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SUMMARY

Antibody-drug conjugates (ADCs) are a powerful class of therapeutic agents,
demonstrating success in the treatment of several malignancies. The currently
approved ADCs are produced by chemical conjugations and exist as heterogeneous
mixtures that negatively influence the pharmacokinetics and in vivo performance.
Recently many of site-specific conjugation technologies have been developed to
reduce heterogeneity and batch-to batch variability. Microbial transglutaminase
(mTG) has been demonstrated as efficient tool for site-specific conjugation.

In this thesis we report the development CovlsolLink™ (Covalently Isopeptide
Crosslinking) technology for the generation of homogenous immunoconjugates using a
novel glutamine donor peptides (Q-tag) with improved affinity compared to the known
peptides (ZQG, LLQG). As a proof of concept, the peptides sequences were engineered
into the heavy chain C-terminal of Trastuzumab antibody. We demonstrated the
reproducible and homogeneous conjugation of Q-tagged Trastuzumab with different
payloads, without any unconjugated species. The ADCs were evaluated in series of in
vitro and in vivo assays. We confirmed that the immunoreactivity and internalisation
are not altered by the conjugation. Furthermore similar in vitro and in vivo tumor cell
killing potency was demonstrated in comparison to Ado-Trastuzumab emtansine
(Kadcyla®), which is already used in the clinic. Moreover we extend our site-specific
conjugation technology to antibody fragments (Fab and scFv), evaluating their
functionality by conjugation with AlexaFluor488-cadaverine and in antigen binding
assays.

Thus, using novel glutamine donor peptides, our technology provides an
alternative enzymatic conjugation strategy for the engrafment of different payloads

resulting in homogeneous batches, without unconjugated species.



RESUME

Les ADCs (Antibody-Drug Conjugates) correspondent a une nouvelle stratégie
thérapeutique anti-tumorale particulierement prometteuse. Néanmoins, les ADCs
actuellement utilisés en clinique sont obtenus par conjugaisons chimiques, resultant
en des mixtures hétérogenes impactant négativement leurs pharmacocinétiques et
leurs performances in vivo.

Récemment, différentes strategies de couplage site-spécifique ont été
développées afin de réduire cette hétérogénéité. Dans cette these, nous rapportons le
développement d’une nouvelle technologie CovlsoLink™ (Covalently Isopeptide
Crosslinking) permettant la génération d’ADCs par utilisation de nouveaux peptides
glutamine Q-Tag présentant des affinités optimisées par rapport a des peptides
disponibles (ZQG, LLQG) pour une enzyme bactérienne la transglutaminase (mTG).

La preuve de concept de cette technologie a été réalisée par insertion de ces
peptides Q-Tag en C-ter de la région codant pour la chaine lourde des anticorps anti-
HER2 (Trastuzumab). Nous avons ainsi pu démontrer la conjugaison homogeéne et
reproductible de différentes drogues sans contamination par des chaines d’anticorps
non conjuguées. Nous avons pu montrer que l'immunoréactivité et la capacité
d’internalisation de ces ADCs n’étaient pas altérées par la conjugaison et qu’ils
présentaient in vitro et in vivo, des propriétés de lyse de cellules tumorales similaires
au Ado-Trastuzumab emtansine (Kadcyla®), actuellement en clinique. Par ailleurs, afin
de généraliser notre technologie a différents formats d’anticorps nous avons générés
des fragments Fab et scFv et évalué leur fonctionnalité.

Ainsi, nous avons pu prouver que |'utilisation de nouveaux peptides optimisés
Q-Tag substrat de la transglutaminase permettait une stratégie de couplage alternative
plus homogene par couplage de différentes molécules sans espéece contaminante non

couplée.



ABBREVIATIONS

AcBut

ADC

ADCC

Ala/A

ALCL

AML

Arg/R
Asn/N
Asp/D
B-ALL

BMC

BsAb

CDC

CDR

CH

CL
CovADC-DM1
CovADC-MMAE
CovlsoLink™
Cys/C

DAPI

DAR

DM1

4-(4-acetylphenoxy)butanoic acid
Antibody-drug conjugates
Antibody-dependent cellular cytotoxicity
Alanine

Anaplastic large cell lymphoma

Acute myeloid leukemia

Arginine

Asparagine

Aspartic acid

B-cell acute lymphoblastic leukemia
Metastatic breast cancer

Bispecific antibody
Complement-dependent cytotoxicity
Complementarity determining region
Constant heavy chain

Constant light chain
Trastuzumab-Qtag,-PEG4-SMCC-PAB-DM1
Trastuzumab-Qtag,-PEG,4-VC-PAB-MMAE
Covalently Isopeptide Crosslinking
Cysteine

4’ 6-diamidino-2-phenylindole

Drug-to antibody ratio

N%-Deacetyl-N¥-(3-mercapto-1-oxopropyl)maytansine



DM4
DMEM
DMSO
dNTP
EGFR
Fab
FACS
Fc

FcR
FcRn
FDA
GIn/Q
Glu/E
Gly/G
HAS
HER2
His/H
HL

1Cs0

e/l
Kp

K
LC/MS
Leu/L

Lys/K

N*-Deacetyl-N¥-(4-mercapto-4-methyl-loxopentyl)maytansine
Dulbecco's modification of Eagle medium
Dimethyl sulfoxide

Deoxynucleotide

Epidermal growth factor receptor
Antigen-binding fragments

Fluorescent activated cell sorting
Fragment crystallisable

Fcy receptors

Neonatal Fc receptor

US Food and Drug-Administration
Glutamine

Glutamic acid

Glycine

Human serum albumin

Human epidermal growth factor receptor 2
Histidine

Hodgkin’s lymphoma

Half maximal inhibitory concentration
Immunoglobulin G

Isoleucine

Equilibrium dissociation constant
Michaelis constant

Liquid chromatography/mass spectrometry
Leucine

Lyisne

10



mAb
MAPK
MDR
MMAE
MMAF
mTG
NHL
NHL
NK
O/N
oS
PBD
PBS
PCR
PEG
PFS
Phe/F
PK
Q-tag
rAb

rh

RT
scFv
SDS-PAGE
SMCC

SPDB

Monoclonal antibody
Mitogen-activated protein kinase
Multiple drug resistance
Monomethyl auristatin-E
Monomethyl auristatin-F
Microbial transglutaminase
Non-Hodgkin lymphomas
Non-Hodking lymphoma

Natural killer cells

Overnight

Overall survival
Pyrrolobenzodiazepine
Phosphate buffered saline
Polymerase chain reaction
Polyethylene glycol
Progression-free survival
Phenylalanine

Pharmacokinetic

Glutamine donor peptide tag
Recombinant antibody
Recombinant human

Room temperature

Single chain variable fragments
Sodium Dodecyl Sulfate polyacrylamide gel electrophoresis
Succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate

N-succinimidyl-4-(2-pyridyldithio)butanoate

11



SPR
SRB
T-DM1
TG
TNF
Trp/W
Tyr/Y
Val/Vv
VC

VH
VHH
VL

Wt

Surface plasmon resonance
Sulforhodamine B
Ado-Trastuzumab emtansine /Kadcyla®
Transglutaminase

Tumor necrosis factor family
Tryptophan

Tyrosine

Valine

Valine-citrulline

Variable heavy chain

Single variable domain or nanobody
Variable light chain

wild type

12



1 INTRODUCTION

1.1 TARGETED CANCER THERAPY

1.1.1 Antibodies as therapeutic agents:

In the recent years, antibody based therapies have achieved considerable
success, particularly in oncology, chronic inflammatory and autoimmunity diseases. In
this thesis, we focus on targeted therapy in cancer. The basis of tumor targeting mAbs
relies on the difference in the target expression between the malignant and healthy
tissues. Thanks to the high specificity of mAbs, targeted therapies can increase the
efficacy and decrease the toxicity, leading to potentially improved clinical benefits’.
Since the approval of the first therapeutic antibody, Rituximab (Rituxan;
Genentech/Biogen Idec) by the US Food and Drug-Administration (FDA) in 1997 to
treat patients with non-Hodking lymphoma (NHL)?, mAb-based medicines have
become a major approach.

Antibodies can mediate their activity by different mode of actions. They can
compete with other interaction partners in the antigen binding thus interfering with
the function of the target signalling molecules or inducing apoptosis. In addition, once
bound to their target, antibodies can exhibit several immunomodulatory effects
through their fragment crystallizable (Fc) region. The Fc part of human IgG1 isotype
can interact with Fcy receptors (FCcR) on immune effector cells, including macrophages,
neutrophils, dendritic cells and natural killer (NK) cells, to trigger the elimination of
tumor cells by phagocytosis, lysis or antibody-dependent cellular cytotoxicity (ADCC). It
has been demonstrated that among them, ADCC plays the major role in the in vivo
action of mAbs. Furthermore the targeted cells can be killed by complement-
dependent cytotoxicity (CDC) through the interaction with the complement

component C1q3.
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However, the therapeutic activity of the naked mAb is limited mostly by the
insufficient pharmacokinetics (PK), tissue penetration and interaction with the immune
system. Thanks to the advanced developments in molecular biology, antibody
engineering allows to modulate biological properties such as affinity, avidity, half-life
and biodistribution as well as to generate different formats. Fc -and glycoengineering
allow to optimise the effector functions and plasma-half life*. Beside the application of
unconjugated antibodies for cancer therapy, mAb can be armed with highly potent
cytotoxic drugs, cytokines or radionuclides to further enhance their clinical
performance. In addition to the direct conjugation, cancer cells can be targeted by

indirect arming approaches like liposome-encapsulated formats (immunoliposomes).
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Figure 1. Strategies for enhancing the potency of antitumour antibodies. A) Enhancing
antibody-dependent cellular cytotoxicity or complement-dependent effector functions by site-
directed mutations and glycoengineering. B) Direct arming approaches involve conjugation of
the antibodies to, cytokines, cytotoxic drugs/protein toxins and radionuclides. C) Indirect
arming of antibodies can be generated by attaching engineered antibody fragments to the
surface of liposomes loaded with cytotoxic compounds. D) Pre-targeting strategies are based
on the prior administration of non-radioactive tumor antigen targeting antibody-constructs
followed by the subsequent application of a radioactive labelled or low molecular weight
substances (Figure taken from Carter et al.’).
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On the other hand, bispecific antibodies (BsAbs) can be used either by indirect arming
or direct arming or by bridging tumor cells to immune effector cells, since BsAbs have
two different antigen binding sites. Pre-targeting strategies are based on the prior
administration of non-radioactive tumor antigen targeting antibody-constructs
followed by the subsequent application of a radioactive labelled or low molecular
weight substances or the enzymatic activation of the prodrug on the tumor site.
(Figure 1)°. The FDA approved antibodies as a single agents display modest activity

against tumors, therefore they are often combined with conventional chemotherapy.

1.1.2 Antibody fragments:

Immunoglobulin G (IgG) is predominantly used format in current antibody
drugs, but a few antibody fragment conjugates have been already approved®. This
field is rapidly expanding, “the new age” is for the engineered multivalent antibodies
in different formats and with modified structure.

IgG antibodies exhibit prolonged residence in the blood circulation, but on the
other hand they have several limitations in cancer therapy including insufficient
penetration into solid tumors due to their size or Fcy-mediated bystander activation of
the immune system. The antigen-binding fragments can potentially overcome these
limitations; because of their reduced size they can diffuse into the tumor mass more
rapidly and efficiently. This benefit is counterbalanced with a shorter plasma-half life,
due to the absence of the FcRn-mediated recycling®. Attempts are ongoing to optimize
their pharmacokinetic properties. Some strategies have been developed to increase
the in vivo half-life of the antibody fragments, by the chemical addition of
polyethylene glycol (PEG)’ or by the fusion to human serum albumin (HSA)®. However
the long plasma half-life is not necessary for certain applications, where the risk of
toxicity can be increased by prolonged exposure for example in radioimmunotherapy
or imaginga.

Antigen-binding fragments (Fab), single chain variable fragments (scFv) and the
“third generation” single variable domain (VHH or nanobody) represent the main types

in antibody fragment technologies (Figure 2). Fabs are heterodimers, containing one
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constant and one variable domain of heavy and light chains. Their in vivo performance
has been well characterized and several of them have been already approved by FDA
and introduced to the clinical treatment’.

scFv contains a single polypeptide chains, in which the variable region
sequences of light and heavy immunoglobulin chains are fused together by flexible
polypeptide linker. They retain the binding activity of the parental IgG molecule,
although the avidity is different. Their serum half-life is very short (~2h), therefore
many variants are generated to optimize avidity and stability’.

Nanobodies are a promising class of antibody fragments. They are expressed
by camelids, consisting of a single monomeric variable antibody domain. They display
high affinity against a large scale of antigens and very high stability, in addition they
show considerable sequence homology with the human VHIII gene family.
Furthermore they can be efficiently engineered as a part of more complex molecular
scaffolds’.

These antibody fragment molecules opened up new perspectives for cancer
therapy, making the antibody based drugs more efficient. Thus numerous companies

are involved in their development and clinical evaluation.

CHI
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Figure 2. Schematic representation of IgG molecule antibody fragment types. CH, constant
heavy chain; CL, constant light chain; IgG, immunoglobulin; Fab, antigen binding fragment;
scFv, single chain variable fragment, VH, variable heavy chain; VL, variable light chain. (Figure
taken and adapted from Nelson®)
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1.2 ANTIBODY-DRUG CONJUGATES

Currently, cancer patients are mainly treated with surgery, chemotherapy,
radiation, immunotherapy, targeted therapy or any of the combinations. Since
chemotherapeutics agents are not specific for tumor cells, they have a systemic
toxicity that limits the range of dosage between minimum effective dose and the
maximum tolerated dose that can have an effective therapeutic response without
significant adverse effects, called as therapeutic window. On the other hand, antibody
therapies lack the full potential to kill tumor cells by their own, leading to acquired
resistance during therapy or relapse after the treatment. Therefore, mAbs therapies
are life-long, which is very expensive and not fully bearable. Antibody-drug conjugates
(ADC) are an emerging class of anticancer agents; they designed to combine the
advantages of mAbs and cytotoxic compounds: referred as the idea of the “magic
bullet” concept postulated by Paul Ehrlich in 1900'°. In ADCs, the drug is covalently
conjugated to a tumor-antigen specific mAb via a synthetic linker. Upon binding to the
respective antigen, the ADC-antigen complex becomes internalized trough receptor-
mediated endocytosis, from the endosomal vesicles they are transported to the

lysosomes, where the ADC is degraded and the free cytotoxic agent is released inside
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Figure 3. General structure of antibody-drug conjugates and mechanism of action. Upon ADC
binding the antigen-ADC complex becomes internalized trough receptor-mediated
endocytosis. Following the degradation in the endosomal-lysosomal system the drug releases

resulting in cancer cell death. (Picture taken and adapted from Senter & Sieverset'').
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the target cell, resulting in cell death. The drug may be released into the tumor
environment and the neighbouring cells can be also killed due to the bystander effect
(Figure 3). Thanks to the high selectivity, stability and PK profile of the mAbs, even
1000-fold more potent small-molecule toxins than the conventional chemotherapeutic
drugs can be delivered inside the tumor cells in targeted manner. Thus, the percent of
tumor reaching drugs are higher, the off-target side effects are lower that can improve
the therapeutic window. In addition ADCs can overcome resistance against the
unmodified antibodies'?.

However the concept of ADC is simple, over the past 30 years, so far only four
ADCs have reached to the clinic. This reveals the challenges and difficulties in the
optimisation of the key parameters, since their structure are complex and each unit
has different specific properties. The success of ADC depends on many factors,
including the choice of the target tumor antigen, antibody, linker, cytotoxic agent and

conjugation methods, which will be discussed below.

1.2.1 Target and antibody:

The identification and validation of the proper target is the first major step in
ADC development. The target should be localised on the cell-surface and
homogeneously overexpressed on tumor cells compared to the normal tissues (low or
normal expression level) to reduce off-target toxicity>. The problem of the
heterogeneous antigen expression in solid tumors can be overcome by the conjugation
of membrane-permeable drugs that can trigger cell death on the neighbouring cells
following their cleavage and release so called “bystander effect”. However this
bystander effect can increase the systemic toxicity in particular by release of drugs in
negative normal cells.

The high specificity and affinity (Kp < 10 nM) of the antibody are essential for
the efficient uptake into the target cells'®. However the Kp can affect not only the
uptake but also the penetration in the tumor site and the internalisation of the
antibodies inside the cell. The antibodies with lower Kp can enter better inside the

tumor, while the antibodies with too strong binding can be retained in the perivascular
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spaces™. On the other hand, the high affinity can increase the internalisation rate in

the cell'®

. The uptake and the release of the drug depend both on the efficacy of the
internalisation and the rate of the recycling. These parameters can be modified by
affinity-based selection and/or Fc-engineering of the antibodies since IgG-FcRn
(neonatal Fc receptor) interaction can significantly enhance their half-life by the
increased intracellular lysosomal recycling’’. However, it has been reported that non-
internalizing ADCs can also exhibit potent activity in some cases and that ADCs often
induce a strong bystander effect’®. Therefore, considering the level of expression of
the target, the rate of its internalisation, the affinity for the antibody combined with
FcRn interactions, routes and efficacy of ADC might be altered.

The success of therapy is determined by the shedding of the antigens as well.
The membrane-associated antigens may be released from the tumors into the blood
stream and the ADCs can bind to these circulating antigens as well. Thus, the antigen
shedding should be reduced to improve trafficking to solid tumors'>%.

The antibodies should also not be or minimally immunogenic. The problem of
the early murine antibody generation based ADCs has been solved, thanks to the
currently humanisation technology. Today, fully human antibodies are used for ADC
application. The most common format is IgG isotype, especially IgG1 because this can
trigger immune-mediated effector functions, such as ADCC and CDC?'. These
independent functions of the antibody can provide supplementary clinical benefits,
but can also contribute to increased toxicity and reduced tumor localisation®”. The
optimal PK property of the antibody (slower clearance in plasma and longer half life) is
important contributory factor as well.

Thus, during the selection of the target and the antibody, all these parameters

should be considered for the effective delivery of the cytotoxic compounds.

1.2.2 Linker technology:

One of the main challenges in ADC development is the design and selection of
the linker. The functional balance of the linker is a key factor. It should be very stable

in the circulation to avoid systemic toxicity through premature release of the drug but
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upon delivery into the target cells, it should allow the rapid and efficient release of the
active free cytotoxic payload. The bystander effect, which can increase the therapeutic
potency in certain cases such as heterogeneous solid tumors, can be modified by the
choice of the linker. Charged linker-drug metabolites do not cause bystander effect,
since they cannot cross the plasma membrane, while bystander effect can be achieved
by the release of neutral linker-drug metabolites that can diffuse across the
membrane?. Polar linkers can be valuable tools to improve the solubility of ADC. It has
been demonstrated that reducing the hydrophobicity of ADCs improves the PK
properties and therapeutic index**. In addition, polar linkers can reduce multiple drug
resistance (MDR), which is often induced by the upregulation of MDR1 protein. Since
hydrophobic metabolites are better substrates for MDR1 transporter than hydrophilic
compounds, charged or polar metabolites (for example sulfo-SPDB and Mal-PEG4-NHS)

can enhance the potency of ADC therapy against MDR1" cells*® (Figure 4).
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Figure 4. Schematic representation of linkers based on their release mechanisms and
chemical properties. A) Non-cleavable linkers release their payloads by lysosomal proteolytic
degradation following internalisation. B) Cleavable linkers release the cytotoxic drug in
cytosolic compartments by different mechanisms. Depending on the linker stability, external
drug release may happen by non-specific way. C) Hydrophobic metabolites can diffuse across
the membrane causing bystander effect and MDR1 displays more reactivity towards them than
D) hydrophilic compounds, which cannot cross the plasma membrane. ADC, antibody drug
conjugate; MDR1, multiple drug resistance 1 protein.
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Based on the release mechanism they can be divided into cleavable and non-
cleavable linkers and each of them have different advantages and disadvantages. For
the selection of the proper linker all the other components of the ADCs (target,
antibody, drug) should be considered and it should be individually evaluated based on

the toxicity and efficacy of the ADC construct.

Cleavable linkers:

Cleavable linkers use different mechanism to release the cytotoxic drug in
specific compartment (Figure 5). Acid sensitive hydrazone linkers are designed to
remain intact in the blood circulation (neutral environment, pH 7.3-7.5) and release
the free drug in the acidic environment of the endosomes (pH 5-6.5) and lysosomes
(pH 4.5-5) upon internalisation into the targeted cells®®. However, different clinical
studies showed a non-specific release of the drug in the circulation due to the
unspecific linker cleavage by blood protease. The stability of the hydrazone linkage and
thereby the in vivo half-life of the ADC can be improved by chemical modifications®’.
Hydrazone linker technology has been used in the development of Gemtuzumab
ozogamicin and Inotuzumab ozogamicin.

Disulfide linkers are chemically labile linkers. Their selective delivery is based
on the difference in the glutathione concentration between the extracellular milieu (2-
20 pmol/L in plasma) and the cytoplasm (0.5-10 mmol/L)*®. The glutathione
concentration is especially high in hypoxic tumor cells due to the enhanced activity of
reductive enzymes®. The drug is released inside the reducing environment following
internalisation. Additionally, the intracellular protein disulfide isomerase is also
capable to reduce disulfide bounds®. Disulfide linkers are used in many maytansinoid
conjugates.

Lysosomal protease sensitive peptide linkers may provide a better control of
drug release compared to the chemically cleavable linkers. Peptide bound containing
linkers exhibit good serum stability with an average 7-10 days half-life, since the
proteases are inactivated in the plasma due to the higher pH and the presence of
protease inhibitors. Upon receptor mediated endocytosis and subsequential

trafficking, the drug is released inside the cells by the cleavage of lysosomal enzymes,
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such as cathepsins and plasmin®'. Several ADCs have been developed using peptide
linkers, such as Brentuximab vedotin approved by FDA, in which the payload was
conjugated via a cathepsin-B cleavable valine-citrulline (VC) linker to the antibody.
However, by CRISPR-Cas9 experiments in vitro, it was shown that cathepsin B is
dispensable for the cleavage of VC cleavable linker®’. This recent observations suggest

alternative mechanisms for ADC efficacy independent of linker cleavage by proteases.
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Figure 5. Chemical structure of key cleavable linkers used for ADC development. A)
Lysosomal protease selective Val-Cit dipeptide linker; B) Glutathione sensitive SPDB linker; C)
Acid sensitive AcBut linker; D) B-glucuronidase sensitive linker.

B-glucuronide linkers release the cytotoxic compound trough the cleavage of
the B-glucuronide glycosidic bound by B-glucuronidase that is abundantly present in
the lysosomes and overexpressed in the necrotic tumor areas. Tumor-infiltrating
neutrophils and macrophages also produce proteolytic enzymes, such as B-
glucuronidase to promote angiogenesis and tumor progression. The enzymatic
catalysis is hypoxia and pH dependent, so the enzyme is active at acidic pH while it is
inactive outside the cells at physiological pH**. This provides high stability in the
circulation. In addition the highly hydrophilic nature of the B-glucuronide linker can
improve the solubility of the hydrophobic drugs and thus decrease ADC aggregation®”.
This type of cleavable linker can find suitable application in case of necrotic, hypoxic,

myeloid infiltrated solid tumors to trigger microenvironment targeting.
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Non-cleavable linkers:

In case of the non-cleavable linkers, there is no mechanism for the extracellular
cleavage. From one hand, they provide higher stability in the blood circulation than the
cleavable linkers limiting the non-specific drug release thus potentially improve the
therapeutic index''. On other hand, they are more dependent on the biology of the
target cell. So that, good internalization and lysosomal delivery are required for the
complete degradation leading to a potential disadvantage. Following the proteolytic
degradation of the ADC the free drug is released and at least one amino acid residue
attached to it*. The drug-amino acid metabolites are more hydrophilic and less
membrane permeable, that restricts bystander effect. The most commonly used non-
cleavable linkers are the succinimide-thioether bonds, which are formed by the
reaction of maleimides with thiols, such as in Ado-Trastuzumab emtansine approved

by FDA (Figure 6).

Figure 6. Chemical structure of key non-cleavable linkers used for ADC development. A)
SMCC linker; B) PEG4Mal linker.

1.2.3 Cytotoxic payload:

The success of ADC substantially depends also on the selection of the optimal
drug. The early ADCs were developed with the conjugation of chemotherapeutic
compounds such as doxorubicin, methotrexate and flurouracil, but these products
failed in the clinical studies. It has been demonstrated that only 0.0003-0.08 % of an in
vivo injected antibody dose is present per gram of tumor, therefore the cytotoxic
potency of the payloads should be very high (with an ICso range approximately 10—
102 M) for successful therapy36. The drug should have acceptable water solubility to

limit ADC aggregation, rapid clearance and immunogenicityzs. In addition it should be
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stable in the blood circulation. The cytotoxic drugs currently being used in ADC
construction can be divided in two categories based on the mechanism of action:
microtubule inhibitors and DNA-damaging agents. Furthermore a potential new drug

a-amanitin, an RNA polymerase Il inhibitor is recently under investigation™*.

Microtubule inhibitors:

Antimitotic agents are the commonly used warheads for ADC development.
The majority of the ADCs that are undergoing in clinical trials are conjugated with
these types of payloads. Tubulin polymerisation inhibitors (Figure 7) bind to the
microtubule and block tubulin assembly, causing G2/M phase cell cycle arrest that
leads to cell death. Rapidly dividing cancer cells are more sensitive for the antimitotic

drugs than the healthy cells.
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Figure 7. Chemical structure of key tubulin polymerization inhibitors payloads used of ADC
development. A) monomethyl auristatin-E (MMAE); B) Mertansine (DM1); C) Monomethyl
auristatin-F (MMAF); D) Ravtansine (DM4).

Auristatin derivatives are water soluble and highly potent (average ICsp is in
sub nanomolar range) synthetic analogues of dolastatin 10, isolated from the sea hare
Dolabella auricularia. Among them, monomethyl auristatin-E (MMAE) and MMAF are

currently being used for ADC generation and other analogues are also being
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investigated. The main difference between them relies in the fact that MMAE can
penetrate the cell membrane and trigger bystander effect, whereas MMAF is
impermeable due to the presence of a charged phenylalanine residue at the C-
terminus™

Maytansinoids are another class of tubulin inhibitors represented by N°-
Deacetyl-N?-(3-mercapto-1-oxopropyl)-maytansine  (DM1) and N*-deacetyl-N*(4-
mercapto-4-methyl-1-oxopentyl)-maytansine (DM4), derivatives of maytansine,
extracted from the bark of African shrub Maytenus ovatus. Similary to auristatin
derivatives, they also exhibit good stability and acceptable aqueous solubility®’

Tubulysins are promising new class of antimitotic agents. Tubulysins are
originally isolated from myxobaterica and ADCs conjugated with their analogues have

been entered in clinical trials currently®’

DNA damaging agents:

DNA damaging payloads includes calicheamicins, duocarmycins, anthracyclines
and pyrrolobenzodiazepines (PBDs) (Figure 8). They exhibit potent cytotoxic activity
(ICso < 10° M) by binding at the minor grove of the DNA and causing DNA stand
scission, alkylation or crosslinking. Two FDA approved ADCs, Gemtuzumab ozogamicin
and Inotuzumab ozogamicin are conjugated with the derivative of calicheamicins.
Nowadays, PBDs are considered as attractive payloads, since they are extremely
potent (ICso in the pM concentration range) and can cause bystander-killing effect as

well. Several PDB conjugates are recently in early stage of clinical studies®”
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Figure 8. Chemical structure of key DNA damaging payloads used of ADC development. A)
Calicheamicin y1; B) Duocarmycins A; C) SJG-136 PDB dimer.
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For the constriction of ADCs, these linkers and payloads can be used in

different combination. Table 1 is a brief, non-exhausting summary of the possible

drug-linker compositions that are presented above.

Payload Linker Active metabolite Chemical Bystander IC50
property effect
Microtubule inhibitors
SPP (Cleavable) DM1 Hydrophobic Yes
DM1 SMCC (Non-cleavable) Lys-SMCC-DM1 Hydrophilic No Picomolar
MC (Non-cleavable) Cys-MC-DM1 Hydrophilic No
. SPDB (Cleavable) DM4, Hydrophilic No
Sulfo-SPDB (Cleavable) DM4 Hydrophilic No
MMAE VC (Cleavable) MMAE Hydrophobic Yes Subnano-
VA (Cleavable) MMAE Hydrophobic Yes molar
VC (Cleavable) MMAF Hydrophilic No
. Subnano-
MMAF VA (Cleavable) MMAF Hydrophilic No |
molar
MC (Non-cleavable) Cys-MC-MMAF Hydrophilic No
. . . Subnano-
Tubulysin VC (Cleavable) Tubulysin Hydrophobic Yes
molar
DNA damaging agents
. . Acetyl butyrate . . .
Calicheamicin Calicheamicin Hydrophobic Yes Nanomolar
(Cleavable)
Duocarmycin VC (Cleavable) Duocarmycin Nanomolar
VC (Cleavable) PDB Hydrophobic Yes
PDB Picomolar
VA (Cleavable) PDB Hydrophobic Yes

Table 1. Antibody-drug conjugate linker payload combinations. SPP, N-succinimidyl 4-(2-

pyridyldithio)
carboxylate;

pentanoate;
SPDB, N-succinimidyl

SMCC,

succinimidyl
4-(2-pyridyldithio)pentanoate;

4-(N-maleimidomethyl)

MMAF,

cyclohexane-1-
monomethyl

auristatin F; MC, maleimidocaproyl; MMAE, monomethyl auristatin E; VC, valine-citrulline;

PBD, pyrrolobenzodiazepine.
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1.3 ADC DESIGN — TOWARDS HOMOGENEITY

Although, ADCs were designed to extend the range of the optimised dosage of
drugs that can treat the patients effectively without causing toxicity or having
significant adverse effect, the therapeutic window remained still quite narrow for
many of the ADCs that are currently used in the clinical treatment or undergoing in
clinical trials (Figure 9). Further attempts are ongoing in order that ADCs can deliver
their full potential and simplify the manufacturing challenges. Besides the selection of
the optimal target, antibody, linker and payloads; the conjugation chemistry and
optimal drug loading play also a very important role to improve the safety, efficacy and

toxicity profiles.
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Figure 9. ADCs are designed to improve the therapeutic window. ADCs can increase efficacy
and decrease toxicity in comparison to conventional chemotherapeutic treatment. The
targeted delivery of drugs to the malignant cells increase the percentage of tumor reaching
toxin molecules, thus lowering the minimum effective dose and increasing the maximum
tolerated dose. Nevertheless, in case of the first -and second generation ADCs the therapeutic
window remained rather narrow. The optimization of antibody, linker, payload and
conjugation technologies are important to improve the therapeutic index of the third
generation ADCs. (Figure adapted from Beck et al.”’)
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1.3.1 First generation:

The first generation ADCs were developed in the early 1990s by the
conjugation of conventional chemotherapeutic compounds, such as KS1/4-
methotrexate targeting EpCam molecule or -desacetylvinblastine and BR96-
doxorubicin targeting Lewis-Y protein immunoconjugates. KS1/4 murine monoclonal
antibody was conjugated with methotrexate throught amide bond or with
desacetylvinblastine by hydrazone or hemisuccinate linkers targeting non-small lung

carcinoma>%*°

. BR96-doxorubicin was generated for the treatment of metastatic
breast cancer, in which doxorubicin was attached to the chimeric BR96 antibody via
hydrazone-based bond*’. When clinical trial were undertaken to investigate their
efficacy, they exhibited modest therapeutic activity. The reason for the failure of these
first generation ADCs was probably related to several parameters: the poor potency of
the payloads, the instability of the linker, the high heterogeneity of the ADC population

or faster clearance due to the immunogenicity of the antibody. This demonstrated the

need of improvement of PK properties for better ADC efficacies.

1.3.2 Second generation:

The second generation ADCs were developed using more potent (100-1000
fold) cytotoxic payloads such as DNA-targeting calicheamicins or the tubulin targeting
auristatins and maytansinoids derivatives engrafted on humanised antibodies. Thanks
to the enhanced potency of the conjugated compounds and the improved linker
stability, these ADCs demonstrated potent antitumor activity allowing approval by FDA
and introduction to clinic for four of them. The therapeutic index was improved but it
remained moderate due to the heterogeneity of the ADC mixture. Various numbers of
drugs are attached at different positions and considerable percent of the final product
is not conjugated resulting in species with distinct PK properties.  These
immunoconjugates are prepared by conventional, non site-specific chemical
conjugation methods; the payloads are attached to the solvent-exposed lysine (via

succinimide ester derivatization) or interchain cysteine residues (maleimide chemistry)
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of the antibody®. In this manner the batch-to batch variability is rather high, thus the
ADC production can require different manufacturing processes.

It has been demonstrated by Wang et al., that lysine conjugation may involve
40 different sites out of 86 lysine residues located both in the light and heavy chain
regions. In average 6 drugs were attached to the antibodies (Figure 10A). Thus the
ADCs exhibit high level of heterogeneity (>10° species) with broad range of
stoichiometry and several iso-stoichiometric species. In addition complementarity
determining regions (CDR) can be also modified affecting the antigen binding ability**.

Conjugation through cysteine residues results in reduced subpopulations of
ADCs compared to the coupling via lysine residues. IgG1l scaffold contains four
interchain and twelve intrachain disulfide bounds®. The interchain disulfides (two
between the hinge region and two between each heavy and light chains) are more
susceptible to reduction than the intrachain bounds, providing eight possible
conjugation sites. Thus the drug loading can varied from 0 to 8 per antibody that offers

potentially >100 species** (Figure 10B).
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Figure 10. Schematic representation of A) lysine and B) cysteine conjugates and their
expected drug to antibody ratio profile (DAR). (Picture taken and adapted from Bath et a/*®).
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The clinical efficacy of these heterogeneous ADCs is negatively influenced by
the variable drug-to antibody ratio (DAR) and site of conjugation due to the
nonselective conjugation technologies. The importance of DAR loading and its effect
on PK properties has been investigated in several studies. Hamblett et al. compared
the therapeutic potential of cAC10-MMAE conjugates loading different number of
drugs (DAR 2, 4 and 8). They found that low DAR decreased the antitumor potency
while the higher conjugation level impaired the antigen binding activity and increased
the aggregation of the ADC leading to high plasma clearance and toxicity*. Thus, the
optimal DAR is a key factor for the improvement of the therapeutic window and the
clinical success. However, these conjugates existed as heterogeneous mixtures. Pillow
et al. have reported that in addition to the favourable DAR, the homogeneity of the
ADC has also a significant benefit for the in vivo performance. In this study the
clinically approved nonselectively conjugated Ado-Trastuzumab emtansine was
compared to the site-specific ThioTmab-MPEO-DM1, constructed by THIOMAB
technology where cysteine residues were engineered into the antibody at specific sites
to allow only site specific conjugaison. The results showed that the homogeneous
THIOMAB ADC displayed improved preclinical therapeutic index over heterogeneous

Trastuzumab emtansine44'46.

1.3.3 Third generation:

Since the development and approval of the second generations ADCs,
significant improvements have occurred to overcome therapeutical challenges. One of
the main challenges remained, to optimize manufacturing processes in order to obtain
homogeneous conjugates with well-defined and uniform drug stoichiometry. In case
of homogeneous ADCs, the tolerability and efficacy profile can be more predictable
helping to better understand the factors contributing to the therapeutic success. Thus
the clinical outcome of the patients can be potentially advanced®’.

Recently, many of site-specific conjugation technologies were developed in
order to control the DAR, reduce heterogeneity and batch-to batch variability as well

as to further increase therapeutic window**. In the site-specific conjugates, controlled
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number of drugs are attached to defined positions that allows to investigate the effect
of the DAR, the location and the linker properties on the biodistribution, PK and
therapeutic activity of the resulting immunoconjugates. Recent studies demonstrated
the role of the conjugation site in the stability and activity of the ADCs in vivo. Shen et
al. constructed three ADCs variants, conjugated at different structural and chemical
environments using THIOMAB technology. The three ADCs displayed different in vivo
potency, due to the linker stability determined by the structural and chemical
environments around the coupling site*®. In another comparison study the different
site-specific conjugates were generated by enzymatic conjugation, using microbial
transglutaminase. Indeed, Strop et al. demonstrated that the alternations in stability
and pharmacokinetics of ADCs can be directly attributed to the site of the conjugation
rather than the instability of the linker as it was absorbed with maleimide
conjugation®. A better understanding of these parameters could help to design more
efficient ADCs.

Numerous site-specific methods are currently under investigation, which are
summarized in Table 2*’. Based on the antibody scaffold we can distinguish two main
strategies. One of them uses the native antibody and the selective conjugation is
achieved by novel linker chemistry. The second one requires molecular engineering to
introduce the coupling site into the antibody sequence such as mutations of cysteine
residues, glycoengineering or insertion of unnatural amino acids or peptide sequences
for enzymatic approaches®®. Among them the microbial transglutaminase based
conjugations are described in detail in the section 1.5.5.

Presumably, the future ADC design should trend towards the selection of the
optimal site-specific conjugation methods depending on the individual ADC
considering the antibody and linker. The present ADC medications are quite expensive.
Thus the production cost-effective is also an important point that should be taken into

account during the development of novel technologies.
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Engineering technology

Conjugation chemistry

Technology nan

Owner
(collaborators)

Engineered cysteine and selenocysteine™®

Engineered cysteine
(HC-A114C and LC-V2015C)

Engineered cysteine
(HC-S239C)
Engineered cysteine

Engineered cysteine
(HC-S239C and S442C)

Engineered cysteine (hinge cysteine t
serine mutation)

Engineered cysteine
(LC-Q124C)

Engineered cysteine

Engineered cysteine and selenocyste

Thiol plus maleimide

Thiol plus self-hydrolyzing
maleimidei

Thiol plus maleimide

Thiol plus maleimide
Thiol plus maleimide

Thiol plus maleimide

Thiol plus maleimide

Thiol plus phenyloxadiazole
sulfone

THIOMABs

Engineered cysteil
mAbs

NA

NA

ThiofleximAbs

Actibody

SAP

Selenomabs and
Thioselenomabs

Genentech

Seattle Genetics

Pfizer

Medimmune/
AstraZeneca

Medimmune/
AstraZeneca

Kyowa Kirin

Novartis

Scripps Research
Institute

Unnatural amino acid engineering™®

Engineered pAcPhe
(HC-A114)

Engineered pAMF

Engineered N6 -((2-
azidoethoxy)carbonyl)-I-lysine

Oxime ligation, alkoxyamine-

keto-group reaction

SPAAC,
copper-free click chemistry

SPAAC,
copper-free click chemistry

EuCODE

Xpress CF+

AzAbs

Ambrx

Sutro Biopharma

Allozyne

Enzyme-assisted ligation (formylglycine-generating enzyme, transglutaminase and sortase)

Engineered L-C-X-P-X-R tag
(various positions)

plus FGE treatmen

Engineered glutamine

(L-L-Q-G) tag (various positions)
plus BTG treatment

HC-Q295 and/or HC-N297Q plus
PGNase F and plus BTG treatment

L-P-E-T-G tag (C termini of HC and
LC) plus SrtA treatment

Cysteine oxidized to
formylglycine,
HIPS ligation

Ligation of y-carboxyamide
group from glutamine
residues plus primary amines

Ligation of y-carboxyamide
group from glutamine
residues plus primary amines

Ligation LPETG plus primary
amine of polyglycine motif

SMARTag

BTG

TG-ADC

SMAC

Catalent/
Redwood

Pfizer

ETH Zurich/
Innate Pharma

NBE Therapeutics
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Engineering technology

Conjugation chemistry

Technology
name

Owner
(collaborators)

Glycan remodelling: metabolic engineering, chemical oxidation and glycoengineering

Glycan metabolic engineering
(fucose in glycans linked to N297)
and incorporation of 6-thiofucose
peracetate plus fucosyltransferase
VIl treatment

Fucose periodate oxidation

(fucose in glycans linked to N297)
Glycan engineering

(sialic acids in glycans linked to
N297), and galactosyl- and
sialyltransferase treatments

Glycan engineering (azido-modified
sialic acids in glycans linked to
N297), and galactosyl- and
sialyltransferase treatments
Galactosyltransferase treatment plus
UDP-keto-galactose incorporation
Glycan engineering (GIcNAc in
glycans linked to N297), and
endoglycosidase and

Maleimide
plus 6-thiofucose

Fucose-specific conjugation
of hydrazide

Periodate oxidation
(aldehyde) plus amino-oxy-
payload, oxime ligation

Strain-promoted
alkyne-azide cycloaddition,

copper-free click chemistry

C2-keto-gal oximation

Strain-promoted alkyne—
azide cycloaddition,

NA

NA

NA

NA

NA

GlycoConnect,

Seattle Genetics

Philogen

Genzyme/
Sanofi

University of
Georgia

US National Cancer
Institute

Synaffix

glycosyltransferase treatment and copper-free click chemistry el ERTRe
azide tagging
Amino-terminal engineered serine
Site selective aldehyd
Engineered serine I 'ese.ec \ve aldenyde MedImmune/
) oxidation NA
(N-terminal LC) ) . AstraZeneca
plus oxime ligation
Engineered serine Site selective aldehyde ’
(N-terminal HC or LC) oxidation, oxime ligation seriMabs ImmunoGen
Cysteine rebridging§
Cysteine chemical rebridging . . . Abzena/
Thiol plus bis-sulfone ThiBridge
(native hinge interchain crosslinking) P & PolyTherics
Cysteine chemical rebridging Thiol plus NGM University College
(native hinge interchain crosslinking)  dibromomaleimide London/ThioLogics
Cysteine chemical rebridging Thiol plus SNAP Igenica
(native hinge interchain crosslinking)  dibromomaleimide Biotherapeutics
Avoiding or limiting retro-Michael drug deconjugation
Basic pH-driven succinimide Thiol plus maleimide Succinimide
ring-opening followed by pH 9.2 ring Pfizer
(native or engineered cysteine) treatment (45 °C, 48 hours)  hydrolysis
Basic amino group adjacent to Self-
the maleimide Thiol plus maleimide hydrolysing Seattle Genetics
(native or engineered cysteine) maleimides
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Technology Owner

Engineering technology Conjugation chemistry
name (collaborators)

Avoiding or limiting retro-Michael drug deconjugation

Ring-opened linker and N-substituted
succinimide thioethers Thiol plus maleimide NA ProLynx
(native or engineered cysteine)
ng.-opened I!nker . e s NA MedImmune/
(native or engineered cysteine) AstraZeneca
Ring opening by anion exchange
chromatography Thiol plus maleimide Actibody, AEX Kyowa Kirin
(engineered cysteine, LC-Q124C)
Maleimide replacement . . .
) ] . Thiol plus arylpropionitrile CBTF Syndivia
(native or engineered cysteine)
Self-hydrolysable hydrophilic
maleimidomethyl dioxane-based linker Thiol plus maleimide MTDF Syndivia
(native or engineered cysteine)

Table 2. Selected site-specific conjugation technologies and associated stabilization
chemistries. A, alanine; AzAbs, azide antibodies; BTG, bacterial transglutaminase; C, cysteine;
CBTF, sodium 4-((4-(cyanoethynyl)benzoyl)oxy)-2,3,5,6-tetrafluorobenzenesulfonate; E,
glutamate; EWM, electron-withdrawing maleimides; FGE, formylglycine-generating enzyme; G,
glycine; GIcNAc, N-acetylglucosamine; HC, heavy chain; HIPS, hydrazino-iso-Pictet—Spengler; L,
lysine; LC, light chain; MDTF, sodium 4-(maleimidomethyl)-1,3-dioxane-5-carbonyloxy-2,3,5,6-
tetrafluorobenzenesulfonate; N, asparagine; NA; not available; NAM, N-aryl maleimides; NGM,
next-generation maleimide; P, proline; pAcPhe, p-acetylphenylalanine; pAMF, para-
azidomethyl-l-phenylalanine; PGNase F, peptide:N-glycosidase F; R, arginine; Q, glutamine; S,
serine; SAP, spatial aggregation propensity; SMAC, sortase- enzyme mediated antibody
conjugation; SPAAC, strain-promoted azide-alkyne cycloaddition; SrtA, sortase A; T, threonine;
THIOMABSs, thio-engineered monoclonal antibodies; UDP, uridine diphosphate.; V, valine;
*Vector engineering. ¥ Promotes slower deconjugation. § No need for antibody or cell
engineering (Table taken from Beck et al.”’).
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1.4 ANTIBODY-DRUG CONJUGATES IN THE CLINICS

In the recent years the number of ADCs entering to clinical trial are rapidly
increasing, showing rapid progress and success in this field. The improvements in the
next generation conjugation technologies and payload stability are contributing to this

dynamic development. Table 3 summarise the landscape of ADCs in the clinic.

Lead

ADC Payload Target . L Phase
identication
Gemtuzumab ozogamicin Calicheamicin CD33 AML FDA-approved
Inotuzumab ozogamicin Calicheamicin CD22 ALL FDA-approved
Brentuximab vedotin MMAE CD30 HL/ALCL FDA-approved
Trastuzumab emtansine DM1 HER2 Breast cancer FDA-approved
Vadastuximab talirine PBD CD33 AML 3
Rovalpituzumab tesirine PBD DLL3 SCLC 3
Z)Irr:\f;u:slmzb DM4 FOLR1 Ovarian cancer 3
Sacituzumab govitecan SN-38 TROP-2 mTNBC 3
HuMax-AXL-ADC MMAE AXL Solid tumors 2
SAR566658 DM4 CA6 Solid tumors 2
Coltuximab ravtansine DM4 CD19 B-cell malign 2
Denintuzumab mafodotin MMAF CD19 B-cell malign 2
Pinatuzumab vedotin MMAE CD22 B-cell malign 2
IMGN529 DM4 CD37 B-cell malign 2
Lorvotuzumab mertansine DM1 CD56 SCLC 2
Milatuzumab doxorubicin Doxorubicin CD74 r’:;olatlfﬁa 2
Polatuzumab vedotin MMAE CD79b B-cell malign 2
Indatuximab ravtansine DM4 CD138 x;olatllcf)rlmfa 2
SAR408701 DM4 CEA Solid tumors 2
Labetuzumab govitecan SN-38 CEA mCRC 2
ABT-414 MMAF EGFR Glioblastoma 2
AGS-16C3F MMAF ENPP3 mRCC 2
Glembatumumab vedotin MMAE GPNMB Breast cancer, 2
melanoma
MLNO264 MMAE GUCY2C Pancreatic cancer 2
MM-302 :'g:::’u”;?c'm HER2 Breast cancer 2
RC48-ADC MMAF HER2 Solid Tumors 2
MEDI-4276 Tubulysin HER2 S;E‘Zztrand gastric
U3-1402 DXd HER3 NSCLC 2
IMGN388 DM4 Lr:;ii”n Solid tumors 2
SGN-15 Doxorubicin Lewis Y Prostatic 2
Neoplasms
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ADC Payload Target Lead identication Phase
Anetumab ravtansine DM4 MSLN Neoplasms 2
BMS-986148 Not disclosed MSLN Solid tumors 2
Cantuzumab ravtansinea DM4 MUC1 Multiple myeloma 2
Lifastuzumab vedotin MMA NaPi2b Ovarian cancer, NSCLS 2
MLN2704 DM1 PSMA Prostate cancer 2
PSMA ADC 1301 MMAE PSMA Prostate cancer 2
Tisotumab vedotin MMAE TF Cervical Cancer 2
PF-06263507 MMAF 5T4 Solid tumors 1
GSK2857916 MMAF BCMA Multiple myeloma 1
BAY1129980 Auristatin W derivative C4.4a Neoplasms 1
BAY79-4620 MMAE CA9 Neoplasms 1
HKT288 Maytansine Cadherin-6 Ovarian cancer, RCC 1
ADCT-402 PBD CD19 B-cell malign 1
SGN-CD19B PBD CD19 NHL, DLBCL, FL3 1
ADCT-301 PBD CD25 HL, NHL 1
AMG 172 DM1 CD27L ccRCC 1
AVE9633 DM4 CD33 AML 1
AGS67E MMAE CD37 Lymphoid Malignancy 1
Bivatuzumab mertansine DM1 CD44v6 SCC 1
MDX-1203 Duocarmycin CD70 NHL, RCC 1
Vorsetuzumab mafodotin MMAE CD70 NHL, RCC, 1
SGN-CD70A MMAF CD70 RCC, DLB, FL 1
SGN-CD123A PBD CD123 AML 1
LOP628 Maytansine cKit Solid tumor, AML 1
BIIBO15 DM4 Cripto solid tumors 1
protein
ABBV-838 MMAE Cs1 Multiple Myeloma 1
SC-002 Not disclosed DLL3 SCLC 1
DEDN6526A MMAE EDNRB Malignant melanoma 1
PF-06647263 Calicheamicin EFNA4 mTNBC 1
IMGN289 DM1 EGFR Solid tumors 1
AMG 595 DM1 EGFRvIII Glyomas 1
MEDI-547 MMAF EPHA2 Solid tumor, AML 1
BAY1187982 Auristatin W derivative FGFR2 Solid tumors 1
LY3076226 DM4 FGFR3 Ai‘;i'frd ormetastatic
AGS62P1 Not disclosed FLT3 AML 1
XMT-1522 Auristatin HER2 Breast and cancer, NCLC 1
SYD-985 Duocarmycin HER2 Breast cancer 1
DS-8201A DXd HER2 Neoplasms 1
RC48-ADC MMAF HER2 Solid tumors 1
SAR428926 DM4 LAMP-1 Neoplasms 1
SGN-LIV1A MMAE LIV-1 Breast cancer 1
ABBV-085 MMAE LRRC15 Solid tumors 1
DMOT4039A MMAE MSLN Ovarian cancer 1
Cantuzumab mertansine DM1 MUC1 Colorectal cancer 1
Sofituzumab vedotin MMAE MUC16 Ovarian cancer 1
Enfortumab vedotin MMAE Nectin-4 Urothelial carcinoma 1
PF-06650808 Auristatin NOTCH3 Solid tumors 1
TNBC, head,
PCA-062 Not disclosed p-CAD neck cancer and 1

esophageal cancer
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ADC Payload Target Lead identication Phase

PF-06647020 Auristatin PTK7 Neoplasms 1
ASG-5ME MMAE SLC44A4 Neoplasms 1
ASG-15ME MMAE SLITRK6 Urothelial Cancer 1
Vandortuzumab vedotin MMAE STEAP1 Prostate cancer 1
CDX-014 MMAE TIM-1 RCC, ovarian cancer 1
DFRF4539A MMAE Not disclosed Multiple Myeloma 1
AbGn-107 Not disclosed Not disclosed s:ztcrrlecétciilggeecntzlc';z;:\oma

SC-003 Not disclosed Not disclosed Ovarian cancer 1

Table 3. Overview of registered ADCs and ADCs in clinical trial for cancer treatment. ALCL,
anaplastic large-cell lymphoma; ALL, acute lymphoblastic leukemia; AML, acute myeloid
leukemia; AXL, AXL receptor tyrosine kinase; BCMA, B-cell maturation antigen; CA6, carbonic
anhydrase 6; CA9, carbonic anhydrase 9; ccRCC, clear cell renal cell carcinoma; CD, cluster of
differentiation;CEA, carcinoembryonic antigen; CLL, chronic lymphocytic leukaemia; DLBCL,
diffuse large B-cell lymphoma; DLL3, delta-like canonical Notch ligand 3; DMC, data monitoring
committee; EDNRB, endothelin receptor type B; EFNA4, ephrin A4; EGFR, epidermal growth
factor receptor; ENPP3, ectonucleotide pyrophosphatase/ phosphodiesterase 3; EPHA2, EPH
receptor A2; FGFR2, fibroblast growth factor receptor 2; FGFR3, fibroblast growth factor
receptor 3; FL3, grade 3 follicular lymphoma; FMS-like tyrosine kinase 3; FOLR1, folate
receptor 1; GPNMB, glycoprotein non-metastatic B; GUCY2C, guanylate cyclase 2 C; HER2,
human epidermal growth factor receptor 2; HER3, human epidermal growth factor receptor 3;
HL, Hodgkin Lymphoma; LAMP-1, lysosomal-associated membrane protein 1; LRRC15, leucine
rich repeat containing 15; mCRC, metastatic renal cell carcinoma; MMAE, monomethyl
auristatin E; MMAF, monomethyl auristatin F; MSLN, mesothelin; mRCC, metastatic renal cell
carcinoma; MUC1, mucin 1; MUC16, mucin 16; mTNBC, metastatic triple-negative breast
cancer; NaPi2b, sodium-dependent phosphate transport protein2B; NHL, non-Hodgkin
lymphoma; NOTCH3, notch 3; NSCLC, non-small-cell lung cancer; p-CAD, p-cadherin; PBD,
pyrrolobenzodiazepine; PSMA, prostate-specific membrane antigen; PTK7, protein tyrosine
kinase 7; RCC, renal cell carcinoma; SCC, squamous cell carcinoma; SLC44A4, solute carrier
family 44 member 4; SCLC, small-cell lung cancer; SLITRK6, SLIT like family member 6;
STEAP1,STEAP family member 1; TF, tissue factor; TIM-1, T cell immunoglobulin and mucin
protein-1; TNBC, triple-negative breast cancer TROP-2, trophoblast cell-surface antigen
(Adapted from Moek et al>h).

Among all the ADCs currently in clinic, the majority of FDA approved ADCs are

targeting hematopoietic malignancies.
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1.4.1 Gemtuzumab ozogamicin:

Gemtuzumab ozogamicin (CMA-676,Mylotarg®,Pfizer) is a combination of the
cytotoxic agent calicheamicin, attached to a monoclonal antibody targeting CD33 via a
hydrazon linker (Figure 11). Its improved clinical benefit was demonstrated compared
to standard chemotherapy and in 2000 it was the first approved by FDA approved for
the treatment of elderly patients with acute myeloid leukemia (AML). However post-
approval clinical studies showed not considerable benefit and poor safety profile, thus
in 2010 Pfizer withdrew it from the market. AML19 (ClinicalTrials.gov, identifier
NCT00091234) and ALFA0701 (ClinicalTrials.gov, identifier NCT00927498) trials
demonstrated that combination of induction therapy plus low dose of Mylotarg®
improved the clinical outcome and decreased toxicity. In 2017 it was re-approved by

FDA, administrating in lower recommended dose and different schedules™>.

anti-CD33 mAb

Hydrazone linker

(8] CH3 CH3

NHN S
CH3 \
CHi o

CH3ICH2 o]
0
CHz N
T OCHj5
0

~3-4
N-acetyl-y-calicheamicin 1,2-dimethyl hydrazine

Figure 11. Structure of Gemtuzumab ozogamicin (Mylotarg®). The possible sites of cleavage
in the linker, the hydrazone group and the disulphide bond, are shown in red. (Picture
modified from Akkapeddi et al. *°).

CD33 is a transmembrane protein, expressed on the surface of myeloblasts in
up to 90 percent of AML patient, but also on normal hematopoietic progenitor cells.
However, CD33 has relatively low expression level and slow internalisation rate that
results in lower drug delivery. Therefore the selection of a highly potent drug is crucial
to compensate this limitation. N-acetyl-y-calicheamicin 1,2-dimethyl hydrazine, a

semisynthetic derivative of calicheamicin is covalently conjugated to the lysine
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residues of the humanised Gemtuzumab (hP67.6) antibody via a bifunctional (4-(4-
acetylphenoxy)butanoic acid) with an average DAR of 3-4 and approximately 50% of
unconjugated antibody. The resulted cleavable acid-labile hydrazine linker enables the
drug release in the lysosomes following the internalisation of the ADC-antigen
complex. Then, calicheamicin is transported into the nucleus where it binds to the
minor grove of DNA inducing double strand DNA brakes that lead to the inhibition of
DNA synthesis and cancer cell death via apoptosis™. Since Gemutuzumab is 1gG4
isotype, Mylotarg® does not mediate any effector functions but has a long circulating

half-life.

1.4.2 Inotuzumab ozogamicin:

Inotuzumab ozogamicin (CMC-544, Besponsa®) is CD22 targeted ADC consisting
a humanised 1gG4 Inotuzumab monoclonal antibody (G544) linked to N-acetyl y -
calicheamicin 1, 2-dimethyl hydrazine dichloride via hydrazon linker (Figure 12). The
ADC exists as a heterogeneous mixture with an average DAR of 6. CD22 is a

transmembrane glycoprotein expressed on the surface of B cells. It is expressed in

anti-CD22 mAb

Hydrazone linker
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Figure 12. Structure of Inotuzumab ozogamicin (Besponsa®). The possible sites of cleavage in
the linker, the hydrazone group and the disulphide bond, are shown in red. (Picture modified
from Akkapeddi et al. *3).
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most of (>90%) the non-Hodgkin lymphomas (NHL) and all in mature B-cell acute
lymphoblastic leukemias (B-ALL)*. The conjugation method and the mechanism of
ADC action are the same as in case of Gemtuzumab ozogamicin (1.2.3).

In clinical trials it was demonstrated that CMC-544 improved the overall
survival to 56%, but in NHL there was a lack of improvement. In 2017 it was approved
by the US FDA for the treatment of adults with relapsed or refractory B-ALL alone or in
combination with chemotherapy. Further clinical evaluations are currently ongoing

(ClinicalTrials.gov, CMC-544).

1.4.3 Brentuximab vedotin:

Brentuximab vedotin (SGN-35, Adcetris®) is an ADC consisting of monomethyl
auristatin E (MMAE, vedotin) attached to the cysteine residues of cAC10 antibody via
stable, cleavable VC dipeptide linker®® (Figure 13). Maleimide chemistry is used for the
conjugation that results in an average of four drugs per antibody. cAC10 (SGN-30) is a
chimeric monoclonal IgG1 antibody against CD30, a transmembrane cytokine receptor
belonging to the tumor necrosis factor family (TNF). This protein is appropriate to be
targeted since it has limited expression on the surface of Hodgkin’s lymphomas (HL)
cells, Reed-Sternberg cells, anaplastic large cell ymphomas (ALCL) and other lymphoid
and non-lymphoid tumor cells>’. The naked cAC10 antibody entered to clinical

program, but the trial was discontinued because its moderated activity>®.

anti-CD30
mAb

O NM;‘% L )L“IU\A\QW% YOC@L

Val-Cit MMAE

(protease cleavable) h

Figure 13. Structure of Brentuximab vedotin (Adcetris®). Val-Cit, valine-citrulline linker;
MMAE, monomethyl auristatin E (Picture taken from Akkapeddi et al. *).
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Then it was further developed in ADC format by Seattle Genetics and approved
by FDA in 2011 for the treatment of ALCL patients who had relapsed following stem
cell transplantation or combined chemotherapy treatment. The main anti-tumor
mechanism is due to targeted delivery of MMAE inside the tumor cells, that is released
by proteolytic cleavage in the endosomes following internalisation of the ADC-CD30
complex. MMAE is a potent anti-mitotic agent, a synthetic analogue of dolastatin 10
that induces apoptotic cell death by cell cycle arrest following its binding to tubulin. In
addition immunogenic cell death, antibody-dependent cellular phagocytosis and the
bystander effect can also contribute to the clinical activity”.

Brentuximab vedotin is administrated at 1.8 mg/kg dose every three weeks,
that has been demonstrated to improve the prognosis and the OS of patients with a
good tolerability and safety. Currently other phase lll clinical trials are ongoing for the

further evaluation (ClinicalTrials.gov, SGN-35).

1.4.4 Trastuzumab emtansine:

Ado-trastuzumab emtansine (T-DM1, Kadcyla®) was developed by
ImmunoGene and approved in 2013 by FDA for the treatment of patients of HER2
positive metastatic breast cancer (MBC). T-DM1 is a combination of Trastuzumab
(Herceptin®) and maytansoid derivative DM1 attached via a non-cleavable thioether
linker (N-succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate, SMCC), with
an average DAR of 3.5 (Figure 14).

HER2 (also known as ErbB2) transmembrane glycoprotein is the member of the
epidermal growth factor receptor (EGFR) family. They can be divided into three main
structural units: a large N-terminal extracellular ligand binding domain, a
transmembrane domain, an intracellular kinase domain and a C-terminal region with
tyrosine autophosphorylation sites® (Figure 15). HER2 is known as an orphan
receptor, since unlike of the other EGFR receptors (HER1, HER3, HER4), its extracellular
domain binding ligand has not been identified yet. HER2 constitutively exists in an
active conformation, and preferentially forms heterodimers with any of the ligand-

bound EGFR members®®. However cancer studies revealed that HER2/HER3
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combination is most common and the most mitogenic dimer, promoting

6162 Receptor dimerisation results in the transphosphorylation of

tumorogenesis
tyrosine residues within the cytoplasmic domain, initiating cell proliferation and
survival thought both mitogen-activated protein kinase (MAPK) and PI3K/Akt

intracellular signaling pathways®.

P

SMCC )
anti-Her2

mAb

Figure 14. Structure of ado-trastuzumab emtansine (T-DM1, Kadcyla®). SMCC, succinimidyl-
4-[N-maleimidomethyl]-cyclohexane-1-carboxylate; DM1, thiol-containing maytansinoid.
(Picture taken from Akkapeddi et al. **).

Amplification of HER2 receptors occurs in 20-25% of breast carcinomas®, 10—
30% of gastric/gastroesophageal cancers® and correlates with aggressive tumor
growth and poor prognosis. The genic amplification of HER2 can be detected in more
than 90% of HER2-positive breast cancer cases®. Mutations in the transmembrane
domain can result in spontaneous homodimerisation®® and constitutive
autoactivation®’. Furthermore, HER2 overexpression has been also reported in ovary®,
endometrium®, bladder’®, lung’’ cancers. Thanks to the accessibility of the
extracellular domain, HER2 serves as a target for antibody therapies. The humanised
anti-HER2 monoclonal antibody (clone4D5) Trastuzumab (Herceptin®) significantly
increased the survival rates of patients with HER2-positive breast and
gastric/gastroesophageal cancers. However, many of these patients relapsed or

developed resistance during the treatment’*”?

. To improve the targeted therapy and
overcome resistance, Trastuzumab was further developed in an ADC format and
approved for the treatment of patient with HER2 positive MBC who have been

previously received Trastuzumab and taxane therapy.
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metastasis, angiogenesis, etc...

Figure 15. Mechanism of EGFR receptors. (A) EGFR receptors composed of an extracellular
(divided into DI-DIV subunits), a transmembrane and an intracellular kinase domain. In the
absence of the ligand they exhibit in monomer format. HER2 is a unique ligand-independent
member of the family and its dimerization arm constitutively exists in open-conformation. (B)
The binding of the ligand (1) mediates dimerization (2) that triggers the transphosphorylation

of the catalytic domains (3) leading to the activation of several proliferative signalling

pathways (4). (Picture taken from Luo et al.”

DM1 is a derivative of a cytotoxic agent maytansine, isolated from the
Ethiopian shrub Maytenus serrata. They inhibit microtubule polymerization by binding
to tubulins at the Vinca site that leads to apoptotic cell death by cell cycle arrest at
G2/M checkpoint’. Their cytotoxicity was demonstrated on several tumor cell lines,
but due to the high nonselective systemic toxicity, it failed in clinical trials when
administrated systematically. DM1 (mertansine or emtansine) is a functional proper
format of maytansine for ADC application, containing a thiol-group (-SH). SMCC, a non-
cleavable and bifunctional (succinimide ester and maleimide functional groups)
crosslinking agent is used in T-DM1. It reacts with thiol-group in DM1 and the lysine
residues in Trastuzumab allowing the conjugation via a nonreducible thioether bound.

The conjugation does not alter the functional properties of the naked antibody,
thus T-DM1 combines the mechanism of both Trastuzumab and DM1 and mediates

antitumoral effects through several mechanisms. Binding of the antibody to the IV
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extracellular domain of HER2 disturbs the dimerization and suppresses proliferative
signal transduction’®. Fc region can trigger ADCC through the recognition by
macrophages or natural killer cells”’. The binding to HER2 furthermore facilities
receptor-mediated internalization of the HER2-ADC complex into the endosomal-
lysosomal compartments. Since T-DM1 contains a non-cleavable linker, the complete
proteolytic degradation of the antibody is required for the release of lysine-MCC-
DM1%. Due to the charge of the lysine, the active metabolite cannot pass through the
plasma membrane, therefore the bystander effect is prevented limiting toxic effect.

In  preclinical studies, T-DM1 demonstrated potent inhibition of cell
proliferation in Trastuzumab-resistant breast cancer cells in vitro’® and tumor growth
inhibition in Trastuzumab and Lapatinib resistant mice models in vivo’’. Tolerability
and safety was evaluated in Phase | studies applying two different administration
schedules (once-weekly or once every 3 weeks) including HER2-positive MBC patients
who already received Trastuzumab treatment. Both schedules demonstrated that T-
DM1 has considerable clinical benefit. It was concluded that weekly dosing of 2.4
mg/kg had antitumor activity and was adequately tolerated. In Phase Il studies 3.6
mg/kg dose was administrated in every 3 weeks. T-DM1 efficacy was examined in
three group of patients: 1) previously treated with Trastuzumab and chemotherapy; 2)
previously treated with anthracycline, taxane, capecitabine and lapatinib,
trastuzumab; 3) combination therapy with T-DM1 and Pertuzumab. Pharmacokinetic
(PK) parameters revealed that the terminal half-life of T-DM1 is around 3-4.5 days and
9-11 days for total Trastuzumab; furthermore accumulation of T-DM1 was not
reported. The safety profile was confirmed and significant improvement of
progression-free survival (PFS) was demonstrated’®. Three Phase Il studies have been
completed, verifying the clinical potency of T-DM1 treatment. EMILIA
(ClinicalTrials.gov, identifier NCT00829166) was a randomized study to evaluate the
efficacy of T-DM1 in comparison to Lapatinib plus Capecitabine. In MARIANNE
(ClinicalTrials.gov, identifier NCT01120184) trial T-DM1 was examined in combination
with Pertuzumab or Pertuzumab-placebo versus in the combination of Trastuzumab
plus taxane. Furthermore T-DM1 evaluated in TH3RESA (ClinicalTrials.gov, identifier
NCT01419197) compared to treatment of physician’s choice. T-DM1 treatment
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showed an improved median overall survival (OS) and PFS in patients with advanced
MBC who have been treated with HER2-directed therapy or taxane.

Although many HER2-positive patient can benefit from T-DM1 treatment,
resistance could unfortunately be developed. The molecular mechanisms behind the
resistance have been not completely discovered yet. Considering the mechanism of T-
DM1 action, it can be related to the loss of HER2 expression or disruptions in
internalization processes; incomplete lysosome degradation; alternations in the Vinca

site of tubulin; increased efflux of lysine-MCC-DM1 by drug—transportersso.
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1.5 TRANSGLUTAMINASES

1.5.1 Mammalian transglutaminases:

Transglutaminases (TGs; EC 2.3.2.13) are a family of structurally and
functionally related enzymes that catalyze calcium depended posttranslational
modifications of proteins (Figure 16.). They are known as nature’s biological glue, their
transamidase activity consists of protein crosslinking via isopeptide bonds between a
glutamine and lysine residue and also of the incorporation of low molecular weight

amines or site-specific deamidation®' .

| I | Il Incorporation of
GIn + NH,-R —— Glu—C —N —R + NH4 amines into proteins A)
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Figure 16. Biochemical reactions catalysed by TGs. (A) Transglutaminases catalyse Ca’'-
dependent acyl-transfer reaction between the side chains of peptide-bound glutamine and
lysine residue. (B) Low molecular mass amines can replace lysines in transamidating reactions.
(C) In the absence of suitable amines, water can act as a nucleophile resulting in deamidation

of glutamine residues®. (D) TG2 similar to FXIlla has isopeptidase activity and can hydrolyse y:e

isopeptides in vitro.® (Picture modified from Fesus L and Piacentini M®).

In the first step, the active site cysteine reacts with the y-glutaminyl group of
the proteins or peptides leading to the formation of a thioester intermediate and the
release of ammonia. In the second step, the acyl group is transferred to nucleophilic

group, either an g-amino group of a distinct protein-bound lysine or free amine
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resulting in the formation of isopeptide bond®*. In the absence of amine donors or at
lower pH when they are not accessible due to the protonation, water can acts as a
nucleophile and the enzyme catalyse the deamidation of glutamine residue®.
Moreover TG2 and FXllla display isopeptidase activity, the hydrolysis of y:e isopeptides
has been demonstrated upon test tube conditions®.

They are widely distributed enzymes and have been identified from unicellular
organisms to mammals and plants. In mammals, nine distinct TG members have been
described: keratinocyte (TG1), tissue (TG2), epidermal (TG3), prostate (TG4), type 5
(TG5), neuronal (TG6), type 7 (TG7), blood coagulation factor XllI-A subunit (FXIII-A),
and the catalytically inactive erythrocyte band 4.2 protein®®. Table 4 summarises the
main features of TGs®”. However, the overall primary structure of TG enzymes is

different, they all contain the same amino acid sequence at the active site®®.

Protein Distribution Biological function
. . Cell envelope formation in keratinocytes
TG1 Membrane-bound in keratinocytes . . p Y
differentiation
Widely distributed in many tissues; Programmed cell death, differentiation,
TG2 cytosolic, nuclear, membrane, cytoskeletal functions, cell motility and
extracellular adhesion, signal transduction

Terminal differentiation of keratinocyte, hair

TG3 Hair follicle, epidermis, brain .
follicle
TG4 Prostate Reproduction and fertility in rodents
Foreskin keratinocytes, epithelial
TG5 barrier lining, skeletal muscular Epidermal differentiation
striatum
Responsible for the later stages of cell
TG6 Testis and lung envelope formation in the epidermis
and the hair follicle
Ubiquitous but predominantly testis
TG7 quitous but p ! i ! Not characterized
and lung
Platelets, placenta, synovial fluid,
FXllla chondrocytes, astrocytes, Blood coagulation and wound healing

macrophages

Band 4.2 Erytrocyte membranes, bone, marrow, Membrane functions
spleen

Table 4. Important features of TG proteins. (Table modified from Metha K*’).
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1.5.2 General features of microbial transglutaminase:

TGs and their homologous have been also identified in lower organism,

including  different bacterial species®™".

Among them, firstly microbial
transglutaminase (mTG) from the culture of Streptoverticillium sp. S8112 was isolated
by Ando et al. in 1989°? and identified as a variant Streptomyces mobaraensis. So far it
has been the best characterized and widely used in the areas of biomedicine” and
industrial applications such as food processing to modulate and improve the physical
and textural properties of protein-rich products® and for the production of protein
based materials, for example films/polymers®.

This enzyme is produced in a zymogen form and activated by proteases. During
the conversation to the mature form, a 45 amino acid peptide is released from the N-
terminus and the active site becomes accessible®®. The crystal structure of mTG shows
no similarity to the mammalian counterparts and the molecular size is smaller (37.8
kDa)?’. Unlike other TGs, enzymatic activity of mTG is Ca** independent, and it extends
a wider thermo (42-55 °C) and pH stability (pH 5-9)°*?%. These characteristics and the

ability of the mass-production by conventional fermentation at low cost are

advantageous for the industrial applications of mTG.

1.5.3 Hypothetical catalytic mechanism of mTG:

The active site of TGs shows similarity to papain-like cysteine proteases,
containing a Cys-His-Asp catalytic triad (where Cys is cysteine, His is histidine and Asp
is aspartic acid)®®. mTG also contains a Cys residue which is essential for the acyl
transfer reaction. However the amino acid sequence has no significant homology to
the mammalian TGs, the hydrophobic environment around the active site Cys residue

100

is similar to those of the other TGs™ . Thus the hypothetical catalytic mechanism of

mTG is very similar as well (Figure 17)°’. The catalytic triad of mTG is formed by Cys*,

255 - 274

Asp>>®, His*’* residues; in the proposed mechanism the Cys** and Asp255 residues are
principally involved in the acyl transfer reaction. The first step, is a nucleophile attack

of thiolate ion of Cys® to react with the acyl donor (y-carboxiamide of a glutamine)
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Figure 17. Hypothetical catalytic mechanism of mTG. A) In the first step the active site
cysteine reacts with the y-glutaminyl group of the proteins or peptides leading to a thioester
intermediate that is followed by the formation of B) acyl-enzyme intermediate and C) the
release of ammonia. D) The transfer of the acyl group to an amine substrate results in the
formation of the isopeptide bound. As a final steps, E) the product is released and F) the
enzyme is regenerated. (Figure taken from Kashiwagi T et al.”’).

forming a thioester intermediate (Figure 17A). In the next step Asp”> donates a proton
to the acyl-enzyme intermediates (Figure 17B) and ammonia is released (Figure 17C).
Then, the primary amine (side chain of lysine of proteins or other aliphatic amine)
reacts with the active site and the negatively charged side chain of Asp®’ residue
subtracts a proton from the acyl acceptor (Figure 17D) resulting in a NE (y-
glutamyl)lysine isopeptide or (y-glutamyl)amine bound. Finally the product is released
and the active side of the enzyme is regenerated (Figure 17E and F). This isopeptide
bound is very stable: it cannot be hydrolysed by any of the known eukaryotic enzymes
and it is highly resistant to temperature, detergents, reducing and chaotropic agents.
In the absence of the suitable primary amines or at low pH when their
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availability is limited due to the protonated ionization state™ ", water can serve as a

nucleophilic acyl acceptor substrate and the enzyme catalyses the deamidation of
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85192 (Figure 16C). The conversion of an uncharged amino acid

glutamine to glutamate
to a negatively charged residue can introduce alteration in the protein’s conformation
and modulate the physicochemical properties. However, the hydrolysis of glutamine
donor substrate can be avoided by applying higher molar excess of the amine donor

substrate®%1%3,

It has been reported that mTG displays lower deamidation rate then
other TGs'®'% that may be explained by the essential role of negatively charged
Aspzss, while a positively charged His residue is required for the catalytic activity of
other TGs. Thus positively charged amino acids are rather attracted by the

electrostatic interaction with Asp®>® residue than neutral ones such as water molecule

97

1.5.4 Structure and substrate specificity of mTG:

However the difference in the overall crystal structure, the catalytic triad (Cys*,
Asp>®, His*’") is located in B-turn containing a-helix and B-sheets secondary structure
that shows similarity to other TGs’*® (Figure 18.). The catalytic activity is mainly
based on a Cys-Asp diad, where Asp® is essential for the enzymatic reaction and play
the role of the His residue in FXIIl-like TGs and cysteine proteases’’. It has been
reported that mTG displays border substrate specificity for the glutamine donor

substrate and higher reaction rate than the mammalian TGs'°; that may be explained

Figure 18. Structure of microbial transglutaminase from Streptomyces mobaraensis. (A)
Overall crystal structure as a ribbon model. (B) Structure of the active site: the catalytic triad
(Cys®, Asp®®®, His>’?) are represented by the red wire model. (C) Van der Waal model, the front
and the rear views are shown on the left and right, respectively. Aromatic and hydrophobic
residues: blue, Cys64: red, other residues: green. (Picture modified from Kashiwagi T et al”’).
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by these structural dissimilarities. A cleft becomes exposed in the active form of mTG,
located in the upper site of the enzyme. Tagami et al. reported that this region plays a
role in substrate binding, moreover the hydrophobic and aromatic residues along the
active site are important for the interaction. Docking and nuclear magnetic resonance
based studies revealed, that small molecular weight CBZ-GIn-Gly (where GIn is
glutamine, and Gly is Glycine) is stretched across the cleft whereas the recognition of
larger molecular weight substrates such as ovalbumin may expanded on the external
surface area of the cleft'”’.

The physiological role of mTG is poorly understood and there is only few data

available about its the natural substrates'®™"'!

. Since mTG is widely used in the
industry, information regarding the substrate specificity and sequence preference is
important to improve its application. TGs are generally less selective towards the
amine donor residue while the specificity of the enzymatic reaction is mainly
determined by the glutamine donor substrate'?. Recently the acceptance of mTG
towards several different proteins was investigated and the reactive glutamine
residues were identified. In addition the preferred substrate sequences for the enzyme
were suggested by peptides library screening studies.

The analysis of granulocyte colony stimulating factor, human growth factor

° type | collagen'’®, o-lactalbumin and thermolysine'*?

hormone, apomyoglobin®®
revealed some general structural features required for the enzyme-substrate
interaction. The glutamine residues attacked by mTG were located in disordered

regions, indicating that the chain flexibility is favourable for the binding®®’'%°

. Similarly
to other TGs, the globular proteins become more accessible substrates after partial
unfolding, such as heat denaturation™™>.

Leu-Leu-GIn-Gly (LLQG) sequence was firstly identified as a natural peptide

104114 "some studies have

substrate of the enzyme and used for protein modification
been carried out to determine the effect of neighbouring amino acids around the
glutamine as well as the preferred substrate sequences. Using a heptapeptide
containing six of Gly and one of GIn residues Ohtsuka et al. observed that N-terminal
substitution of glutamine with hydrophobic amino acids such as valine (Val) or leucine
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(Leu) increased the reactivity for mTG™ ™. The location matter of the Leu in -1 position

(N-terminal side) was verified also by Sugimura et al. and in addition the importance of
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certain amino acids in desired positions was explored. They demonstrated a tendency
for the aromatic amino acids (tryptophan, Trp; phenylalanine, Phe or tyrosine, Tyr) at -
3 to -5, arginine (Arg) and hydrophobic amino acids at +1 and +2 (C-terminal side) as
well as at -1 or -2, furthermore aromatic residues at + 3 orientation to the reactive
glutamine. These preferred N-terminal sequences can confirm the crucial role of
hydrophobic residues in the cleft region in the recognition of the substrate. Besides,
the positive charged Arg in C-terminal direction can be favourable for the interaction
with the negatively charged Asp®*® catalytic residue'*®. A further study also confirmed
the positive influence of hydrophobic and basic amino acids, especially Arg, Tyr, and
Leu for the enzymatic reaction™"’.

Similarly to other TGs, it has been demonstrated that mTG can accept a board
range of the amine donor substrate in native proteins or non-natural
derivatives' "1,

Overall it can be concluded that mTG is promiscuous for the amine donor

substrate, however in case of the glutamine donor substrate the primary structure, the

neighbouring amino acids and the conformational factors are important.

1.5.5 mTG mediated conjugation of antibodies:

Microbial transglutaminase is widely used for protein modification. Recently it
has been discovered that it can be an efficient tool for the production of homogeneous
ADCs*?1?% 122 gince the enzyme catalyses the crosslinking reaction between two
substrates, in principle the conjugation can be carried out in two ways: the glutamine
donor can be localised in the antibody sequence and the payload molecule contains
the amine donor residue or vice versa. The coupling can be achieved by reactive
groups in the native IgG sequence as well as by engineered small peptide substrates.

Despite human IgG1 contains approximately 60 glutamine residues, mTG does
not recognize any of them in the native antibody structure. It has been reported that
after deglycosylation of the antibody, a glutamine at 295 position (Q295) in the heavy
chain can become a conjugation site for the enzyme, resulting in a DAR2. The

substitution of an asparagine at 297 position to glutamine (N297Q) can lead to
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DAR4™'?2 (Figure 19A). This mutation, leading to DAR4 was originally generated to
achieve more rapid blood clearance of radiolabeled Immunoconjugates'®.
Nevertheless, this technology was demonstrated to be a potential ADC conjugation
method, but because of the absence of the N-glycosylation, the reduced plasma-half
life and potential alterations in their stability and aggregation rate should be
considered.

The mTG-based approach was further developed by engineered peptide
sequences. Strop et al. inserted the sequence of LLQG peptide at 90 different positions
in the antibody sequence to investigate the effect of the location site of the drug in

vivo on the linker stability and PK properties (Figure 19B). They demonstrated that the
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Deglycosylated antibody /\*
with N297Q mutation + N H2

B) Functional molecule with
\ (/ primary amine and short spacer

Antibody with engineered (short)
glutamine peptide sequences
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Q)
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Functional molecule with
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t 4 4
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Antibody with C-terminal lysine Conjugated antibody
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Figure 19. Microbial transglutaminase mediated conjugation of antibodies. A) Deglycosylated
antibody with N297Q point mutation. B) Antibody with engineered glutamine peptide
sequence. C) Antibody with engineered lysine tag or extension with C-terminal lysine
reside.MTG, microbial transglutaminase; N, asparagine; Q, glutamine. (Figure adapted from
http://zedira.com/by Roger Schibli).
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C-terminal position in the heavy and light chains is the best allowing the development
of suitable ADCs*. Another attempt has been reported to optimize the conjugation
reactions by the modification of substrate tag. The authors took the general rule that
the tertiary structure can be more important for the protein-protein interactions than
the amino acid sequence as a basis. A conformationally locked recognition motif was
designed and introduced to the C-terminal heavy chain sequence. The conjugation
efficiency was approximately 85-86% in case of fluorescently labelled cadaverine®.
There are some studies about mTG mediated modification of the antibodies
also via lysine resides. Since the transamidation of the wild type antibody with
glutamine donor payloads cannot be observed, the conjugation can be achieved by
analogue approaches as described above. Either or short lysine tag'®® or a single
amino acid mutation can be introduced into the antibody sequence (Figure 19C).
Lysine substitution in flexible structure environments or by blocking the cleavage of
heavy chain C-terminal lysine reside during the in vitro production can result in acyl
acceptor sites for the enzymatic modification. Furthermore the extension of the C-
terminal with any nonacidic, nonproline amino acids could increase the reaction

efficacy™®.
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2 AIM OF THE THESIS

ADCs have shown promising clinical results and over the last 30 years several
important developments have been achieved to advance their potency. Thanks to the
targeted delivery, they can improve the therapeutic window in comparison with the
conventional chemotherapeutic treatment. The current ADCs approved by U.S. Food
and Drug Administration (FDA) are generated by traditional chemical conjugations (via
lysine or cysteine residues of the antibodies) and exist as heterogeneous mixtures.
Recent studies have revealed that the heterogeneity of ADCs negatively influences
their in vivo performance. In order that ADCs can deliver their full potential, the
development of efficient site-specific conjugation methods is essential. Currently
several site-specific technologies have been established and undergoing clinical
investigations in order to reduce heterogeneity and batch-to batch variability. The
increasing number of new conjugation strategies demonstrates the interest and
importance of this approach. Among them, enzymatic methods (sortase A,
formylglycine generating enzyme, mTG) are based on the insertion of short peptide
sequences into the antibody backbone that can be suitable for different antibody
formats as well. mTG has several advantages properties, including its low cost
production, formation of a highly stable isopeptide bound and mild reaction
conditions, that is well represented by its numerous industrial and biotechnological
applications.

Covalab has years of experiences in antibody customer services and
transglutaminase research field, such as in the development of isoenzyme specific
peptide-based activity assays or active site inhibitors. Considering the benefits and
demonstrated success of mTG-technology, the development of site-specific
homogeneous ADC was addressed. Strop et al. have reported that the insertion of
LLQG tag is an efficient tool for the generation of site-specific ADCs'. This sequence
was previously identified as a natural peptide substrate for the enzyme and it has been
already used for protein modifications.

The aim of my thesis was to improve the mTG-based ADC approach. Since

transglutaminases can accept wide range of amine donors and the selectivity of the
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reaction is determined by the glutamine donor substrate, we addressed to increase
the conjugation efficacy by using optimised glutamine donor peptides (Q-tag).
Previously, Covalab has designed a synthetic peptide library’> to enhance their
reactivity in comparison with LLQG, and four potential peptides with low apparent Ky,
(Michaelis constant is the substrate concentration at which the reaction rate is half of
the maximum) have been selected.

In the first part of the project the enzymatic conjugation method (CovlsoLink™)
with the full-length antibody was developed and evaluated (Page 56). For ADC
generation, as a proof of concept we selected the sequence of Trastuzumab targeting
HER2 receptor. First, the conjugation technology was established: following the
construction and production of the Q-tagged recombinant antibodies the reaction rate
was examined, the most efficient Q-tagged antibody was selected and engrafted with
different payloads. Then the functionality and the therapeutic value of CovADCs were
studied in a series of in vitro and in vivo assays in comparison to T-DM1, currently the
only FDA approved ADC for solid tumor.

In the second part of the project, we aimed to demonstrate that this
technology can be generalised to different antibody formats, such as Fab and scFv,
retaining their antigen binding. Due to the smaller size, these fragments shows
increased tumor distribution but on the other hand, their plasma half life is reduced.
The ability for deeper penetration into the tumor mass can be especially advantageous
in case of solid tumors and the short half life can be beneficial for radiotherapy or
diagnostic approaches. As a proof of concept, the conjugation of Q-tagged scFv and
Fab constructs with fluorescent compound was carried out in order to evaluate the
coupling efficiency and their immunoreactivity (Page 81).

In the third part of my thesis, a recently submitted (FEBS Open bio) article
about an optimised method for rapid and easy detection and examination of
transglutaminase mediated transamidation (cross-linking) and deamidation
(depending of availability of the amine donor) reactions. As an outlook of the ADC
project, the better understanding of the transglutaminase reactions is important,
because for ADC production the reaction conditions should be optimised to avoid

deamidation. Theses results will be presented in page 90.

56



3 NEW BACTERIAL TRANSGLUTAMINASE Q-TAG
SUBSTRATE FOR THE DEVELOPMENT OF SITE SPECIFIC
ANTIBODY DRUG CONJUGATES

AIM

Microbial transglutaminase has been demonstrated as an efficient tool for the
generation of site-specific ADCs either by deglycosylation of the antibody or by
introducing a peptide-substrate sequence (Q-tag) into the antibody backbone. The aim
of my thesis is to improve the mTG-mediated conjugation by engineering of optimised
glutamine donor peptides into the sequence of the antibody. Previously Covalab has
designed a synthetic peptide library® and four potential peptides with lower apparent
Ky over the already known sequences have been selected.

In the first part of the project, the enzymatic conjugation technology
(CovisoLink™) with the full-length antibody was developed and established (Figure 1).
The Q-tag peptides were genetically engineered into the heavy chain C-terminal of the
Trastuzumab antibody and the coupling efficacy was assessed using AlexaFluor488-
cadaverine and SDS-PAGE analysis (Fluorescent detection). Since the conjugation
reaction resulted in antibody dimers and polymers, we addressed to identify and
delete the lysine in the antibody sequence that can serve as an amine donor substrate
resulting in cross-linked antibodies. Subsequently, the Q-tagged mAb with the highest
reactivity toward mTG was conjugated with potent tubulin inhibitor payloads (DM1
and MMAE) and analysed by mass spectrometry. In order to validate the therapeutic
value of our technology in comparison with T-DM1 that is already used for the
treatment of the patients with HER2 positive MBC, CovADCs were examined in series
of in vitro and in vivo assay, including cytotoxicity, immunostaining, biodistribution and
anti-tumor activity.

In the next part of my thesis these results are presented in a paper format that

is going to be submitted soon in Biochemical Journal.
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Figure 1. CovlsoLink™ technology for mTG mediated site-specific antibody conjugation. Q-

tag, glutamine donor peptide-substrate; mTG, microbial transglutaminase. (Figure partially

adapted from Beck et al.”’).
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ABSTRACT

Antibody-drug conjugates (ADCs) are a powerful class of therapeutic agents,
demonstrating success in the treatment of several malignancies. The currently
approved ADCs are produced by chemical conjugations and exist as heterogeneous
mixtures that negatively influence the pharmacokinetics and in vivo performance.
Recently many site-specific conjugation technologies have been developed to reduce
heterogeneity and batch-to batch variability. Microbial transglutaminase (mTG) has
been demonstrated as efficient tool for site-specific conjugation. Here we describe
CovlsoLink™ (Covalently Isopeptide Crosslinking) technology for the generation of
homogenous immunoconjugates using a novel glutamine donor peptide (Q-tag) with
improved affinity compared to the known peptides (ZQG, LLQG). We presented the
reproducible and homogeneous conjugation of Q-tagged Trastuzumab with different
payloads, without any unconjugated species. The ADCs were evaluated in series of in
vitro and in vivo assays, demonstrating similar tumor cell killing potency as Ado-

Trastuzumab emtansine (Kadcyla®) even with lower drug-to-antibody ratio (DAR).

KEYWORDS

Site-specific antibody-drug-conjugates, Microbial transglutaminase, Homogeneous conjugates
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3.1 INTRODUCTION

Antibody-Drug conjugates (ADCs) are a progressive class of anticancer agents.
Adopting Paul Ehrlich’s “magic bullet” idea, they were designed to selectively deliver
highly potent cytotoxic payloads to the malignant cells®. They combine the advantages
of therapeutic monoclonal antibodies (mAbs) and the chemotherapeutic compounds.
In this manner, the target specificity of mAbs enables the potent acceleration of tumor
reaching drugs while leaving the normal cells largely unaffected, thus decreasing the
off-target toxicity and increasing the therapeutic window®. There is considerable
progress and success in this field, the number of ADCs entering to clinical trials are
rapidly increasing. Nevertheless, so far, only four ADCs have been approved by the
U.S. Food and Drug Administration (FDA): CD30-targeted Adcetris® for the treatment
of Hodgkin’s lymphoma, HER2-targeted Kadcyla® (T-DM1) for breast cancer, CD33-
targeting Mylotarg® for acute myeloid leukemia and CD22-targeted Besponsa® for B-
cell acute lymphoblastic leukemia®. These Immunoconjugates are produced by
conventional chemical conjugations of surface exposed lysine (via activated esters) or
interchain cysteine (maleimide chemistry) residues, resulted in heterogeneous
mixtures®. Thus, each subpopulation exhibits distinct pharmacokinetic (PK) properties.

The potential extension of the therapeutic index and the in vivo performance is
limitated by heterogeneity of ADCs’. Further attempts are ongoing in order that ADCs
can deliver their full potential and simplify manufacturing challenges. Recently several
site-specific conjugation technologies have been developed to control the drug-to
antibody ratio (DAR), reduce heterogeneity and batch-to batch variability. Based on
the antibody scaffold we can distinguish two main strategies: 1) the selective
conjugation is achieved novel linker chemistry using the native mAb®. 2) Molecular
engineering is required to introduce the coupling site into the mAb sequence such as
mutation of cysteine residues’”’, glycoengineering™ or insertion of unnatural amino
acids'! or peptide sequences for enzymatic approaches™**™*>.

Recent studies have demonstrated microbial transglutaminase (mTG) can be an
efficient tool for the production of site-specific homogeneous ADCs. The enzyme

catalyses the formation of a highly stable isopeptide bound between the y-
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carboxiamide group of glutamines and e-amino groups of lysine residues™. The
conjugation can be achieved by deglycosylation of the antibody and introducing a

1314 or by genetically engineered peptide sequence

single amino acid mutation (N297Q)
(LLQG)'. However it should be considered, that the absence of N-glycosylation can
reduce the plasma-half life and alter the stability and aggregation rate of the ADCs.
LLQG peptide was previously identified to be a natural substrate and have been used
for protein modifications®’.

In this study, we report the development CovlsoLink™ (Covalently Isopeptide
Crosslinking) technology for the generation of homogeneous ADCs using novel and
advanced mTG-substrate sequences engineered into the heavy chain C-terminal of
Trastuzumab antibody. Since transglutaminases display broad amine donor substrate
specificity, they are more selective towards the reactive glutamine donor residue®®.
We addressed to improve the mTG-mediated conjugation by the optimisation of
glutamine-containing peptide substrates. Our group has previously designed a
synthetic peptide library to enhance their reactivity in comparison with LLQG®. The
ADCs were conjugated with several payloads and evaluated in series of in vitro and in

vivo models. Even with lower DAR, they showed similar potency than Kadcyla® used in

the clinic.
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3.2 MATERIALS AND METHODS

3.2.1 Construction of recombinant antibodies with glutamine tag

The variable region sequence of Trastuzumab (clone 4D5) was cloned into TGEX-
LC (human kappa) and TGEX-HC (human IgG1l) mammalian expression vectors
(Antibody Design Laboratories, USA) (Figure 2) by restriction cloning (LC: BspEl and
Bsal, HC: BssHIl and BsmBI, Thermo Fisher Scientific, France). The amino acid
sequences of different glutamine-tag substrates (LLQG, Tag2, Tag3, Tag4, Tag5) specific
for microbial transglutaminase were introduced into the C-terminal part of the heavy
chain by overlap extension invers polymerase chain reaction (PCR). The sequences of
the peptide tags are not shown, since they are currently patented. Additionally the
heavy chain C-terminal lysine453 was deleted by site directed mutagenesis.

The primers were designed with OligoAnalyzer 3.1 (www.idtdna.com) and
synthesized by Eurogentec (polyacrylamide gel electrophoresis (PAGE) purification),
the sequences are listed in Table 1. 50 pl PCR reaction was composed of 0.5 pl
template (5 ng), 2.5 ul of each primer (10 uM), 1ul dNTP mixture (10 mM) (Promega,
France), 10 ul 5x Phusion HC buffer (New England Biolabs, France), 1.5 ul DMSO (New
England Biolabs, France), 31.5 ul nuclease free H,O (B. Braun, France) and 0.5 pl
Phusion high-fidelity DNA polymerase (2000 U/ml) (New England Biolabs, France). The
PCR cycling parameters were 98°C 30 sec, (98°C 10sec, 72°C 1.5 min) x 30 cycles and
72°C7 min.

Following the PCR reaction, 2 ul Dpnl (10 U/ul) (Thermo Fisher Scientific,
France) was added and the mixture was incubated at 37 °C for 4 h to degrade the
original unmodified plasmid templates. After Dpnl digestion, 5ul of the mixture was
used to transfect low recombination NEB 5-alpha competent E. coli cells (New England
Biolabs, France) according to the manufacturer’s instructions. Plasmid DNA was

isolated using PureYield Miniprep Kit (Promega, France) and sequenced.
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Primers Modifications Sequences (5‘ to 3‘)

For-ID1 Insertion of LLQG CTGCTCCAGGGATGAGCGGCCGCAGATCCC

Rev-ID1 Insertion of LLQG TCCCTGGAGCAGTTTACCCGGAGACAGGGA
GAGGC

For-ID2 Insertion of Tag2 XXXXXX

Rev-1D2 Insertion of Tag2 XXXXXX

For-ID3 Insertion of Tag3 XXXXXX

Rev-ID3 Insertion of Tag3 XXXXXX

For-ID4 Insertion of Tag4 XXXXXX

Rev-ID4 Insertion of Tag4 XXXXXX

For-ID5 Insertion of Tag5 XXXXXX

Rev-ID5 Insertion of Tag5s XXXXXX

For-ID6 Deletion of lysine453 XXXXXX

Rev-ID6 Deletion of lysine453 XXXXXX

Table 1. Primers used for insertion of glutamine tags and deletion of heavy chain C-terminal

lysine.
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Figure 2. Plasmid map of TGEX-LC and TGEX-HC cloning vectors (Antibody Design
Laboratories).

3.2.2 Expression and purification of recombinant antibodies

The recombinant antibodies (rAbs) were transiently expressed in HEK293AD
cells (ATCC). Cotransfection of LC and HC plasmides were carried out with
Lipofectamin 3000 (Thermo Fisher Scientific, France) in Opti-MEM reduced serum
media (Thermo Fisher Scientific, France) according to the manufacturer’s instructions.

Cell culture supernatants were purified by protein A-sepharose (GE Healthcare,
France), washed with 1x PBS (140 mM NaCl, 2.7 mM KCI, 10 mM Na;HPQO,4, 1.8 mM
KH,P04), eluted with 0.1 M glycine pH3 and immediately neutralized with 1M Tris-HCI
pH 8. The buffer was exchanged against 1x PBS with Zebaspin desalting column
(MWCO 40 kDa, Thermo Fisher Scientific, France). The purity of the rAbs was assessed
by Sodium Dodecyl Sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and silver

nitrate staining. The average yield of the purified mAbs was 10 mg/L.

3.2.3 Enzymatic conjugation

For conjugation of antimitotic agents, amine-PEG4-VC-PAB-MMAE and amine-
PEG4-SMCC-DM1 (reconstituted in DMSO; Sigma, France) were pre-incubated with

1mM triethylamine (Sigma, France) for 10 min at room temperature (RT) with gentle
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shaking. The final antibody concentration was adjusted to 10 mg/ml and incubated
with 30-fold (MMAE) or 10-fold (DM1) molar excess of the drugs in the presence of
microbial transglutaminase (17 U/mg antibody; Zedira, Darmstadt, Germany) in PBS
buffer. The reaction was performed overnight (O/N, 16 hours) at room temperature
(RT) with gentle agitation. The excess of the payloads and the enzyme were removed
by protein A purification (detailed in section 2.3.2) then the buffer was exchanged
buffer against 1x PBS with Zebaspin desalting column (MWCO 40 kDa, Thermo Fisher
Scientific, France). The products were analyzed by LC/MS.

The conjugation of fluorophores was carried out in PBS buffer, containing 0.25
mg/ml of antibody, 30 fold molar excess of AlexaFluor448-cadaverine or
AlexaFluor647-cadaverine (Thermo Fisher Scientific, France) and 4 U/mg antibody of
microbial transglutaminase. Following O/N incubation with gentle shaking at RT, the
tagged antibodies were purified by proteinA (detailed in section 2.3.2). Fluorescent
labeled conjugates were analyzed on 10% SDS-PAGE and visualized by UV-fluorescent

detection and Silver-nitrate staining.

3.2.4 MS analysis

Mass spectrometric analyses of ADCs were performed on a Bruker maXis mass
spectrometer coupled to a Dionex Ultimate 3000 RSLC system. Prior to MS analysis,
samples (ca. 5 pg) were desalted on a MassPREP desalting cartridge (2.1 x 10 mm,
Waters) heated at 80 °C using 0.1% formic acid as solvent A and 0.1% formic acid in
acetonitrile as solvent B at 500 puL/min. After 1 min, a linear gradient from 5 to 90% B
in 1.5 min was applied; the first 1.5 min were diverted to waste. HRMS data were
acquired in positive mode with ESI source over the m/z range from 900 up to 5000 at 1
Hz and processed using DataAnalysis 4.4 software (Bruker) and MaxEnt algorithm for

spectral deconvolution.
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3.2.5 Immunoreactivity analysis (Surface Plasmon Resonance)

Binding kinetics and affinity of wild type (Ab-Qtag) and heavy chain C-terminal
lysine deleted rAb with engineered Tag2 (K453delAb-Qtag) or MMAE conjugated
format (K453del-ADC-MMAE) to recombinant human Her2 protein (rh-Her2, Acro
Biosystems, USA) was measured by Surface Plasmon Resonance method on Octect
system (PALL FortéBio, France). Recombinant Abs were diluted in 1x kinetics buffer
(PALL ForteBio, France) to achieve a final concentration of 5 pg/ml and were
immobilized onto anti-human IgG Fc capture (AHC) biosensor (PALL ForteBio, France).
Rh-Her2 was injected for 600 sec ranging from 2 nM to 20 nM (diluted in 1x kinetics
buffer) and association/dissociation was monitored for 300 sec. Double-referenced
binding curves were substracted to prevent system artifacts and non-specific binding,
then binding curves were fit to 1:1. The affinity constants (Kp) were calculated from

the ratio of the association and dissociation rate constants (kon/Kagis).

3.2.6 Internalisation assay

MDA-MB-231 cells and SKBR3 cells are plated in a 96 wells plate at 7500 cells
per well. After 36 h, cells were washed with 100 ul of Fluorobright DMEM (Life
technologies, France) to remove the phenol red. The lyso tracker dye was diluted 10
000 times, the cell mask dye was diluted 1000 times and were incubated together 30
min at 37°C. The nucleus staining was performed with 0.5 pg/ml of Hoechst 3342 (Life
technologies, France) and then incubated 10 min at 37°C. The plate was washed again
with 100ul of fluorobrite DMEM. The antibody was injected and the kinetic was
immediately recorded at 37°C by an HCS Operetta microscope during 3 h. Control were
performed on ice in order to block the cell metabolism. After 3h the plate was washed
with PBS and the cells were fixed with 150 plL of paraformaldehyde at 4°C for 15 min.
The plate was washed with 150 ul of PBS and imaged by confocal microscope (LSM 780

Confocal microscope, Zeiss, France).
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3.2.7 In vitro cytotoxicity assay

In vitro cytotoxicity of CovADC-DM1 and CovADC-MMAE was compared to T-
DM1 (Kadcyla, Roche, France) on BT-474 and SKBR3 Her2-positive breast cancer cell
lines, MDA-MB-231 Her2-negative cell line was included in the assay to confirm target
selectivity. All cell lines were obtained from ATCC and cultured in DMEM
supplemented with 10% FBS, 100 U/ml penicillin/streptomycin and 2 mM L-glutamine
(Life technologies, France). Cell were maintained at 37 "C with 5% CO, atmosphere.
Optimal cell density of each cell lines was determined by IncuCyte S3 live-cell analysis
system (Essence BioScience, UK). Cells were plated (SKBR3 and BT-474: 5,000 cell per
well, MDA-MB-231: 1,250 cell per well) on 96 well plates. Following the incubation for
24 h, cell culture medium was removed and serial dilutions of ADCs and free
unconjugated drugs were added in triplicates. After 3 days incubation cytoxicity was
evaluated by sulforhodamine B assay (SRB assay kit, Sigma, France) based on the
measurement of cellular protein content according to the manufacturer’s instructions.
Briefly, cells were fixed with 50% (wt/vol) TriChloroacetic Acid (TCA) at 4 °C (30
ul/well, final concentration 11.5%) for 1 h. After washing with dH,0 cells were stained
with 100 ul of 0.04% (wt/vol) SRB solution for 30 minutes and subsequently washed
with 1% (vol/vol) acetic acid to remove unbound stain. Cellular protein bound dye was
solubilized in 200 pl of 10 mM Tris base solution (pH 10.5) and the absorption was
measured at 510 nm (Microprate reader, Tecan, Switzerland). The raw data was
processed using GraphPad Prism 7.0 (GraphPad Software, San Diego, USA). Error bars

in graphs represent SEM of two measurements.

3.2.8 Biodistribution

Anti-Her2 CovADC-MMAE (2 mg/ml) was conjugated with DMSO dissolved
Alexa Fluor 680-NHS ester (10 mg/ml) (Thermo Fisher Scientific, France) at a molar
ratio of 1:44 in 0.1 M bicarbonate buffer pH 9 for 1 h at RT. Immunoconjugate was
purified by protein A-sepharose (GE Healthcare, France) and the buffer was exchanged
against 1x PBS as described in section 2.2.3. The degree of labeling was determined by

spectrophotometry.

67



6 weeks-old NMRI Nude femal mice (n=11) were intravenously injected with
100 pg of CovADC-MMAE-alexa680 conjugate or vehicle control (PBS). In vivo 2D
fluorescent images were acquired at the different time points (0, 1h, 2h, 3h, 5h (n=6)
and 24h, 48, 72h (n=3) post injection) with Fluobeam700 (Fluotipcs, Optimal,
Grenoble, France). Mice were sacrificed after 5h (n=3) and 72h (n=3) post injection,
tissues of interest (heart, lungs, muscles, kidneys, brain, skin, adrenal, bladder, gut,
spleen, stomach, ovary, pancreas, fat, liver) were removed and ex vivo 2D fluorescence

was detected followed by the quantification of mean pixel values.

3.2.9 Tumor homing study

5x10° of human breast carcinoma derived BT-474 cells were implanted
subcutaneously into 6 weeks-old femal SCID-CB17 mice (Charles River Laboratories,
France). When the tumor reached an average volume of 100 mm?® mice were
intraperitoneally injected with vehicle control (PBS) or 15 mg/kg of CovADC-DM1 (2
mice per group). Animals were sacrificed on day 1 and day 3 after administration of
ADC and tumors were collected. Following the preparation of tumor sections,
immunofluorescent staining was performed. Frozen samples were fixed in 70 % (v/v)
ice cold ethanol for 30 minutes at -20 C min and then rehydrated in PBS for 30 minutes
at RT. Staining with 0.5 pg of AlexaFluor488 labelled anti-DM1 mouse monoclonal
antibody (Covalab, France) diluted in PBS was carried out at RT for 1h in a humid
chamber and the slides were subsequently washed with PBS. Nuclei were visualised
with DAPI (Vectashield Mounting medium with DAPI, Vector laboratories, CA, USA)
diluted in fluorescence mounting medium (Vectashield Mounting medium, Vector
laboratories, CA, USA). Tumor sections were imaged by confocal microscopy (LSM 780

Confocal microscope, Zeiss, France).

3.2.10 In vivo anti-tumor activity assay

In vivo efficacy studies of ADCs were performed in Her2/Neu expressing ectopic

xenograft mouse model. SCID-B17 mice (Charles River Laboratories, France) were
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subcutaneously injected with 5x10° of human breast carcinoma derived BT-474 cells,
then 4-5 mm?® of tumor fragment were subcutaneously implanted into 4 weeks old
female SCID mice. Approximately 15 days after the tumor implantation, animals were
randomized into groups with a mean tumor volume of 100-200 mm? (n=6 each). Tumor
response was evaluated using a single intraperitoneal injection of 3 mg/kg ADCs or PBS
as vehicle control. Tumor volume was measured in two dimension three times a week
by caliper and calculated with the following formula: tumor volume = (4* it * r?)/3,

where r median = average (length A/2; length B/2).

3.2.11 Ethics statement

Animal experiments have been approved by the Ethics Committee for Animal
Experimentation of the regional board CLB-ENS Lyon, France (Permit number: APAFiS#
11724 and DR2015-60).
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3.3 RESULTS AND DISCUSSION

3.3.1 Generation of site-specific immunoconjugates

It has been demonstrated that mTG can be an efficient tool for the production
of homogeneous ADC. Since transglutaminases are much selective toward the reactive
glutamine than toward the lysine residue or primary amine, we aimed to improve the
mTG technology by the optimisation of the glutamine donor sequence (Q-tag). To this
aim, previously we have created and screened (by transglutaminase colorimetric
activity assay)’® a synthetic glutamine donor peptide library’. Among 90 different
peptides analysed, four displayed higher reactive (low apparent Ky, values) compared
to LLQG which has been identified as a good substrate of the enzyme® and used by
Strop et al. for the site-specific conjugation of engineered antibodies with Q-tag®’. The
4 selected peptides were engineered into the C-terminal sequence coding for the
heavy chains of the Trastuzumab targeting HER2/neu receptor. The conjugation
efficacy was evaluated using AlexaFluor488-cadaverin as a payload, followed by SDS-
PAGE analysis and fluorescent detection (Figure 3B). Based on the intensity of the
fluorescent signal, the labelling level can be assessed: Tag2 (lane 2), Tag4 (lane 4) and
Tag5 (lane 5) tagged antibodies showed higher signal intensity compared to LLQG
(lane 1), suggesting better efficacy of coupling. For the further applications Q-tag,
(Tag2, lane 2) was selected.

The conjugation of structurally different amine containing payloads required
unique optimisation. The Immunoconjugates were analysed by mass spectrometry to
determine the drug attachment in the antibody (Figure 3C). The coupling of
AlexaFluor488-cadaverine resulted in the maximum yield in the expected DAR of 2
(Figure 3D). For different tubulin inhibitor drugs we obtained comparable conjugation
efficacy. 75% of heavy chains were converted with PEG,;-VC-PAB-MMAE (cleavable
linker), the mixture of DAR1 and DAR2 was detected without any unconjugated

antibodies (Figure 3E).
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Figure 3. Microbial transglutaminase mediated site-specific conjugation of antibody drug
conjugates. A) Schematic representation of antibody with engineered glutamine tag and
microbial transglutaminase mediated conjugation. B) SDS-PAGE analysis of AlexaFluor488-
cadaverine or MMAE conjugated engineered Trastuzumab-Qtag antibodies: 1-LLQG, 2-Tag2, 3-
Tag3, 4-Tagd, 5-Tag5. ID 6: Trastuzumab-Qtag,-MMAE; ID 7: Trastuzumabygssge-Qtag,-MMAE.
The reaction products were separated by 10% SDS-PAGE, then visualised by fluorescent
detection and silver nitrate staining. LC, light chain; HC, heavy chain. C) Drug loading of
Trastuzumab-Qtagl antibodies determined by LC-MS (liquid chromatography/mass
spectrometry) analysis. DAR, drug-to-antibody ratio; K453del, heavy chain C-terminal
lysine453 deletion. LC-MS spectra of ADCs and structure of conjugated compounds: D)
AlexaFluor488-cadaverine (640 Da), E) amine-PEG4-VC-PAB-MMAE (1370 Da) and F) amine-
PEG,-SMCC-DM1 (1308 Da).

SDS-PAGE analysis revealed that the product contained aggregates, due to the
covalent dimerization of the heavy chains (Figure 1B, lane 6 and 7). In silico analysis
revealed the presence of lysine residues in the heavy chain C-terminal, known as

amine donor substrate for mTG and can be responsible for interchains-crosslinking.
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Deletion of lysine was performed to generate Trastuzumabyassge-Qtag, that was
compared to wt (Figure 1B, lane 6 and 7) leading to monomer ADCs only with
increased conjugation yield 1.74 drugs per antibody vs 1,5 (Figure 1C). The acceptance
of mTG was lower toward PEG4-SMCC-DM1 (no cleavable linker), resulted in an
average DAR of 1.25 upon the current reaction conditions (Figure 3F). These

Immunoconjugates were used for the further experiments.

3.3.2 Immunoreactivity and internalisation of the conjugates

To verify that the conjugation has no adverse effect on the antigen binding,
Biacore surface plasmon resonance (SPR) analysis was performed using rh-HER2
protein (Figure 4A). No significant difference could be detected in the kinetic
parameters and the affinity constants of wild type, heavy chain C-terminal lysine
deleted recombinant antibodies and the PEG4-VC-PAB-MMAE conjugated format.

Furthermore, the antigen binding ability of AlexaFluor647-cadaverine
conjugated Trastuzumab-Qtag to HER2/neu receptor was examined by
immunofluorescent staining on HER2/neu positive (SKBR3) (Figure 4B) and negative
(MDA-MB-231) cell lines (Figure 4C). Specific recognition of HER2/neu receptor on the
surface of HER2/neu expressing cells but not on target negative cells was performed by
labelling at 4 °C. In addition, to examine the intracellular trafficking properties, the
lysosomes were visualised by acidotropic green fluorescent probe (Lysotracker). Rapid
internalisation of AlexaFluor647-cadaverine conjugated Trastuzumab-Qtag, (red
colour) was observed at 37 °C after 10 min, followed by the transported to endosomes
and lysosomes, leading to yellow merging co-localisation. This observation indicates
that cellular processing of the antibody is not altered by the conjugation, thus, that the
attached compound can be released.

Corresponding to our expectations these results prove that the site-specific
conjugation preserve the functionality of the ADC, since the conjugation site is distant

from the antigen-binding site.
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Figure 4. Functional analysis of antigen binding properties. A) Biacore surface plasmon
resonance analysis of anti-human IgG FC captured (AHC biosensor) recombinant antibodies
and conjugates with rhu-HER2 protein. Kp, affinity constant. Immunofluorescent staining of
breast cancer cell lines: B) MDA-MB-231 (HER2/neu negative) and C) SKBR3 (HER2/neu
positive). Evaluation of intracellular internalisation of AlexaFluor674 conjugated Trastuzumab-
Qtag, in SKBR3 cells at D) 4 °C or E) 37 °C using fluorescent microscopy. Red, AlexaFluor674
signal; green, lysotracker; blue, DAPI (nucleus).

3.3.3 In vitro cytotoxicity

The functionality of ADCs were tested by the evaluation of their in vitro
cytotoxicity and target selectivity on HER2/neu overexpressing (SKBR3, BT-474) and
HER2/neu negative (MBA-MB-231) cell lines. Cell killing potency of our conjugates
was compared to the commercially available T-DM1 (Kadcyla®). Cells were plated in 96
wells plate, a serial dilution of free drugs and ADC conjugated format was applied and

incubated for 3 days. Toxicity was using Sulforhodamine B (SRB) colorimetric assay.
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Figure 5. In vitro killing of ADCs. A cytotoxicity assay was performed to evaluate inhibitory
effect of free and conjugated drugs on cell proliferation. Two types of HER2/neu positive A)
SKBR3, B) BT-474 and C) MDA-MB-231 a target negative cell line were used in the experiment.
Three days after the addition of the drugs, cell death was quantified by sulforhodamine B
assay. D) ICso values were determined by fitting of non-linear regression curves to the data
using GraphPad Prism 7.0b (GraphPad Software Inc., San Diego, CA, USA) software. Data points
represent the mean of two independent experiments and error bars represent SEM. T-DM1,
Ado-Trastuzumab emtansine (Roche); CovADC-DM1, Trastuzumab-Qtag-PEG4-SMCC-PAB-
DM1; CovADC-MMAE, Trastuzumab-Qtag-PEG4-VC-PAB-MMAE; ND, non-determined.
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As presented in Figure 5, potent dose dependent cytotoxicity of ADCs was
obtained on HER2/neu expressing cell lines (Figure 5A and B). No effect on target
negative cell line was observed (Figure 5C). The unconjugated DM1 and MMAE both
killed HER2/neu positive and negative cells with an ICso between ~1-20 nM for SKBR3
(DM1: 1.15 £ 0.07 nM, MMAE: 1.93 + 0.07 nM) and MBA-MB-231 (DM1: 2.78 + 1.75
nM, MMAE: 20.69 + 7.75 nM) cells, whereas they were approximately 100-fold less
potent on BT-474 cells (DM1: 118 + 1.5 nM, MMAE: 125 + 1.2 nM). These results prove
the specific toxicity of ADCS mediated through HER2/neu binding.

On SKBR3 cells, in agreement with the published data*’, comparable ICso values
with the benchmark T-DM1 was obtained (T-DM1: 0.078 + 0.01 nM, CovADC-DM1:
0.32 £ 0.02 nM, CovADC-MMAE: 0.16 + 0.02 nM) (Figure 4A). These values indicate a
positive proportional correlation between drug loading and cell cytotoxicity in vitro.

Similarly to the free drugs, lower antiproliferative activity of ADCs on BT-474
cells was detected (Figure 5A). Interestingly, CovADC-MMAE exhibited higher toxicity
than DM1 conjugates. Since there was no significant difference between DM1 and
MMAE as an unconjugated format, we can hypothesize that the effect is due to the
linker features, which act through the intracellular trafficking mechanism of HER2/neu
receptor. Once more, CovADC-MMAE contains the protease-sensitive cleavable valine-
citrulline (VC) dipeptide linker that is released by cathepsin B in the endosomes or
lysosomes. In case of CovADC-DM1 and T-DM1 the complete lysosomal degradation of
the antibody is required after internalization due to the non-cleavable SMCC linker.
Thus efficacy of the cytotoxic compounds can be altered by the recycling properties of

the receptor. In this recent study these properties were not further investigated.

75



3.3.4 In vivo biodistribution and tumor homing

To evaluate in vivo biodistribution of ADC in mice, CovADC-MMAE was labelled
with 680 nm dye (AlexaFluor680) by NHS ester reaction. The protocol was optimized to
yield in approximately 1.2 AlexaFluor 680 per ADC in order to minimize the effect
(affinity and photophysical properties)23 of the fluorophore conjugation. Figure 6A
shows the 2D fluorescent images of mice at various time points after intravenously
injection (0, 1, 2, 2, 5 24, 48, 78 hours). Rapid systemic dispersion was observed in one
hour after injection. Then, it was eliminated by bladder, thus long-term retention of
AlexaFluor680-ADC was not observed, indicating low toxic index. To confirm tissue
distribution, mice were euthanized and the ex-vivo fluorescent signal of the organs

was analysed at 5 and 72 hours post injection. As shown in Figure 6A and B, an

A) B)
Time: Oh 1h 2h 3h S5h 24h 48h 72h 60,000 7m 5h
28052 g 50,000 {8 72h
% 40,000 Vehicle
3 30,000
S~
| 50ms é 20,000
10,000
0
PERY > = < o 0 o= =
e IsSEEsEEEEES
£=355s8"2% 535 =
2121 £ x T3 -] €
v a
Q) Vehicle D) CovADC-DM1 E) CovADC-DM1
Day 3 Day1 Day 3

Figure 6. Biodistribution of ADC. A) 2D in vivo fluorescent images of NMRI Nudes mice and B)
ex vivo fluorescent signal of organs after intravenous injection of AlexaFluor 680 labelled
CovADC-MMAE. Immunofluorescent analysis of BT-474 tumor sections after intraperitoneal
injection of C) vehicle control or CovADC-DM1 D) on day 1 and E) day 3. The green signal
represent the homing of ADC using AlexaFluor488 labelled anti-DM1 mouse monoclonal
antibody. Blue, DAPI (nucleus).
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important uptake was observed during the first 5 hours post-injection in liver, kidney
and bladder, whereas other organs showed minimal accumulation (Figure 6B). The
persistent signal level in the skin might be correlated to the high microvascularization
of this organ. The tissue distribution pattern profile is similar to the published data.
Tumor homing of Trastuzumab-Qtag-PEG;-SMCC-PAB-DM1 was confirmed by
immunofluorescent staining. HER2/neu positive tumor bearing Balbc/mice were
intraperitoneally injected with the ADC (15mg/kg), and tumors were collected at day 1
and day 3 post injection. Confocal microscopy analysis of tumor cryosections with
AlexaFluor488 labelled anti-DM1 mAb is shown in Figure 6D. Strong specific staining
of Trastuzumab-Qtag-PEG4-SMCC-PAB-DM1 could be observed after 1 day, revealing
the efficient homing of the ADC to the tumor. Whereas 3 days post injection the
intensity of the fluorescent signal was weaker and the staining pattern was more
distributed (Figure 6E). This result can indicate the perfusion of the ADC and the

released cytotoxic compound in tumor site.

3.3.5 In vivo anti-tumor activity

The therapeutic activity of CovADC-DM1 and CovADC-MMAE was followed in
HER2/neu overexpressing breast cancer mouse xenograft model and compared to
commercially available T-DM1. SCID mice were implanted subcutaneous with BT-474
cell derived mammary tumors. 15-18 days after, the animals were randomized into
groups with a mean tumor volume of 100-200 mm®. Tumor response was evaluated
using a single administration of 3 mg/kg dose and tumor volumes were measured at
different time intervals during three weeks. Compared to the vehicle control, the
treatment led to inhibition of tumor growth for several days, then the tumours
continued to grow (Figure 7). Even if T-DM1 has more drug molecules conjugated to
the antibody (approximately 3-fold), both of ADCs exhibited very similar in vivo
efficacy. This observation correlate with the previous studies, demonstrating that
unlike in vitro cell cytotoxicity the higher DAR does not improve therapeutic activityzs.
CovADC-MMAE stabilized the tumor growth (cytotoxic effect) over a longer period as

DM1 conjugates. Moreover we observed lower heterogeneity in the CovADC-MMAE
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conjugate treated groups. In addition no significant difference (p value 0.068) between
the wt and Kdel variant conjugated formats could be detected. These results show that
our site-specific conjugates demonstrated comparable in vivo potency to the clinically

used T-DM1.
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Figure 7. In vivo evaluation of ADCs in a mouse ectopic xenograft model. Inmunodeficient
SCID mice bearing subcutaneous BT-474 breast cancer cells derived tumors (n=6 mice per
group) were treated intraperitoneally with A) vehicle control (PBS) as well as 3 mg/kg of B) T-
DM1, C) CovADC-DM1 (Trastuzumab-Qtag-PEG4-SMCC-PAB-DM1) or D) CovADC-MMAE
(Trastuzumab-Qtag-PEG4-VC-PAB-MMAE): wild type antibody (solid lines), C-terminal lysine
deleted antibody (dashed lines) Statistical analysis between wild type and lysine deleted
conjugates was calculated by unpaired one tailed t-test using GraphPad Prism 7.0b (GraphPad
Software Inc., San Diego, CA, USA) software; ns=no significant (p value 0.068). Tumor size was
followed over three weeks.
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3.4 CONCLUSION

Using a novel glutamine peptide substrate, we developed CovisoLink™

technology for the mTG mediated site-specific conjugation of antibodies. As a proof of
concept the peptides were engineered into the sequence of Trastuzumab targeting
HER2/neu receptor. We confirmed that the immunoreactivity and internalisation is
not alerted by the conjugation. Moreover, no unconjugated species could be observed,
confirming the optimized potential of this technology for larger GMP batch production
requiring less purification processes. Furthermore compare to T-DM1, which is already
used in clinic, similar in vitro and in vivo tumor cell killing potency was demonstrated,
even with lower average DAR, suggesting lower risk of toxicity with similar efficacy.
Thus, our technology provides the rationale for a suitable alternative enzymatic
conjugation strategy of different payloads on optimized peptide for the production of

homogeneous batches, without unconjugated species.
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4 GENERATION OF DIFFERENT ANTIBODY FORMATS FOR
SITE-SPECIFIC CONJUGATION

AIM

In order that ADCs can deliver the payload inside the tumor cells, their efficient
tumor penetration is very important. Full-length antibodies have several
advantageous PK properties; however because of their size the diffusion into solid
tumors can be limited. Alternative antibody formats, including Fab and scFv display
better tissue accessibility and in addition shorter plasma half-life. In certain application
such as in radioimmunotherapy or imaging the rapid clearance is beneficial.

In the next part of the project, we aimed to extend our site-specific conjugation
technology to antibody fragments (Figure 1). The glutamine donor peptide sequence,
which proved to be the most efficient in case of the full-length mAb was engineered
into Fab and scFv constructs encoding the variable region of Trastuzumab. As a proof
of concept, their functionality was evaluated by the conjugation with AlexaFluor488-

cadaverine and in antigen binding assays.

anti-Her2 Fab (4D5) Antibody formats with engineered Q-tag Site-specific conjugated antibody fragments
Screening of glutamine
donor peptide library
[ ] LJ
LJ (1]
°
o0
° ® L) ®
00000
oo 5 *‘4
Molecular cloning of (Gfag)

anti-Her2 scFV (4D5)

Figure 1. CovlisoLink™ technology for mTG mediated site-specific conjugation of antibody
fragments. Q-tag, glutamine donor peptide-substrate; mTG, microbial transglutaminase.

(Figure partially adapted from Beck et al.”’).
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4.1 MATERIALS AND METHODS

4.1.1 Construction of Fab and scFv antibodies fragments with Q-tag

Antibody-binding fragment (Fab) fragment with C-terminal heavy chain
glutamine tag was created from TGEX-VH4ps-HC-Qtag, (human IgG1) vector, encoding
the variable region of Trastuzumab (clone 4D5) and the sequence of Tag2 peptide tag,
by the deletion of CH2 and CH3 domains. For the construction of C-terminal light
chain glutamine tagged Fab, overlap extension invers PCR was carried out with TGEX-
V04ps-LC (human kappa) vector. The cloning vector of single chain variable fragment
(PET23NN-scFv4ps-LLQG tag) was kindly supplied by Pierre Martineau (Institut de
Recherche en Cancérologie de Montpellier, France). LLQG tag was substituted to Tag2
tag by overlap extension invers PCR.

The primers were designed with OligoAnalyzer 3.1 (www.idtdna.com) and
synthesized by Eurogentec (polyacrylamide gel electrophoresis (PAGE) purification),
the sequences are listed in Table 1. 50 pl PCR reaction was composed of 0.5 pl
template (5 ng), 2.5 ul of each primer (10 uM), 1ul dNTP mixture (10 mM) (Promega,
France), 10 ul 5x Phusion HC buffer (New England Biolabs, France), 1.5 ul DMSO (New
England Biolabs, France), 31.5 ul nuclease free H,O (B. Braun, France) and 0.5 pl
Phusion high-fidelity DNA polymerase (2000 U/ml) (New England Biolabs, France). The
PCR cycling parameters were 98°C 30 sec, (98°C 10sec, 72°C 1.5 min) x 30 cycles and
72°C7 min.

Following the PCR reaction, 2 ul Dpnl (10 U/ul) (Thermo Fisher Scientific,
France) was added and incubated at 37 °C for 4 h to degrade the original unmodified
plasmid templates. After Dpnl digestion, 5ul of the mixture was used to transfect NEB
5-alpha competent E. coli cells (New England Biolabs, France) according to the
manufacturer’s instructions. Plasmid DNA was isolated using PureYield Miniprep Kit

(Promega, France) and sequenced.
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Primers Modifications Sequences (5‘ to 3‘)

For-Fab-ID1 Deletion of CH2 and CH3 domains Phosphate-TGGCCAGCTCAGAGATGAGC
Phosphate-

Rev-Fab-ID1 Deletion of CH2 and CH3 domains ACAAGATTTGGGCTCAACTTTCTTGTCC

For-Fab-1D2 Insertion of Tag2 into LC TGGCCAGCTCAGAGATAGAGGGAGCCTGCA
GGATTC

Rev-Fab-ID2 Insertion of Tag2 into LC TCTCTGAGCTGGCCAACACTCTCCCCTGTTGA
AGC

For-scFv-ID3 Insertion of Tag2 TGGCCAGCTCAGAGAGCCGCACATCACCATC
ATCACCAT

Rev-scFv-ID3 Insertion of Tag2 TCTCTGAGCTGGCCATGCGGCCGCAGAAGA
AACGGTAA

Table 1. Primers used for the deletion CH2 and CH3 domains to create of Fab antibody
fragment and the insertion of glutamine tag into LC of Fab and scFv.

4.1.2 Expression and purification of recombinant Fab

The recombinant antibody-binding fragments were transiently expressed in
HEK293AD cells (ATCC). Cotransfection of LC and HC plasmids were carried out with
Lipofectamin 3000 (Thermo Fisher Scientific, France) in Opti-MEM reduced serum
media (Thermo Fisher Scientific, France) according to the manufacturer’s instructions.

Cell culture supernatants were purified by protein-A-sepharose (GE Healthcare,
France) (since the variable region of 4D5 clone belongs to VH3 family it can bind to
protein-A), washed with 1x PBS (140 mM NacCl, 2.7 mM KCI, 10 mM Na,HPQO,4, 1.8 mM
KH,P04), eluted with 0.1 M glycine pH3 and immediately neutralized with 1M Tris-HCI
pH 8. The buffer was exchanged against 1x PBS with Zebaspin desalting column
(MWCO 40 kDa, Thermo Fisher Scientific, France). The purity of the rAbs was assessed
by SDS-PAGE and silver nitrate staining. The average yield of the purified Fab was 10
mg/L.
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4.1.3 Expression and purification of recombinant scFv

Recombinant scFv encoding in pET23NN plasmids were expressed in E. coli
BL21(DE3) cells (New England Biolabs, France). Competent bacterial cell were
transformed following the manufacturer’s instructions, then a single colony was
inoculated into 5 ml Luria-Bertani media (LB) containing 100ug/ml ampicillin and
incubated (at 37 °C, 200 rpm) until the optical density (ODggo) of the culture reached
0.4-0.6. The expression of scFv was initiated by auto-induction: 2.5 ml of the culture
was transferred to 250 ml of LB (100 ug/ml ampicillin) supplemented with the auto-
induction solutions (solution A: 25 mM NayHPQOy4, 25 mM KH,PO4, 50 mM NH4Cl, 5 mM
Na,SOy; solution B: 0.5 % (v/v) glycerol, 0.05 % (w/v) glucose, 0.2 % (w/v) a-lactose
monohydrate; 2 mM MgSQ,); Sigma, France) and incubated at 37 °C for 1.5 hours and
subsequently for 20 h at 20 °C (200 rpm).

Bacteria cell were harvested by centrifugation at 4000 rpm for 10 min at 4 °C.
Cytoplasmic scFv was extracted by the addition of the lysis buffer (10 mM HEPES, 0.5
mM EDTA, 30 mM NaCl, 0.65% (w/v) nonident-P40, 0.1 mg/ml lysozyme from chicken
egg white, 2U/ml Dnase; Sigma, France) in 1:1 ration of the centrifuged culture volume
and incubated for 1 hour at 4 °C under rotation. NaCl concentration was adjusted to
130 mM and the lysate was centrifuged at 10000 rpm for 30 min at 4 °C. Soluble
fractions containing supernatant was collected and supplemented with 2mM PMSF
and 1mM protease inhibitor (Sigma, France), then diluted 2 times by the addition of
TBS 2X (100 mM Tris, 300 mM Nacl, Sigma) supplemented with 10 mM MgS0, and 10
mM imidazole (Sigama, France). The complemented supernatant was loaded onto Ni
Sepharose column (GE Healthcare, Fane), which was equilibrated with the binding
buffer (TBS 1X: 50 mM Tris, 150 mM NaCl; 10 mM imidazole; pH 7.5) before the
purification. After washing (TBS 1X, 20 mM imidazole, pH 7.5), sample was eluted (TBS
1X, 200 mM imidazole, pH 7.5) and analysed by SDS-PAGE, silver nitrate staining and

Western blotting. The average yield of the purified scFv was 100 mg/L.
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4.1.4 Enzymatic conjugation

For conjugation of fluorescent tagged antibody fragments, the final antibody
concentration was adjusted to 0.1 mg/ml (scFv) and 0.5 mg/ml (Ab and Fab) and
incubated with 30-fold molar excess of AlexaFluor448-cadaverine (Thermo Fisher
Scientific, France). The reaction was initiated by the addition of 4 U/mg antibody of
microbial transglutaminase (Zedira, Darmstadt, Germany) and the reaction was O/N
incubated at RT with gently agitation. The excess of the payloads and the enzyme were
removed by protein-A purification (detailed in section 3.1.2). Fluorescent labeled
conjugates were analyzed on 10% SDS-PAGE and visualized by UV-fluorescent

detection and Silver-nitrate staining.

4.1.5 Immunofluorescent staining

Immunofluorescent staining with AlexaFluor488 conjugated different antibody
formats (Ab, Fab, scFv) was performed on SKBR3 overexpressing HER2/neu and MCF-7
which cells express the receptor at normal level using cytospin samples. Neu-
antibody(24D2)-PE (Santa Cruze Biotechnology, CA, USA) was used as a positive
control. Frozen samples were fixed in 70 % (v/v) ice cold ethanol for 30 minutes at -20
C min and then rehydrated in PBS for 30 minutes at RT. Staining with 10 pug/ml of
AlexaFluor488 tagged anti-HER2 antibody formats were diluted in PBS was carried out
at RT for 1h in @ humid chamber and the slides were subsequently washed with PBS.
Nuclei were visualised with DAPI (Vectashield Mounting medium with DAPI, Vector
laboratories, CA, USA) diluted in fluorescence mounting medium (Vectashield
Mounting medium, Vector laboratories, CA, USA). Tumor sections were imaged by

microscopy (Axio Imager 510 Upright Microscope, Zeiss, France).
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4.1.6 Fluorescent activated cell sorting

The antigen binding ability of the site-specific conjugated different antibody
formats was further determined on SKBR3 (HER2/neu positive) and MCF-7 (HER2/neu
status normal) cell lines by fluorescent activated cell sorting (FACS). Cells harvested by
trypsin/EDTA (Sigma, France) and washed with PBS were incubated with 10 pg/ml of
AlexaFluor488 tagged anti-HER2 antibodies (Ab, Fab, scFv) and Neu-antibody(24D2)-PE
(Santa Cruze Biotechnology, CA, USA) for 1 h at 4 °C. Following the washing with PBS,
cells were resuspended in 150 pl of PBS complemented with 0.02% (w/v) EDTA and
3% (v/v) FBS then subjected to flow cytometry anaylsis (BD FACSCanto Il, BD

Bioscience). Data were analysed using BD FACSDiva software (BD Bioscience).
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4.2 RESULTS AND DISCUSSION

4.2.1 Enzymatic conjugation

The functionality of Q-tag for site-specific modification of antibody fragment
formats was demonstrated by conjugation of small molecular weight cadaverine
derivatized fluorescent substrate (AlexaFluor488-cadaverine). The SDS-PAGE analysis
of the tagged antibodies are shown in Figure 2. The reaction was monitored by

fluorescent detection and the loaded protein were visualised by silver-nitrate staining.

A) Silver nitrate staining Fluorescent detection

Position of Qtag,: HC LC HC+LC HC LC HC+LC

Fab —

B) Qtag, Qtag,

| mm—

SCFV — | i—

Figure 2. Microbial transglutaminase mediated site-specific conjugation of Fab and scFv
antibody fragments. A) SDS-PAGE analysis of AlexaFluor488-cadaverine conjugated
engineered Trastuzumab-Fab-Qtag,: Qtag on HC, Qtag on LC, Qtag on both HC and LC; and B)
Trastuzumab-scFv-Qtag, The conjugates were analysed by 10% SDS-PAGE upon non-reducing
conditions, then visualised by fluorescent detection and silver nitrate staining. HC, heavy
chain; LC, light chain.
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To evaluate the relative efficacy of conjugation to C-terminus heavy (HC) and
light chains (LC), Fab with LC-Qtag or HC-Qtag as well as with double Qtag (LC-Qtag and
HC-Qtag) were constructed and produced (Figure 2A). As very similar fluorescent
signal of LC and HC conjugated antibodies could be detected, suggesting that the
investigated location does not affect the conjugation efficacy. In addition the higher
labelling level of the Fab with double Qtag indicates that these engineered Fabs are
appropriate for the generation of DAR1 as well as DAR2.

Figure 2B shows that glutamine tagged scFv was also approved for mTG

mediated site specific conjugation of fluorescent compound.

4.2.2 Immunoreactivity analysis

To study whether the conjugation interferes with the antigen binding, the
cadaverine derivate of AlexaFluor448 was conjugated to full length antibody, Fab and
scFv formats. The antigen binding ability of the conjugates was examined by
immunofluorescent staining and flow cytometry. Cell lines with high (SKBR3) and
normal expression level (MCF-7) of HER2/neu receptor were included in the assay.

Each antibody format showed very similar staining profile on HER2/neu positive
cells, comparable to the commercially available control antibody (Neu242-PE). In
addition target selectivity was confirmed by negative staining of the cell that express
normal level of HER2/neu receptor (Figure 3A). Immunoreactivity and specificity were
further demonstrated by FACS analysis (Figure 3B).

As expected, these results prove that the site-specific conjugation preserve the
functionality of various antibody formats, since the conjugation site is distant from the

antigen binding site.
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Figure 3. Immunoreactivity analysis of site specific conjugated antibody formats. A)
Immunofluorescent staining and B) fluorescent activated cell sorting (FACS) analysis on SKBR3
(HER2/neu positive) and MCF-7 (HER2/neu status normal) cells. Glutamine tag engineered full
length antibody (Ab), antigen-binding fragment (Fab) and single-chain variable fragment (scFv)
antibody formats were conjugated with AlexaFluor488-cadaverine and the antigen binding
profile was compared to the commercially available Neu-antibody(24D2)-PE. Green,
AlexaFluor488 signal; blue, DAPI (nucleus).
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5 OPTIMISED METHODS (SDS-PAGE AND LC-MS) REVEAL
DEAMIDATION IN ANY TRANSGLUTAMINASES-
MEDIATED REACTIONS

AIM

Transglutaminases are known as nature’s biological glue. These are a family of
structurally and functionally related enzymes that catalyse the calcium dependent
posttranslational modifications of proteins. Their transamidase activity includes
protein-protein crosslinking (between specific y-carboxiamide group of glutamine and
€-amino group of a lysine residues) or amine incorporation. The resulted isopeptide
bound is highly stable (against enzymatic, thermo and chemical degradation) that is
beneficial for several biotechnological approaches. Their bacterial homologous has
some further advantageous properties (Ca** independent activity, higher temperature
and pH stability, low cost production) over the mammalian counterparts for the
industrial applications. In addition to transamidation, TGs can catalyse deamidation
that was considered for many years as a side reaction (in the absence of the primary
amine or low pH), but recently substrate specific deamidations have been reported.

Our aim was to optimise the SDS-PAGE and LC-MS methods for the rapid and
easy detection of both transamidated and deamidated peptides. In addition we further
investigated how the ratio of deamidation to transamidation can be influenced by
some reaction parameters, such as substrates affinity, amine donor concentration,
Ca’* concentration and pH.

Since we are using microbial transglutaminase as a tool for antibody
conjugation, this study could help to better understand the enzymatic reaction and
implicate this knowledge in the global project. Therefore, efficient ADC production the

reaction conditions should be optimised to avoid deamidation.
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Abstract

Transglutaminases (TGs) are a family of structurally and functionally related enzymes, which catalyse calcium
dependent posttranslational modifications of proteins by generating protein-protein crosslink, amine incorporation or
deamidation. For many years TGs mediated deamidation was considered to be a side-reaction, but recently substrate
specific deamidations have been reported. Here we describe an optimised SDS-PAGE assay for the easy and rapid
monitoring of the TG reaction with small peptides. The relative proportion of deamidation to transamidation was
evaluated by densitometric analysis and confirmed by nanoLC-nano-ESI/MS. We addressed to further investigate
the effect of reaction conditions on transamidation and deamidation reactions of TG1, TG2 and FXIII-A enzymes
using a panel of glutamine containing peptides substrates. The ratio of transamidation to deamidation was enhanced
at high excess of the acyl-acceptor substrate and increasing pH. In addition, it was influenced by peptides substrates
as well. Whereas deamidation was favoured at low cadaverine concentrations and acidic pH, no significant effect of
calcium was observed on the ratio of transamidation/deamidation. Under our experimental conditions particular
deamidation always occurred in vitro even at high excess of the acyl-acceptor substrate, and the reaction outcome
was shifted to deamidation at neutral pH. Our results provide clear evidence of the deamidation in transglutaminase
reaction and may serve as an important approach for in vivo analysis of the deamidation to understand better the
role of TGs in biological events.

Keywords

Transglutaminases
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Transamidation
Fluorescent-detection
SDS-PAGE
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Introduction

Transglutaminases (TGs; EC 2.3.2.13) are widely distributed enzymes with pleiotropic functions. Nine
members have been described in mammals: keratinocyte (TG1), tissue (TG2), epidermal (TG3), prostate (TG4),
type 5 (TGS), neuronal (TG6), type 7 (TG7), blood coagulation factor XIII-A subunit (FXIII-A), and the
catalytically inactive erythrocyte band 4.2 protein (Griffin et al. 2002).

The distribution and physiological roles of TGs have been investigated in various cell types and tissues.
TG2 is the most studied member of the TGs family. This multifunctional protein has diverse cellular localisation and
is implicated in several physiological (regulation of cell survival/death processes, cell adhesion, migration, signal
transduction, proliferation) and pathological processes (coeliac disease, neurodegenerative disorders, fibrosis,
inflammatory diseases, metabolic diseases and cancer) (Fesus and Piacentini 2002). TG1 mainly exists in the upper
spinous and granular layers of the skin, it is involved in the terminal differentiation of keratinocytes by the formation
of the cross-linked cell envelope (Kim et al. 1995). Thrombin-activated factor FXIII-A (FXIII-A) plays essential
role in the stabilisation of fibrin clots and in wound healing through the formation of isopeptide bounds (Ariéns et al.
2002).

TGs catalyse Ca’"-dependent posttranslational modifications of proteins by generating protein-protein
crosslink (between specific y-carboxamide group of a glutamine and g-amino group of a lysine side chains), amine
incorporation or deamidation. In the first step active site cysteine reacts with the y-glutaminyl group of the proteins
or peptides leading to the formation of a thioester intermediate. In the second step the acyl group is transferred to an
amine substrate resulting in the formation of isopeptide bond or the water can act as an alternative nucleophile
leading to site-specific deamidation of the glutamine residue (Folk 1983; Lorand and Graham 2003). Many of these
crosslinking reactions occur within 5 to 10 min, for example in case of FXIII-A between glutamine (Gln 398; 399)
and lysine (Lys 406) residues of the fibrin y—chains (Chen and Doolittle 1971). Whereas cross-linking of fibrin a-
chains involving Gln 221; 237; 328; 366 and Lys 208; 606 takes place more slower (Matsuka et al. 1996; Ariéns et
al. 2002).

Deamidation of glutamine and asparagine residues is one of the most prevalent posttranslational
modifications, which converts an uncharged amino acid to a negatively charged residue introducing alternations in
the protein’s conformation. The protein function can be changed as it is determined by its global structure and
electrostatic protein-protein interaction can be modulated as well (Berg et al. 2002). Deamidation can occur in
different ways (non-enzymatically, by glutamines or phosphate activated glutaminases) regulating several biological
processes (Robinson and Robinson 2001; Hensley et al. 2013; Schousboe et al. 2014). Moreover cytotoxic
necrotizing factors in Escherichia coli and necrotoxin in Bordetella, which are considered to be functional relatives
of TGs, can induce the formation of stress fibers by the deamidation of Rho proteins (Schmidt et al. 1998).

Deamidation by TGs was believed to be a side-reaction and taking place only in the absence of primary
amines or at low pH when their availability is limited (Fleckenstein et al. 2002). But, recently it has been reported
that selective deamidation in small heat shock protein (Boros et al. 2006) and B2, BB3-crystallins (Boros et al.
2008) can occur in a substrate specific manner. Respectively, the substrate affinity and reaction conditions can
influence the propensity for deamidation and transamidation (Stamnaes et al. 2008). Many research works are
focusing on the examination of transglutaminase cross-linking activity, which is linked to some diseases like fibrosis
and neurodegeneration. So far TGs mediated deamidation activity has been related to coeliac disease (Folk 1983;
Lorand and Graham 2003), and only few reports have been published on its role in other physiopathological
processes (Nemes et al. 2000; Boros et al. 2008; Schmid et al. 2011; Iwai et al. 2014). These studies support the
potential role of TGs dependent deamidation in the regulation of biological processes.

In this study we report an optimised sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) assay for the rapid and easy detection of both transamidated and deamidated peptides. TG1, TG2, FXIII-A
enzymes and a panel of glutamine containing peptides were examined to determine how the ratio of deamidation to
transamidation can be influenced by some reaction parameters, such as substrates affinity, amine donor
concentration, Ca®" concentration and pH. The identity and the relative quantity of the reaction products were
confirmed by liquid chromatography—mass spectrometry (LC-MS) analysis. Our results are well correlated with the
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published data, cited above. Unexpectedly, under our reaction conditions, we found that particular deamidation is
always occurring in vitro, even at high excess of the acyl-acceptor substrates.

Materials and methods

Materials

All materials were obtained from Sigma-Aldrich (France), otherwise it is indicated. Recombinant human
TG2 (thu-TG2), recombinant human keratinocyte transglutaminase (TG1), and recombinant human blood
coagulation factor XIII-A (FXIII-A) were purchased from Zedira (Darmstadt, Germany). Peptides were obtained
from Covalab (Villeurbanne, France). MilliQ Water for mass spectrometry analysis was accessed from Elga system.

Synthetic peptides substrates

FAM labeled peptides substrates were synthetized according to the standard method of Covalab. Isoenzyme
specific glutamine containing peptides have been reported by Sugimura et al (2006, 2008) and used to develop
specific TGs activity assays (Thomas et al. 2006; Perez Alea et al. 2009). K9 is a natural TG2 sequence based on B-
casein (Cleary and Maurer 2006). Among the natural reactive glutamine sides in fibrinogen a-chains a short peptide
sequence containing Q238 (Matsuka et al. 1996) was chosen for our experiments. The corresponding deamidated
control peptides were synthetized by Covalab (Table 1).

Transglutaminase reaction

5 uM of specific glutamine donor substrates labeled with FAM fluorescent and cadaverine (5-1000 pM) as
an acyl acceptor were incubated with their corresponding isoenzymes at 37 °C. 18 mU/ml of TG1, TG2, or thrombin
(1U/ml) activated FXIII-A were applied in the assay buffer (20 mM Tris pH 7.2, 8.0 or MES pH 5.0, 6.0, 150 mM
NaCl, 10 mM DTT) in the presence or absence of 10 mM EDTA. pH was 7.2, unless the effect of pH (5-8) was
examined. The enzymatic reaction was initiated by the addition of 5 mM CaCl, except in the experiments in which
the effect of Ca®" was investigated (0.1-5 mM).

SDS PAGE assay

The assay was previously reported by Kenniston et al. (2013) and modified as briefly described below.
After the incubation time the enzymatic reaction was stopped by boiling the sample in 6X SDS-loading buffer (9.3
w/w DTT, 12 wt.% SDS, 47 v/v% glycerol, 0.06 wt.% bromophenol blue in 0.5 M Tris—HCI, pH 6.8). The reaction
products were run on SDS-PAGE (15% T, 2.6% C; T represents the total concentration of polyacrylamide monomer
expressed in a g per 100 ml and C is the percentage of bis-polyacrylamide) and visualized by fluorescence detection
(Luminescent Image Analyzer LAS-1000 plus, Fujifilm).

Liquid chromatography—-mass spectrometry analysis (LC-MS)

The samples were diluted 10 times in a solution of 0.1% formic acid before analysis. Mass spectrometry
analysis were performed on a linear ion trap LTQ Velos (Thermo Scientific, San Jose California) with nano-
Electrospray ionization source coupled in-line to a nanoRSLC system Ultimate 3000 (Thermo Scientific, Germering,
Germany). lpL of sample was injected via the autosampler. Samples were first desalted and concentrated on a
reverse phase precolumn C18 PepMap100, 300 um i.d x 5 mm, 5 pm, 100 A (Thermo Scientific) for 3 min at 20
pL/min with H,O/Acetonitrile -98/2-0.1% Formic acid. Samples were then separated on a nanocolumn Acclaim
C18, 15 cm x 75 um i.d, 2 pm (Thermo Scientific). The HPLC gradient was 5-55% solvent B (A = 5% acetonitrile,
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0.1% formic acid; B = 80% acetonitrile, 0.1% formic acid) in 30 min follow to 5 min 99% B. The total duration was
set to 50 minutes at a flow rate of 300 nL/min. The oven temperature was kept constant at 40°C.

MS spectra were recorded in the mass range m/z 500-1100 in positive ionisation mode, the enhanced scan
rate was used for the full MS spectrum.

Data analysis

Relative intensity of fluorescent bands were analysed with Imagel and plotted with GraphPad Prism 5
(GraphPad Software Inc., San Diego, CA, USA) software.

Results and discussion

Determination of transamidation and deamidation rates by transglutaminases

Post-translational modifications (PTMs) behave as powerful regulatory elements that often define protein
function through covalent modification. Because PTMs profoundly affect protein behavior, they are typically tightly
controlled, and dysregulation is strongly associated with numerous diseases (Huang et al. 2014). Deamidation is an
exception among PTMs due to its enzymatic and nonenzymatic and spontaneous nature.

Deamidation is the transformation of eligible glutamine and also asparagine residues into glutamate and
aspartate/isoaspartate. Susceptibility for nonenzymatic deamidation is conditioned by the primary sequence, by the
lack of three-dimensional structure, and is facilitated by high temperatures, extreme pH or high ionic strength.
Deamidation affects a great number of proteins (calmodulin, , tubulin, synapsin, Alzheimer's f-amyloid, histone
H2B, cytochrome-C, ...), and has therefore wide biological repercussions because it can lead to structural changes
and/or modify their life-span (Beaumatin et al. 2016). Although there are select examples of deamidation serving
functional roles, it is generally considered to represent degradation and is associated with a growing list of age-
related, neurological, aggregation-prone, and autoimmune diseases (Lindner and Helliger 2001).

While in vivo deamidation of Asn to Asp was clearly established, transglutaminase mediated-deamidation
of Gln is not fully understood and rather it was believed to be only a side-reaction, occurring when the second
substrate is not available or at acidic pH. However, during about a decade many reports were focused on the study of
the mechanism of hydrolysis of the specific Gln residues in order to elucidate the role of transglutaminases in the
physiopathology of some diseases and coeliac disease in particular.

In order to evaluate the deamidation reaction of transglutaminase to convert Gln to Glu, several methods
were used depending on whether the Gln substrates were natural (e.g. proteins) or synthetic (e.g. peptides). In case
of proteins, deamidations were analysed through molecular modelling and biological activity (Sjostrom et al. 1998;
Fleckenstein et al. 2002b) whereas synthetic peptides were analysed by various technics such as mass spectrometry
(MS & LC/MS), size exclusion chromatography (SEC), capillary electrophoresis (EC), HPLC, 2D gels, WB (Boros
S, Quarsten H, Stamnaes J, Heil A).

In this work we optimised an electrophoresis assay based on sodium dodecyl sulphate polyacrylamide gel
(SDS-PAGE) for the rapid and easy detection of both transamidated and deamidated peptides. All reaction products
of FAM fluorescein-labelled peptides could be simultancously detected with high resolution and specificity. The
relative ratio of deamidation and transamidation was evaluated by densitometric analysis (Fig. 1b,e). The identity
and the proportion of the reaction products were confirmed by nanoLC-nano-ESI/MS analysis. The relative
quantities were calculated from Extraction Ions Chromatogram Areas of the doubly charged ions of each species
(Fig. lc,f), assuming that all the species have the same response factors. The data obtained by LC-MS are in good
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correlation with the results of densitometric analysis, indicating that the optimised SDS-PAGE assay is a reliable
method for the semi-quantitative examination of both transamidated and deamidated reaction products.

There is always deamidated substrate production during transglutaminase reaction

In this study TG1, TG2, FXIII-A enzymes and five glutamine containing peptides (K5, T26, F11, K9 and
aC(Q328)) (Table 1) were examined to determine how the ratio of deamidation to transamidation can be influenced
by some reaction parameters such as: the substrates affinity, amine donor concentration, Ca>” concentration and pH.
K5 (Sugimura et al. 2008), T26, F11 (Sugimura et al. 2006) were described as an isoenzyme preferred glutamine
substrates having high affinity to TG1, TG2 and FXIII-A respectively, whereas K9 (Cleary and Maurer 2006) and
fibrinogen aC(Q328) peptides (Matsuka et al. 1996) are known as natural glutamine donor substrate for TG2 and
FXIII-A.

Applying high excess of the amine donor substrate (cadaverine), the ratio of transamidation to deamidation
was increased, whereas deamidation was favored at low cadaverine concentrations. In the absence of the second
substrate no crosslinked product was detected (Fig. 2). In addition this effect appeared to be substrate dependent and
confirm the results obtained by the group of Sollid L (Stamnaes J et al, 2008). TG2 transamidase activity was rather
higher with K9 (Fig. 2b) than with T26 peptide (Fig. 2¢) indicating better recognition of natural glutamine substrate.
This difference was not observed with FXIII-A as the reactivity is higher with F11 than fibrinogen aC(Q328)
peptides. Indeed upon the same reaction conditions the relative ratio of deamidated/transamidated fibrinogen
aC(Q328) peptide was increased (Fig. 2e) whereas FI11 peptide was preferred for transamidation (Fig. 2d). This
slight difference in the deamidation/transamidation rate may be explained by the influence of the neighbouring
amino acids relative to the targeted Gln and may effect the affinity of the enzymes. Indeed Boros et al (2005, 2008)
reported that TG2 can process site-specific deamidation, and a proline at position +2 to the specific glutamine
residue may positively influence deamidation (Fleckenstein et al. 2002b).

Moreover the results reveal that TG2 and FXIII-A catalysed substrate deamidation could always occur as
an excess of primary amine did not completely inhibit deamidation (Fig. 1 b-e). However deamidation by TGlI is
less obvious in all conditions studied and this could be explained that K5 may not be good substrate of this enzyme
for deamidation (Fig. 1a). Using natural and good substrate for TG1 will be of interest to complete this work.

Effect of pH on the transglutaminase catalysed deamidation

Fleckenstein et al described that TG2 catalyzed reaction of gliadin substrate is strongly influenced by pH.
Here we extended the investigation for two other isoenzymes and five peptide substrates as detailed in the materials
& methods (Fig. 3). In all cases the transamidation and deamidation reactions were analysed in buffers with pH
values ranging from 5 to 8. TG1 (Fig. 3a) and FXIII-A (Fig. 3 d,e) seem to not be active at acidic pH, however at pH
6.0 fibrinogen aC(Q328) peptide was deamidated in the majority (Fig. 3e). At pH 8.0 all the peptides were
converted to transamidate forms by all the corresponding enzymes. In the condition of neutral pH, TGl was not
active due probably to the low kinetic reaction, whereas TG2 and FXIII-A were able to convert the peptides to
transamidated and deamidated products. The proportion of each product depends on the type of the enzyme and also
the glutamine substrate. T26 was highly deamidated by TG2 whereas the natural substrate K9 was in the majority
transamidated (Fig. 3b,c) and with FXIII-A the deamidation was more important to the transamidation for both
substrates (Fig. 3d,e). These results further demonstrate that the rate of the transamidation reactions is significantly
increased at alkaline pH indicating the importance of the nucleophily of the amine which must be unprotonated. As
the pKa of the cadaverine amine is around 10 it’s expected that the transamidation reaction can be favoured over
deamidation. Indeed in the report of Fleckenstein (2002) using 5-BP as an amine donor with pKa around 10.5 they
proposed a general base-catalyzed-deacylation mechanism for the transamidation reaction through the nucleophilic
attack on the thiol ester intermediate. Increasing of the pH narrow the pKa of the base would decrease its
protonation and consequently the competition by water molecules is blocked explaining the increase of
transamidation rate.
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Effect of Ca* on the transglutaminase catalysed deamidation

It is well known that Ca®" is required for the activation of transglutaminases through inducing a large
conformational change in the enzyme structure (Di Venere et al. 2000; Pinkas et al. 2007). Because of the large
difference in the open and closed conformations, we hypothesised that depending on Ca®* binding, more transient
conformers with different hydrodynamic radius can be exhibited. Probably at lower Ca’* concentrations the
substrate-binding channel could be particularly covered and the entrance of the second substrate can be inhibited
resulting on the deamidation of the glutamine donor substrate via hydrolysis. Transamidation and deamidation were
analysed with different Ca®” concentrations ranging from 0.1 to 5 mM as described in material & method (Fig. 4). At
lower Ca” concentration (0.1-0.2 mM) TG2 seems to not be active (Fig.4 b,c) whereas TG1 converted the majority
of K5 to transamidated product (Fig. 4a). With FXIII-A we observed high activity with F11 substrate (Fig. 4d) and
low activity with natural substrate (Fig. 4¢) that can be explained by the high affinity of the enzyme to the synthetic
substrate. By increasing Ca®" concentration the enzymes were more active and both transamidation and deamidation
occurred at different rate depending on the Gln substrate: transamidation was more observed with TG1 and TG2
using K5 and T26 substrates respectively and more deamidation was obtained with TG2 and FXIII-A using K9 and
fibrinogen aC(Q328). Based on these results no significant effect of calcium was obtained on the ratio of
transamidation/deamidation.

In conclusion, our assay based on SDS-PAGE provides an easy and rapid method for monitoring the
transglutaminase reaction with synthetic small peptides. The fractions of native, deamidated and transamidated
peptides can be successfully separated and their rates were confirmed by nanoLC-nano-ESI/MS. Under our
experimental conditions we noticed that particular deamidation always occurs, even at high molar concentration
(148-200 fold molar excess) of amine donor substrate and it is preferred at low to neutral pH. These data provide
further evidence for the simultaneous reactions of transamidation and deamidation, however further work should be
confirmed in vitro and in vivo at the endogenous proteins level. Knowledge about the in vivo regulation of the
transamidation versus deamidation is therefore crucial for the elucidation of the transglutaminase enigma. Most of
the transglutaminase activity assays are based on detection of the transamidated products. Since the deamidation is
no longer believed as a side reaction, TG activity cannot be accurately evaluated only by detecting the cross-linked
products.
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Figure captions

Fig. 1 Relative quantification of transglutaminase reaction products using SDS-PAGE analysis and fluorescent
detection. TG2 was incubated with FAM-K9 peptide (a, b, ¢), thrombin activated FXIlla with FAM-fibrinogen
aC325.336) peptide (d, e, f) and with cadaverine in the presence of Ca®" for 20 min (TG2) or 5 h (FXIII-A) at 37 °C.
Q: reactive glutamine containing control peptide, E: deamidated control peptide. (b, €) Densitometry analysis of the
SDS-PAGE. (c, f) Relative quantification of the reaction products by nanoLC-nano-ESI/MS

Fig. 2 Monitoring of transglutaminase reaction at different cadaverine concentrations by SDS-PAGE analysis. TG1
was incubated with FAM-KS (a), TG2 with FAM-T26 (b) and FAM-K9 (c), thrombin activated FXIII-A with FAM-
F11 (d), FAM-fibrinogen aCss.336) (€) glutamine donor peptides and with cadaverine in the presence of Ca®" for 20
min (a,b,c,d) or 5 h (e) at 37 °C. The reaction products were separated by SDS-PAGE and visualised by
fluorescence detection. Q: reactive glutamine containing control peptide, E: deamidated control peptide

Fig. 3 Monitoring of transglutaminase reaction at different pH by SDS-PAGE analysis. TG1 was incubated with
FAM-KS (a), TG2 with FAM-T26 (b) and FAM-K9 (c), thrombin activated FXIII-A with FAM-F11 (d), FAM-
fibrinogen 0C32s.336) (¢) glutamine donor peptides and with cadaverine as acyl-acceptor in the presence (-EDTA) or
absence (+ EDTA) of Ca®"at pH 5-8 for 20 min (a,b,c,d) or 5 h (¢) at 37 °C. The reaction products were separated
by SDS-PAGE and visualised by fluorescence detection. Q: reactive glutamine containing control peptide, E:
deamidated control peptide

Fig. 4 Monitoring of transglutaminase reaction at different Ca>* concentrations by SDS-PAGE analysis. TG1 was
incubated with FAM-KS5 (a), TG2 with FAM-T26 (b) and FAM-K9 (c), thrombin activated FXIII-A with FAM-F11
(d), FAM-fibrinogen 0C32s.336) (€) glutamine donor peptides and with cadaverine as acyl-acceptor at different Ca**
concentrations for 20 min (a,b,c,d) or 5 h (e) at 37 °C. The reaction products were separated by SDS-PAGE and
visualised by fluorescence detection. Q: reactive glutamine containing control peptide, E: deamidated control
peptide

Table 1 Sequence of the glutamine containing amine acceptor- and deamidated control peptides
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Peptides

Sequence

T26

T26 (Q2E)
K9(K7L)*

K9 (K7L,Q5E)
K5

K5 (Q3E)

Fl1

F11 (Q2E)
Fibrinogen aC

Fibrinogen aC (Q328E)

5-FAM-1H(_)SYVDPWMLDH‘Z-CONH2

5-FAM-'HESY VDPWMLDH'2-CONH,

5-FAM-'LGPGQSLVIG'’-COOH

5-FAM-'LGPGESLVIG!’-COOH

5-FAM-'YEQHKLPDSWPF'2-COOH

5-FAM-'YEEHKLPDSWPF'2-COOH

5-FAM-1DgMMLPWPAVAL‘Z-COOH

5-FAM-'DEMMLPWPAVAL'2-COOH

5-FAM-*»TGNQNPGSPRPG**$-COOH

5-FAM-*»TGNENPGSPRPG***-COOH
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6 CONCLUSION & PERSPECTIVES

Antibody-drug conjugates have proved their potential over the naked
therapeutic antibodies or chemotherapies in different clinical trials. Although the basic
concept of this approach is simple, over the past 30 years so far, only four ADCs have
reached the clinic and the therapeutic window remained narrow. This is the
consequence of the chemical conjugation leading to heterogeneous mixtures that
negatively influence the pharmacokinetics and in vivo performance®. In ADC design,
besides the selection of the optimal target, antibody, linker and payloads, the
conjugation technology and the optimal drug loading is also very important to improve
the safety, efficacy and toxicity profiles. In order that ADCs can deliver their full
potential and simplify the manufacturing challenges, the development of efficient site-
specific conjugation methods is essential. Recently several important developments
have been achieved to advance their potency, including the establishment of site-
specific technologies.

In this thesis, we report the development of CovlsoLink™ technology for the
generation of homogenous immunoconjugates using a novel glutamine donor peptides
(Q-tag). It has been demonstrated that mTG allows the site-specific conjugation of
multiple drugs to IgG1 antibody. Upon deglycosylation of the antibody, a glutamine in
the heavy chain at 295 position can be recognised by the enzyme and the further

120122 ‘yowever

mutation of N297 to glutamine permits the conjugation of 4 substrates
deglycosylation can alter the stability, aggregation rate and effector functions of the
antibodies'*®. Strop et al. constitute a conjugation site by engineering a glutamine tag
substrate (LLQG) in the constant region at different position to investigate the impact
of location on the stability and pharmacokinetics, and they found that the C-terminal
position of the LC and HC is the most suitable®.

Previously, Covalab has designed a synthetic peptide library and four potential
peptides have been selected with improved affinity compared to the known peptides

(zQG, LLQG)™"*?8, As a proof of concept, the peptides sequences were introduced

into the heavy chain C-terminal of Trastuzumab antibody and antibody fragments (Fab
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and scFv). Since the Q-tag was engineered into distant region from the antigen-
binding site, this conjugation technology preserve the functionality of the ADC, as it
was confirmed in different binding assays. The coupling of structurally different amine
containing payloads required unique optimisation. We demonstrated that this
conjugation strategy led to reproducible stoichiometry without the presence of DARO,
which prevents competitive interaction between naked antibodies and conjugates
particularly interesting when the targeted antigen expression is low. Comparative
evaluation of CovADCs revealed that our immunoconjugates display similar in vivo
tumor cell killing potency as the FDA approved T-DM1, even with lower DAR.

Currently, several site-specific conjugation methods have been developed and
the number of ADCs undergoing in clinical trials are rapidly increasing, confirming the
need for further advancements and optimisations. According to the indications, the
paradigm of the future ADC design may change. Currently, the traditional antibody
driven ADC design is applied: following target identification and antibody generation,
the linker and the payload are selected for ADC construction.

The new dogma is based on payload driven design. At first, the cytotoxic
compound is characterised for the deep understanding of its mechanism of action and
examine in which subpopulation of patients is the most efficient. Afterwards, the
antibody, which targets this subpopulation, is selected for ADC generation. Moreover
the design should trend towards the selection and adaptation of the optimal site-
specific conjugation methods depending on the individual ADC considering the
antibody, the linker and the payload.

The present ADC medications are quite expensive, thus additionally the cost-
effective production is also an important point that should be taken into account
during the development of novel technologies. Among them, the mTG-mediated
enzymatic approach provides several advantages, including mild-reaction conditions
preventing the antibody structure and functionality, highly stable linkages via
isopeptide bound, site-specific conjugation using engineered peptide substrates and
mass-production of mTG by conventional fermentation at low cost. Since the reaction
selectivity is determined mainly by the glutamine donor substrate, the conjugation
efficacity can be improved by the modification of the Q-tag sequences, as we

demonstrated. Since the affinity and the accessibility is strongly determined by the
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neighbouring amino acids and the global structure, these peptide sequences could be
potentially further optimised considering the scaffold. Furthermore the mutation of
mTG active site can be other option to improve the kinetic parameters of the
enzymatic reaction or the specificity to the determined sequence as it was shown for
peptidase technology (EnzyPep BV, personal communication).

While developing an ADC, the basic principle of targeted tumor cell killing
through the cellular mechanism of the payloads is considered. The local destruction of
the tumors is very important during the therapy, but to trigger long lasting tumor-
response and avoid relapse, the interaction of the immune system is crucial. As it was
shown for naked mAbs therapeutic effect of the ADCs is also mediated by ADCC since
Fc region of T-DML1 retains its ability to bind to FcyR”’. Moreover, recent studies have
revealed that certain cytotoxic drugs including DM1'*® and MMAE have direct
immunomodulatory effects, inducing the activation of dendritic cells and potentiating
tumor-specific T cells response in vivo™®. Using an immunocompetent and
Trastuzumab-resistant mouse model, Miiller et al. demonstrated that the therapeutic
activity of T-DM1 is particularly due to its anti-tumor immunity effect induced by the
payload. The combined treatment of T-DM1 with immune checkpoint blockade
therapy lead to increase the tumor-infiltration of effector T-cells, complete regression
and immune memory formation’®®. These results potentiate the combination of
immunotherapies with targeted therapies.

There are numerous potential combinations of the mAb, linker and drug that
gives lots of opportunities for the construct optimisation but also, increase the
complexity of this approach. Thus, the deep understanding and characterisation of the
each individual ADC and their therapeutic implications is very important.

Besides the technical issues, there are several considerable clinical challenges,
including linker stability, off-target toxicity, development of resistance against the
cytotoxic compounds, penetration into the tumor and reaching the target of the
payload, development of antibodies against the antigens which do not sufficiently
internalised. Therefore, the target, linker and payload are key challenging success
factors.

First, the level of expression and tumor distribution of the targeted antigen is

really important for efficient delivery of the payload in the tumor cells. Considering
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that only 0.0003-0.8% of in in vivo injected antibody dose is present per gram of
tumor, therefore the efficient internalisation and the high cytotoxic potency of the
payloads are crucial. The internalisation properties of the mAbs can directly be
influenced by the epitope. As it was demonstrated in case of the antibodies targeting
distinct epitopes of HER2 receptor, depending on the recognition site the
characteristics of the mAbs such as inhibition of downstream signal transduction

pathway were different™!

. The epitope also determines the sequences of hyper
variable regions that can influence the global structure and the physicochemical
properties of the antibody. This can be more substantial in case of smaller antibody
fragments having smaller ratio of the antigen recognition to the framework sequences.
Furthermore the antibody cross reactivity among different species has concerned
impact, since it is beneficial during the in vivo toxicity and activity studies'*2.

The affinity and the size of the antibody have also significant impact on the
penetration. The localisation and type of the tumor can determine the selection of the
best format. Three of the four FDA approved ADCs are targeting hematopoietic or
lymphoid tumors and among the ADC that are undergoing in clinical trials, there are
fewer number of solid tumors targeting conjugates. This may represent the difficulties
to efficiently destroy solid tumors by antibody approach using the full-length format.
Moreover, mAbs cannot cross or exhibit poor penetration through the blood-brain
barrier, therefore they are not efficient against glioblastomas. The development of
smaller antibody fragments (Fab, scFv, nanobody) conjugates may overcome these
issues. Or in case of glioblastomas, bispecific antibodies targeting specific receptors on
the luminal side for the transcytosis can be a possible therapeutic way.

The potent targeting is especially challenging in case of hypoxic, solid tumors.
Thus targeting of the tumor microenvironment by the conjugation of
immunomodulatory payloads such as chemokines, glucocorticoids, pattern recognition
receptors (PRR) agonist or viral (oncolytic or not) proteins could be a potential
approach to activate the immune system. For this approach, antibody fragments,
which diffuse into the tumor mass more efficiently, could be probably more capable
vehicles. This can also be combined with B-glucorinidase linker optimizing release of
the drug in the microenvironment (see chapter 1.2.2). In hypoxic environment the

concentration of nutrients such as glucose are lower and the cells stop or slow down
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their rate of proliferation. However, about 80% of the ADCs in the pipeline are
conjugated with anti-mitotic agents, thus they are more efficient against rapidly
dividing cells. Therefore, DNA damaging against may be better therapeutic effect in
the hypoxic solid tissues.

Over past the few years, ADC approach has archived considerably innovations
especially in case of the conjugation technologies. The linker and payload
developments show slower progress. In addition to the improvement of PK properties
by the generation of site-specificchomogeneous ADCs, the release of cytotoxic
compounds at the right time in the right place is very important especially considering
that approximately still there is 40% off-target effect. The need of identification of
highly potent (ICso in picomolar range) compounds that are acting on different
mechanisms and overcoming resistances should be also festinated. Targeting tumors
with distinct but not too high expression level of therapeutic target would recommend
the delivery of powerful drugs.

We can conclude that using novel glutamine donor peptides, our technology
provides an alternative enzymatic conjugation strategy for the engraftment of various
payloads, using different antibody formats resulting in homogeneous batches, without

unconjugated species.
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Abstract Tissue transglutaminase (tTG) belongs to the
multigene transglutaminase family of Ca?*-dependent pro-
tein cross-linking enzymes. There is a strong evidence that
tTG is involved in pathology, such as neurodegenerative
diseases, cancer, and celiac disease. To study physiopatho-
logical implication of tTG, a sandwich immunoassay has
been developed with a new monoclonal antibody for the
capture and polyclonal antibody both generated in house.
Using this ready to use assay, the tTG protein level can be
measured in human tissue homogenates and cells extracts
easily in about 4 h. The limit of detection is 1.7 ng/ml; the
coefficients of intra- and inter-assay variations range from
1 to 2 % and from 7 to 10 %, respectively. The assay is spe-
cific to tTG, and no cross reactivity with TG1, TG3, TG6,
TG7, or factor XIIla was observed. Finally, in the addition
to the tTG activity assay previously developed, this assay
should be a valuable tool to increase our knowledge of the
tTG involvement in physiological and pathological states.

Keywords Tissue transglutaminase - Sandwich ELISA -
Monoclonal antibody - Polyclonal antibody
Introduction

Transglutaminases (TGs; EC 2.3.2.13) are a family of
structurally and functionally related enzymes that catalyze
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I Research Department, Covalab S.A.S, 11 Avenue Albert
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calcium-dependent post-translational modifications of pro-
teins. This transamidase activity consists of protein cross-
linking via isopeptide bonds (between a specific glutamine
and a lysine residue) and also of the incorporation of low-
molecular weight amines (Folk and Finlayson 1977). In the
absence of amine donors, the enzyme is able to catalyze
site-specific deamidation (Lorand and Graham 2003).

In mammals, nine distinct TG members have been iden-
tified: TG1, TG2, TG3, TG4, TGS, TG6, TG7, factor XIlla,
and the enzymatically inactive erythrocyte band 4.2 protein
(Griffin et al. 2002). TG2, also known as tissue transglu-
taminase (tTG), is the most studied and widely distributed
member of the TGs family in various cellular locations. It
is mainly localized in the cytosol, but it can be represented
in the extracellular matrix, in the nucleus, and associated
with the mitochondria and plasma membrane as well (Gun-
demir et al. 2011). Besides the transamidation activity that
stabilizes tissues, it can bind and hydrolyze GTP and ATP
that regulate signal transduction as a G protein (Lai et al.
1998), it has intrinsic kinase activity (Mishra and Murphy
2004), and it exhibits protein disulphide isomerase activity
(Hasegawa et al. 2003).

tTG is constitutively expressed in several tissues, while
its expression is induced by external stimuli or as part of
their differentiation in some other types of cells (Zemskov
et al. 2006). The control of tTG primarily occurs at the
transcription level (Griffin et al. 2002). Retinoids are well-
known regulators of the enzyme (Nagy et al. 1996). Moreo-
ver, response elements for transforming growth factor-f1
(Ritter and Davies1998) and stress-induced transcription
factors (NF-kB, hypoxia inducible factor) are located in the
tTG promoter (Mirza et al. 1997; Jang et al. 2010). This
multifunctional protein has diverse cellular localization and
displays diverse functions in several physiological (e.g.,
signal transduction, proliferation, cell adhesion, migration,
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regulation of cell survival/death processes), and pathologi-
cal processes (fibrosis, inflammatory diseases, neurodegen-
erative disorders, metabolic diseases, coeliac disease, and
cancer) (Fesus and Piacentini 2002).

In previous studies, we developed different assays for
measuring tTG and other TG isoenzymes activities. These
assays (now commercially available) can be used to quan-
tify transglutaminase specific activities in different biologi-
cal samples (Thomas et al. 2006; Perez Alea et al. 2009).
However, to address a better correlation between the pres-
ence of the enzymes and their functions, the quantifica-
tion of both enzyme activity and enzyme level is needed.
Moreover, the measurement of enzyme activity alone will
not reflect the presence of possible inactive form of TG
proteins in tissues, as it was published by Siegel et al.
(2008). Since it is evident, a test measuring active and non-
active tTG should be a tool of interest to study the enzyme
involvement in different biological processes.

Attempts were made by few groups to measure tTG pro-
tein level in various sources of samples. The analytical sen-
sitivity of these assays was 0.1 ng/ml (Brevé et al. 2008)
and 40 pg/ml (Wolf et al. 2011). However, in the first case,
the authors used polyclonal antibodies that cannot be used
for routine assay development due to the limited availabil-
ity of the antibody and the variability from batch to batch
production. In the second publication, the main problem
of the use of fluorimetric assay is the interference of the
relative fluorescence with the biological material, such as
blood. In the present study, we developed and validated a
sandwich enzyme-linked immunosorbent assay (ELISA)
for the quantitative detection of tTG protein level using
our newly developed monoclonal and polyclonal antibod-
ies. However, the analytical sensitivity of this assay is
around 2 ng/ml, which is less sensitive but more accurate
and robust test. Our new and ready to use assay represents
an easy tool for the detection and quantification of tTG in
various human and guinea pig samples, including serums,
tissue homogenates, and cell extracts. This ELISA assay
can be used to study the expression and function of tTG
and complement the data obtained by tTG activity assay,
respectively.

Materials and methods

Chemicals

Recombinant human tTG (rhu-tTG), recombinant human
keratinocyte transglutaminase (TG1), recombinant human
epidermal transglutaminase (TG3), recombinant human

neuronal transglutaminase (TG6), recombinant human
transglutaminase 7 (TG7), and recombinant human factor
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XIII (FXIIT) were obtained from Zedira (Darmstadt, Ger-
many). Horseradish peroxidase (HRP) conjugated goat
anti-rabbit IgG (H + L) was purchased from Jackson
ImmunoResearch Europe Ltd. (Suffolk, UK). Corning
immuno 96-stripwell flat-bottom plates and cell culture
dishes, protease inhibitor cocktail, phenylmethanesulfonyl
fluoride (PMSF), bovine serum albumin (BSA), hypox-
anthine—aminopterin—-thymidine medium (HAT), DMEM
medium, culture media and supplements, protease inhibi-
tor cocktail, Freund’s complete adjuvant and Freund’s
incomplete adjuvants were obtained from Sigma-Aldrich
(France). Tetramethylbenzidine (TMB) staining solution,
Covalight chemiluminescent reagent, and blocking buffer
were obtained from Covalab (Villeurbanne, France).

Generation of monoclonal antibodies

Mouse monoclonal IgG antibodies (Mabs) against tTG
were prepared by immunizing 6-8-week-old female
Balb/c mice with rhu-tTG. The immunization, the fusion
of murine myeloma cell line (Sp2/0O-Ag-14) and spleen
cells from the best responding animal, respectively, HAT
(hypoxanthine—aminopterin—thymidine medium) selection
of hybridomas were performed according to the standard
method of Covalab (Villeurbanne, France) described by El
Alaoui et al. (1991).

Generation of polyclonal antibodies

Rabbit polyclonal IgG antibodies against tTG were pre-
pared by immunizing 3-month-old white female new Zea-
land rabbits with rhu-tTG according to the standard method
of Covalab (Villeurbanne, France).

Selection of tTG antibody couple

To achieve the best signal-to-noise ratio for the sensitivity
level desired in sandwich ELISA, a panel of monoclonal
and polyclonal antibodies was examined by check board
titration, using rhu-tTG as antigen (data not shown). After
selection of 3F3 monoclonal and Cov2005 polyclonal anti-
bodies, ELISA assay condition was optimized.

Cell culture

HEK293AD cell line stable transfected with rhu-tTG was
kindly provided by Dr. Laszl6 Fesiis and Dr. Kajal Kan-
chan (Department of Biochemistry and Molecular Biol-
ogy, University of Debrecen, Hungary) (Kanchan et al.
2013). HEK293AD-tTG cells were grown in DMEM
supplemented with 10 % fetal bovine serum (FBS),
L-glutamine (300 mg/ml), and penicillin/streptomycin
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(100 U/ml) at 37 °C in an atmosphere of 5 % CO,. SHEP
neuroblastoma cell extracts were kindly provided by Dr.
Sandrine Wittmann (Centre Léon Bérard, France). To
initiate retinoic acid-mediated differentiation, cells were
grown in the low-serum medium containing 10 uM reti-
noic acid.

Sample preparation

Both cell types were collected and washed twice with phos-
phate-buffered saline (PBS), resuspended in RIPA buffer
[50 mM Tris/HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA,
1 mM DTT, 0.5 % Nonidet P40, 10 % glycerol, and pro-
tease inhibitor cocktail] and incubated for 30 min with gen-
tle agitation at 4 °C. The cells were sonicated twice on ice
and finally centrifuged at 10000 g for 10 min at 4 °C.

Livers were surgically removed from guinea pigs and
washed with 140 mM NaCl. Liver homogenates were pre-
pared in ice-cold buffer containing 140 mM NaCl, 40 mM
Tris/HCI (pH 7.5), 3 mM EDTA, 2 mM DTT, 1 mM PMSF,
and protease inhibitor cocktail. Supernatant was collected
after centrifugation at 25000 g for 30 min at 4 °C.

Erythrocytes were separated by centrifugation at
2000 rpm for 5 min at 4 °C. The red blood cell (RBC) con-
taining pellet was washed three times with ice-cold PBS.
Followed by lysis of isolated RBC in lysis buffer [S mM
NaHPO, (pH 8.5), 0.3 mM PMSF, 1 mM EDTA, and pro-
tease inhibitor cocktail] and centrifuged at 3500 rpm for
20 min at 4 °C. Protein content was determined by the
Bradford method using BSA as standard. Samples were
stored at —80 °C.

Western blotting

Tissue transglutaminase expression levels in different
samples were evaluated also by western blot (WB). Cell
lysates, tissue homogenates (20 or 50 g of total protein),
human red blood cell lysates (200 pg), and rhu-tTG were
electrophoresed on a 10 % polyacrylamide gel (SDS-
PAGE) and transferred to nitrocellulose membranes (Amer-
sham) according to the manual of wet-transfer (Bio-Rad).
The membranes were blocked with 5 % non-fat dried milk
in PBS for 1 h at 37 °C and then incubated with mouse
monoclonal 3F3, 7D2, 6F1, 6BS5, or rabbit polyclonal
Cov2005 antibodies (5 pg/ml dilution in 1 % non-fat milk/
TBST) overnight at 4 °C. After washing with TBST, HRP-
conjugated secondary anti-mouse or anti-rabbit antibod-
ies were added and incubated for 1 h at 37 °C. After the
final washing, immunoblots were visualized by the incuba-
tion of the membranes with chemiluminescence solution.

Luminescence was measured using ImageMaster VDS-CL
(GE Healthcare).

Assay procedure

The microplate wells were coated overnight at 4 °C with
100 pl of 15 pg/ml 3F3 mouse anti-transglutaminase Mab
diluted in 50 mM bicarbonate buffer (pH 9.5) and were
blocked for 3 h at room temperature (RT) with 300 ul block-
ing buffer. Plates were stored and desiccated at 4 °C until
examination.

To prepare an ELISA standard curve, serial dilution of
rhu-tTG was prepared in the range of 15.6-1000 ng/ml.
100 ul of rhu-tTG or protein samples (ranging from 13.2 to
250 ng/ml of total protein), diluted in wash/dilution buffer
(TBS with 0.05 % Tween 20, pH 7.4), were added to the
wells and incubated for 2 h at 37 °C with gentle shaking.
After washing with wash/dilution buffer, 100 ul of 2 pg/ml
Cov2005 rabbit anti-transglutaminase polyclonal antibody
diluted in wash/dilution buffer was added for 1 h at 37 °C
with gentle shaking. Subsequently, the wells were incubated
with 100 ul of HRP-conjugated goat anti-rabbit IgG (H + L)
diluted 1/10000 in wash/dilution buffer. After the final
washing step, 100 pl of TMB staining solution was added to
the wells and incubated for 5 min at RT. Color development
was stopped by the addition of 100 ul 0.5 N H,SO,, and the
absorbance was determined at 450 nm using a microplate
reader (Multiskan, Labsystem, Helsinki, Finland).

Specificity

For the determination of the antigen specificity of the assay,
a serial dilution of recombinant human tTG, TG1, TG3,
TG6, TG7, and FXIIla was prepared in a concentration
range of 15.6-1000 ng/ml; then, the same ELISA protocol
was applied as described above.

Evaluation of accuracy

For the estimation of intra-assay variation, three dilutions
of guinea pig liver homogenates were prepared and meas-
ured tenfold within one ELISA cycle. The inter-assay vari-
ation was assessed by measuring each of the three diluted
liver samples fourfold on five different days.

Data analysis

Values are reported as mean + SD. Data were analyzed

with GraphPad Prism 5 (GraphPad Software Inc., San
Diego, CA, USA).
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Results
Selection and differential screening of Mabs to tTG

To select the best Mabs specific to tTG which will react
with the enzyme in various samples from different spe-
cies, two types of tests (ELISA and WB) were made using
rhu-TG, cell extracts, and tissue homogenates. Therefore
we undertook a differential screening with these sam-
ples of clones preselected for their secretion of antibodies
reacting positively with tTG. Of seven clones tested for
further screening on the tTG from different samples, only
four (clones: 3F3, 7D2, 6BS5, and 6F1) secreted Mabs with
restricted specificity to human, mouse, and guinea pig tTG.
They were typed as an IgG1 (6F1, 6BS), IgG2a (3F3), and
1gG3 (7D2) with kappa light chain.

In Fig. 1, the selected four Mabs and the polyclonal anti-
body Cov2005 were analyzed by western blot against rhu-
tTG. 3F3 and 7D2 showed clear reactivity with rhu-tTG
whereas 6F1 and 6B5 had low immuno-reactivity (Fig. 1a).
To investigate the cross reactivity of the antibodies with the
tTG from other species, liver homogenates from mouse,
rat, and guinea pig were used to test the antibodies. It is
apparent from Fig. 1b that 3F3 was specific to rhu-tTG and
guinea pig tTG, whereas 7D2 and Cov2005 showed good
reactivity with rthu-tTG, mouse, rat, and guinea pig tTG.

For further investigation of the specificity to human,
mouse, and guinea pig, we tested the Mabs for their

(a)
3F3 7D2 6F1 6B5
130 kD2 mmm
DT — | e — |
72 kDa =
3F3 7D2
(b) Cov2005
PC 1 2 3
95kDa —
72 kDa =
55kDa == .
43kDa =—
34kDa ==
26 kDa — -

Fig. 1 Characterization of the generated antibodies by western blot.
a Verification of the immuno-reactivity of the selected mouse mono-
clonal 3F3, 7D2, 6F1, and 6BS5 antibodies against rthu-tTG. b Deter-
mination of the genus specificity of the monoclonal 3F3, 7D2, and
polyclonal Cov2005 antibodies. PC rhu-tTG positive control, lane 1
mouse liver homogenate, lane 2 rat liver homogenate, lane 3 guinea
pig liver homogenate. 0.1 pg of rthu-tTG and 50 pg of protein per slot
were applied
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Fig. 2 Standard curve of (TG sandwich ELISA with recombinant
human tTG. The standard curve was linear up to 0.5 pg/ml. The
limit of detection was 1.77 ng/ml. Blank absorbance subtracted was
0.132 £ 0.017. Values are mean =+ standard deviation of three experi-
ments performed as duplicates

10 5 TG
TG1
TG3
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Fig. 3 Specificity of the immunoassay for tTG comparing with TG1,
TG3, TG6, TG7, and FXIIla. Values are mean =+ standard deviation
of three experiments performed as duplicates

use as captured antibodies in sandwich ELISA assay.
Indeed, a comparison of the immuno-reactivity of the
antibodies was tested for their (1) affinity and speci-
ficity to tTG from human, mouse, and guinea pig; (2)
stability during their adsorption in the microtiter plates;
and (3) sensitivity. Under our experimental procedures,
mouse and rat tTGs could not be detected efficiently in
liver and blood samples, and hence, the specificity of
our assay was limited to human and guinea pig samples
(data not shown).

121



Development of a sandwich ELISA assay for quantification of human tissue transglutaminase in... 601

Table 1 Intra- and inter-assay variations of tTG sandwich ELISA

assay

Sample/well (png) n tTG (pg/ml) % CV

Mean SD

Intra-assay variation

5 10 0.231 0.01 2
10 10 0.536 0.01 1
20 10 0.802 0.02 2
Inter-assay variation

5 5 0.219 0.02 7
10 5 0.538 0.04 8
20 5 0.820 0.08 10

Development of the sandwich ELISA assay, sensitivity,
and accuracy of the test

Among the four Mabs studied, the combination of 3F3 as
capture antibody with rabbit polyclonal Cov2005 detec-
tion antibody led to the best signal-to-noise ratio and
was chosen for all further experiments. The absorbance
of the blank, containing all reagents expect rhu-tTG, was
0.132 +£0.017.

There is a linear relationship between absorbance and
concentration of rthu-tTG up to 0.5 pg/ml (Fig. 2). The limit
of detection (LOD), defined as mean plus three times, the
SD of the background optical density was 1.77 ng/ml.

Specificity

Having good immuno-reactivity of 3F3 antibody to rhu-
tTG, we sought to define the specificity of this antibody
using the available recombinant TG isoforms (TG1, TG3,
TG6, TG7, and FXIIla). Serial dilutions of each TG were
prepared and used as described in “Materials and methods”.

The antigen specificity of the assay was determined
using purified human recombinant tTG, TG1, TG3, TG6,
TG7, and FXIlla. No cross reactivity was observed up to
1 pg/ml (Fig. 3), indicating the specificity of the two anti-
bodies (3F3 and Cov2005) for tTG. The use of high-spe-
cific antibodies to tTG is crucial as in cell lysates or tissue

Table 2 Recovery of recombinant human tTG

homogenates other isoenzymes of TG family are expressed
(e.g., erythrocytes, neuronal cells or tissues, and lung tis-
sues), particularly during the investigation of the role of
tTG in the pathogenesis of neurodegeneration or fibrosis,
in which other isoenzymes can be involved as well. These
results were confirmed by WB (results not shown).

Reproducibility

To determine the reproducibility of sandwich ELISA, intra-
and inter-assay coefficients of variation (%CV) were cal-
culated in the range from 1 to 2 and 7 to 10 % (Table 1)
depending on tTG concentrations in the dilutions of
HEK293AD-tTG cell lysates.

The recovery of tTG in crude samples was estimated by
spiking HEK293AD-tTG and human red blood cell lysates
with 0.05 or 0.1 pg/ml of rhu-tTG. The mean recoveries
were between 80 and 97 % (Table 2).

Stability

For the stability, study plates were stored for 3 and
12 month at 4 °C to analyze the variation of the sandwich
ELISA system and all the reagents. No significant loss in
signal intensity was detected, and the storage of 3F3 Mab-
coated plates over prolonged periods does not affect the
quality of tTG detection (data not shown).

Measurement of tTG levels in samples

The immunoassay assay was evaluated on tissues and cell
homogenates (guinea pig liver homogenate, SHEP and
HEK293AD-tTG cell lysates, and human red blood cell
lysates) for the determination of tTG level. The results
were confirmed by Western blot using both the capture
and detection antibodies (Fig. 4). The tTG protein level
visualized by immunoblotting related well correlated
with the enzyme concentration obtained by the immuno-
assay (Fig. 4b, c¢). Recombinant tTG was detected at the
same position than the sample bands, confirming that full
length was detected. The detectable concentration of tTG
in human red blood cell lysate was low (Fig. 4a), but the

tTG in sample (pg/ml)

rhu-tTG in spiked sample (pg/ml)

Total tTG (pg/ml) Spiking recovery (%)

HEK293AD-tTG (10 pg) 0.084 0.052
0.084 0.124

HEK293AD-tTG (30 pg) 0.376 0.045
0.376 0.085

Human RBC lysate (1000 jLg) 0.05 0.06
0.05 0.1

0.124 83
0.201 93
0.427 97
0.454 94
0.079 80
0.122 95
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Fig. 4 Detection of tTG in cultured mammalian cells, isolated
human erythrocytes lysates, and guinea pig liver homogenates. a
Sandwich ELISA assay. Values are mean + standard deviation of
three experiments performed as duplicates. b Western blot with
mouse monoclonal 3F3 antibody. ¢ Western blot with rabbit poly-
clonal Cov2005 antibody. 20 ug (lane 1-4) and 200 pg (lane 5) of
protein per slot were applied. PC rhu-tTG positive control

obtained curve was linear up to 2 mg/ml dilution, indicat-
ing that there was no interference with matrix components.
In guinea pig liver homogenate, the highest level of tTG
was obtained. The stable-transfected HEK293AD-tTG cell
line expresses around 710 ng tTG per mg of protein, which
is in similar range than what it was determined in SHEP
cells. Whereas, upon retinoic acid treatment, we observed
approximately three times increase in the enzyme level in
SHEP cell lysates.

Discussion

To investigate the role of tTG in health and disease, an
accurate, reliable and quantitative test measuring the
enzyme level is needed. This is of importance to address
expression and functional questions with regard to mem-
bers of the TG family. Despite some effort to develop such
assay (Brevé et al. 2008; Wolf et al. 2011), no test was
reported to be used as a gold standard. In this respect, new
assay was developed and evaluated for measuring tTG level
in different samples thanks to the new antibodies (mono-
clonals and polyclonal).

To develop the sandwich ELISA, the monoclonal and
polyclonal antibodies were tested by check board titration
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to reach the best signal-to-noise ratio and specificity for
tTG. The combination of mouse monoclonal 3F3 as a cap-
ture antibody and rabbit polyclonal Cov2005 as detecting
antibody was proved to be the best. Our assay is highly
specific for tTG isoform without any cross-reactivity with
TGl, TG3, TG6, TG7, and FXIIIa. This result is important
for the investigation of the specific role of tTG. Indeed, it
is well established that several TG isoforms are expressed
in the same tissue, such as liver, brain, and skin, in which
tTG, TG1, TG3, TGS, and TG6 are found, and in blood,
tTG and FXIII are well present.

The assay was validated by measuring the intra- and
inter-assay variations. The coefficients of intra- and inter-
assay variations spanned from 1 to 2 % and from 7 to 10 %,
respectively, which were proved to be within the appropri-
ate range (Taverniers et al. 2004). The analytical sensitivity
of our assay was up to 1.77 ng/ml. This value of LOD is
not so low as that described by Brevé et al. (2008). How-
ever, the optimized conditions are the result of a tradeoff
between incubation time of different steps and assay sen-
sitivity. Therefore, using the ready to use assay, the ELISA
protocol can be performed in a reasonable time (4 h) and
the sensitivity should be enough to measure tTG in bio-
logical samples. However, to increase the sensitivity of our
sandwich ELISA, the development of a second generation
of this assay using fluorescence or chemiluminescence is
planned in the future.

In this study, we demonstrated that using our sandwich
ELISA assay, tTG could be measured in cell lysates, tis-
sue homogenates, and red blood cell lysates. We chose cell
lines which naturally express tTG (Human neuroblastoma
SHEP) and a transfected one (HEK293AD-tTG) to meas-
ure the change of the enzyme level during the experimental
treatments. Moreover, these cell lines express high amount
of tTG. In the case of the neuroblastoma cell line, the high
expression level can be correlated with the pathological
processes (Liu et al. 2007). In addition, retinoids are well-
known regulators of tTG (Nagy et al. 1996), which modu-
late the transcription level of the enzyme through binding
to the retinoic acid receptors. Indeed, we observed a sig-
nificant increase in tTG protein level in neuroblastoma cells
after retinoic acid treatment. Guinea pig liver is known to
express quite high level of tTG (Folk and Cole 1966), and
thus, it is widely used and accepted as a standard refer-
ence of the endogenous tTG. Moreover, guinea pig mod-
els can be used for the investigation of diseases correlated
with tTG, such as cartilage hypertrophy in the spontaneous
guinea pig model of osteoarthritis (Huebner et al. 2009).
Using our test, we quantified the highest level of tTG in
guinea pig liver homogenate confirming the existing data.
In addition to liver, tTG is well expressed in red blood
cells (Bergamini et al. 1999); however, our test was not as
sensitive (as described by others), as we found the lowest
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tTG content in human erythrocytes lysates. This can be
explained by the loss of the enzyme protein during the sam-
ple preparation as confirmed by WB (Fig. 4) when using
the monoclonal 3F3 (a) and the polyclonal Cov2005 (b).
These results were confirmed several times with different
blood samples using a mixture of protease inhibitors. The
other limitations of our Mab 3F3 was the lack of the cross
reactivity with the mouse and rat tTG. Indeed, recognizing
the importance of rodent models, the development of a spe-
cific immunoassay to measure mouse and rat tTG will be
proposed.

In conclusion, our validated sandwich ELISA assay pre-
sents a reliable, sensitive, and highly specific tool for the
detection and quantification of human and guinea pig tTG
in several sources of samples, such as cell lysates, tissue
homogenates, and erythrocytes lysates to investigate the
contribution of tTG in the physiological and pathological
processes.
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Abstract:

Immune checkpoint targeted therapies against PD-1, PD-L1 and CTLA-4 are currently
revolutionizing cancer care. However, only a minority of patients develop objective
responses to these treatments. Therefore, new therapeutic interventions are needed to
increase the immunogenicity of tumors in order to overcome the resistance to these
novel immunotherapies. Oncolytic properties of common viruses can be exploited for
the priming of anti-tumor immunity and such oncolytic viruses (OVs) are currently in
active clinical development in combination with immune checkpoint targeted therapies.
However the routine implementation of these therapies is limited by their
manufacturing constraints, the risk of exposure of clinical staff and the ongoing
regulations on GMOs. We sought to determine if anti-infectious vaccines could be used
as a commercially available source of immunostimulatory agents for cancer
immunotherapy. We have found that Rotavirus vaccines have both immunostimulatory
and oncolytic properties. These pediatric vaccine virus have pro-inflammatory properties
and can activate the NF-kB pathway in a toll-like receptor and IRF3 independent manner.
Moreover they can directly kill cancer cells with features of immunogenic cell death. In
vivo, intra-tumoral rotavirus therapy has anti-tumor effects which are mainly immune
mediated. Interestingly, in several immunocompetent murine tumor models, intra-
tumoral rotavirus overcome resistance to and synergize with immune checkpoint
targeted therapy. Rotavirus vaccines are pediatric and adult clinical grade products.
Therefore, in situ immunization strategies with intra-tumoral attenuated rotavirus could

be implemented quickly in the clinic.

Introduction:

Immune checkpoint targeted therapies (ICT) against PD-1, PDL-1 and CTLA-4 have
demonstrated their clinical activity in multiple cancers, including melanoma, lung, head
and neck, bladder, renal cell carcinoma, Merkel-cell carcinoma, mismatch repair
deficient tumors, hepatocarcinoma, gastric cancers and Hodgkin’s lymphoma(1).

However, only a minority of patients actually develop objective tumor responses with
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these new treatments. Several factors have been identified to correlate with the
effectiveness of ICT, notably the high proportion of tumor infiltrating T-cells (2), and the
existence of neo-epitopes generated by a high level of somatic point mutations in the
cancer cells genome (3, 4). Other elements have been shown to contribute to the
resistance to ICT such as immunosuppressive myeloid cells (5, 6), mutations in JAK1/2 (7)
and the absence of MHC-I expression by tumor cells (8). In this context, pediatric cancers
which display low levels of T-cell infiltrates, high levels of myeloid cell infiltrates, and
usually low mutational load, are poorly responsive to these immunotherapies (9-14).
Intra-tumoral injections of oncolytic viruses (OVs), toll-like receptor agonists, or STING
agonists are in situ immunotherapy strategies currently in active clinical development
with the aim of stimulating pattern recognition receptors (PRRs) for the priming of the
anti-tumor immunity by turning non-infiltrated “cold” tumors into immune-infiltrated
“hot” tumors (15). Intra-tumoral stimulation of PRRs has shown promising results in
cancer patients by inducing effective anti-tumor immune responses, in both injected and
non-injected sites (so called “abscopal effect”) (16—18). Also, intra-tumoral PRR agonists
and OVs can overcome ICT resistance in syngeneic tumor models (19-22) and patients
with melanoma (23, 24).

Since the pediatric clinical development of PRR agonists will only start many years after
their adult development, we sought to use anti-infectious vaccines as a potential source
of clinical grade PRR agonists to prime the anti-tumor immunity of pediatric cancers.
Upon screening of most commercially available anti-infectious vaccines, we have
identified that rotavirus containing vaccines (Rotarix® and Rotateq®) have the ability in
vitro to simultaneously activate NF-kB in a TLR-independent manner and induce
immunogenic cell death of multiple cancer cell lines. In vivo, intratumoral injections of
rotavirus vaccines, results in type | interferon-response and immune cell activation,
which can culminate in regression of large, established pediatric ICT resistant tumors in
mice. Of upmost importance, oncolytic Rotavirus vaccines synergize with anti-CTLA4
antibodies resulting in complete regressions and abscopal responses curing the vast

majority of tumor-bearing mice and protecting them upon re-chalenge.
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Results:

Pro-inflammatory features of Rotavirus vaccines

Because anti-infectious vaccines contain pathogens or pathogens extracts, we assessed
whether they could be used as a clinical grade source of PRR agonists. To evaluate the
intrinsic ability of anti-infectious vaccines to stimulate Toll-like receptors (TLRs), a major
family of PRRs, we used transgenic cell lines cotransfected individually with the different
TLRs and a luciferase reporter plasmid under the control of a NF-kB binding site. We
incubated 10 different serial dilutions of 14 viral and bacterial anti-infectious vaccines
with these transgenic cell lines and measured 12 hours later the Luciferase
bioluminescence intensity proportionally correlated to the NF-kB induction. In these
assays, we found that among the 14 evaluated vaccines, the Typhoid Fever vaccine
(Tyavax®) and Mycobacterium tuberculosis vaccine (BCG Pasteur®) were potent
activators of TLR4 and TLR2, respectively (Fig.1a,b). More surprisingly, we found that,
when used at median range concentrations, the two rotavirus vaccines (Rotarix® and
Rotateq®) were activating NF-kB in all the transgenic cell lines, including the parental cell
line devoid of TLR transgene. This suggest that these rotavirus vaccines were able to
activate the NF-kB pathway independently of any TLR (Fig. 1c,d,e) and Supplementary

Figure 1).

Rotavirus vaccines have antitumor activity against pediatric tumor models

resistant to anti-CTLA-4 and anti-PD-1 (L1)

The vaccines leading to NF-kB activation were then evaluated for their therapeutic
activity in syngeneic models of Neuroblastoma (Neuro2a) that are resistant to anti-CTLA-
4, anti-PD-1, anti-PD-L1 or their combinations (Figure. 2a). Although the Tyavax® and
BCG® vaccines can activate TLR4 and TLR2, we could not evidence any significant
therapeutic activity in these syngeneic pediatric tumor models upon intratumoral
injections compared to PBS injection (Fig. 2b). In contrast, when injected intratumorally,

the Rotavirus vaccines (Rotarix® or Rotateq®) had a significant anti-tumor activity
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observed in 50 % of the Neuro2a Neuroblastoma tumor bearing mice (Fig.2b). We
observed in previous experiments that the NF-kB activation of Rotavirus vaccines in vitro
was dose dependent and decreased upon dilutions of the vaccine (Fig.1c, d). However,
at high concentrations of Rotavirus vaccine, we noticed a loss of NF-kB activation due to
low cell viability. We hypothesized that the vaccine might have direct cytotoxic effects
at high concentration. Using the sulforhodamine B (SRB) cell viability assay, we found
that Rotavirus vaccines (Rotarix shown, Rotateq not shown) were able to kill 293T cells
at vaccines dilutions of 1/2, 1/4 and 1/10 (Fig.S2). In order to confirm the intrinsic
cytotoxic properties of Rotavirus and eliminate the potential osmotic effects of the
vaccines’ excipients, we tested the cytotoxic effects of the original rotavirus strain
obtained from the manufacturer of the Rotateq© vaccine (Merck Sharp & Dohme corp,
USA). These five viral Rotavirus strains contain higher virus titers (100x to 1000x higher
than in the Rotateq© commercial vaccine) and are free of excipient. Excipient of
Rotateq®© vaccine is mostly composed of concentrated carbohydrates and has partial
osmotic cytotoxic effects at high concentrations (1/20) with no effect at lower dose (see
FigS3). Most importantly, increasing concentrations of the rotavirus viral strains showed
dose dependent intrinsic cytotoxicity of Rotavirus against human Neuroblastoma (SH-
SY5Y) (1C50=1/200000) with higher efficacy compare to vaccines confirming a direct role
of the virus on cell cytoxicity (Fig2c). As the Rotateq© is composed of five different
Rotavirus vaccine strains (G1, G2, G3, G4 and P1), we analyzed the cytotoxic properties
of each individual strain on the human NB cancer cell line SH-SY5Y. We found that all
five strains have important cytotoxic properties (Fig.S4) IC50= from 1/200,000- 1/2000).
To generalize the cytotoxic properties of Rotavirus against other tumor cell lines, we
repeated SRB cytotoxic assay using human breast carcinoma MDA-MB-231 and murine
tumor models (Fig2d,e). We found that the Rotavirus strain has dose dependent
cytotoxic effect on all cancer cell lines tested although at lower efficacy (IC50=1/2000)
for Neuro2a and A20 murine cell lines (Fig.2d). These results confirmed a potent higher
cytotoxic properties against human cancer cell lines 1C50=1/200000). With the aim to
evaluate the oncolytic specificity of rotavirus strain, we further used HMEC primary
mammary epithelial cells and different primary fibroblasts for SRB cytotoxic assay using
same rotavirus strain dilutions and timing (Fig.2e). We observed lower cytotoxic abilities

on untransformed cells (IC50=1/200 for fibroblasts, 1/20 HMEC). All together, these
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results suggest the ability of rotavirus strains to preferentially kill cancer cells (IC50=

1/200000) over normal cells which is a common feature of oncolytic virus.

In vitro oncolytic properties of Rotavirus strains translate into in vivo anti-
tumor immunity

We then studied the in vivo anti-tumor effects of different dilutions of Rotavirus strain
on different tumor models (Fig3a). Following three consecutive intra-tumoral injections
every 3 days in the syngeneic A20 Lymphoma model, we observed a potent antitumoral
effect of Rotavirus reaching 70% of complete tumor regression whatever the dose, even
the lowest dose (1/100 dilution) gave rise to faster regression. This potent anti-tumor
effect lead to a benefice in overall survival as shown in Fig3a right panel. Working
further at the 1/100 Rotavirus dilution, we observed anti-tumor activity in 30-40% of the
mice in the Neuroblastoma NXS2 (Fig.3b) and Neuro2a (Fig.3c) syngenic tumor models
with significant benefice in overall survival observed only in the Neuro2a tumor model
(Fig3b). To discriminate between direct cytolytic anti-tumoral effect and immune
mediated activity of the Rotavirus we repeated the experiments in NSG
immunodeficient mice. The antitumor effect was almost abolished in NSG mice without
any complete tumor rejection, thus demonstrating a major contribution of the immune

system in the antitumor effect of the Rotavirus (Fig.3d).

Immunostimulatory properties of intra-tumoral Rotavirus injections

To further demonstrate the role of the immune system in the in vivo anti-tumor activity
of rotavirus, we analyzed by flow cytometry the tumor-infiltrating cells in the Neuro2a
(Neuroblastoma) tumor model. Briefly, 24 hours after the first intratumoral rotavirus
injection, we quantified CD11+ myeloid cell, CD4+ and CD8+ T cell proportion in tumor
infiltrates reported as % of total CD45+ cells in tumors. As shown in figure 4a, we
observed that injection of rotavirus led to a remarkable increase in tumor infiltrating
myeloid cells from 30% to 70% of tumor immune infiltrate with no major variation in
CD4 and CD8 T cell proportion. Most importantly, a significant proportion of these
CD11b+ myeloid cells switched to an activated phenotype, expressing high levels of the

costimulatory molecule CD86 compared to PBS treated tumors, suggesting a strong
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inflammatory response to virus injection. Although the frequency of CD8+ T cell infiltrate
remained stable, an highly significant proportion of these CD8+ T-cells had upregulated
activation markers such as OX40 (50%) and CD137 (30%) on their surface suggesting a
CD8 switch to anti-tumoral phenotype (Fig. 4a). Interestingly the inhibitory immune
checkpoint CTLA-4 was also strongly up-regulated at the cell surface of both CD8+ and
Foxp3+ CD4+ Regulatory T cells probably due to a negative feedback regulation (Fig.4a).
To further analyse the local immune response we evaluated the activation of the IFN-I
pathway by analyzing the expression of the interferon-inducible MxA protein by
immunofluorescence into the tumors of treated mice compared to PBS control mice in
A20 lymphoma model (Fig.4b). High proportion of MxA positive cells was observed for
all tumors tested compare to control, confirming type-l IFN production induce by the
virus. Then, we studied the immunogenic properties of the in vitro cellular death
induced by Rotavirus. We found hallmarks of immunogenic cell death both in human
and murine cell lines with an extra-cellular release of ATP (Fig.4c) and calreticulin

upregulation (not shown).

Intratumoral Rotavirus overcomes and synergizes with anti-CTLA-4 to
generate a CD8+ T-cell anti-tumor immune response

The upregulation of CTLA4 and CD86 respectively on T cells and myeloid cells (Fig. 4a),
provided the rationale for combination experiments between intratumoral Rotavirus
and systemic anti-CTLA-4 antibodies. Interestingly, although the Neuro2a
Neuroblastoma model was resistant to anti-CTLA-4 and transiently responsive to
rotavirus single therapies (Fig.5a), we found that the combination of intratumoral
Rotavirus + systemic anti CTLA-4 was highly synergistic with a 100% complete response
rate with no relapse (Fig.5a). Similarly, 100% complete tumor regression was also
observed in the A20 lymphoma model (Fig.5b) with the combination while only (50-70%)
of tumor rejection was observed with Rotavirus or (10-20%) with anti-CTLA4 single
agent. We also looked at the effect of the commercial Rotavirus vaccine combination
with CTLA-4 antibodies in these two tumor mice models. We still observed a synergistic
effect of Rotavirus vaccine with anti-CTLA-4 in Neuroblastoma (60% of complete

regression) (Fig.5¢) and in the lymphoma model (70% of complete regression) (Fig.5d).
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To assess the contribution of T-cells in this therapeutic synergy we depleted CD4+ and
CD8+ T cells in Balb/c mice transplanted with the A20 murine lymphoma. We observed
that in the CD8+ depleted mice the anti-tumoral effect of the combination therapy was
drastically abolished. In contrast, the depletion of the CD4+ T cells had virtually no
impact on the therapeutic response. This demonstrated the major role played by the
CD8+ T-cells in response to the treatment (Fig.5e). We also observed that all of the
cured mice were protected upon rechallenge with the same tumor cells, demonstrating
induction of an adaptive immune memory response in cured mice (Fig.5f). Balb/c mice
cured from A20 lymphoma were re-challenged with both A20 lymphoma cells and
irrelevant 4T1 breast cancer carcinoma cells in two separated flanks. The 4T1 breast
carcinoma tumors developed in these cured mice whereas A20 lymphoma tumor did
not, illustrating the specificity of the anti-tumor immune response generated by the
combination therapy (fig5g). Then, to measure the T cell anti-tumor response induced by
the anti CTLA-4 + Rotavirus combination, splenocytes from A20 lymphoma (Fig.5h) and
Neuro2a Neuroblastoma cured mice (Fig.5i) were exposed in vitro respectively to the
A20 or Neuro2a cell lines. After 4 days, CD8+ T cells were stained for intracellular IFN-y,
and surface CD137 and OX40 activation markers and analysed by FACS. We observed
that splenocytes from mice cured from either tumor model produced 2 to 3 times (5% to
10-15%) more levels of intracellular IFNy compared to control and expressed up-
regulated surface activation marker such as CD137 and OX40 compared to control mice

(Fig.5h, ).

Intratumoral Rotavirus generates abscopal and durable tumor-specific
immunity

To assess whether the Rotavirus + anti-CTLA-4 combination therapy could also induce an
antitumor effect on distant non-injected tumors (abscopal effect), we set up two tumors
mice model by injecting tumor cells on both flanks. Rotavirus was injected in one of the
two tumor sites and anti-CTLA-4 antibody was injected systemically (i.p). Despite the
aggressive features of the two tumor models, the combination could cure 100% of the
mice with complete regression of both injected and non-injected tumors both in A20

lymploma model (Fig.6a) and in Neuro2a Neuroblastoma model (Fig.6b). These results
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suggest a systemic antitumor immunity response leading to a complete regression of the
injected and non-injected tumor lesion leading to a complete survival rate for both
tumor models. We studied the effects of this combination therapy on the immune
infiltrating cells at the injected and distant tumors.

Although Neuro2a Neuroblastoma tumors contained more myeloid cells, we observed
similar impact on both tumor models (Figbc-d) of Rotavirus (1/100) injection (analysed
24 hours after the second intratumoral injection): i) myeloid cells were activated (as
shown by CD86 upregulation) in both the injected and distant tumors with and without
anti-CTLA-4, ii) CD8 T cells were increased in number both in injected and distant tumor
in particular in the Neuro2a models after Rotavirus + CTLA4 combination therapy and iii)
high CD8 T cell activation was observed with OX40 upregulation in both models, both

the injected and distant tumors.

Discussion:
Immune checkpoint targeted antibodies are currently revolutionizing cancer patient

treatment. However, a majority of patients remain resistant to these immunotherapies.
This study was designed to evaluate clinical grade strategies to overcome such
resistance. We previously showed that the intra-tumoral injection of PRRs agonist can
induce an anti-tumor immune stimulation that can synergize with ICT mAbs (22).
Commercially available anti-infectious vaccines represent a potential alternative source
of PRRs agonists, notably in the context of pediatric cancers that are currently shown to
be resistant to ICT mAbs (25) (26). While evaluating the TLR stimulating capacity of
different viral and bacterial based vaccine, we identified that Rotavirus vaccines have
the capacity to stimulate NF-kB independently of TLRs and IRFs. The mechanism by
which Rotavirus activate NF-kB remains unclear. It may be directed by one of the viral
structural or non-structural protein. Indeed, it has been shown that viral proteins
interact with host proteins implicated in the type | IFN response (27). This activation
might be indirect via vaccine-induced cytotoxicity on tumor cells resulting in the release
of DAMPs or the production of cytokines and the activation of different pathways that

lead to NF-kB activation. Even if the cell death induced by Rotavirus is not yet fully
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characterized it harbors features of immunogenic cell death through the release of ATP
and CRT cell surface translocation (not shown). We show that the Rotavirus has tumor
cells specific cytotoxicity since it induces cell lysis of all evaluated tumor lines at low
dose (1/200 000-1/2000) but affects normal fibroblasts and primary HMEC viability only
at much higher dose (1/20-1/200). As shown by MXa detection the in vivo injection of
Rotavirus leads to intra-tumor type | IFN induction that may contribute to the immune
response induced by the Rotavirus. The source of type | IFN leading to Mxa protein
expression may originate from cancer cells or tumor infiltrating immune cells. In this
context, we also observed an activation of tumor infiltrating myeloid cells and CD8 T
lymphocytes, which demonstrates the immune stimulating properties of the virus.

This activation of the immune response by the virus leads to a potent therapeutic
activity when combined with i.p. anti-CTLA4 in ICT resistant pediatric tumor models. As
expected the therapeutic activity of the combination of Rotavirus and anti-CTLA-4 was
mainly CD8 T cell-dependent and CD8 specific anti-tumor immunity was demonstrated.
The use of mice bearing tumors on two different sites allowed to demonstrate a clear
abscopal effect of the combination of i.t. Rotavirus with i.p. anti-CTLA-4 with complete
regression of both the injected and non-injected tumors in 100% of mice. In addition, we
observed an immune cell activation in both tumor sites. Our work is in concordance with
the work of Prof Jim Allison’s lab reporting that intratumoral injections of New castle
disease murine oncolytic virus could overcome a systemic resistance to anti-CTLA-4
therapy in a mouse melanoma model (20) and also with the recent work of Prof Antony
Ribas et al which has shown that the talimogene laherparepvec (T-VEC) virotherapy
might improve anti PD-1 immunotherapy in patients with metastatic melanoma(28).
Through the induction of tumor immunogenic cell death and the production of type |
IFN, i.t Rotavirus injection is leading to an activation of the myeloid antigen presenting
cells likely resulting to CD8 T cell priming. CTLA4 and it ligands (CD80, CD86) are
upregulated upon rotavirus injections on T cells and myeloid cells respectively,
supporting the potent synergy seen between Rotavirus and anti-CTLA4. In addition, anti-
CTLA4 may also alter the Treg suppressive function induced after virus infection. As we

observed a very high induction of CTLA-4 on Tregs after Rotavirus injection (Fig.4a)
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Intratumoral injections of rotavirus should prevent the side effects of systemic exposure.
Furthermore, like for T-VEC, intratumoral injections of a high viral load should prevent
virus neutralization in Rotavirus immunized patients.

Altogether, our results provide the pre-clinical rationale in favor of intratumoral
rotavirus to overcome anti-CTLA-4 cancer immunotherapy resistance, notably in
pediatric cancers. Such clinical translation should be feasible with the use of Rotavirus
vaccines which represent a clinical grade, pediatric approved, non-genetically modified,

source of oncolytic virus.

Materiel and methods:

Reagents:

Commercially available Rotavirus vaccines Rotarix®(GSK) and Rotateq®(Merck) have
been both tested in the experiments and will be referred as Rotavirus vaccine
throughout the manuscript. Because multiple of infections (MOI) cannot be established
for these commercial vaccines, dilutions in culture media of pure vaccines/virus have
been used for in vitro experiments. Pure vaccines and also rotavirus vaccinal strain stock

and pure excipient were provided by Merck (Merck Sharp & Dohme corp, USA).
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Cell culture:

SH-SY5Y cells (ATCC—CRL2266) were cultured in RPMI 1740 medium (Gibco-life
technologies) supplemented with 10% of heat inactivated fetal bovine serum (FBS), 1%
Glutamine, 1% antibiotic (penicillin and streptomycin) (Life technologies). Transgenic
hTLR-LUC cell lines were seeded in DMEM (Gibco-life technologies) supplemented as
described before. Each cell line was selected by its respective antibiotic (TLR2, 4 by
Zeocin, Hygromaycin, Blasticidin and TLR3, 5, 6, 7, 8, 9 by Zeocin, Blasticidin and LUC by
Zeocin) (Invivogen). All cell lines were incubated at 37°; 5% CO2. A20 cell lines were a
kind gift from Prof Ronald Levy lab, Stanford University, California, USA and were
cultured with RPMI supplemented as mentioned above. Neuro2a (ATCC®CCL-131™) and
NXs2 (previously described by Lode JNCI 1997) were cultured in DMEM supplemented as
mentioned above. Skin fibroblast cell lines from Caucasian individuals were obtained
from the cell culture collections of the Centre de Biotechnologie Cellulaire, CBC-Biotec,
CRB-Hospices Civils de Lyon, France. Primary mammary epithelial cells (HMEC) (ATCC-
PCS-600-010) cell lines were cultured in Mammary epithelial cell basal Medium (ATCC-
PCS-600-03) enriched with Mammary epithelial cell growth kit (ATCC-PCS-600-040).
MDA-MB-231 (ATCC® HTB26™) cell lines were cultured in DMEM supplemented as

mentioned above.

Bioluminescence assay:

Human embryonic kidney cells 293 (HEK 293) were stably transfected with plasmid
allowing the constitutive expression of TLRs of human origin (hTLR) (InvivoGen San
Diego, CA, USA). To generate reporter model of TLR activation, HEK-293 stably
expressing hTLRs or control HEK293 cells were then stably transfected with the NF-kB
inducible reporter plasmid pNiFty-luc (Invivogen) using the Calcium phosphate method.
Stable transfectants were selected in the presence of 100 ug/ml Zeocin (Invivogen). For
stimulation assay, cells were seeded in DMEM supplemented on flat-bottom 96 well
plates. The next day, medium was replaced by fresh medium and respective ligands. 18-
20 hours later, cells were lysed in 30 pl of 5x lysis buffer (Promega). Firefly luciferase

activity was quantified using 20 pl lysate by integrated measurement of flash
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luminescence over 1 sec (Bethold Tristar LB941,Grenier) in 96 wells after injection of 20
ul 1x “In-House” luciferase revelation buffer (20 mM Tris Ph7.8,1.07 mM MgCl2, 2.7 mM
MgS04, 0.1 mM EDTA,33.3 mM DTT,470 uM luciferine,530 uM ATP and 270 uM

CoEnzyme A) by TECAN spectra plate reader machine.

Cytotoxicity test (Sulforhodamine B assay):

SRB assay (Sigma-Aldrich TOX6-1KT) was used to evaluate the cytotoxicity activity of
different dilution of Rotavirus vaccine/strain on human tumoral cells. Triton 0.1% was
used as the positive control. Briefly, cancer cells (10,000) were plated in a 96-well plate
and then treated with serial dilution of Rotavirus vaccine/virus in medium for 3 to 5
days. The treated cells were fixed with 50 pl of 10% cold trichloroacetic acid solution for
1 h at 4 °C, washed with distilled water five times, then dried at room temperature. The
dried cells were stained with 50 ul of 0.4% SRB for 10 min and rinsed with 1% acetic acid

solution five times. Finally dye was dissolved in 10 mM Tris buffer and measured at

565 nm on a TECAN spectra plate reader machine.

Mice:

6 to 8 weeks femelle A/J and Balb/C mice were provided from Harlan, the NSG mice
from Charles Rivers. All the experiences have been done in Leon Berard Center animal
laboratory with the approval number: C69 388 0202. All the experiments were validated
through ethics comity with approval number: CECCAPP-CLB-2016-009.

Tumor transplantation :

5x10° of Neuro2a, Nxs2, A20 and 1x10° of 4T1 tumor cell lines in 100 ul of PBS, were
transplanted subcutaneously to the mice. Tumor sizes were monitored with a digital
caliper (Mitutoyo) every 2 to 3 days and expressed as surface (length x width). Mice

were killed when s.c. tumor size reached 2 cm?.
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Tumor immunotherapy treatment:

Treatment started when tumors reached 0.7-1 cm in largest diameter, usually around
day 7 after tumor inoculation. Intratumoral injection of rotavirus vaccine/strain (100ul of
the vaccine and 100pl of 1/100 virus dilution) 3 times every 3 days, combined with i.p
injection of anti-CTLA-4 at the concentration of 200ug in 100 pl of PBS, 4 times every 3

days(10 mice /group in each experiments).

CD4 and CD8 T cell depletions:

Anti-CD4 (rat 1gG2b; Clone:GK1.5) and anti-CD8a (rat 1gG2b; Clone:2.43) depleting mAbs
were obtained from Bioxcell laboratory, 200ug of these antibodies were injected
intraperitoneally 2 and 1 day before treatment and 5 and 8 days after beginning of the

therapy.

Immune cell processing and transplant:

Tumors, lymph nodes, and spleens were turned into single cell suspensions by

processing them through a 70-um cell strainer (BD Biosciences).

Flow cytometry:

1 x 108 cells were surface stained in PBS with 1 ug antibodies, mouse Fc receptors were
blocked with 1 pg FcyRIll/lI-specific antibody (clone 2.4G2, rat 1gG2b k; BD Bioscience).
CD45 (clone 30-f11), CD8 (clone 53-6.7), CD4 (GK1.5), Foxp3 (cloneFJK-16S), CTLA-4
(clone UC10-4B9), Ox40 (clone ox-86), CD137 (clone-17B5) and IFNy (clone XMG1.2)
intracellular staining was done using Foxp3 staining kit (00-5523-00) and intracellular
Fixation and permeabilisation buffer (88-8824-00). Brefeldin A (00-4506-51) provided by
eBioscience, CD3 (clone 17A2) and CD11B (clone M1/70) was provided by Biolegend. All
the staining was acquired and analysed by flow cytometry on a FACS Canto Il (BD

Bioscience).
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Immunofluorescence in situ:

Immunofluorescence staining was done on frozen tumor samples, using mouse anti Mxa
(2G12; NPB1-47859) provided by Novus and goat anti mouse antibody conjugated to
FITC (00030748) provided from Dako. The incubation time for each staining step was
maximum 1 hour. The mean of immunofluorescence intensity is measured using image J

software.

Splenocyte stimulation with cancer cells:

Splenocytes from cured and control mice were exposed to tumor cell line for 4 days in
vitro. The ratio of splenocytes to tumor cell line was 1000:1 in RPMI/DMEM medium.
After 4 days, cells were treated with Brefedin A for 5 hours in 37 °. Then the surface
markers and intracellular IFN y (intracellular Fixation and permeabilization buffer (88-
8824-00) provided by eBioscience), were stained by the antibodies. (The reference were

mentioned before in the flow cytometry part) and were analysed by flow cytometry.

ATP release study:

ATP release was studied by CellTiter-Glo® Luminescent Cell Viability Assay kit provided by
Promega.

Statistics:

Prism software version 6.0 (GraphPad) was used to analyze tumor growth and to determine

the statistical significance of differences between groups by applying 2-tailed Student t tests

(paired or unpaired depending on the settings of the experiment). Comparisons of means

between more than 2 groups were done by ANOVA. Kaplan-Meier plots were used to

analyze survival. Comparisons of survival curves were made using the log-rank test. P values

of less than 0.05 were considered significant.
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Fig1) Proinflammatory features of Rotavirus vaccines: NF-kB activation in transgenic cell lines expressing

specific Toll-like receptors (TLR) and NF-kB-Luc reporter system by different dilutions of A) the Typhoid Fever
vaccine (Tyavax®) B) Mycobacterium tuberculosis vaccine (BCG Pasteur®). Data are represented as RLU
bioluminescence intensity. Red line represents natural ligand of the TLR, blue line represents the vaccine and the
black line is negative control (medium). C-D) NF-kB activation in 293 T parental cell line that doesn’t express any TLR
but contains NF-kB reporter system by C) Rotarix and D) Rotateq. Data are (mean + s.e.m), n=3 well per dilution. E)
Heat map of NF-kB activation capacity of 14 anti-infectious vaccines at optimal dilution using transgenic reporter
cell lines expressing specific Toll-like receptors (TLR) and NF-kB-Luc reporter system. The normalization is done
using the corresponding natural TLR ligand at optimal dilution as a positive control (100%). The highest
bioluminescence intensity is represented in dark blue and lowest in light blue. TLR9 and TLR6 cell lines were equally
activated by rotavirus vaccines but the ratio have not been depicted because of the lack of positive control
activation of the corresponding NF-kB cell lines by synthetic ligands (supplementary data 1).
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Fig2) Rotavirus vaccines have antitumor activity against pediatric tumor models resistant to anti-CTLA-
4 and anti-PD-1 (-L1): A) Intraperitoneal (IP) injection of 200ug of aCTLA4 or aPD1/L1 alone or in combination in
Murine Neuroblastoma model (Neuro2a). The mice were injected subcutaneously with 5x10°® of Neuro2a murine
cell line. The therapy started at Day 7 (black arrow) for 4 injections every 3 days. Data are (meants.e.m), n=10 mice
per group. B) Intra-tumoral injection of NF-kB activating vaccine (Tyavax, BCG, Rotarix, Rotateq) in Neuro2a mice
model. 3 consecutive intra-tumoral (IT) injections of (100 ul of the vaccines) every 3 days. n=10 mice per group,
each group compared to PBS, (Unpaired one tailed t-test), ns=no significant, *p<0.05 and **p<0.005. C) Cytotoxic
effect evaluated by Sulforhodamine B (SRB) assay of different components of Rotavirus vaccines: vaccine (~ 5,5x
10°%pfu/ml), Rotavirus strain (virus) (100-1000x vaccine concentration; a mixture of 5,5x107 to 5,5x108 of 5 different
Rotavirus strain) or excipient (see Fig S3) on Neuroblastoma human cell line (SH-SY5Y). (mean + s.e.m), n=3 well per
dilution, (Unpaired one tailed t-test) *p<0.05, ***p=0.0001 and ****p<0.0001. D) IC50 of Rotavirus strain studied
by SRB assay on NB murine cell line (Neuro2a) and Murine Lymphoma (A20). E) IC50 of Rotavirus strains studied by
SRB assay, on normal cells (fibroblast and HMEC) compared to human triple negative breast cancer (MDA-MB-231)
and human Neuroblastoma (SH-SY5Y). 1/10 serial dilution were performed from 1/20 to 1/2,000,000. The
incubation time is 3 days on HMEC and MDA-MB231 or 5 days for SH-SY5Y, Fibroblasts, Neuro2a and A20.
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Fig3) In vitro oncolytic properties of Rotavirus strains translate into in vivo anti-tumor immunity: A) In
vivo anti-tumor effect of the Rotavirus virus on A20 Lymphoma syngeneic mice model (5x108 tumor cell line were
injected subcutaneously per mice for tumor graft), 3 injections of pure virus, 1/10 and 1/100 dilution were
performed every 3 days (day 7, dayl0 and day 13) and tumor size was evaluated twice a week using formula
surface = (length x width). n=10 mice per group, mean of different Rotavirus strain dilution compared to PBS,
(Unpaired one tailed t-test), *p < 0.05, survival rate (log-rank test ), **p=0.001. B) In vivo anti-tumor effect of 3
injections of 100ul of the 1/100 dilution of the vaccine, every 3 days in 2 murine syngeneic Neuroblastoma mice
model NXS2, n=8 or 9 mice per group (paired one tailed t-test),*p< 0.05, Survival rate (log-rank test), ns=no
significant, and C) Neuro2a, n=10 mice per group (Unpaired one tailed t-test), *p<0.05, survival rate (log-rank test),
***p=0.0001. D) In vivo anti-tumor effect of the same 3 injections of 1/100 Rotavirus virus in NSG immunodeficient
mice, n=10 or 9 mice per group (Unpaired one tailed t-test), ns=no significant.
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Fig4) Immunostimulatory properties of intra-tumoral Rotavirus injection: A) Tumor-infiltrating immune
cells were studied 24 hours after the first intra-tumoral injection in Neuro2a tumor model by flow cytometry.
Results are presented as % of CD11b/CD8/CD4 cells from CD45+ population and Tregs were gated as foxp3+ cell in
the CD4+ population. Rotavirus injected tumors were compared to PBS injected tumor. Data are (meanz s.e.m), n=5
mice per group (Unpaired one tailed t-test), *p< 0.05, **p<0.005, ***p<0.0005. B) Immunofluorescence staining
with anti-Mxa specific mAb on frozen tumor section from 24 hours Rotavirus or PBS treated mice bearing A20
tumors. Isoptype control mAb was used as negative control for MxA detection (in green) after Dapi counterstaining
(in blue). Typical pictures of MxA positive cells are presented demonstrating 100% of MxA positive cells 24 h after
rotavirus treatment (left panel) and The mean of immunofluorescence intensity measured by image J software and
presented in the right panel. Data are (meant s.e.m), n=2 mice in each group with 3 tumor section (Unpaired one
tailed t-test), **p=0.005. C) ATP release measurement was performed by luminescence assay using CellTiter-Glo®
Luminescent Cell Viability Assay kit on human (SH-SY5Y), murine Neuroblastoma (Neuro2a) and murine Lymphoma
(A20) tumor cell lines, 48 hours after incubation with different dilution of Rotavirus. Results are reported as RLU
intensity corresponding to relative ATP release intensity. Data are (meant s.e.m), n=3 well per dilution (one way
Anova test), ¥**¥**p< 0.0001, ***p<0.0005, **p<0.005.
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Fig5) Rotavirus overcomes ICT resistance and synergizes with aCTLA-4 to generate a CD8+ T-cell anti-
tumor immune response: Tumor measurement of combination of Rotavirus and aCTLA-4, after 3 IT injection of
100 pl Rotavirus (1/100) + 4 IP injection of 200ug of aCTLA-4 with 3 days interval in A) Neuroblastoma (Neuro2a)
and B) Lymphoma (A20). n=10 mice per group and each group compared to PBS (Unpaired one tailed t-test),
*p<0.05 and **p<0.005, survival rate (rank-log test), **p=0.002 and ****p<0.0001. C) Combination of Rotavirus
vaccine with aCTLA-4 in Neuroblastoma (Neuro2a) and D) Lymphoma (A20) with the same protocol. (meants.e.m),
n=10 or 9 mice per group (Unpaired one tailed t-test), *p<0.05. E) Tumor measurement after CD8 and CD4 T cell
depletion in mice treated with Rotavirus+aCTLA-4. n=10 mice per group (Unpaired one tailed t-test), *p<0.05. F)
Survival rate of cured mice from Lymphoma and Neuroblastoma after injection with the same tumor. n= 5 mice per
group, survival rate (log-rank test), **p<0.005. G) Tumor measurement of cured mice from A20 lymphoma after
injection with A20 lymphoma and 4T1 mammary tumor. (meants.e.m), n= 3 mice per group, (Unpaired one tailed t-
test), *p<0.05. H) Splenocyte of cured mice from Lymphoma (A20) and control mice bearing Lymphoma (A20)
treated by PBS, co-cultured with A20 tumor cell lines for 4 days, then CD8 T were stained for intracellular IFNy and
surface activation markers. (meants.e.m), n=3 mice per group (Unpaired one tailed t-test) *p<0.05. I) The same
experiment as described for Neuroblastoma (Neuro2a). (meants.e.m), n=3 mice per group (Unpaired one tailed t-
test) ns= no significant, *p<0.05.
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Figé) Intratumoral Rotavirus generates abscopal effect and durable tumor-specific immunity: A)
Lymphoma (A20) and B) Neuroblatoma (Neuro2a) mice model bearing 2 tumors. Rotavirus injection was done in
one tumor and abscopal effect of Rotavirus and aCTLA-4 combination was evaluated in distant tumor by tumor
surface evaluation compare to PBS. Data are (meanzs.e.m). n=10 mice per group, survival rate (log-rank
test),****p<0.0001, ***p<0.0005. C) Flow cytometry analysis of injected and distant Lymphoma (A20) tumors,
excised 24 hours after second injection of Rotavirus and aCTLA-4. CD11b and CD8 cells are gated from total lived
cells (A20 tumor cells are CD45+ and cannot be excluded from immune infiltrating cell) for OX40 and CD86 marker
analysis. n=3 mice per group data are (mean * s.e.m), Rotavirus and Rotavirus+a CTLA-4 treated mice are compared
to PBS treated mice (Unpaired one tailed t-test), ns=no significant, *p < 0.05 and **p<0.005. D) Flow cytometry
analysis of injected and distant Neuroblastoma (Neuro2a) tumors, excised 24h after second injection of Rotavirus.
CD11b and CD8 are gated from CD45+ cells, for OX40 and CD86 marker analysis. n=3 mice per group data are
(mean * s.e.m), Rotavirus and Rotavirus+a CTLA-4 treated mice are compared to PBS treated mice (Unpaired one
tailed t-test) ns=no significant, *p < 0.05and **p<0.005.
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Supplementary data:

FigS1: a) NF-kB activation capacities of different dilutions of Mycobacterium tuberculosis vaccine (BCG Pasteur®),
the Typhoid Fever vaccine (Tyavax®), Rotarix and Rotateq vaccines in transgenic cell lines expressing specific TLR
and NF-kB reporter system. Red line represents natural ligand of the TLR, blue line represents the vaccine and the
black is negative control. (Normalization is done as described before in Fig.1e). Data are (mean + s.e.m), n=3 well
per dilutions.
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FigS2: In left figure, NF-kB activation by Rotavirus at 1/20 dilution in 293 T parental cell line. In right figure,
cytotoxic analysis by SRB assay on 293 T parental cells line.n=3 well per dilution.

FigS3: Excipient cytotoxic effect analysis by SRB assay on SH-SY5Y after 5 days of incubation. . Data are mean *
s.e.m.n=3 well per dilution.

FigS4: Sulforhodamine B (SRB) assay of each Rotavirus strain (G1, G2, G3, G4 and P1) individually on human
Neuroblastoma cancer cell line (SH-SY5Y) (5 complete day of incubation). Data are mean + s.e.m, n=3 well per

dilutions.
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