; correspond to the cell number counted in each field, m corresponds to
the field number (2), d corresponds to the dilution applied with the trypan blue (0.5), and V to the

field volume (104 mL).
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This equation can be applied to the counting of both alive and dead cells. Viability

can be calculated through the following equation (eq. 10.3):

o [Viable cells]
Viability (%) = W -100

10.6. Plasmid vectors

For the construction of recombinant expression vectors in this work, pIRESpuro3
(Clontech) and pIRESneo3 (Clontech) vectors have been used. Vector pUC57 has

been used with the synthetically obtained genes.
10.6.1. Initial (base) vectors
10.6.1.1. pIRESpuro3 and pIRESneo3

Vectors pIRESpuro3 and pIRESneo3 (Fig. 10.4) are bicistronic expression vectors of
around 5.2 kb. These plasmids contain an IRES sequence (Internal Ribosome Entry
Site) of encefalomyocarditis virus (ECMV) which allows the translation of two open
reading frames (ORFs) from a single mRNA: the gene of interest and the eukaryote
selection marker, which confers resistance to puromycin (pac, pIRESpuro3) and to
neomycin G418 (nptlll, pIRESneo3). The plasmids have a cytomegalovirus promoter,
which is a strong constitutive promoter in animal cells, and a multiple cloning site
(MCS), where the sequence of interest is inserted. Polyadenylation signal of the SV40
virus stops the mRNA transcription. These plasmids can be replicated in E. coli thanks
to the replication origin ColE1l, making them high-copy number plasmids, allowing
the obtention of significative amounts of plasmid. The selection of the E. coli colonies
that have incorporated the plasmid is realized by means of a selection marker that
confers resistance to ampicillin (B-lactamase, bla). In this thesis, pIRESpuro3 has

been used for the expression of antibody fragments and the heavy chain of
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Trastuzumab while pIRESneo3 has been used for the expression of the light chain of

Trastuzumab (see Table 10.5).

MCS MCS
e VS
RIRESpuros pIRESneo3
puC oi71bp 5.2 kb
on Smal
Pyull IRES C%lrEi (1841) IRES
(3180) Xhal
/ (2779)
SV40 Puro’ ./
Sv40 Neo*

polyA

Figure 10.4. Map of pIRESpuro3 (Clontech, 2010) and pIRESneo3 (Clontech, 2008) vectors.

10.6.1.2. pUC57

It is an E. coli standard cloning vector, which comprises a replication origin (pMB1),
the bla gen for ampicillin selection and a MCS integrated inside the gene lacZ. This
fact allows the selection of bacteria, that have incorporated the insert of interest, by
means of the blue/white screening. The insertion of a sequence in the MCS produces
a disruption of the lacZ gene, impairing the expression of the codified [3-
galactosidase enzyme, allowing the differentiation of transformed colonies in plates
containing IPTG and X-gal substrate (insert-containing colonies will be white, while
lacZ expressing colonies will be blue). This vector has been used in this thesis work
with the synthetically obtained genes from Genscript, the synthetic genes provider,

cloned the synthetic genes of interest in the pUC57 vector.
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Figure 10.5. Map of pUC57 plasmid, adapted from (Thermo Scientific, 2010).

10.6.1.3. pET21d

pET21d is an expression vector in which the expression of the gene of interest is
driven by the strong T7 promoter and the lac operator, therefore only being allowed
in the presence of the IPTG inductor (pET System Manual Novagen 1,1992). It is used
to express proteins in the E. coli strain BL21(DE3). In this work, it has been employed

to express a scFv fragment.

45717 _F1 ori]
GHis_ 60006017 12..467 M3 origi

scFv TZMB_5212...5860 529...557_Amp prom|
\

T7 51175136

TH7...1456 AmpR)|
ET21d TE205A_scFv TZMB cdnabe- 81568«
AG608.. 2236 ColE1 origi
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Figure 10.6 Map of pET21 vector containing the scFv, obtained with Serial Cloner.

10.6.2. Vector derived from pIRESpuro3: pTRIpuro3

pTRIpuro3 is a tricistronic vector derived from pIRESpuro3 which allows cloning and
simultaneously expressing three genes: two genes of interest and the selection
marker. In this work it has been used for the expression of the two chains of
Trastuzumab and Trastuzumab-derived molecules (Table 10.X). The pTRIpuro3
plasmid had been previously constructed in our group. This was done, first, by
designing a synthetic sequence called IRES1PS, which comprises a synthetic spacer
equivalent to the IVS intron and another IRES sequence, this whole spacer and IRES
sequence being flanked by the two restriction sites located on the center of the MCS
of pIRESpuro3. Once cloned, pTRIpuro3 vector is obtained, with two MCS allowing

cloning two genes of interest coupled to the selection marker.

Amp(R} 5726 4866 3035...610 CMVUE\PromoteriEnhancer|

863873 TNRNAPo eraselPromoter

508...952 MC5-1

> 8341055 IRES Spacer|

<

pTRlxdna - 5865 nt i

_’_

10561646 IRES-1

pUCiorigin 4105...4704

hi
16471700 MCS5-2

5
[ sVANpolyAisignal 35453550} 2030...2620 IRES5-2]

Puro(R) 26353. 3243

Figure 10.7 Map of pTRIpuro3 vector, obtained with Serial Cloner.
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10.6.3. Expression vectors constructed in this thesis

Table 10.5. Expression vectors constructed

Plasmid Protein product
pTRIpuro3_Tzmb Trastuzumab
pTRIpuro3_Tzmb-IFNa2 Trastuzumab-IFNa2
pTRIpuro3_Tcys114 Trastuzumab_cys114
pIRESpuro3_scFv scFv (Tzmb)
pIRESpuro3_scFv_cys111l scFv_cys111 (Tzmb)
pIRESpuro3_HC Trastuzumab heavy chain
pIRESneo3_LC Trastuzumab light chain

10.7. Molecular biology techniques

10.7.1. Extraction and obtaining of plasmid DNA

For the preparation of plasmid DNA of the mentioned expression vectors, the kit
GenelET Plasmid Miniprep Kit (KO503, ThermoFisher Scientific) has been used,

following the manufacturer’s instructions:

1. Inoculate a 5 ml culture of LB with ampicillin from a colony, in a 50 ml
Erlenmeyer.

2. Incubate it at 372C for 16h. It is important that the temperature remains at
372C, since plasmid with replication origins pUC or derived (such as ColE1,
found in pIRESpuro3) will see their replication impaired at lower
temperatures.

3. Transfer 1.5 ml of culture in a 1.5 ml eppendorf tube and centrifuge it at
6800 g for 2 minutes. Discard the supernatant.

4. Resuspend the pellet in 250 pl of resuspension solution. Resuspend it

completely mediating pipetting or vortex.
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Add 250 pl of lysis solution and mix it by gently inverting the tube 4-6 times,
until the solution becomes viscous and slightly clear. This causes an alkaline
lysis: DNA is liberated from the cells and denaturalized.

Add 350 pl of neutralization solution and mix immediately by inverting the
tube 4-6 times. Neutralization solution neutralizes the pH of the lysate-
containing solution, therefore, plasmid DNA, thanks to its small size, is able
to renaturalize, while genomic DNA does not, and associates to proteins and
other cellular elements.

Centrifuge at maximum speed for 5 minutes, in order to sediment the cell
debris and chromosomic DNA. Plasmid DNA remains in the supernatant.
Transfer the supernatant to the GenelET column by means of decantation
or pipetting. Avoid contact with the pellet.

Centrifuge the column for 1 minute at maximum speed. Discard the flow
through and put again the column in its recollection tube.

Add 500 pl of washing solution. Centrifuge for 60 seconds at maximum
speed and discard the flow through. Put again the column in its recollection
tube.

Centrifuge the empty column for 1 minute at maximum speed, in order to
eliminate the remaining ethanol from the washing solution.

Transfer the column to an eppendorf tube of 1.5 ml. Add 50 pl of elution
solution in the center of the column membrane in order to elute plasmid
DNA. Be careful not to touch the membrane. Maintain it 2 minutes at room
temperature.

Centrifuge for 2 minutes at maximum speed.

Store the DNA at -202C and discard the column.
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10.7.2. Separation and purification of the genetic material: DNA

electrophoresis

Agarose gel electrophoresis relies on the separation of DNA fragments submitted to
an electric field in the presence of a porous gel, formed by polymerized agarose, that
allows the migration of DNA to the positive pole. Electrophoretic mobility of nucleic
acids is inversely proportional to the molecular weight of the molecule, but other
variables have also to be taken into consideration, such as agarose concentration,
electric current applied, and, in the case of plasmid DNA, the conformation of the

plasmid.

This is a simple and effective method for separating DNA or RNA fragments of
different size. The size of each band obtained is determined by comparing it to a
molecular weight marker that contains DNA fragments of known sizes. This marker
also allows the quantification of the genetic material obtained in function of the
intensity of the band. Agarose gels at 1.5% (w/v) are obtained for separating DNA

fragments of up to 1 kb, and agarose gels at 0.8% (w/v) for larger DNA fragments.

DNA fragments visualizing is performed using the SYBR Safe colorant (S33102,
Invitrogen), which is a DNA intercalating agent that emits fluorescence when

irradiated with blue light at 470 nm of wavelength.
In order to perform DNA electrophoresis, the following solutions are used:

e Tris-Acetate EDTA buffer (TAE) : 4 mM Tris (Panreac), 20 mM acetic acid
(Panreac), 2 mM EDTA (Panreac)

e Loading buffer (6x) (R0O611, ThermoScientific)

e SYBR Safe 1000X (533102, Invitrogen)

e Top Vision Agarose (R0492, ThermoScientific)

e GeneRulerTM Mix, Ready to use (SM0334, ThermoScientific) molecular

weight marker
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Electrophoresis buffer is initially prepared at 10X and stored at room temperature.

When used, it is diluted 10 times with deionized water. Protocol:

1.

The right amount of agarose for the gel preparation is weighted. For a
standard 1% gel with 50 ml of TAE buffer, 0.5g agarose are used. Agarose is
contained in a 250 ml Erlenmeyer, to which the TAE is added.

Agarose is melted in a microwave oven until no suspended particules are
observed.

When the temperature of the melted agarose has decreased to 50-552C,
SYBR Safe is added at a ratio of 1 ul for each 10 ml of gel.

The gel tray for the agarose gel is prepared with adhesive tape. The well
comb is added to the gel in order to form the wells. Melted agarose is poured
into the tray, and let there to solidify for 20-30 minutes.

The well comb and adhesive tape are removed from tray, which is placed
into the gel box (electrophoresis unit), to which TAE buffer is added until it
covers the surface of the gel.

Loading buffer is added to the DNA samples (1 pl of loading buffer for each
5 ul of DNA sample), and DNA samples are loaded to their corresponding
well of the gel.

Electrophoresis is started, considering that a constant voltage not higher to
5V/cm has to be applied (typically 90 V, for a 50 ml gel).

The electrophoresis is stopped when the colorant from the loading die
(bromophenol blue) arrives to 2/3 of the gel length (normally it takes around
40 minutes).

DNA bands are observed using the device GelDoc EZ (Biorad), with a UV tray.

10.7.2.1. DNA purification from bands in agarose gels

In order to recover DNA fragments separated by electrophoresis, the portion of the

gel that contains the band of interest is cut with a scalpel blade, and purified with
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the Genelet gel extraction kit (K0691, ThermoScientific), following manufacturer’s

instructions:

1.

Remove the gel from the GelDoc EZ Imager and put it on the transilluminator
(MaestroGen).

Switch off the light from the dark room and cut the band of interest with a
scalpel blade and put it into a 1.5 ml eppendorf tube.

Add a 1:1 volume (i.e. 1 ml of buffer for 1 mg of band) of binding buffer into
the tube that contains the band.

Incubate the fragment at 552C for 10 minutes. Mix the solution by inversion
each 2 minutes approximately, in order to facilitate agarose dissolution.
Ensure that the gel is completely dissolved. Briefly vortex (5 seconds) before
loading it into the column.

Check that the color of the solution is yellow, this indicates that the pH is
optimal for DNA union to the column. If the color is orange or violet, add 10
pl of 3M sodium acetat, pH 5.2. The color will turn yellow.

Transfer up to 800 pl of the solution to the GenelET purification column.
Centrifuge for 60 seconds at 16000g. Discard the flow through.

Add 700 ml of washing buffer to the GenelET purification column. Centrifuge
for 60 seconds at 16000g. Discard the flow through and put the purification
column back in the collection tube.

Centrifuge empty GenelET purification column for an additional minute at
16000g in order to completely eliminate any remaining washing buffer trace.
Transfer the GenelET purification column in a 1.5 ml Eppendorf tube. Add
30 ul of elution buffer to the center of the membrane of the purification

column and centrifuge it at 16000g for 1 minute.

10. Discard the purification column and store the purified DNA at -20°C.
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10.7.3. DNA quantification through spectrophotometry

DNA was quantified using an absorbance lecture at 260 nm (Axo) with a
spectrophotometer (NanoDrop ND-1000, ThermoScientific) which provides the
value of DNA concentration of the analyzed sample and also the purity of the sample,
in terms of proportion Aiso/Azs0 and Azso/Azz0. Proteins and other contaminants
absorb at 280 nm, while contaminants such as phenol, carbohydrates or guanidine
chloride absorb at 230 nm. Values that indicate a good level purity for DNA are 1.8

or higher for Azso/Azgo and 2 or higher for Azso/Azgo.
10.7.4. Polymerase chain reaction (PCR)

PCR (Polymerase Chain Reaction) is a technology used in molecular biology for
amplifying one or a few copies of a DNA fragment of known sequence, generating
thousands or millions of copies (Saiki et al., 1988). This amplification can have several
functions, including obtaining a high amount of a DNA sequence from a sample with
low amount of this sequence, or assessing the presence of a specific DNA sequence

in a sample.

PCR is based on cycles of heating and cooling, allowing DNA chains separation and
DNA replication mediated by DNA polymerase. Other necessary elements for the
PCR are the oligonucleotides or primers, which are short DNA sequences that allow
the amplification of a specific region of interest of the initial DNA sample. DNA
polymerase is thermally stable, and performs the amplification reaction using
nucleotides, oligonucleotides, and template DNA. Along the reaction progression,
the generated DNA also acts as a DNA template, thus, the region of interest is

exponentially amplified.

Primers designed in this work are listed in the appendix Il. Primers include, when
necessary, restriction sites to the 5’ end of the primer in order to allow the amplified
sequence to be cloned in the expression vector of interest. Some extra nucleotides

were added at the 5’ of the restriction sites in order to allow the action of the
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restriction enzymes. They also include, when necessary, the starting codon for mRNA
translation (AUG) and the Stop codon (UGA, UAA, UAG). DNA polymerase Phusion

(F531L, ThermoScientific) was used, since it is a polymerase with a low error rate.
The protocol performed for the PCR consisted in the following steps:

1. Thaw at room temperature the 2x Master Mix Phusion polymerase solution,
the oligonucleotide solution and the DNA. Put them inice.

2. Pipette in a PCR tube put in a box with ice, the following components in the
indicated order:

a. 0.5 ul of oligonucleotide Forward (10 pM)
b. 0.5 ul of oligonucleotide Forward (10 uM)
c. 2 plof template DNA (a 5 ng/pl)

d. 7 ul of DEPC water

e. 10 pl of 2x Master Mix Phusion

3. For the positive control, prepare a solution in the same way as described in
step 2, but using oligonucleotides and a template DNA previously used from
which it is known that it correctly performs the amplification. Annealing
temperature of the positive control oligonucleotides should not be 52C
inferior to the annealing temperature of the oligonucleotides of the
amplification of interest.

4. For the negative control (which has the function of checking that the
oligonucleotide solution does not contain a DNA contamination), pipette in
another tube:

a. 0.5 ul of oligonucleotide Forward (10 uM)
b. 0.5 ul of oligonucleotide Forward (10 puM)
c. 2 uloftemplate DNA (a5 ng/pl)

d. 9.5 ul of DEPC water

5. Insertinside the termocycler the tubes that contain PCR reagents.

321



Chapter 11. Appendix

6. Start the i5 termocycler and select the corresponding protocol (see the

following table 10.6).

Table 10.6. PCR protocol

Cycle repetition Steps Time Temperature
1x Denaturalization 10 seconds 98°C
30x Denaturalization 1 second 98°C
Annealing 5 seconds Temperature

depending on the
primer, generally

between 45 and

65°C
Elongation 15 s/kb of the 72°C
amplified fragment
Ix Elongation 1 minute 72°C
Ix Preservation Infinite 4°C

7. Once the PCR reaction is finished, the samples can be analyzed by means of

an electrophoresis gel or be frozen at -202C for posterior treatments.

10.7.4.1. Fusion of DNA fragments by means of splicing overlap extension PCR

(SOE-PCR)

This PCR variant allows the fusion or splicing of DNA fragments using two pairs of
oligonucleotides containing a partial overlap of their sequences. For each one of the
molecules to be fused, two primer pairs are designed. The reverse primer of the
sequence located in the 5’ end of the fusion objective sequence must have an
homology region with the forward primer of the sequence located in the 3’ end of

the fusion objective sequence, as observed in Figure 10.8.
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B \—

Figure 10.8. Scheme of a splicing overlap extension PCR.

The cycles sequence and temperatures are the same than in a conventional PCR, the
only change is that it is performed in two steps: firstly, the two PCR reactions are
independently performed, and, then, 1 pL of each reaction are used as templates
and incubated for 15 cycles. After that, the two most external oligonucleotides
(forward 1 and reverse 2) are added and the PCR reaction is continued for 15-20
additional cycles. The final result is a PCR product consisting in the fusion of the
sequence of interest. This technique has been used in this work for the construction

of the Trastuzumab fused to a cytokine and the scFv fragments.

10.7.5. DNA enzymatic modifications
10.7.5.1. Digestion with restriction enzymes

The restriction endonucleases are enzymes that hydrolyze DNA in specific sites of its
sequence. Type |l enzymes, which are the most used, recognize sequences of 4 to 6
nucleotides (restriction sites), which are normally palindromic. Some of these

enzymes cut the DNA sequence in the middle of the restriction site, generating blunt
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ends, while other restriction enzymes generate cohesive or sticky ends. Most of the

restriction enzymes have an optimal reaction temperature of 372C.

The activity of the enzimes is measured in activity units. A restriction enzyme activity
unit is defined as the necessary amount to completely digest 1 ug of DNA in 60
minutes, in the recommended conditions. The enzyme volume must be inferior to
the 10% of the total reaction volume, since the glycerol present in the buffer of the
enzyme solution can impair the enzyme activity if its concentration is higher than
5%. Enzymes are stored at -202C and have to be contained in ice during their use. In
this work, FastDigest restriction enzymes have been used (provided by
ThermoScientific), since they allow a fast digestion of DNA (5-25’), and all enzymes

can be used with the same restriction buffer.
The following procedure has been applied for performing restriction reactions:

1. Addition, ina 0.5 mltube, the following amounts of reagents in the indicated
order. The reagent amounts can be linearly scaled-up if more DNA is needed
in the subsequent steps. Restriction enzymes should be kept in ice:

a) 2 ul of fast digest buffer

b) 1 pugof DNA

c) 1 ulof each restriction enzyme

d) 16 pl of DEPC (Diethyl Pyrocarbonate) H,0O

2. Incubate the restriction mixture at 372C for 20 minutes and then for 20
minutes at 802C in order to inactivate the restriction enzymes, in the
thermocycler. If the used restriction enzyme cannot be inactivated by
heating, the DNA will have to be purified with a PCR purification kit (GeneJET
PCR purification kit (KO701 ThermoScientific) following manufacturer’s
instructions:

a) Add a 1:1 volume of binding buffer to the DNA solution. Mix
vigorously by pippeting. Check the color of the solution, it should be

yellow, indicating that the solution has the optimum pH for binding
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the DNA to the column in the subsequent step. If the solution is not
yellow, add 10 pl of a solution 3M sodium acetate, pH = 5.2.
Transfer up to 800 pl of the solution to the purification column
GenelET. Centrifugate during 30-60s at 16000g. Discard the flow-
through.

Add 700 pul of washing buffer to the purification column GenelET.
Centrifuge for 30-60s at 16000g. Discard the flow-through and put
the column back into the collection tube.

Centrifuge the empty purification column for an additional minute
in order to completelly eliminate any washing buffer from the
sample.

Transfer the purification column into a clean microcentrifuge tube
of 1.5 ml. Add 30 pl of elution buffer to the centre of the membrane
of the purification column, and centrifuge it at 16000g for one
minute.

Discard the purification column and store the purified DNA at -202C.

10.7.6. DNA dephosphorylation

The dephosphorylation of the 5" ends of DNA is performed in order to avoid the

religation of plasmids that have been linearized with restriction enzymes. The

dephosphorylation enzyme used in this work has been alkalyne phosphatase FastAP

(EFO654, ThermoScientific) with its corresponding buffer. Each 1 pl of FastAP is able

to dephosphorylize 1 pug of DNA in a volume of 20 ml, with 2 ul of dephosphorylation

buffer. The solution has to be incubated at 372C for 5 minutes and then at 80°C for

another 5 minutes for performing the dephosphorylation and then inactivation

reactions of the phosphatase.
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10.7.7. Ligation of DNA fragments

DNA fragments ligation is a technique mainly used in order to clone inserts into
plasmid vectors. The enzyme that has been used has been the T4 DNA Ligase
(ELO014, ThermoScientific), which catalyzes the formation of a phosphodiester bond
between 5-P’ and 3-OH’ ends in double-stranded DNA or RNA. This enzyme requieres
the presence of ATP for the reaction to take place. Ligation buffer used includes the
necessary ATP amount. The DNA amount of needed insert to add is calculated using
the following equation (10.4.):

insert length (pb)
vector length (pb)

ng insert = ng vector -
-molar proportion insert: vector

Figure 10.4. Map of pTRIpuro3 vector.

The following procedure has been applied for insert and vector ligation:

1. Additionin a 0.2 ml RNAse-free tube of the following amounts of reagents:
e Xl of vector (the volume that corresponds to 30 ng of vector, up to
a maximum of 4 pl)
e Xl of insert DNA, containing a DNA amount in a molar relation of
3:1 (for ligations with cohesive ends) or 1:1 (for blunt ends) with
respect to the amount of DNA (30 ng) of the vector (see equation
10.4), up to a maximum of 2 pl
e 1 pulof T4 DNA ligase
e 2 ul of ligation buffer 10X
e X ul of DEPC water, in order to have a total volume of 20 pl
2. As a negative control, in order to discard possible vector religations, a
ligation reaction with the same conditions as in step 1 has to be prepared,

substituting the insert volume for DEPC water.
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3. Incubate the reaction at room temperature (22°C) for 120 minutes,
alternatively it can be incubated for 16h at 42C.

4. Proceed to transformation (see 10.7.7.1.) or store it at -202C.
10.7.7. Introduction of genetic material into organisms

In this work, genetic material has been introduced in bacteria (transformation) and

also in animal cells (transfection).
10.7.7.1. Bacteria transformation by means of heat shock process

The transformation process consists in the incorporation of exogenous plasmid DNA

into competent E. coli DH5a cells (12297016, ThermoScientific).

1. Thaw the competent cells by putting the vial in ice. Thaw 3 extra vials for
controls.

2. Maintain the tubes in ice for 10 minutes.

3. Add 10 pl of ligation mixture or up to 100 ng of circular plasmid to the cell
suspension. Include a control adding 10 pul of DEPC water, a second control
with 1 pl of a circular DNA plasmid (positive control) and another control
consisting in adding the ligation without insert (negative control of the
ligation reaction).

4. Maintain the tubes 10 minutes in ice.

5. Transfer the tubes to the thermocycler at 422C and incubate for 60 seconds.
It is very important to exactly incubate this amount of time.

6. Put the tubesin ice and maintain them 1-2’.

7. Add 390 pl of sterile LB medium to each tube and incubate at 372C at the
thermocycler for 45 minutes. This allows the bacteria to express the
antibiotic resistance protein (codified in the transformed plasmid). Gently
invert the tube two or three times during the incubation.

8. Seed 200 pl of each tube in a plate LB+Ampicillin mediating a Digralsky

spreader.
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9. Incubate the plates for 16h at 372C.
10.7.7.2. Animal cells transfection by means of lipofection

Lipofection (or transfection with liposomes) is a technique used for transferring
genetic material to a cell mediating liposomes, which consist in vesicules that can
easily fuse with the cell membrane, since both are formed by a fosfolipid bilayer.
Lipofection is based on a positively charged lipid that forms a complex with the
negativelly charged genetic material. Cells then incorporate the formed complex
mediating endocytosis. During the present work, the K2 Transfection kit (Biontex)
has been used, which contains the K2 Transfection reagent for forming the lipidic
complexes and also the K2 Multiplier reagent, which is added in the first step of the
process for decreasing the cells ability to recognize nucleic acids and therefore their

ability to eliminate them, and improve the efficiency of the process.
The following protocol has been applied:

1. 1-10° cells are for each transfection to perform. A positive control should be
included, consisting in transfecting the vector plRESpuro3_eGFP
(pIRESpuro3 vector containing the fluorescent protein eGFP), which will
allow calculating the transfection efficiency and puromycin selection
efficacy.

2. The cells are centrifuged (5 min at 800g) and washed with 900 ul of
SMFATransfx medium.

3. 900 pl are resuspended in fresh medium. The obtained cell suspension is
homogeneously dispensed in each well in a 12-well plate.

4. 20 pl of K2 Multiplier are added, the plate is gently homogenized.

5. Incubation for 2h at 372C, 5% CO,, 95% humidity.

6. Meanwnile, transfection solutions are prepared, which contain:

e 1 ugof plasmid DNA
e 100 pul of SFM4Transfx
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e 4 ul of K2 Transfection reagent
7. Homogenize the solutions by pippeting using DNAse-free sterile filter tips.
8. Incubate the solutions for 20 minutes.
9. Add the solutions to the cell-containing well.
10. Incubate for 24h. Check the transfection efficiency mediating fluorescence
microscopy as indicated in the next section.
11. In order to select the transfected cells, change the transfection medium with

selective medium (see 10.2.1.1) 24h after the transfection of the cells.
10.7.7.2.1. Determination of transfection efficiency by fluorescence microscopy

The determination of the transfection efficiency is determined using an aliquot of

the transfected cell culture of interest.

The phase contrast and epifluorescence microscope Olympus BH-2 has been used.
This microscope allows irradiating the sample with UV light filtered with a dichroic
DMB50O0 filter and an excitation B-460 filter, irradiating a blue light with a wavelength
of 460-520 nm. This allows the excitation and the observation of eGFP (excitation at
495 nm, emission at 520 nm). In order to calculate the transfection efficiency, cell
counting can be performed with an hematocytometer in phase contrast (this will be
the total cells amount), and then it can be repeated in epifluorescence. The
transfection efficiency can then be determined through the following equation (eq.

10.5):

Fluorescent cells number
-100

%eGFP positive cells = Total colls amount

10.7.8. Sequencing of DNA

The sequencing of the generated DNA constructs was performed at the

Bioinformatics and Genomics Service of the Biotechnology and Biomedicine Institute
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of UAB, using an ABI 3130XL analyzer (Applied Biosystems). DNA samples were
prepared at 100 ng/ul (10 pl) and were sequenced by the Sanger method, which is
based on the selective incorporation of chain-terminating labelled
dideoxynucleotides during in vitro DNA replication. Chromas Lite 2.3 software was

used for the manipulation of the obtained sequencing chromatograms.

10.8. Antibody purification

In order to purify the produced Trastuzumab and Trastuzumab-derived molecules, a
downstream sequence has been implemented consisting of several steps and
depending on the production system employed: recovery of the product is not the

same when produced with HEK293 or in the case of bacterial production (for scFv).

10.8.1. Solid-liquid separation

The first step of the recovery sequence consists in the separation of the biomass
from the culture medium. When the product is secreted to the medium, as it is the
case of the HEK293 production, the medium needs to be recovered. In the case of E.
coli production, the product remains inside the cell, therefore, the biomass is the

fraction of interest.

10.8.1.1. Centrifugation

Centrifugation is one of the most used ways to separate particles from a solution.
10.8.1.1.1. Centrifugation for small scale production with HEK293

For small scale production of Trastuzumab with HEK293 cells (see 3.3.2), the medium
was recovered performing a centrifugation step at 3000g, for 15 minutes at 42C

(Avanti J20 XP, Beckman Coulter). Conical polypropylene 15 or 50 ml tubes (Corning)
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were used. The supernatant was recovered and further purified following the

downstream sequence.
10.8.1.1.2. Centrifugation for production with E. coli

For scFv production with E. coli, a centrifugation step at 5.000g for 10 minutes at 42C
(Avanti J20 XP, Beckman Coulter) was applied. The biomass was recovered and
further purified following the downstream sequence. Centrifugation 500 ml tubes

(Beckman Coulter, 355605) were used.
10.8.1.2. Depth filtration

Depth filtration consists in using a porous medium that is capable of retaining
particulates throughout its matrix rather than just on its surface. In this work, it has
been used for the clarification of the single use culture processes (wave and STR 50L

bioreactors).

For the 5L wave process, a CS40MS filter (CS40MS02H1, MerckMillipore) of 0.027
cm? was used. The culture broth was pumped through the filter by means of a
Watson Marlow 323 peristaltic pump (Watson Marlow). An analogic manometer was
connected before the entry of the feed tube to the filter. The filter was first
humidified with 550 ml of deionized water and then equilibrated with 550 ml of PBS
(both at a flow of 60 ml/min). Then, the culture broth was pumped at a flow of 50

ml/min, avoiding the entry pressure to reach 2 bar.

For the 50L process, a CS40MS filter (CS40MS05F1) Merckmillipore) of 0.55 cm? was
used. The filter was installed in a Pod filter holder (MPODPILOT, MerckMillipore).
Then, the filter is connected through silicone tubes to the P2500 pump of the
Sartoflow Alpha Plus SU device (Sartorius). The filter was first humidified with 50 L
of deionized water and then equilibrated with 50 L of PBS (both with the pump at a
20% potency). Then, the culture broth was pumped through the filter, with a 20%

potency of the pump.
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10.8.2. Cell disruption

Cell disruption was performed to release the scFv product contained inside the E.
coli used for production. Mechanical disruption by the method of French press,
which is one of the most used methods for cell disruption, was applied. In this
method, the cells are submitted to high pressures through a narrow anular gap, and
then released through a discharge valve to atmospheric pressure, the pressure

change making them explode.

The pellet obtained from the centrifugation step (see 10.8.1.1.2.) was resuspended
in 20 mM sodium phosphate, NaCl 0.15M, MgCI2 8 mM; pH = 7.2, and the DOggo of
the resuspended broth was adjusted to 100. Then, DNAsel (Roche) was added at a
concentration of 50 pug/ml. The resuspended cells were disrupted through 2 cycles
at 1.44 kbar, using a TS 5 4 kW disruptor (Constant Systems). Disrupted cells were
then centrifuged at 8000g, 40 minutes, 42C (Avanti J20 XP, Beckman Coulter).

Aliquots of 50 ml of disrupted cultures were stored at -202C.

10.8.3. Microfiltration

A microfiltration step is necessary in order to remove the solid particulates from the
cell culture that have not been completely removed in the solid-liquid separation
steps. Typical microfiltrations involve membranes with 0.45 or 0.2 um of absolute

pore size rating.
10.8.3.1. Small scale microfiltration

For small scale HEK293 culture and aliquots of E. coli disrupted culture,
microfiltration was performed with 0.45 um single use membrane filters
(HAWPO02500, MerckMillipore) of 25 mm of diameter. The medium to be filtered was

passed through the filter by using a 50 ml syringe.
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10.8.3.2. Microfiltration for HEK293 bioreactor cultures

Microfiltration of the broth recovered from depth filtration from the 5L wave
bioreactor was performed using a 0.2 um filter Millipore Express SHF Opticap XL300
of 480 cm? (KGEPGOO3HH3, Merck Millipore). The culture broth was pumped
through the filter by means of a Watson Marlow 323 peristaltic pump (Watson
Marlow). An analogic manometer was connected before the entry of the feed tube
to the filter. The filtration was carried out at a maximum flow of 213 ml/min,
lowering it when the entry pressure surpassed 2 bar. The filtrated broth was then
stored overnight at 42C. The filter was then washed with 1L of NaOH 0.5M and then

with deionized water.

In the case of the 50L culture, the filtration was carried out using a 0.2 um filter
Millipore Express SHF Opticap of 5400 cm? (KGEPA10TT1, Merck Millipore). The
culture broth was pumped through the filter by means of a Watson Marlow 323
peristaltic pump (Watson Marlow). An analogic manometer was connected before
the entry of the feed tube to the filter. The filtration was carried out at a maximum
flow of 213 ml/min, lowering it when the entry pressure surpassed 2 bar. The

filtrated broth was then stored overnight at 42C in a single use bag (Sartorius).

10.8.4. Concentration

In order to reduce the volume of product to be loaded to the chromatography (last
purification step), a concentration step was applied for the microfiltrated products
produced with HEK293 bioreactor processes. The concentrations were performed
through tangential flow ultrafiltration, in which the majority of the feed flow travels
tangentially across the surface of the filter, washing away the filter cake during the
filtration process, thus increasing the length of time that a filter unit can be

operational.
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In the case of the product produced with the 5L wave bioreactor, the filtration was
performed using two 30 kDa membranes in Hydrosart ultrafiltration cassettes of 200
cm? (Sartorius), sustained in a Sartocon Slice 200 Holder (Sartorius). The membrane
cassettes were installed on the holder and then a manometer was connected before
the entry of the feed tube and after the outing of the retentate tube. First, 1L of
deionized water and then 600 ml of PBS were pumped using a Watson Marlow 323
peristaltic pump (Watson Marlow), at a 20% of the potency of the bomb, or avoiding
the feed pressure to reach values higher than 2 bar. Once the product volume had
been reduced 10 times (obtaining approx. 500 ml of final volume), the concentration
was stopped. The filters were cleaned by pumping 2L of deionized water and then
1L of 0.5M NaOH were recirculated overnight. Then, deionized water was passed

again until outing pH was neutral.

In the case of the product produced with the 50L wave bioreactor, the filtration was
performed using a 30 kDa membrane in Hydrosart ultrafiltration cassettes of 4200
cm? (Sartorius). Then, the filter is connected through silicone tubes to the P3000
pump of the Sartoflow Alpha Plus SU device (Sartorius). The filter was equilibrated
by passing 10L of PBS. A holding volume of 9L was used. Once the product volume
had been reduced 10 times (final volume obtained of approx. 4.5L), the
concentration was stopped. The filters were cleaned by pumping 2L of deionized
water and then 0.5M NaOH recirculating overnight. Then, deionized water was

passed again until outing pH was neutral.

10.8.5. Chromatography

Chromatography is a technique employed for the separation of the components of
a mixture, which are dissolved in a fluid stream called the mobile phase, which
travels through a structure holding a material called the stationary phase. The

interaction of the components of the mixture with the stationary phase makes them
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travel at different speeds, causing them to separate. There are several
chromatography types, depending on the nature of the stationary phase. In antibody
purification, the most used chromatography is affinity chromatography, which is
based in very specific non-covalent interaction between the molecule of interest of
the mobile phase and the stationary phase. In this work, affinity chromatography has

been used to purify Trastuzumab and Trastuzumab-derived molecules.

10.8.5.1. Trastuzumab and Trastuzumab-derived molecules purification with

protein A and protein L affinity chromatography

The typical affinity chromatography for antibody purification employs protein A in
the stationary phase. Protein A is a 42 kDa surface protein originally found in the cell
wall of the bacteria Staphylococcus aureus, which has a high binding affinity for
several immunoglobulins, having a particularly strong affinity for human IgG1,

binding to the heavy chain of the Fc region.

For antibody fragments or light chain purification, Protein L has been used as the
ligand of the stationary phase. Protein L was isolated from the surface of the bacteria
Peptostreptococcus magnus and was found to bind to immunoglobulins through L

chain interaction.

In this work, the MabSelect SuRe resin (GE Healthcare) has been used as a stationary
phase. This resin contains an engineered Protein A ligand that is alkali-tolerant,
having greater stability than Protein A affinity resins in the alkaline conditions used

in cleaning-in-place (CIP) and sanitization protocols (GE Healthcare, 2019).

Typical chromatography purification runs include an equilibration step of the column
with binding buffer, the loading of the sample to be purified, a wash step with
binding buffer in order to wash away the molecules that have weakly interacted with
the column, and an elution step with washing buffer. The protocol employed for
Trastuzumab consisted in the following steps, performed using an AKTA Avant 150

chromatographer (GE Healthcare):
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1. Install the column into the AKTA Avant chromatographer and pump
binding buffer until the absorbance at 280 nm and pH values are stable
(the column is stored in a 20% (v/v) ethanol solution, which has to be
removed).

2. Equilibrate the column with 5 column volumes of binding buffer:

a. For Protein A chromatography: 20 mM phosphate, NaCl 150
mM,pH=7.4
b. For Protein L chromatography: 50 mM sodium citrate, pH = 6.5

3. Load the sample to the column. Collect a sample of the flow-through for
further analysis.

4. Wash the column with 10 column volumes of binding buffer. Collect a
sample of the washed column for further analysis.

5. Elute with 5 column volumes of elution buffer:

a. For Protein A chromatography: 50 mM citrate, pH = 3.2
b. For Protein L chromatography: 50 mM sodium citrate, pH = 2.3

6. Dialyze the eluted product with PD-10 or PD Minitrap G-25 desalting
columns (GE Healthcare), using 50 mM citrate, pH = 6.

7. Regenerate the column by passing another 5 column volumes of elution
buffer and then wash it by passing 3 column volumes of binding buffer.

8. Perform a CIP of the column with 0.1M NaOH, 5 column volumes. Wash
it with 3 column volumes of binding buffer.

9. Reequilibrate the column with 20% (v/v) ethanol solution and store it at

4eC.

For small scale and wave bioreactor production of Trastuzumab,
Trastuzumab_cys114 or heavy chain, a HiScreen MabSelect SuRe Column (GE
Healthcare) for was used. For light chain and scFv production, HiScreen Capto L (GE
Healthcare) was used. For bioreactor pilot scale productions, a XK 26/40 column (GE
Healthcare) packed with 55 ml of MabSelect SuRe resin was used. In Table 10.7. the

column features are summarized, including the working flow rates for each column.
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Table 10.7. Features of the columns used for antibody purification chromatography

Operation flow

Resin Operation flow for
Column for equilibration,
volume sample loading
wash and elution
HiScreen
MabSelect SuRe 5ml 3.9 ml/min 2.3 ml/min
/ Captol
XK 26/40
55 ml 25 ml/min 25 ml/min
MabSelect SuRe

10.9. Protein characterization

10.9.1. Molecular weight and purity: SDS-PAGE

Protein electrophoresis mediating polyacrilamide gel is a technique that allows the
sseparation of proteins based on their molecular weight. Proteins from the sample
are denaturalized with the detergent sodium dodecylsulfate (SDS), which is present
in the loading dye, negatively charging the proteins with the same negative charge
density. Proteins are then separated in a polyacrilamide gel to which an electric field

is applied. The gels can be prepared in three main conditions:

e Native conditions: SDS is not added, proteins migrate depending on
their native electric charge and tridimensional conformation.

e Denaturalizing conditions: SDS is added, breaking the weak
interactions between protein subunits and eliminating the tertiary
structure of the protein, except if it is hold together mediating
disulfide bridges. Proteins will migrate depending on their molecular

weight.
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e Reducing denaturalizing conditions: -mercaptoethanol or DTT are
added to the samples (in addition to SDS), in order to break disulfide

bridges of the protein of interest.

In this work, MiniProtean TGX StainFree gels (4568095, Biorad) have been used.

These gels are precast gels and contain a trihalomethane compound that reacts with

the tryptophan residue of the proteins. This compound allows the direct visualization

of the proteins once the gels are irradiated with UV light.

Sample preparation protocol consists in:

1.

Mix 7.5 pl of sample with 7.5 pl of Laemmli 2x loading dye (1610737, Biorad)
ina 0.5 ml tube. Add 0.75 pl of B-mercaptoethanol when performing a gel in
reducing conditions. Add 10 pl of molecular weight marker (Precision Plus
Protein Unstained, Biorad, ref 1610363) to the most external wells.
Incubate the samples at 952C for 5 minutes in a thermocycler.

Insert the gel into the electrophoresis box, and fill it with running buffer (Tris-
glycine-SDS).

Load the samples in the gel, carefully avoiding disrupting the wells.

Apply a voltage of 250V for 20 minutes to the electrophoresis box.

Remove the gel from the electrophoresis box, remove the gel protection,
and put the gel on a UV tray.

Put the tray with the gel inside the GelDocEZ imager (Biorad) and irradiate it
with UV light for 90s.

Process the obtained image using the ImagelLab software (Biorad).

10.9.2. Concentration determination: SDS-PAGE and spectrophotometry

Antibody concentration was determined using two different alternatives:

densitometry analysis (from SDS-PAGE) and spectrophotometry analysis.
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10.9.2.1. Concentration determination by densitometry analysis (SDS-PAGE)

Protein concentration of the band of interest was calculated using the Imagelab
software (Biorad). The relative quantity tool of the software was used to obtain the
amount of protein of a band with respect to a reference band of the molecular
weight marker (Precision Plus Protein Unstained, Biorad, ref 1610363), which
contained a known amount of protein. For whole antibody bands, the reference
band of the molecular weight marker consisted in the 150 kDa band, which contains
150 ng of protein, while for antibody fragments, the 20 kDa band (150 ng) or the 50

kDa band (750 ng) were used as a reference.
10.9.2.2. Concentration determination by spectrophotometry

For pure samples of whole antibody, their concentration could also be calculated
using the spectrophotometer NanoDrop (ND-1000, ThermoScientific). It uses an
extinction molar coefficient in order to calculate the protein concentration from the
absorbance of the sample. For whole IgG, it has a predetermined molar extinction

coefficient.

10.9.3. Antigen binding assessment
10.9.3.1. Immobilized antigen binding: ELISA

The ability of the produced Trastuzumab and Trastuzumab-derived generated
molecules to bind to their target HER2 antigen has been assessed with an ELISA
(Enzyme Linked ImmunoSorbent Assay), which is a commonly used analytical
biochemistry assay. In the applied assay, the target HER2 antigen (10004-HCCH,
Sinobiological) is immobilized on the surface of a plate, and then it is recognized by
Trastuzumab, which acts as a primary antibody. Trastuzumab is later recognized by
a secondary antibody, a polyclonal anti-human IgG1 antibody (A00166, Genscript)

conjugated to the enzyme Horse Radish Peroxidase (HRP), which generates colored
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products from chromogenic substrates. For antibody fragments, instead of the
previously described secondary antibody, a protein L protein conjugated to HRP

(Genscript, ref M00098) was used.
The followed protocol consists of the following steps.
Prepare the following solutions:

e Anti-HER2 antigen solution (0.5 pug/ml) in PBS

e Anti-human IgG1 conjugated to HRP (1 ug/ml) in PBS

e Dilution PBS buffer (Hyclone)

e Blocking solution: PBS-Tween20 0.05% (Sigma) + Skim Milk Powder
3% (LP0031, Oxoid)

e Wash solution: PBS-Tween20 0.05% (Sigma)

1. Pipette 50 ul of HER2 antigen (1 ug/ml) in each well, cover the plate with a
plastic cover and incubate at 42C, 16h.

2. Discard the content of the plate.

3. Wash the plate three times with 200 ul of washing solution, discarding the
content of the plate between wash steps.

4. Gently dry the plate with a microfiber wiper.

5. Pipette 100 pl of blocking solution into each well. Cover the plate and
incubate at room temperature for 1h.

6. Proceed as in step 4.

7. Pipette 50 ml of dilution PBS buffer in each well.

8. Pipette 50 pl of Trastuzumab sample to a well of row 1. Each different
Trastuzumab sample to be analyzed will be added to a different well.

9. Perform a serial dilution 1:2 in the plate from row 1 to 8, pipetting 50 pl
between wells. Discard the final 50 pl.

10. Pipette 50 pl of PBS in the blank wells.
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Proceed as in step 2, 3 and 4.
Pipette 50 ul of a solution of secondary antibody diluted 1:10000 (0.1 pg/ml)
in each well. Cover the plate and incubate at room temperature for 1h.

a. For antibody fragments, pipette 50 pl of a solution of Protein L-HRP

diluted 1:20000 (0.025 pg/ml).

Proceed as in step 2, 3 and 4.
Pipette 50 ul of TMB solution. Incubate at room temperature during a
maximum of 20 minutes. Shorter incubation times can be applied if the
reaction occurs more rapidly than expected, in order to avoid saturation of
the signal.
Stop the reaction by adding to each well 50 pl of H,SO4, 20%.
Read the plate in a microplate reader. Absorbance at 405 nm and 600 nm
wavelength has to be determined. Absorbance value of each well

corresponds to the difference of both absorbances (Ass-Asoo).

10.9.3.2. Cell surface antigen binding: Flow cytometry assay

Flow cytometer is a device that allows analyzing cell populations by separating

individual cells in a laminar liquid flow. Individual cells pass through a detector that

allows determining their size (Forward Scattering, FSC), their intracell complexity

(Side Scattering, SSC), and their fluorescence levels at different excitation and

emission wavelengths. These parameters are represented in DotPlot graphs (Fig

10.9.), in which the cell population to be analyzed is delimited.
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Figure 10.9. DotPlot of a SKBR3 cell population analyzed through the Guava EasyCyte.

In order to assess the ability of Trastuzumab or Trastuzumab-derived molecules to
bind to its target antigen HER2 when found on the surface of a cell, Trastuzumab was
incubated with the target cells and then a secondary anti-human IgG1 antibody
conjugated to phycoerythrin was added. Therefore, cells with to which Trastuzumab
is bound can be detected with the cytometer, through the emission of red light from

phycoerythrin.

The analysis have been performed on unicellular population, excluding dead cells

and aggregates. Guava easyCyte (Luminex) device was used for this assay.
The used protocol consisted in:

1. Centrifuge 5-10° cells of interest at 1000g for 3 minutes and discard the
supernatant.

2. Wash the cells two times with PBS and resuspend them in 100 pl of PBS.

3. Add 4 pl of Trastuzumab antibody and incubate for 15 minutes.

4. Wash the cells two times with PBS and resuspend them in 100 pl of PBS.
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5. Add 1 pl of secondary antibody (anti-human IgG1 polyclonal antibody
conjugated to phycoerythrin) and incubate for 15 minutes.

6. Wash two times with PBS and resuspend the cells in 500 pl of PBS.

7. Pass the cells to the flow cytometer. Excitation: 488 nm, emission: 583 nm

(yellow light).

10.9.4. Aggregates determination and free drug determination: Size-

Exclusion Chromatography-HPLC

High Performance Liquid Chromatography (HPLC) is a technique in analytical
chemistry that can be used to separate, quantify and identify each component in a
mixture. It relies on passing the sample mixture through a column containing a resin
that interacts in a different way with each component of the sample, separating
them. In this case, a Size-Exclusion Chromatography (SEC) column has been used: the
components of the sample will be separated according to their size, with larger
molecules being firstly eluted. In this case, aggregates will elute will elute first, and,

in the case of conjugated products, free drug will elute last.

In this work, SEC-HPLC experiments were performed in a Waters Alliance 2695
system using Zenix-C SEC-300 column (4,6 x 300 mm, Sepax, DE, USA). The mobile
phase was PBS 1x (Sigma, MO, USA) at a flow rate of 0,35 ml/min. The absorbance

of the eluted species was analyzed using UV light at a wavelength of 214 nm.

For free drug quantification in conjugated ADC products, drug at different
concentrations was passed through the column in order to establish an area vs

concentration calibration curve.
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10.9.5. Mass and glycosylation pattern determination: Mass Spectrometry

(Mms)

In order to assess the mass of the produced antibody and its glycosylation pattern, a
mass spectrometry (MS) assay was performed. Mass spectrometry is an analytical
technique which ionizes chemical species and sorts the ions based on their mass-to-

charge ratio.

In this thesis, the different MS assays were performed by the BioOrganic Mass
Spectrometry Laboratory (LSMBO) at Université de Strasbourg (France). For
deglycosylation, the enzyme 1gGZero (Genovis) was used, at a ratio of 1 unit
enzyme/1 g IgG, applying an incubation of 30" at 372C. Samples were manually
desalted using a vivaspin 30 kDa ultracentrifugation device (Sartorius) exchanging
buffer through five centrifugation cycles to AcONH, 150mM pH 6.9. Samples were
then analyzed with an Exactive Plus EMR Orbitrap mass spectrometer
(ThermoFisher), and data processing was performed using the MassLynx software

(Waters).

10.9.6. Endotoxin content test: LAL method

An endotoxin content determination test based on the chromogenic end point
method Limulus Amebocyte Lysate (LAL) has been used. The Limulus amebocyte
lysate is an aquous extract which contains a protein that causes the aggregation of
endotoxins through an enzymatic reaction. Bacterial endotoxins catalyze the
activation of the proenzyme present in the LAL to an active enzyme that liberates
the p-nitroaniline (pNA) of the colorless substrate. The pNA has a color that can be
detected at 405-410 nm wavelength when the reaction is stopped (see Fig. 10.10).
The correlation between the absorbance and the endotoxin amount is lineal
between 0.1-1,0 EU/ml, therefore, the endotoxin concentration of the sample can

be calculated using a reference standard.
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Proenzyme Endotaxin . Enzyme

Substrate + H_0 Enzyme _ Peptide + pNA

Fig. 10.10. LAL reaction scheme. Obtained from (Lonza 2015).

In this work, the LAL kit QCL-1000 (Lonza) has been used.
10.10. Antibody/fragment conjugations

Several whole antibody or antibody fragment conjugations to cytotoxic drugs have
been performed in this work, with the drugs DM1 and vcMMAE, in heterogeneous

and homogeneous ways.
10.10.1. Heterogeneous conjugation with DM1

Trastuzumab (whole antibody and scFv fragment) conjugation to DM1 has been
performed heterogeneously, with the cytotoxic drug being conjugated to Lysine

residues of the antibody, using the SMCC linker, with an aimed DAR of 3.1.
This has been the followed protocol:

e Solutions preparation:
o Buffer A (50 mM potassium phosphate; 50 mM sodium chloride; 2

mM EDTA, pH 6.5). The following components are dissolved in 100
ml MilliQ ultrapure water and pH is adjusted with K;HPO,, if
necessary (all the components from Sigma Aldrich):

= 0.06072 g KH,PO,4

= 0.1609 g K;HPO4

= (0.292 g NaCl

* 0.058 gEDTA
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Antibody conjugation (example for conjugating 5 mg of Trastuzumab and

scFv, and considering that the recovery percentage of dialyzing steps is

100%, for lower yields, escalate DM1 and reaction volumes accordingly):

o Prepare the antibody to be contained at 20 mg/mL in buffer A

Dialyze it with Desalting G25 columns (GE Healthcare)
equilibrated with Buffer A

Check the antibody concentration by spectrophotometry
using Nanodrop (NanoDrop ND-1000, ThermoScientific).
Concentrate the antibody to 20 mg/ml using Amicon Tubes
30 or 3 kDa (GE Healthcare). Lower concentrations as low as
15 mg/mL have also been successfully tested.

Check the antibody concentration by spectrophotometry

using Nanodrop (NanoDrop ND-1000, ThermoScientific).

o Prepare stock solution of SMCC linker (at 20 mM): dissolve 5 mg of

SMCC (Sigma Aldrich, 22360) in 747 pl of DMSO (Sigma Aldrich,

472301) in an 1.5 ml Eppendorf tube.

o Add the following volume of SMCC stock solution to the

antibody/fragment solution, in both cases at a molar proportion of

7.5 of SMCC with respect to the antibody/fragment:

For whole Trastuzumab, add 12.88 ul of SMCC stock
solution.

For scFv, add 70.57 pl of SMCC stock solution to the
antibody solution. For lower DARs of scFv, the amount of
SMCC was scaled down in a linear proportion (i.e. for an
aimed DAR of 1.5, 34.15 pl of SMCC stock solution was
added).

o Incubate for 2h at room temperature, at 300 rpm of mixing.

o Prepare DM1 stock solution:
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= All the DM1 and/or DMA manipulation steps have to be
performed in a fume hood.

= All the generated residues potentially containing DM1 have
to be contained in safety containers and discarded.

= Equilibrate the DM1 vial (Abcam, 146096) at room
temperature for at least 1h.

=  Prepare the 10 mM DM1 stock solution: add 1.35 ml of DMA
(Dimethyl Acetamide, Sigma Aldrich, ARK2190) with
SolventSafe pipette tips (10470451, Fisher) to the DM1 vial
(containing 10 mg of DM1), and homogenize very gently.
SolventSafe pipette tips have a carbon fiber filter that blocks
corrosive vapors generated when pipetting volatile organic

solvents.

Once the 2h of the linker conjugation have concluded, dialyze using
a G25 desalting column (GE Healthcare) equilibrated with Buffer A,
in order to eliminate the remaining SMCC linker. Measure the
antibody/fragment concentration with Nanodrop and adjust the
final volume with Buffer A obtaining a concentration of:

= 10.6 mg/ml for whole Trastuzumab

= 1.32 mg/mL for scFv
Transfer the antibody solution to a glass vial. The DM1 solution
containing organic solvent (DMA) added in the following steps
would have a corrosive effect on standard polypropylene Eppendorf
tubes.
Add a volume of the stock DM1 solution to the antibody solution
obtaining a molar proportion of 8.5 with respect to the

antibody/fragment. Use Solvent Safe pipette tips. The volume of
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DML1 solution cannot be higher than 6% of the total volume of the
conjugation solution.

= For 5 mg of recovered Trastuzumab-SMCC, add 29.2 pl of
DM1 solution.

= For 5 mg of recovered scFv-SMCC, add 240 pul of DM1

solution. For lower DARs, the amount of DM1 was scaled

down in a linear proportion (i.e. for an aimed DAR of 1.5,

116.13 pl of DM1 stock solution was added).

o Incubate at room temperature for 16.5h at 300 rpm.
o Dialyze with PBS using G25 desalting columns.

o Store at 4¢C.

10.10.2. Heterogeneous conjugation with vcMMAE

Heterogeneous Trastuzumab conjugation to veMMAE has been carried out by means
of a partial reduction with TCEP followed by a conjugation with vceMMAE, with an

aimed DAR of 4. This has been the followed protocol:

e Solutions preparation:

o TCEP: prepare stock solution at 0.5M in water, adjust pH with NaOH
to 7. For 10 ml of stock preparation, dissolve 143.33 mg of TCEP
(GEN-TCEP-1, Generon) in 10 ml of MilliQ water. Stock solution can
be stored at -202°C.

o PBS + DTPA 1.45 mM: dissolve 393 mg of DTPA (D6518, Sigma
Aldrich) in 100 ml of PBS.

e Antibody conjugation (example for conjugating 5 mg of Trastuzumab):

o Concentrate/dilute the antibody in order to have it at a

concentration of 10 mg/ml in PBS (final volume of 486.2 ul), ina 1.5

ml Eppendorf tube.
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Reduction step

Dilute a fraction of TCEP stock 1:50 with PBS and add 13.8 pl
of it to the antibody solution (molar proportion of 4 with
respect to the antibody).

Incubate 1h at 379C.

During the incubation step, prepare the veMMAE stock solution:

All the veMMAE manipulation steps have to be performed
in a fume hood.

All the generated residues potentially containing veMMAE
have to be contained in safety containers and discarded.
Place a veMMAE vial (MedChem Express, HY-15575) in ice,
for approximately 30 minutes.

Add 76 pl of DMSO (dimethyl sulfoxide) to the veMMAE vial,
containing 1 mg of veMMAE, in order to have a 10 mM
vcMMAE stock solution.

Add, using Solvent Safe pipette tips, 382.13 pl of acetonitrile
(Sigma Aldrich, 271004) in a glass vial. The organic solvent
acetonitrile would have a corrosive effect on standard
polypropylene Eppendorf tubes.

Add 17.86 pl of stock veMMAE solution to the acetonitrile

solution (final excess of 6x molar excess over Trastuzumab).

Once the incubation at 372C has ended, take a sample of 10 pl of the

reduced antibody for checking on its reduction by means of a SDS-

PAGE gel (10 pl).

Add 1100 pl of PBS + DTPA 1.45 mM to the solution, up to a volume

of 1.6 ml, in order to have the antibody at 2.5 mg/ml in the further

conjugation step.

o Transfer the antibody solution in a glass vial.
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Add the prepared 0.4 ml of vceMMAE plus acetonitrile solution to the
antibody solution, for a total 2 ml of solution, where 20% of the
volume corresponds to veMMAE plus acetonitrile.

Incubate for 1hin ice.

During the incubation, prepare a cysteine solution: dissolve 100 mg
of cysteine (C7352, Sigma Aldrich) in 10 ml of PBS+DTPA 1.45 mM
solution.

Once the 1h of incubation has ended, perform the quenching step:
add 43.3 pl of cysteine solution, corresponding to a 20 molar
proportion with respect to the added vceMMAE. Incubate for 30
minutes at room temperature.

Dialyze with PBS using a G25 Desalting column (GE Healthcare).
Store at 42C.

10.10.3. Homogeneous conjugation with vcMMAE

Several homogeneous conjugations of Trastuzumab and scFv_cys111 fragment with

vcMMAE have been attempted.

10.10.3.1. Trastuzumab DAR 8 conjugation

Homogeneous conjugation of Trastuzumab with the cytotoxic drug veMMAE with a

DAR of 8 has been carried out through applying a complete reduction with TCEP

followed by conjugation. This has been the followed protocol:

e Solutions preparation:

O

TCEP: prepare stock solution at 0.5M in water, adjust pH with NaOH
to 7. For 10 ml of stock preparation, dissolve 143.33 mg of TCEP
(GEN-TCEP-1, Generon) in 10 ml of MilliQ water. Stock solution can
be stored at -20°C.
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PBS + DTPA 1.45 mM: dissolve 393 mg of DTPA (D6518, Sigma

Aldrich) in 100 ml of PBS.

Antibody conjugation (example for conjugating 5 mg of Trastuzumab, and

considering that the recovery percentage of dialyzing steps is 100%, for

lower vyields,

accordingly):

O

escalate vcMMAE, acetonitrile and reaction volumes

Concentrate/dilute the antibody in order to have it at a

concentration of 10 mg/ml in PBS (final volume of 486.2 pul), ina 1.5

ml Eppendorf tube.

Reduction step

Add 4.81 pl of the TCEP stock solution to the antibody
solution (molar proportion of 70 with respect to the
antibody).

Incubate 1h at 372C.

During the incubation step, prepare the veMMAE stock solution:

All the veMMAE manipulation steps have to be performed
in a fume hood.

All the generated residues potentially containing veMMAE
have to be contained in safety containers and discarded.
Place a veMMAE vial (MedChem Express, HY-15575) in ice,
for approximately 30 minutes.

Add 76 pl of DMSO (dimethyl sulfoxide) to the veMMAE vial,
containing 1 mg of veMMAE, in order to have a 10 mM
vcMMAE stock solution.

Add, using Solvent Safe pipette tips, 364.3 pl of acetonitrile
(Sigma Aldrich, 271004) in a glass vial. The organic solvent
acetonitrile would have a corrosive effect on standard

polypropylene Eppendorf tubes.
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= Add 35.7 ul of stock veMMAE solution to the acetonitrile
solution (12x molar excess over Trastuzumab).

Once the incubation at 372C has ended, take a sample of 10 pl of the
reduced antibody for checking on its reduction by means of a SDS-
PAGE gel (10 pl).
Dialyze with PBS + DTPA 1 mM using a G25 Desalting column (GE
Healthcare). Measure the antibody concentration with Nanodrop
ND-1000 (Thermofisher) and adjust its concentration to 3.13 mg/mL
by dilution with PBS + DTPA 1mM, during the conjugation, or by
concentration with 30 kDa Amicon Tubes in order to have it at 2.5
mg/mL.
Transfer the antibody solution in a glass vial.
Add the prepared 0.4 ml of veMMAE + acetonitrile solution to the
antibody solution, for a total 2 ml of solution, where 20% of the
volume corresponds to veMMAE + acetonitrile.
Incubate for 1hin ice.
During the incubation, prepare a cysteine solution: dissolve 100 mg
of cysteine (C7352, Sigma Aldrich) in 10 ml of PBS+DTPA 1.45 mM
solution.
Once the 1h of incubation has ended, perform the quenching step:
add cysteines in a 20 molar proportion with respect to the added
vcMMAE: add 34.6 pl of cysteine solution. Incubate for 30 minutes
at room temperature.
Dialyze with PBS using a G25 Desalting column (GE Healthcare).
Store at 42C.
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10.10.3.2. Trastuzumab_cys114 DAR 2 conjugation

The site-directed conjugation of the cysteine-engineered Trastuzumab_cys114 to
the cytotoxic drug veMMAE includes a first reduction step followed by a reoxidation

and then conjugation. The applied protocol consists in the following:

e Solutions preparation:

o DTT: prepare stock solution at 0.5M in water. For 10 ml of stock
preparation, dissolve 7213 mg of DTT (Sigma) in 10 ml of MilliQ
water. Stock solution can be stored at -20°C.

o dhAA: prepare stock solution at 10 mg/ml. For 1 ml, dissolve 10 mg
in 1 ml of PBS.

o PBS + DTPA 1.45 mM: dissolve 393 mg of DTPA (D6518, Sigma
Aldrich) in 100 ml of PBS.

e Antibody conjugation (example for conjugating 5 mg of
Trastuzumab_cys114, and considering that the recovery percentage of
dialyzing steps is 100%, for lower yields, escalate vcMMAE, acetonitrile and
reaction volumes accordingly):

o Concentrate/dilute the antibody in order to have it at a
concentration of 10 mg/ml in PBS (final volume of 496.33 pl), in a
1.5 ml Eppendorf tube.

o Reduction step

= Add 3.67 pl of the DTT stock solution to the antibody
solution (molar proportion of 50 with respect to the
antibody: for other DTT molar excesses, add the DTT stock
solution volume accordingly).

= Incubate 1h at 37°C.

o Dialyze with PBS + DTPA 1 mM using a G25 Desalting column (GE
Healthcare).

o Reoxidation:
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= Add 52.2 pl of the stock solution of dhAA, for a molar excess
of 2 with respect to the previously added reducing agent.
Incubate at room temperature for 3 hours.

o During the incubation step, prepare the veMMAE stock solution:

= All the veMMAE manipulation steps have to be performed
in a fume hood.

= All the generated residues potentially containing veMMAE
have to be contained in safety containers and discarded.

=  Place a veMMAE vial (MedChem Express, HY-15575) in ice,
for approximately 30 minutes.

= Add 76 ul of DMSO (dimethyl sulfoxide) to the veMMAE vial,
containing 1 mg of veMMAE, in order to have a 10 mM
vcMMAE stock solution.

= Add, using Solvent Safe pipette tips, 389.7 ul of acetonitrile
(Sigma Aldrich, 271004) in a glass vial. The organic solvent
acetonitrile would have a corrosive effect on standard
polypropylene Eppendorf tubes.

= Add 10.31 pl of stock veMMAE solution to the acetonitrile
solution (3x molar excess over Trastuzumab_cys114).

o Dialyze with PBS + DTPA 1 mM using a G25 Desalting column (GE
Healthcare). Measure the antibody concentration with Nanodrop
ND-1000 (Thermofisher) and adjust its concentration to 3.13 mg/mL
with PBS + DTPA 1mM, in order to have it at 2.5 mg/mL during the
conjugation, or by concentration with 30 kDa Amicon Tubes.

o Transfer the antibody solution in a glass vial.

o Add the prepared 0.389 ml of veMMAE + acetonitrile solution to the
antibody solution, for a total 2 ml of solution, where 20% of the
volume corresponds to veMMAE + acetonitrile.

o Incubate for 1hinice.
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o During the incubation, prepare a cysteine solution: dissolve 100 mg
of cysteine (C7352, Sigma Aldrich) in 10 ml of PBS+DTPA 1.45 mM
solution.

o Once the 1h of incubation has ended, perform the quenching step:
add cysteines in a 20 molar proportion with respect to the added
vcMMAE: add 24.9 pl of cysteine solution. Incubate for 30 minutes
at room temperature.

o Dialyze with PBS using a G25 Desalting column (GE Healthcare).

o Store at 42C.

10.10.3.3. Construction and conjugation of an homogeneous Trastuzumab ADC
without genetic modification: conjugation and assembly of independently

produced heavy and light antibody chains

The construction and conjugation of this homogeneous ADC was achieved through
the conjugation of the light chain and its assembly to the heavy chain, boths chains

being independently produced.
10.10.3.3.1. Chain assembly

Two different strategies for chain assembly were assessed: chain assembly through

a reduction-oxidation approach and through a spontaneous assembly approach.

10.10.3.3.1.1. Chain assembly through reduction-oxidation approach

The reduction-oxidation mAb assembly approach consists of mixing HC and LC at an
equivalent molar proportion and applying a reduction of the disulfide bonds of the
mixed chains, with dcHC at a concentration of around 4.5 mg/mL and dcLC at around
1.7 mg/mL. This was achieved by adding a 16:1 molar proportion of DTT (Sigma) with
respect to dcHC (heavy chain dimers), and the mixture was incubated at 372C for 1h.
Next, a dialyzing step was performed with G25 columns and 50 mM citrate buffer pH

= 6, allowing the removal of the reducing agent. Finally, a 2:1 molar proportion of
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dhAA (Sigma) with respect to DTT was added to promote disulfide bonds reoxidation

for 3 hours at room temperature.

10.10.3.3.1.2. Chain assembly through spontaneous assembly approach

This assembly strategy consisted in an equimolar mixture of dcLC and dcHCin 50 mM
citrate buffer (pH = 6) for 3h at room temperature, with dcHC at around 4.5 mg/mL
and dcLC at around 1.7 mg/mL.

10.10.3.3.2. LC/ scFv_cys111 conjugation

The conjugation of the LC consisted in a reduction step in order to free the capped
cysteines, followed by a dialyzing step and the conjugation with veMMAE. The
scFv_cys111 conjugation consists in the same procedure, only modifying the protein

concentration and reducing agent proportion. Protocol:

e Solutions preparation:

o TCEP: prepare stock solution at 0.5M in water, adjust pH with NaOH
to 7. For 10 ml of stock preparation, dissolve 143.33 mg of TCEP in
10 ml of MilliQ water. Stock solution can be stored at -202C.

o Sodium citrate + DTPA 1.45 mM: dissolve 393 mg of DTPA (D6518,
Sigma Aldrich) in 100 ml of sodium citrate 50 mM, pH = 6.

e Antibody conjugation (example for conjugating 5 mg of LC and scFv_cys111,
and considering that the recovery percentage of dialyzing steps is 100%, for
lower vyields, escalate vcMMAE, acetonitrile and reaction volumes
accordingly):

o Concentrate/dilute the LC/scFv_cys111 in order to have it at a
concentration of around 5 mg/ml in sodium citrate buffer (pH = 6)
(final volume of 1 ml), in a 1.5 ml Eppendorf tube. In the case of
scFv_cys111, reduction at lower concentrations (as low as 1 mg/mL)
can also be performed.

o Reduction step

356



Chapter 11. Appendix

For LC: Add 32 pl of the TCEP stock solution to the antibody
solution (molar proportion of 100 with respect to the
antibody).

For scFv_cys111: Add 7.2 pl of the TCEP stock solution to the
antibody solution (molar proportion of 20 with respect to
the antibody).

Incubate 1h at 379C.

o During the incubation step, prepare the veMMAE stock solution:

All the veMMAE manipulation steps have to be performed
in a fume hood.

All the generated residues potentially containing veMMAE
have to be contained in safety containers and discarded.
Place a veMMAE vial (MedChem Express, HY-15575) in ice,
for approximately 30 minutes.

Add 380 pl of DMSO (dimethyl sulfoxide) to the veMMAE
vial, containing 5 mg of vceMMAE, in order to have a 10 mM
vcMMAE stock solution.

Add, using Solvent Safe pipette tips, 498.75 pl of acetonitrile
(Sigma Aldrich, 271004) in a glass vial. The organic solvent
acetonitrile would have a corrosive effect on standard
polypropylene Eppendorf tubes.

Add 80 pl of stock veMMAE solution to the acetonitrile

solution (5x molar excess over LC/scFv_cys111).

o Once the incubation at 372C has ended, take a sample of 5 ul of the

reduced antibody fragment for checking on its reduction by means

of a SDS-PAGE.

o Dialyze with sodium citrate 50 mM (pH = 6) + DTPA 1 mM using a

G25 Desalting column (GE Healthcare). Measure the LC

concentration with Nanodrop ND-1000 (Thermofisher) or SDS-PAGE
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and adjust its concentration to 3.13 mg/mL with PBS + DTPA 1mM,
in order to have it at 2.5 mg/mL during the conjugation, or by
concentration with 30 kDa Amicon Tubes. The conjugation can be
carried out at lower LC/scFv_cys111 concentrations (as low as 1.6
mg/mL for LC and 0.6 mg/mL for scFv_cysl1l), to which the
acetonitrile volume and total conjugation volume should be
adapted.

Transfer the antibody solution in a glass vial.

Add the prepared 0.579 ml of vceMMAE + acetonitrile solution to the
antibody solution, for a total 2 ml of solution, where 20% of the
volume corresponds to veMMAE + acetonitrile.

Incubate for 1hin ice.

During the incubation, prepare a cysteine solution: dissolve 100 mg
of cysteine (C7352, Sigma Aldrich) in 10 ml of PBS+DTPA 1.45 mM
solution.

Once the 1h of incubation has ended, perform the quenching step:
add cysteines in a 20 molar proportion with respect to the added
vcMMAE: add 34.6 pl of cysteine solution. Incubate for 30 minutes
at room temperature.

Dialyze with sodium citrate 50 mM (pH = 6) using a G25 Desalting
column (GE Healthcare).

Store at 42C.

10.11. Characterization drug-antibody ratio (DAR) in conjugated

In order to assess the DAR of the produced ADCs, different techniques have been

employed, mainly: UV/Vis for heterogeneous conjugation to Lysines with DM1,
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HPLC-HIC for conjugations to cysteines with veMMAE, and mass spectrometry (MS)

as a more precise validation method.
10.11.1 DAR determination: UV spectroscopy

DAR determination mediating ultraviolet spectroscopy was carried out by measuring
the absorbance of the naked antibody and the conjugated ADC at the wavelength of
the maximum of absorption of the antibody (280 nm) and the drug (252 nm) and,
using these values and the extinction coefficients of each molecule (antibody and
drug) at each wavelength, determining the concentration of both antibody and drug
in the ADC product. Then, the DAR can be obtained by simply dividing the drug

concentration by the antibody concentration, both in molar concentrations.

The absorbance measurements were carried out at an antibody and ADC
concentration of 0.3 mg/ml, with a Cary 50 (Varian) spectrophotometer, and with

product samples in quartz cuvettes (6030-UV, Hellma).

The extinction coefficients for DM1 and Trastuzumab were obtained
bibliographically (Fishkin, 2015; Kim et al., 2014), except for the extinction coefficient
of 252 nm for Trastuzumab, which was empirically determined. Used extinction

coefficients are summarized in Table 10.8.

Table 10.8. Extinction coefficients of Trastuzumab and DM1

Extinction coefficients (g) (M*/cm™)

Wavelength (nm) Trastuzumab DM1
280 103774 5700
252 210863 26350
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The used equation for DAR determination consists in the following one (eq. 10.6):

[Trastuzumab] = [Azs0*Epmiczs2 nmy — A252*EDM1(280)] /[ E€Tzmb(280)*EDM1(252) -

ETzmb(252)*EDM1(280) ]

[DM1] = [A280*€Tzmbzs2 nm) —  A2s2*E€Tzmb(280)] /[ €DM1(280)*€ETzmb(252) -

EDM1(252)*ETzmb(280)]

DAR= [DM]1] / | Trastuzumab]

Where:
®  A(wavelengthy = absorbance of the molecule at the indicated
wavelength
®  Emolecule(wavelengthy = extinction coefficient (M*/cm?) of the

corresponding molecule at the indicated wavelength (nm)

The DAR value was calculated for both the ADC and the unconjugated Trastuzumab.
The final DAR value consisted in the obtained DAR value for the ADC minus the

obtained DAR value for the naked Trastuzumab.
10.11.2. DAR determination: Hydrophobic Interaction Chromatography

DAR for Trastuzumab-vcMMAE heterogeneous products was determined by using a
Hydrophobic Interaction Chromatography (HIC-HPLC). In this type of
chromatography, the molecules of interest are separated depending on their
hydrophobicity. Applied to ADCs, antibodies loaded with a higher number of drug
molecules will be more hydrophobic due to the hydrophobicity of the drug.
Therefore, ADC species can be separated depending on the drug molecules number
to which they are linked. Hydrophobicity of the ADC specie, and therefore its
interaction with the HIC column, will depend not only on the number of drug

molecules attached to it, but also on their location on the antibody.
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In this case, the column used was a Proteomix HIC Butyl NP5 (4.6x50 mm) (Sepax).

Conjugated products were analysed with the following protocol:
Solvents used:

e Solvent A was 2M ammonium sulphate in 25 mM sodium phosphate (pH 7)
e Solvent B was isopropanol 100%

e Solvent C was 25 mM sodium phosphate (pH 7)
The method consisted of the following:

e Aflow rate of 0.8 ml/min at room temperature is applied.

e The column is equilibrated with 75% of solvent A and 25% of solvent C.

e Apply alineal gradient to 25% B and 75% C for 15 min, isocratic gradient of
25% B and 75% C for 5 minutes, lineal gradient to 75% A and 25% C for 10
minutes.

e Aninjection volume of 10 pl with 1 mg/ml of product was applied.

Drug-loaded antibody species were assigned to the different peaks obtained using
information of the manufacturer (Chen, 2015). See the reference example in Figure
10.9, where several ADC species of a cysteine-conjugated Herceptin (Trastuzumab)
are depicted, particularly, species of Trastuzumab molecules conjugatedto 0, 2, 4, 6
or 8 drug molecules. In the case of the species conjugated to 2, 4 or 6 molecules,
more than one species can appear in the HIC profile, due to the location of the
conjugated drug (see Fig. 10.12). In the case of the reference profile (Fig. 10.11), two

different species of ADC loaded with 4 drug molecules are observed.
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Figure 10.11. HPLC-HIC profiles of Herceptin (Trastuzumab) and an Herceptin derived ADC
conjugated to cysteines. Modified from (Chen, 2015). DO corresponds to unconjugated mAb, D2 to
ADC specie with 2 drugs linked; D4a to an ADC specie with 4 drugs linked; D4b to an ADC specie
with 4 drugs linked, but in a different position of D4a; D6 corresponds to an ADC specie with 6
drugs linked, and D8 to an ADC specie with 8 drugs linked.

% S

Fig. 10.12. Species of a cysteine conjugated ADC with the payload located on different cysteines,

therefore generating species that can run differently in a HIC-HPLC. Modified form (Sun et al.,
2005).
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The peak area percentage of each specie was used to calculate the weighted average
DAR for each molecule (see eq. 10.7, corresponding to the case of the profile

depicted in Figure 10.9):

(2+Area D2 + 4 x Area D4 + 6 x Area D6 + 8 * Area D8)

DAR =
Total peak area

10.11.3. DAR determination: Mass Spectrometry assay (MS)

In order to assess the DAR of the produced ADCs in a more precise way, mass
spectrometry assays were carried out. These were performed in the same way as for

the naked Trastuzumab antibody, described in section 10.9.4.

Therefore, the MS assays were performed by the BioOrganic Mass Spectrometry
Laboratory (LSMBO) at Université de Strasbourg (France). For deglycosylation, the
enzyme IgGZero (Genovis) was used, at a ratio of 1 unit enzyme/1 pug IgG, applying
an incubation of 30’ at 372C. Samples were manually desalted using a vivaspin 30
kDa ultracentrifugation device (Sartorius) exchanging buffer through five
centrifugation cycles to AcONH; 150mM pH 6.9. Samples were then analyzed with
an Exactive Plus EMR Orbitrap mass spectrometer (ThermoFisher), and data

processing was performed using the MassLynx software (Waters).

ADC species were identified taking into account the mass of the naked Trastuzumab
antibody or antibody chains, and the linker and drug (see Table 10.9). The relative
abundance of each specie was obtained from deconvoluted spectrum profiles (see

Fig. 10.13 as an example for the obtained Trastzumab-DM1).
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Fig. 10.13: deconvoluted mass spectrum of the analyzed Trastuzumab-DM1 molecule, where the
peak with a mass of 145999.41 Da corresponds to the unconjugated Trastuzumab, and the

following peaks have their number of conjugated molecules indicated.

Then, the relative intensity percentage of each specie was used to calculate the
weighted average DAR for each molecule (see equation 10.8, corresponding to the

case of the profile depicted in Figure 10.11):

(1*RI1+2+RI2+3+RI3+4+RI4+5+RI5+ 6+RI6 +7 +RI7)
DAR = 100

Where RI = relative intensity (percentage) of each specie.
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10.12. Biological activity assessment of protein and ADC products

Several tests have been used for assessing the in vitro and in vivo activity of the

different immunocytokine and ADCs developed.
10.12.1. MTS antiproliferation assay

Microplate assays based on tetrazolium salts are used to investigate activation and
damage cellular mechanisms. They are colorimetric assays based on the
bioreduction of the tetrazolium salt (MTS) to formazan: the MTS reagent enters the
mitochondria of the cells, where succinate dehydrogenase enzyme reduces it to
formazan. This reduction is possible only in metabolically active cells: the amount of
produced formazan is directly proportional to the number of viable cells in the well.

Formazan can then be detected at a wavelength of 492 nm.

In this work, commercial CellTiter 96 Aqueous Non-Radioactive Cell Proliferation

Assay MTS (Promega) was used.
This protocol has been followed:

e Define the assay and prepare the cells:

1. Define the number of products to be tested, and their concentration
rang and number of different concentrations tested, in order to
establish how many wells of a 96 well plate will be needed. Take into
account that 6 replicates of each concentration will performed, as
well as an extra 6 wells for medium without product (positive
control).

2. Trypsinize the cells (see 10.3.1.4) and count them (see 10.5.1), and
adjust their concentration to 2-10° cells/mL by dilution with culture

medium.
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Add 50 pl of cell suspension (10.000 cells) per well. Incubate the
plate for 24h at 372C, 95% humidity and 5% CO; (Steri-cult 2000

Incubator, Forma Scientific).

e Prepare the drug sample to be analyzed:

1.

Define the concentration rang of the product to be tested and dilute
the product in culture medium accordingly. The product volume in
the initial dilution cannot be higher than 10% of the total volume. If
the initial product is too diluted, dialyze the sample with Amicon
tubes of 4mL.

Product solutions have to be prepared two times more concentrated
than the assay final concentration, so as to, when the culture volume
is added to the well (see next steps), the final product concentration
in the well corresponds to the wanted concentration.

Filter the prepared initial solution with a 0.22 pum filtration with
Sterivex filters (10411741, Millipore) in a laminar flow hood (Telstar
AV-100).

In the same hood, perform serial dilutions of the prepared
concentrated solution with culture medium, accordingly to the
concentration rang to be tested, in a 24 well plate (Corning).

Add 50 pl of each product concentration solution to the wells
containing the target cells prepared 24h before. Incubate in the
same conditions as before, for 72h.

After 72h of incubation, add 20 ml of the MTS reagent to each well
and incubate again in the same conditions for 3 hours.

Analyze the plate with the microplate analyzer Labtech LT-4000,

recording absorbance at 492 nm.
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8. Represent the results as the proliferation percentage, using the
proportional absorbance of each condition with respect to the

absorbance of the positive control wells.

——rs

!34'

Figure 10.14. 96 well plate of SKBR3 cells treated with Trastuzumab-vcMMAE with MTS added and

incubated for 3h.

10.12.2. Lymphocyte proliferation assay

Lymphocyte proliferation assessment serves to analyze the immunomodulation
effect of a product of interest. The assay performed in this work had been previously
developed at Advanced Therapies Group of the Blood and Tissues Bank (Banc de
Sang i Teixits (BST), Barcelona). The assay consists in human peripheral blood
mononuclear cells (PBMNC, they consist of mononuclear cells: lymphocytes and
monocytes) being stained with a fluorescent compound (Carboxt-Fluorescein
Diacetate Succinimidyl Ester, CFSE) that is incorporated into the cytoplasm of the
cells, therefore allowing to detect the cells that have proliferated, since they have a
diminished content of CFSE with respect to the cells that have not proliferated. The
detection of the cells was performed by flow cytometry. This test had been
previously developed by the Advanced Therapies group, aiming at measuring the

impact of mesenchymal stromal cells (MSC) on the proliferation of lymphocytes
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(Oliver-Vila et al., 2018). In this case, it was adapted to the assessment of IFNa2

activity, by replacing the PBMNC incubation with IFNa.2 instead of MSC.

The applied protocol consisted of:

Isolation of PBMNC cells:

1.

10.

11.

Perform all the blood or cell manipulation test in sterile conditions,
in a laminar flow hood.

Dilute 80 ml of blood with 80 ml of PBS in a flask. Blood samples
were obtained from donors following the ethical and quality
requirements of BST.

Add 15 ml of Lymphoprep density gradient (Stemcell Technologies)
to 4 SepMate tubes (Stemcell Technologies).

Add 40 ml of the diluted sample on the density gradient of the
SepMate tubes.

Centrifuge the tubes at 1200g for 20 minutes at room temperature.
Collect the supernatant (which contains the mononuclear fraction)
of each SepMate tube in a sterile 50 ml tube, by decanting, avoiding
the contamination of the supernatant with the erythrocyte fraction.
Add PBS to each of the previous 50 ml tubes with the mononuclear
fraction, until it reaches a volume of 50 ml.

Centrifuge at 340-400 g for 10 minutes at room temperature.
Eliminate the supernatant by decanting. Resuspend each pellet with
5-10 ml of PBS and unite the pellets in a single tube. Add again PBS,
until reaching 50 ml of volume, and repeat the centrifugation step.
Again, decant the supernatant and resuspend the pellet in 15 ml of
PBS.

Take a sample for determining the cell concentration and
phenotypic characterization by means of flow cytometry. Dilute it

1:50 with PBS. Cell concentration can alternatively be assessed as
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explained in section 10.5.1. This procedure has also been used to

determine the viability of the cells.

e Cell concentration and phenotypic characterization with flow cytometry:

1.
2.

Prepare the cell sample to be analyzed, dilute it 1:50 with PBS.
Add, in a cytometer tub:

= 100 pl of PBS

= 50 ul of sample

= 50 pul of Perfect-Count Microsphere solution (Cytognos)
Homogenize the mixture by vortexing for 5 seconds.
On the FACS Calibur cytometer software (BD Biosciences), open the
cell counting template and load the related settings.
Acquire 20.000 events (between cells and microspheres).
Define the gates for the cell population and the microspheres
population, on the size vs complexity DotPlot. The size is determined
with the forward scatter (FSC), while the side scatter (SSC)
determines the complexity of the cell.
The number corresponding to cells and microspheres of the total
events counted appear in a statistical box. From these numbers, the
cell concentration can be determined using the following equation

(eq. 10.9):

cell number of cell events

— = - - microsphere concentration
mL  number of microsphere events

e Cell staining with CFSE:

1.

Prepare the CFSE: reconstitute a CFSE vial (from Cell Trace CFSE Cell
Proliferation Kit, Thermofisher) with 18 ul of DMSO, in order to

obtain the solution at 5 mM.
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It is recommended to stain the double of the necessary cells for the
assay. Take the necessary suspension volume into a 50 ml tube, add
PBS until the total volume is 50 ml and centrifuge it at 340g, 10
minutes, at room temperature.

Eliminate the supernatant by decanting and resuspend the pellet
with PBS in the volume that allows obtaining a cell concentration of
1-107 cell/ml.

Prepare the CFSE at 4 uM from the previous stock at 5 mM, prepare
at least the same volume in which cells have been resuspended in
the previous step.

Mix the cell suspension with the CFSE, and maintain 5 minutes at
room temperature gently swirling.

Add 5 volumes of DMEM+10% human serum B pre heated at 372C.
Centrifuge at 340g, 10 minutes, room temperature.

Resuspend the pellet with 5 ml of the same DMEM+10% human
serum B pre heated at 372C and incubate for 10 minutes at room
temperature.

Add 5 volumes of the same medium and centrifuge at 340 g, 10
minutes, room temperature.

Resuspend the pellet with the same medium, use a volume in which
the cells will be at 2-10° cell/ml.

Incubate the cell suspension at 372C, 5% CO,;, 95% humidity

overnight.

e |FNa2 and controls addition:

1.

The assay will be carried out in 24 well plates. It is recommended to
perform a duplicate for each condition and use 5-10° mononuclear
cells per well. Take into account that a positive control (stimulation
medium) and a negative control (basal medium) need to be

considered.
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2. The positive control consists in a solution of PMA + ionomycin. PMA
is a phorbol ester used as a mitogen for PBMNC; ionomycin is a
ionophore which can stimulate the intracellular production of
cytokines that result in an activation of lymphocytes.

3. Take a sample of the PBMNC suspension and count them using the
flow cytometer as previously stated. Represent them in a FL1-H
histogram. FL1-H is the channel that detects CFSE fluorescence, in
order to check that the cells are correctly stained (>90% of the cells
between 103-10* of FL1-H, otherwise, the assay must be aborted).
Centrifuge at 340g for 10’, room temperature, the necessary volume
of PBMNC that allows for obtaining the total cell number required
(5-10° - number of conditions), and resuspend the pellet with culture
medium at 2-10° cell/ml.

4. Add 0.25 ml of PBMNC suspension to each well of interest of the 24
well plate.

5. Prepare PMA + ionomycin solution: PMA at 50 ng/ml and ionomycin
at 1 uM. Prepare 0.25 ml for each well of the positive control (for
two wells, prepare 0.5 ml). Prepare the solution in culture medium.

6. Prepare the IFNa2 solution at the different concentrations to be
tested, with 0.25 ml per well.

7. Add the PMA + ionomycin solution and IFNa2 solutions at each
corresponding well, 0.25 ml per well. Use culture medium as basal
medium (negative control).

8. Incubate the cell suspension at 372C, 5% CO,, 95% humidity for 5
days.

e Proliferation determination:
1. After 5 days, take a sample of each condition and pass it through the

flow cytometer, at 20.000 events per condition.
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The cells are represented in a FSC-SSC DotPlot, as well as a FL1-H
histogram, in order to determine the proportion of proliferated
cells. The threshold for proliferation is indicated using the equivalent

condition without stimulation (see Fig. 10.15):

Stimulation medium Basal medium
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Fig. 10.15: histogram of PBMNC treated with PMA+lonomicine (stimulation

medium) and treated with basal medium.

The proliferation percentage can be calculated by using equation

10.10:

proliferated cells (left of the threshold) 1

total cells 00

proliferation (%) =

10.12.4. 3D Model generation

Different 3D culture model methodologies have been attempted in this work,

including scaffold-free and scaffold-dependent approaches.
10.12.4.1. Hanging drop

The method consists in the trypsinization of the cells and their subsequent

resuspension in culture medium and display being pipetted forming a drop on a lid:
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Trypsinize (10.3.1.4) the cells (grown in a T-flask) and resuspend them in
culture medium (10.2.1.2) at a concentration of 0.25-10° cell/mL.

Add 5 ml of sterile PBS in the bottom of a tissue culture dish, in order to
ensure the hydration of the cells.

Pipette drops of 20 ul in the inner side of the lid of the dish. At least 20 drops
can be applied on the lid.

Put again the lid onto the dish and incubate at 372C, 95% humidity, 5% CO..
After 3 days, transfer the drops into a 96-well plate and observe them with

a contrast phase inverted microscope (Nikon, TMS).

Protocol adapted from (Foty, 2011).

10.12.4.2. Culture in Ultra Low Attachment plate

This method relies in the use of ultra-low attachment (ULA) plates, which impair the

cellular attachment to the plate surface, forcing the cells to aggregate or form a

spheroid.

Protocol:

Trypsinize the cells from a monolayer to a single-cell suspension.

Adjust cell concentration to 1-10° cells/ml with culture medium.

Add 50 pl of cell suspension to each corresponding well of the 96-well ULA
plate (4515, Corning).

Incubate at 372C, 95% humidity, 5% CO, for 24h.

Observe the cultures with a contrast phase inverted microscope (Nikon,
TMS) in order to check the morphology of the spheroid. Pictures of the wells
of interest were taken with a Nikon Coolpix 4500 camera.

Add 50 pl of culture medium with or without drug content and incubate for
72h.

Observe the cultures with a contrast phase inverted microscope (Nikon,

TMS).
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e Perform the corresponding biological activity test (MTS assay (10.12.1) or
viability assay with PI(10.12.5)).

10.12.4.3. Embedded seeding

In this approach, the cells grow in a culture medium that contains the extracellular

matrix hydrogel Matrigel, which allows the formation of 3D structures. Protocol:

e Thaw Matrigel (E1270, Sigma) at 4°2C overnight. Matrigel can only be
manipulated at low temperatures, since it starts to form a gel above 10°C.

e Prechill the 96-well plate and the pipette tips to be used (with ice or by
putting them in the freezer for example).

e Coat the wells of interest of the prechilled 96-well plate, each well with 5 pl
of Matrigel. Spread the solution evenly with a pipette tip or by gently
swirling the plate.

e Incubate for 15-30’ at 379C to allow Matrigel to solidifie (but do not let it
overdry).

e Trypsinize cells from a monolayer to a single-cell suspension.

e Aliquot N-45000 cells, where N corresponds the number of wells to be
seeded, into a 1.5 ml microcentrifuge tube and gently pellet the cells by
centrifugation at 115g for 1 minute. Add another 0.135 - 10° cells, in a
separate tube, for growth culture without matrix (control, 3 wells).
Eliminate the supernatant medium pipetting, not decanting.

e Onice, resuspend the cells into the appropriate volume of Matrigel: 75 pl
per well (N-75 pl). Resuspend the control cells with 135 pl of volume for
each well (405 ul).

e Pipette the mixture of cells and Matrigel onto the precoated wells, add 75
ul to each well. Incubate 30’ at 372C to allow Matrigel to solidify. Then, add
60 pl of culture medium per well.

e Maintain the culture for 10 days, changing medium every 2 days.
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Protocol adapted from (Lee et al., 2010).

10.12.4.4. On top seeding

In this culture method, cells grow on top of an hydrogel coating. Protocol:

Thaw EHS (Matrigel) at 42C overnight.

Prechill the 96-well plate and the pipette tips to be used (with ice or by
putting them in the freezer for example).

Coat the prechilled 96-well plate, each well with 15 pl of Matrigel. Coat 3
wells. Spread the solution evenly with a pipette tip.

Incubate for 15-30" at 372C to allow Matrigel to solidify (but do not let it
overdry).

Trypsinize cells from a monolayer to a single-cell suspension.

Aliquot N-7000 cells, where N corresponds the number of wells to be seeded,
into a 1.5 ml microcentrifuge tube and gently pellet the cells by
centrifugation at 115g. Add 2.1 - 10* cells, in a separate tube, for growth
culture without matrix (control, 3 wells).

Resuspend the cells, in N-30 ul, and seed them on the previously coated

wells. Allow the cells to settle and attach to the Matrigel for 10-30’ at 372C.

Chill the remaining medium on ice and add to it Matrigel to 10% v/v.
Necessary medium: 60 pl per well (54 pl + 6 pl Matrigel). Gently add the
Matrigel-medium mixture to the each well of interest of the plate.

o The medium must be thoroughly chilled before addition of Matrigel
to ensure homogeneous mixing and even deposition of Matrigel
onto cellsin culture. Pipette the Matrigel-medium mixture down the
side of the well to avoid disturbance of the cells or the Matrigel

coating.
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Maintain culture for 4 days, replacing Matrigel-medium mixture every 2

days.

Protocol adapted from (Weigelt et al., 2010).

10.12.4.5. Culture with ULA plate with Matrigel and centrifugation

Combining the culture with ultra-low attachment plates, with Matrigel and a

centrifugation in order to promote the aggregation of the cells, results in an

alternative strategy to generate spheroids. Protocol:

Thaw Matrigel at 42C overnight.

Prechill the plates and the pipette tips to be used (with ice or by maintaining
them in the freezer). Prechill also the media by putting it in the fridge at 42C.
Trypsinize SKBR3 cells from a monolayer to a single-cell suspension.

Adjust cell concentration to 2-10° cells/ml with culture medium. Chill the cell
suspension by putting them in ice or in the fridge for 10-15’.

Add 25 pl of cell suspension to each well of interest of the 96-well ULA plate.
Prepare a 5% (v/v) Matrigel solution with culture medium and add 25 pl of
Matrigel solution to each corresponding well. Use chilled pipette tips and
maintain chilling conditions. For 2D controls, add 25 pl of culture medium to
the well.

Centrifuge at 1000 g for 10’.

Incubate at 372C, 95% humidity and 5% CO, for 24 h.

Observe the cultures with a contrast phase inverted microscope (Nikon,
TMS) in order to check the morphology of the spheroid. Pictures of the wells
of interest were taken with a Nikon Coolpix 4500 camera.

Add 50 pl of culture medium with or without drug content and incubate for
72h.

Observe the cultures with a contrast phase inverted microscope (Nikon,

TMS).
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e Perform the corresponding biological activity test (MTS assay (10.12.1) or
viability assay with Pl (10.12.5)).

Protocol adapted from (lvascu et al., 2007).

10.12.4.6. Confocal microscopy: images and 3D models viability assessment with

Pl assay

Confocal microscopy uses fluorescence optics, in which laser light is focused onto a
spot at a specific depth within the sample, leading to the emission of fluorescent
light. A pinhole inside the optical pathway eliminates signals that are out of focus,
therefore allowing only the fluorescence signals from the illuminated spot to enter
the light detector. This type of microscopy is broadly used to resolve the detailed
structure of specific objects inside the cell, which can be specifically labeled using
dies or immunofluorescence, among others. By stacking several images from

different optical planes, 3D structures can be analyzed.

In this work, the microscope Leica SP5 has been used at the Microscopy Service of

UAB.

The viability determination of the cells relied on their staining with Hoechst dye and
with propidium iodide. Hoechst dies are benzimides that stain the DNA of the total
cell population (viable and dead cells), having an emission spectrum at around 461
nm, generating blue light. Propidium iodide is a fluorescent intercalating agent that
binds to DNA, but, since it is not membrane-permeable, it only stains the DNA of
non-viable cells (necrotic and apoptotic). Therefore, the combination of Hoechst and
propidium iodide stainings allows the determination of the viability of the cellular

population of a sample.

Protocol:
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e Generate the spheroids as described in previous section 10.12.4.5. Proceed
with the next step at the moment of viability determination.

o For the 2D controls, seed 140.000 cells in a MatTek plate. Use one
MatTek plate for each condition to be applied.

e Forthe microscopy observation, transfer the generated spheroids in MatTek
plates: with a cut cut 1000 uL pipette tip, gently aspire the spheroid from
the ULA plate and transfer it to the bottom of a 35mm petri dish MatTek
plate (P35G-1.5-14-C, MatTek).

e Add 20 uL of Matrigel on top of the spheroid/s in order to fix it to the plate.
Then, add 100 pL of medium in order to avoid the spheroid drying.

e Before staining it with propidium ioddie/Hoechst, gently add 2 ml of culture
medium and the usual amount of popidium iodide/Hoechst to the MatTek
plate. If the spheroid detaches from the surface, remove the medium until
the spheroids remains attached again.

e Staining with propidium iodide and Hoechst:

o Propidium iodide: add 0.2 uL of a 1.5 mg/mL stock solution
(ThermoFisher), in the 2 mL of culture medium containing the
spheroids.

o Hoechst: add 1 pL of a 0.5 mg/mL stock solution (ThermoFisher), in
the 2 mL of culture medium containing the spheroids

o Incubate for 15’ at 372C.

e Imaging conditions with Leica SP.5:
o Zstack: 1.5 um between slides, 3 um of thickness each slide.
o 1024x1024 resolution.
o 10x objective.

The images were then analyzed with the Imaris software. For the 2D control

conditions, at least 3 fields were counted.
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10.12.6. In vivo assay

All the in vivo experiments and assays realized have been performed by the
Functional Validation and Preclinical Research (FVPR) area of the Vall d’Hebron

Institute of Research (VHIR), at Vall d’"Hebron hospital, Barcelona.
10.12.6.1. Used mice strains

Several mice strains have been used for the performed in vivo assays. All of them

were female and of 6-8 weeks old. The strains consist of:

e Nude: they have a mutation consisting in the disruption of the gene FOXN1,
which is involved in the thymus development, being deficient for T cell
activity, and therefore providing a model for tumor engraftment of human
cell lines derived from solid tumors. The nude mutation (Foxn1™) also affects
the mouse hair growth, giving way to its naming as “nude”.

o Forthe SKBR3 cells mice generation model experiment, BALB/c nude
mice were employed, from the breeder Charles River.

o Forthe BT474 cells mice generation model experiment, Hsd:Athymic
nude mice were used, from the breeder Envigo.

e NOD-SCID: mice homozygous for the severe combined immunodeficiency
(SCID) mutation are deficient for both T and B cells and are thus
characterized by an absence of both innate and adaptative immune
response. The NOD strain background provides intrinsic defects in innate
immunity, including lowered NK cell activity, reduced levels of macrophage
activation, abnormal dendritic cell. This strain was used for the SKBR3 cell
line mice generation model experiment, from the breeder Charles River.

e Rag: they are a class of SCID mice which present the advantage of not
generating any T and B cell, whereas SCID mice with the Pkrdc>“® mutation

are “leaky”, meaning that they can generate low amounts of T and B cells.
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This strain was used for the SKBR3 cell line mice generation model

experiment, from the breeder Charles River.

10.12.6.2. Mice housing

The animals were randomly housed under Specific Pathogen Free (SPF) conditions in

autoventilated racks.

Habitat: animals were housed in groups of five, in Innocage® IVC mouse type
Il 523 cm? cages (Innovive). Two enrichment elements were included, a
cardboard tube and a square nestlet for nesting and thermoregulation.
Cage litter: sterile corn cob bedding was used (Innovive). The provider
guaranties that the litter was analyzed according to the regulations of the
manufacturer for contaminants.

Feed: maintenance 14% protein rodent irradiated diet, in cases of 10 kg
vacuum packs (Capsumlab, Spain) ad libitum. The provider guaranties that
the feed was analyzed according to the regulations of the manufacturer for
contaminants.

Drink: disposable water bottles decalcified and sterile (Innovive) ad libitum.
The provider guaranties that the water was regularly analyzed
microbiologically, physico-chemically and chemically; and the analytical
results proved that the limits set by the Spanish regulations for human
drinking water have been observed (drinking: Real Decreto 140/2003).
Temperature and relative humidity: temperature and relative humidity is
continuously recorded in the animal housing. The temperature ranged from
232C to 252C. Relative humidity ranged between 10% and 42%.

Lighting: lighting was artificial, from an automatic controlled supply. The
cycle gradually stimulates twilight and sunset from 7:30 to 8:00 am and from
19:30 to 20.00 pm respectively, giving 12h of light with an intensity of 300
Lux and 12h of darkness for each 24h period.
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10.12.6.3. Mice model generation: tumor engraftment

For both SKBR3 and BT474 cells, they were confirmed to be negative for viral,

bacterial (mycoplasma, among others) and parasite pathogens prior to inoculation.

Cells were trypsinized, and viability prior to inoculation was checked to be higher

than 97%.

Cells were resuspended with sterile PBS at a concentration of 200-10° cell/ml, and
then mixed in a 1:1 proportion with Matrigel. 100 pl of the mixture was then
orthotopically injected (into the mammary fat pad) to each mouse (10-10° cells per

mouse).

Tumor measure was carried out each 3-7 days, tumor volume was measured by
caliper measurements and calculated according to the formula Dxd2/2, where D is

the larger diameter of the tumor and d the smaller one.

10.12.6.4. Mice ADC treatment

In the case of mice engrafted with BT474 cells, when the tumors reached a volume

of 75-125 mm?3, the activity assay of the ADC was started.

Mice were randomized according to the tumor volume in two groups: one of 8 mice
for the vehicle (sodium citrate 50 mM, pH = 6), and another of 10 mice for the ADC
(contained in the same sodium citrate buffer). Administrations of the vehicle or the
ADC were performed in the tail of the mice, intravenously. Both groups were treated
with the same frequency, and body weight, tumor volume and physical appearance

of the animals were monitored during all the study until the end of the experiment.

At the end time point, animals were euthanized by cervical dislocation, and
mammary primary tumors were obtained. The animals were euthanized following

the defined euthanasia standard operating procedure when reached the established
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ethical criteria’s (in accordance with the protocol approved by Vall d’'Hebron’s
Experimental Animal Ethics Committee (CEEA), 05/16). Whenever possible, tumors

were weighted and measured ex vivo using a caliper.
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Chapter 11. Appendix
11.1 Appendix |. Genetic and protein sequences

11.1.1 Trastuzumab heavy chain (HC)

ATGGACTGGACCTGGAGATTCCTCTTTGTGGTGGCTGCAGCCACAGGTGTCCAGAGTGAAGTGCAGCTG
GTAGAGTCAGGAGGAGGTCTTGTTCAGCCCGGTGGCTCCCTGAGGCTCAGCTGTGCTGCTTCTGGTTTC
AACATCAAGGATACCTATATCCACTGGGTCAGGCAGGCTCCTGGCAAAGGCCTGGAATGGGTGGCCAGG
ATCTACCCCACCAACGGCTACACCAGATATGCTGATTCTGTCAAGGGCCGCTTCACCATTTCTGCTGAC
ACCTCTAAGAATACAGCCTACCTGCAGATGAACAGTCTGAGAGCTGAGGACACTGCAGTGTACTACTGC
AGCCGCTGGGGTGGAGATGGCTTCTATGCCATGGATTACTGGGGCCAGGGCACTCTGGTTACTGTTTCT
TCTGCCAGCACAAAGGGTCCCAGTGTTTTCCCCCTGGCCCCTAGCAGCAAAAGCACTTCTGGAGGCACA
GCTGCCCTGGGCTGTCTGGTGAAAGACTACTTCCCAGAACCTGTGACTGTCTCCTGGAACAGCGGTGCC
TTGACCAGTGGAGTGCACACCTTCCCTGCTGTCCTTCAGAGCAGTGGCCTCTACTCCCTCTCCTCTGTT
GTGACAGTCCCCTCCTCCAGCCTTGGCACCCAGACCTACATCTGCAATGTCAATCACAAGCCCAGCAAC
ACCAAGGTGGATAAGAAGGTTGAGCCACCCAAGTCCTGTGACAAAACTCACACATGTCCTCCCTGCCCA
GCTCCAGAGCTGCTGGGTGGTCCTTCAGTCTTCTTGTTTCCTCCAAAGCCTAAGGACACACTGATGATC
AGCAGGACTCCTGAAGTCACCTGTGTGGTTGTTGATGTGTCTCATGAAGATCCCGAGGTGAAGTTTAAC
TGGTATGTGGATGGTGTGGAAGTTCACAATGCCAAAACCAAACCAAGGGAGGAGCAGTACAACTCCACA
TACAGAGTGGTCAGTGTGCTCACAGTGCTGCACCAGGACTGGCTGAATGGCAAGGAGTACAAGTGCAAA
GTGTCCAACAAGGCTCTGCCTGCCCCCATTGAGAAGACCATCTCCAAGGCCAAGGGACAGCCAAGAGAG
CCCCAGGTGTATACACTTCCTCCTTCCAGAGATGAGCTCACCAAGAACCAGGTCAGCCTGACCTGCCTG
GTCAAAGGATTCTACCCAAGTGACATTGCTGTGGAGTGGGAGAGCAATGGGCAGCCTGAGAACAACTAC
AAAACAACTCCACCTGTCCTGGACAGTGATGGAAGCTTCTTCCTGTACAGCAAGCTGACTGTGGACAAG
AGCAGATGGCAGCAGGGAAATGTGTTCTCCTGCTCTGTGATGCATGAGGCCCTCCACAACCACTACACA
CAGAAGTCACTGTCTCTGAGCCCTGGGAAGTGA

11.1.2. Trastuzumab light chain (LC)

ATGGACATGAGAGTTCCTGCCCAGCTGCTGGGGCTGCTTCTCCTGTGGCTGTCTGGTGCCCGCTGTGAC
ATCCAGATGACCCAGAGCCCCTCCTCCCTGAGTGCCAGTGTGGGAGACAGAGTGACCATCACCTGCAGA
GCTTCTCAGGATGTGAACACAGCTGTGGCCTGGTACCAGCAGAAGCCTGGCAAGGCCCCCAAGCTGCTC
ATCTACTCTGCCTCCTTCCTGTACAGTGGTGTGCCCAGCCGCTTCTCTGGAAGCAGAAGTGGCACAGAC
TTCACCCTGACCATTTCTTCTCTTCAGCCTGAAGATTTTGCCACATACTACTGCCAGCAGCACTACACC
ACCCCTCCCACCTTTGGCCAGGGAACCAAAGTGGAGATCAAGAGGACTGTGGCTGCTCCTTCTGTCTTC
ATCTTCCCACCCAGTGATGAGCAACTGAAGTCTGGGACAGCCTCTGTGGTGTGCCTGCTCAACAACTTC
TACCCAAGAGAGGCCAAGGTGCAGTGGAAGGTGGACAATGCCCTGCAGTCTGGCAACAGCCAGGAGAGC
GTGACAGAGCAGGACTCCAAGGACAGCACCTACAGCCTGAGCAGCACACTGACTCTCAGCAAGGCTGAC
TATGAGAAGCACAAGGTCTATGCCTGTGAGGTGACTCACCAGGGCCTGTCCAGCCCAGTCACCAAGAGC
TTCAACAGAGGAGAGTGTTAA

11.1.3. Trastuzumab heavy chain with A114C mutation (Trastuzumab_cys114)

ATGGACTGGACCTGGAGATTCCTCTTTGTGGTGGCTGCAGCCACAGGTGTCCAGAGTGAAGTGCAGCTG
GTAGAGTCAGGAGGAGGTCTTGTTCAGCCCGGTGGCTCCCTGAGGCTCAGCTGTGCTGCTTCTGGTTTC
AACATCAAGGATACCTATATCCACTGGGTCAGGCAGGCTCCTGGCAAAGGCCTGGAATGGGTGGCCAGG
ATCTACCCCACCAACGGCTACACCAGATATGCTGATTCTGTCAAGGGCCGCTTCACCATTTCTGCTGAC
ACCTCTAAGAATACAGCCTACCTGCAGATGAACAGTCTGAGAGCTGAGGACACTGCAGTGTACTACTGC
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AGCCGCTGGGGTGGAGATGGCTTCTATGCCATGGATTACTGGGGCCAGGGCACTCTGGTTACTGTTTCT
TCTTGCAGCACAAAGGGTCCCAGTGTTTTCCCCCTGGCCCCTAGCAGCAAAAGCACTTCTGGAGGCACA
GCTGCCCTGGGCTGTCTGGTGAAAGACTACTTCCCAGAACCTGTGACTGTCTCCTGGAACAGCGGTGCC
TTGACCAGTGGAGTGCACACCTTCCCTGCTGTCCTTCAGAGCAGTGGCCTCTACTCCCTCTCCTCTGTT
GTGACAGTCCCCTCCTCCAGCCTTGGCACCCAGACCTACATCTGCAATGTCAATCACAAGCCCAGCAAC
ACCAAGGTGGATAAGAAGGTTGAGCCACCCAAGTCCTGTGACAAAACTCACACATGTCCTCCCTGCCCA
GCTCCAGAGCTGCTGGGTGGTCCTTCAGTCTTCTTGTTTCCTCCAAAGCCTAAGGACACACTGATGATC
AGCAGGACTCCTGAAGTCACCTGTGTGGTTGTTGATGTGTCTCATGAAGATCCCGAGGTGAAGTTTAAC
TGGTATGTGGATGGTGTGGAAGTTCACAATGCCAAAACCAAACCAAGGGAGGAGCAGTACAACTCCACA
TACAGAGTGGTCAGTGTGCTCACAGTGCTGCACCAGGACTGGCTGAATGGCAAGGAGTACAAGTGCAAA
GTGTCCAACAAGGCTCTGCCTGCCCCCATTGAGAAGACCATCTCCAAGGCCAAGGGACAGCCAAGAGAG
CCCCAGGTGTATACACTTCCTCCTTCCAGAGATGAGCTCACCAAGAACCAGGTCAGCCTGACCTGCCTG
GTCAAAGGATTCTACCCAAGTGACATTGCTGTGGAGTGGGAGAGCAATGGGCAGCCTGAGAACAACTAC
AAAACAACTCCACCTGTCCTGGACAGTGATGGAAGCTTCTTCCTGTACAGCAAGCTGACTGTGGACAAG
AGCAGATGGCAGCAGGGAAATGTGTTCTCCTGCTCTGTGATGCATGAGGCCCTCCACAACCACTACACA
CAGAAGTCACTGTCTCTGAGCCCTGGGAAGTGA

11.1.4. scFv DNA sequence

ATGGACATCCAGATGACCCAGAGCCCCTCCTCCCTGAGTGCCAGTGTGGGAGACAGAGTGACCATCACC
TGCAGAGCTTCTCAGGATGTGAACACAGCTGTGGCCTGGTACCAGCAGAAGCCTGGCAAGGCCCCCAAG
CTGCTCATCTACTCTGCCTCCTTCCTGTACAGTGGTGTGCCCAGCCGCTTCTCTGGAAGCAGAAGTGGC
ACAGACTTCACCCTGACCATTTCTTCTCTTCAGCCTGAAGATTTTGCCACATACTACTGCCAGCAGCAC
TACACCACCCCTCCCACCTTTGGCCAGGGAACCAAAGTGGAGATCAAGAGGACTGGCTCTACTTCCGGT
AGCGGTAAACCCGGATCAGGCGAAGGATCGACTAAAGGCGAAGTGCAGCTGGTAGAGTCAGGAGGAGGT
CTTGTTCAGCCCGGTGGCTCCCTGAGGCTCAGCTGTGCTGCTTCTGGTTTCAACATCAAGGATACCTAT
ATCCACTGGGTCAGGCAGGCTCCTGGCAAAGGCCTGGAATGGGTGGCCAGGATCTACCCCACCAACGGC
TACACCAGATATGCTGATTCTGTCAAGGGCCGCTTCACCATTTCTGCTGACACCTCTAAGAATACAGCC
TACCTGCAGATGAACAGTCTGAGAGCTGAGGACACTGCAGTGTACTACTGCAGCCGCTGGGGTGGAGAT
GGCTTCTATGCCATGGATTACTGGGGCCAGGGCACTCTGGTTACTGTTTCTTCT

11.1.5. scFv_cys111 DNA sequence

ATGGACATCCAGATGACCCAGAGCCCCTCCTCCCTGAGTGCCAGTGTGGGAGACAGAGTGACCATCACC
TGCAGAGCTTCTCAGGATGTGAACACAGCTGTGGCCTGGTACCAGCAGAAGCCTGGCAAGGCCCCCAAG
CTGCTCATCTACTCTGCCTCCTTCCTGTACAGTGGTGTGCCCAGCCGCTTCTCTGGAAGCAGAAGTGGC
ACAGACTTCACCCTGACCATTTCTTCTCTTCAGCCTGAAGATTTTGCCACATACTACTGCCAGCAGCAC
TACACCACCCCTCCCACCTTTGGCCAGGGAACCAAAGTGGAGATCAAGAGGACTGGCTGTTCTACTTCC
GGTAGCGGTAAACCCGGATCAGGCGAAGGATCGACTAAAGGCGAAGTGCAGCTGGTATGTGAGTCAGGA
GGAGGTCTTGTTCAGCCCGGTGGCTCCCTGAGGCTCAGCTGTGCTGCTTCTGGTTTCAACATCAAGGAT
ACCTATATCCACTGGGTCAGGCAGGCTCCTGGCAAAGGCCTGGAATGGGTGGCCAGGATCTACCCCACC
AACGGCTACACCAGATATGCTGATTCTGTCAAGGGCCGCTTCACCATTTCTGCTGACACCTCTAAGAAT
ACAGCCTACCTGCAGATGAACAGTCTGAGAGCTGAGGACACTGCAGTGTACTACTGCAGCCGCTGGGGT
GGAGATGGCTTCTATGCCATGGATTACTGGGGCCAGGGCACTCTGGTTACTGTTTCTTCT

In yellow, the inserted cys111 codon.
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11.1.6. Mature scFv protein sequence

GSRSGTDFTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTGSTSGSGKPGSGEGSTKG

In blue, variable light chain sequence; in grey, 218 linker; in green, variable heavy
chain sequence. In the case of the expression in E. coli, an extra methionine (M)
residue was added at the beginning of the mature protein sequence in order to allow

its expression.

11.1.7. Mature scFv_cys111 protein sequence

GSRSGTDFTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTGESTSGSGKPGSGEGSTK
GEVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYA

In blue, variable light chain sequence; in grey, 218 linker; in green, variable heavy

chain sequence; in red, the added cysteine at the 111 location.

11.1.8. Mature human Interferon-a2 sequence

TGTGATCTGCCTCAAACCCACAGCCTGGGTAGCAGGAGGACCTTGATGCTCCTGGCACAGATGAGGAGA
ATCTCTCTTTTCTCCTGCTTGAAGGACAGACATGACTTTGGATTTCCCCAGGAGGAGTTTGGCAACCAG
TTCCAAAAGGCTGAAACCATCCCTGTCCTCCATGAGATGATCCAGCAGATCTTCAATCTCTTCAGCACA
AAGGACTCATCTGCTGCTTGGGATGAGACCCTCCTAGACAAATTCTACACTGAACTCTACCAGCAGCTG
AATGACCTGGAAGCCTGTGTGATACAGGGGGTGGGGGTGACAGAGACTCCCCTGATGAAGGAGGACTCC
ATTCTGGCTGTGAGGAAATACTTCCAAAGAATCACTCTCTATCTGAAAGAGAAGAAATACAGCCCTTGT
GCCTGGGAGGTTGTCAGAGCAGAAATCATGAGATCTTTTTCTTTGTCAACAAACTTGCAAGAAAGTTTA
AGAAGTAAGGAATGA
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11.2. Appendix Il. Oligonucleotides

11.2.1. Oligonucleotides for Trastuzumab-IFNa2 fusion protein construction

Description Sense DNA sequence

Tzmb Fw ATTAGAATTCATGGACTGGACCTGGA

Tzmb- ATCACATGAACCACCTCCTCCCTTCCCAGGGCTCAGAGACAG
Rv

IFNa2

Tzmb- GGAAGGGAGGAGGTGGTTCATGTGATCTGCCTCAAACCCAC
Fw

IFNa2

IFNa2 Rv AATGGATCCTCATTCCTTACTTCTTAA

In yellow, restriction sites indicated. In blue, in green, the sequence corresponding
to Trastuzumab is highlighted, in blue, the sequence corresponding to IFNa2, and in

violet, the sequence corresponding to the GGGS linker.

11.2.2. Oligonucleotides for Trastuzumab_cys114 construction

Sense DNA sequence
Fw  CGAATTCGGATCCATGGACTGGA
Rv  ACTGGGACCCTTTGTGCTGEAAGAA

In yellow, restriction sites indicated. In green, the two mutated nucleotides that

generate the A114C mutation.
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11.2.3. Oligonucleotides for scFv construction

Description Sense DNA sequence

LC (E. coli) Fw  ATACCATGGACATCCAGATGAC
LC(HEK293)  Fw  ATAGCTAGCATGGACATGAGAGTTCCTGC

LC-Linker Rv
GIAAACEEEEATEAGE CGAAGGATCGACTAAAGGCGA
HC-Linker Fw AGTGCAGCTGGTAGAGTCAGG
HC Rv ATTAAGAATTCCTAAGAAGAAACAGTAACC

In yellow, restriction sites indicated. In light green, the sequence corresponding to
variable LC region is highlighted; in blue, the sequence corresponding to variable HC
region; in grey, the stop codon; and in red and violet, the sequence corresponding
to the 218 linker. The sequence of the 218 linker highlighted in red corresponds to

the overlapping sequence.

11.2.4. Oligonucleotides for scFv_cys111 construction

Description Sense DNA sequence

Lc Fu ATAGCTAGCHTGGACATGAGAGTICETGE

LC-Linker Rv ccacTACCGGAAGTAGANIGECAGTCCTCTTGATCT

HC-Linker Fw

HC Rv ATTAAGAATTCCTAAGAAGAAACAGTAACC

In yellow, restriction sites indicated. In light green, the sequence corresponding to

variable LC region is highlighted; in blue, the sequence corresponding to variable HC
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region; in grey, the stop codon; in red, the sequence corresponding to the 218 linker,

and in dark blue, the codon codifying for cys111.
11.3 Appendix Ill. Mass Spectrometry profiles

11.3.1. Full mass spectrum of Trastuzumab
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11.3.2. Full mass spectrum of Trastuzumab-DM1
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11.3.3. Full mass spectrum of Trastuzumab-vcMMAE DAR 8
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