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Chapter 1

CANCER

Nowadays, cancer is one of the main causes of mortality worldwide, in 2020 it was the second
cause of death after ischemic heart disease with 10 million death cases and could continue rising
with an estimation of 13.2 million deaths in 2030." According to the World Health Organization,
in 2020 approximately 10 million cancer-related deaths were reported, nearly 1 death in 6 all
over the world. The most common types of cancer were the breast (2.26 million cases), lung
(2.21 million cases), colon and rectal (1.93 million cases), prostate (1.41 million cases), skin (non-
melanoma, 1.20 million cases) and stomach (1.09 million cases) cancers. The types of cancer with
the highest mortality rates were lung (1.80 million deaths), colon and rectum (916 000 deaths),
liver (830 000 deaths), stomach (769 000 deaths) and breast (685 000 deaths) cancers, but these
rates are still increasing every year. Today, tobacco use, alcohol consumption, unhealthy diet,
physical inactivity, air pollution and infections are the major risk factors explaining the rise in
cancer incidence.*?

Cancer is a general term referring to a large group of diseases which can be characterized by an
uncontrollable and rapid proliferation of abnormal cells able to spread and invade adjoining
parts of the body, usually named as metastasis. Cancer arises from the transformation of normal
cells in tumour cells through a multi-step process due to genetic mutations occurring during
DNA replication each time that cells divide.* The accumulation of these mutations after several
duplications allows these abnormal cells to become aggressive and to develop ability to adapt
to arch conditions. The tumour microenvironment is constituted out of different type of cells
such as fibroblasts, various immune cells and blood and lymphatic cells embedded in tightly
packed extracellular matrices. The second characteristic associated to harsh metabolic
microenvironment results in an imbalance of positive and negative regulators of processes in
activating and deregulating angiogenesis, desmoplasia, and inflammation.® Thus, enabling
tumour progression and resistance to conventional therapies. Today these characteristics are
well known as “cancer hallmarks”, they comprise sustaining proliferative signalling, evading
growth suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis,
activating invasion and metastasis, reprogramming of energy metabolism and evading immune
destruction. Currently, the biology of cancer remains to be understood through the finding of
new traits in order to develop and improve treatments.’

All cancers are different depending on their type or their advanced stage, thereby each
treatment differ. The main objective of cancer treatments is to offer to patients a complete cure
of cancer, to diminish adverse effects and/or to offer a better quality of life. In order to achieve
this, the different treatment options currently used are surgery, chemotherapy, radiation therapy
or hormonal therapy. However, nowadays cancer research focuses more on targeted therapies
with the aim to decrease patient side effects by allowing a better control of the drug delivery to
the tumour environment. Immunotherapy has also emerged as promising treatment, by
stimulating or reactivating patient immune system to eradicate cancer.”®

-10-
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TUMOUR HYPOXIA

Hypoxia has been studied since the 1930s and is known, nowadays, to be a common feature of
solid tumours, characterised by a very low oxygen content, typically less than 1%.%' This poor
oxygen levels are principally caused by an abnormal blood vascularisation development in
rapidly growing tumours. The resulting diffusion limitations prevent a homogeneous oxygen,
but also nutrient diffusion into tumours cells (Figure 1) which leads to a high scale adaptative
reprogramming, making tumours more aggressive, proliferative and resistant to conventional

treatments.”"'® However, hypoxia is an extremely valuable target to be exploited for certain
anti-cancer therapy strategies."

Drug Resistance [0,]

Necrotic i
region

[}

Hypoxic Il
region =
=0

—
Normoxic, ==
region S

Tumour vasculature

Figure 1: Hypoxia heterogenous tumour microenvironment.!®

THE HIF PATHWAY

Adaptation of cancer cells to an anaerobic environment is achieved by the transcriptional
induction of genes that are involved in several mechanisms driven by the activation of hypoxia-
inducible factor 1a (HIF-10)."%! Three HIF-a have been identified till date, HIF-1a, a well-known
transcriptional nucleoprotein targeting several genes, HIF-2a and HIF-3a, two other analogues
less expressed in tissues.”? HIF-1 comprises two subunits, HIF-1a, present in the cytoplasm in
every tissue, is oxygen sensitive and its level increases in hypoxic conditions due to stabilisation
(Figure 2) and HIF-1B, also known as ARNT, which is located in the nucleus and binds to HIF-1a
to promote angiogenesis mechanisms amongst others, helping cells to adjust hypoxia.>** In
normoxic conditions, HIF-1a undergoes degradation by ubiquitylation.”” Prolyl hydroxylase
(PHD) enzymes hydroxylate proline residues of HIF-1a molecules enabling the binding of the E3
ubiquitin ligase complex containing the Von Hippel-Lindau (VHL) protein and leading to
recognition by a protease enzyme and degradation of HIF-1a.?® However, in hypoxic
environment, the hydroxylation step is inhibited, thereby the HIF-1a protein is not degraded
and accumulates in the cytoplasm. Then, HIF-1a enters in the cell nucleus and dimerizes with
HIF-1B to form the HIF-1 complex. This complex interacts with the P300 co-factor and binds to
the hypoxia-responsive element (HRE) regions present in the promotor region of multiple genes,
resulting in their transcription to enable the survival of cells in hypoxia.?*='
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Figure 2: Schematic representation of the HIF pathway in normoxic and hypoxic environment.
Abbreviations: hypoxia-inducible factor 1a and 1B (HIF-1a and HIF-1B), prolyl hydroxylase (PHD), Von Hippel-Lindau protein
(VHL), E3 ubiquitin ligase (Ub), co-factor (P300). Adapted from 31

Among the different mechanisms involved in cancer cell survival in the harsh hypoxic
environment, the HIF transcriptional activation enables the glycolytic energy production in
tumour cells. Today, it is well known that hypoxic cells need to maintain a stable glucose
metabolism, described as the Warburg effect?** Indeed, because of their important
proliferation, glucose metabolism plays a key role in hypoxic tumour cell development,
upregulating several metabolic pathways essential for cancer cells survival.>* Nevertheless,
contrarily to aerobic cancer cells, under hypoxic conditions this essential glycolysis process
produces lactate as by-product which is excreted to prevent intracellular acidification.®>3¢
Moreover, glycolysis results as well in the production of carbon dioxide which can diffuse
passively across the membrane and requires the action of another protein, carbonic anhydrase
IX (CAIX), which is transcriptionally upregulated upon hypoxia via the HIF pathway, to counteract
its effects.

CARBONIC ANHYDRASE IX

CAIX is a zinc metallo-enzyme, member of the carbonic anhydrase (CA) family which catalyse
efficiently the reversible hydration reaction of carbon dioxide in bicarbonate and a proton.
Carbonic anhydrases are categorised in 8 classes: a, B, y, 8, ¢, n, 8 and 1.*"*® The human carbonic
anhydrases belong all to the a class and are present in 15 different isoforms, of which 12 are
catalytically active. These active isoforms differ from each other for their kinetic properties,
response to inhibitors and subcellular localization. Indeed, CAs |, II, I1I, VIl and XllI are cytosolic,
CAs IV, IX, XIl and XIV are membrane bound, CAs Va and Vb are mitochondrial and CAVI is
secreted principally in saliva. CA are involved in several physiological processes, such as the
maintenance of pH and bicarbonate homeostasis, respiration, bone metabolism, and
tumorigenesis.***' However, in recent years CAIX has received a lot of attention from scientists
because of its high catalytical potency and its highest production of protons among the other
CAs. Indeed, the expression of CAIX is transcriptionally regulated via the HIF stabilisation
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pathway in cancer cells.*® It is a transmembrane glycoprotein with the majority of its CA domain
exposed to the extracellular environment. Based on these facts, it has been proposed that CAIX
may contribute to tumour proliferation by acidification of the extracellular pH in response to
hypoxia or loss of the negative regulation by von Hippel-Lindau protein.***> The protons
produced after hydration of the carbon dioxide by the catalytical activity of CAIX accumulate in
the extracellular space causing its acidification. This stimulates the degradation of the
extracellular matrix, thereby promoting tumour invasion. The bicarbonate formed is transported
back into cells by sodium bicarbonate transporters (BNCs) or anion exchangers (AEs). The CAll,
forming a metabolon with CAIX, catalyses the conversion of bicarbonate back to water and
carbon dioxide using intracellular produced protons.*®#’ These bicarbonate concentrations cause
a slightly alkaline intracellular pH, which promotes tumour cell survival and proliferation in a
hostile acidic environment. Therefore, CAIX is involved in the regulation of the balance between
the intracellular alkaline pH and the extracellular pH of tumour cells (Figure 3).*® Moreover, it has
been determined that CAIX was involved in other metabolic mechanisms needed for cancer cells
survival. Indeed, meta-analysis studies showed clearly that high CAIX expression represents an
adverse prognostic marker in solid tumours, for this reason, it has been proven that CAIX

represented an attractive target for anticancer treatment.*
HCO5 + H* H,0 + CO,
~__/
Na* I \\\ 3

o
J T e
EXTRACELLULAR '
INTRACELLULAR ‘ ’ t
l,iog- Tiog CAIX
| |

HCO5 + H* H,0 + CO,

N

.

Figure 3: CAIX metabolism pathway involved in cellular pH regulation.
Abbreviations: Sodium-bicarbonate co-transporter (NBC), Anion exchanger (AE), carbonic anhydrase IX (CAIX), carbonic
anhydrase Il (CAll). Adapted from 444850

CARBONIC ANHYDRASE IX INHIBITORS

Many transmembrane-specific carbonic anhydrase inhibitors (CAls) have been designed to
induce an increase of the intracellular pH leading to the cell death. Generally, CAls are designed
to bind to the zinc central atom in the active site of the enzyme enabling its inhibition, however,
some other inhibitors have been designed, to bind to the enzyme by anchoring to the zinc-
coordinated water/hydroxide ion.**>™* When potent and selective inhibitors block e.g. CAIX
activity, extracellular pH increases to a more physiological range and causes an increase in
intracellular pH resulting in cell death.***” The sulfonamide/sulfamate class of inhibitors have
been used for decades for different types of pathologies but although encountered large
reversed-effects, this compound family still is the most studied one till date. Among the newer
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generation of sulfonamide inhibitors, few of them were investigated on in vivo animal models
and so far, only one, SLC-0111 (also known as WBI-5111) progressed to clinical trials for the
treatment of advanced, metastatic hypoxic tumours overexpressing CAIX/XIl and showed
promising preclinical anticancer action leading to reduction of primary tumour growth,
inhibition of invasion and metastasis, and a reduction in the cancer stem cell population.>
Moreover, SLC-0111 has been used as a lead molecule for designing other analogues with
improved selective CAIX inhibitory activity.>® Promising results have also been obtained with the
use of CAIX inhibitor conjugates combining small molecule CAIX inhibitors to cytotoxic agents
with a moiety possessing further antitumour actions such as specifically direct the therapeutic
agent to CAIX expressing cells.®® This is the so-called dual targeting approach, to promote a
higher tumour specific targeting, an increase of concentration of the payload in the tumour
environment and a decrease of toxicity on normal tissues.

HYPOXIA-ACTIVATED PRODRUGS

In order to take advantage of the difference of oxygen concentration between hypoxic tumours
and healthy tissues, in the last 30 years, researchers focused their efforts in the development of
bioreducible prodrugs, named later hypoxia-activated prodrugs (HAPs) to exploit the unique
microenvironment of hypoxic tumours for personalized cancer medicine. The HAP purpose is to
generate a cytotoxic effector selectively in the hypoxic environment by undergoing a
biotransformation following reductive metabolism by oxidoreductase enzymes, upregulated in
tumour cells. Moreover, after released, these effectors might partially diffuse back into the
surrounding aerobic areas of the tumour to produce a cytotoxic effect on rapidly proliferating
cells, as bystander effect.>” HAPs require enzymatic activation, typically by 1 or 2 electron
oxidoreductases. In the mono-electron reduction pathway, the HAP is reduced to form a fleeting
radical anion. In presence of oxygen, this radical will be rapidly back oxidised in the initial form
of the prodrug with generation of superoxide radicals quenched by superoxide dismutase, thus
preventing cytotoxic effects on normal cells. Under hypoxic conditions, this reduction of HAP
cannot be reversed. The cytotoxic payload is generated either by fragmentation or by further
reduction, disproportionation followed by subsequent reduction of the radical. In the two-
electrons reduction pathway, contrarily to the mono-electron one, the HAP activation pathway is
not oxygen dependent, thereby the cytotoxic species are directly released following the
enzymatic reduction. Thus, this pathway can also occur in normoxic tissues and causes dose-
limiting toxicity (Figure 4).°®

Two-electron reductase
2e

One-electron One-electron

reductase reductase Further reductase
1e il 1e electron transfers
Prodrug ; N [Prodrug] [Prodrug]z' —— Cytotoxic payload
0y o}
NORMOXIA HYPOXIA

Figure 4: general activation mechanism of hypoxia-activated prodrugs. Adapted from >°
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HAPs generally comprise three moieties, a payload, a linker and a trigger. The payload is the
cytotoxic compound which has to be released in the hypoxic tumour environment to kill cells
after enzymatic activation. The linker has to be able to deactivate the payload until its activation
and the chemical trigger should be susceptible to enzymatic activation under hypoxic
conditions. The trigger group plays a key role, it has to determine the prodrug activation in
hypoxic cells to allow the payload release at certain hypoxic levels depending on their reductive
potential.®*¢" A range of different chemical triggers have been identified to enable the selective
targeting of hypoxic cells and can be grouped into 5 main categories: nitro compounds,
aromatic N-oxides, aliphatic N-oxides, quinones, and transition metal complexes. Among them,
three chemical classes have been extensively studied even up to the clinical stage, quinones, N-
oxides, and more particularly nitro-aromatics such as the 2-nitroimidazole scaffold.

Quinones

Quinone-based prodrugs are the earliest developed HAPs, exemplified with the quinone
mitomycin C, but however with limited effects in clinical trials. Quinone HAPs can be activated
by the one electron or the two electron reduction pathways through cytochrome reductases or
DT-diaphorase activation respectively.’®®? The first quinone-based HAP, mitomycin C (MMC) was
developed in the 1960s and proposed to induce hypoxia selective cytotoxicity by DNA alkylation
through a reductive mechanism. MMC however did not show high hypoxia selective activation,
therefore, in order to improve the hypoxia activation, other quinone compounds have been
developed such as porfiromycin (POR) or apaziquone (EO9) having a greater hypoxia selectivity.
However, clinical studies demonstrated that POR did not show sufficient cytotoxicity compared
to MMC and EO9 showed poor pharmacokinetic properties. In addition, structural modifications
of EO9 have been achieved leading to pharmacokinetic and tissue penetration
improvement.>%63-6°

Aromatic/aliphatic N-oxides

The N-oxides compound family represents the most potential hypoxia-activated class of
prodrugs because of their low cytotoxicity under normoxic conditions, but selective reduction to
effective therapeutic compounds in hypoxic environments. These features make N-oxides
valuable for the synthesis of highly potent HAPs. Two drugs, tirapazamine (TPZ) and AQ4N
represent this compound family.

TPZ, an aromatic N-oxide developed in the 1980s, is one of the best-characterized HAPs. It
undergoes a one-electron enzymatic reduction by, for example cytochrome P450 (CP450) to
generate, after further spontaneous reactions in hypoxic environment, its active metabolites, a
DNA-damaging agent or benzotriazinyl radicals.®® TPZ can undergo, as well, a two-electron
reduction pathway in aerobic conditions bypassing the formation of the radical intermediate,
generating a non-toxic metabolite.®>®® This feature reflects the high hypoxia-selectivity of this
prodrug. TPZ entered clinical trials, combined with cisplatin, etoposide and/or radiotherapy for
several cancer types. Promising results were observed on different type of cancers, showing
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anticancer effects.®® However, TPZ did not show enough efficacy because of a too rapid
metabolization.”’® SN30000, the optimised derivative of TPZ and currently in clinical trials, has
been designed to overpass this issue®®.

AQA4N is an aliphatic N-oxide metabolized under hypoxia to AQ4, by CP450 or inducible nitric
oxide synthase enzymes (iNOS). AQ4 is a high affinity DNA intercalator inhibiting topoisomerase
[l after activation following a two-electron reduction pathway selectively in hypoxic environment.
This activation step is inhibited in presence of oxygen.*®**® Clinical trials demonstrated
significant activity of the AQ4N metabolite and also its ability to diffuse in surrounding tumour
hypoxic cells exerting a bystander effect.®®’"~"4

Nitro-aromatics

Nitro-aromatic HAPs were amongst the first oxygen-sensitive prodrugs to have been developed.
Metronidazole and misonidazole were first designed as radiosensitizers for radiotherapy to
mimic the oxygen effect in normoxic tissue. With the aim to improve these compounds, other
radiosensitizer prodrugs such as pimonidazole, etanidazole and nimorazole have been
synthesized.””"® Later, hypoxia-selective HAPs have been developed exemplified with PR-104
and TH-302.

PR-104 is phosphate ester pre-prodrug that undergoes a hydrolysis step by phosphatases to
generate the prodrug PR-104A, which is converted after oxidoreductase activation following
one-electron or two-electron reduction into two cytotoxic metabolites acting both as DNA
interstrand cross-linkers.>¢2%3 |t has been shown in in vitro study that PR-104 could be activated
in hypoxic environment by CP450, but also in aerobic conditions in an oxygen-insensitive
manner by the aldo-keto reductase 1C3.°*%%#2 |n addition, PR-104 showed toxic effect on clinical
trials, which limits its use as a HAP in solid tumours.®®> CP-506 is a second generation of PR-104,
resistant to aerobic activation by aldo-keto reductases. In hypoxic environment, CP-506
undergoes one-electron bioreduction to form, after further reduction, cytotoxic metabolites
acting, similar to PR-104, as DNA interstrand cross-linkers. This analogue of PR-104 is expected
to enter in clinical trials in 2022.>84-¢

Another promising nitro-aromatic prodrug is evofosfamide (TH-302), a 2-nitroimidazole-based
nitrogen mustard prodrug. The activation of TH-302 occurs via one-electron oxidoreductases in
hypoxic cells, leading to the fragmentation of the nitroimidazole trigger and release of bromo-
isophosphoramide mustard acting, as in the case of PR-104, as a DNA cross-linking agent.?’
Evofosfamide has been shown, when combined with other cytotoxic treatments, to enhance
anticancer targeted therapeutic or radiotherapy effects.?*** TH-302 showed a high selectivity for
hypoxic cells, which enabled it to progress into clinical trials.***® However, in two phase 3 trials,
TH-302 did not show any improvement on overall survival compared to standard of care, halting
its further clinical development.”
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OUTLINES OF THE THESIS

The hypoxic microenvironment is a well-known feature of solid tumours causing treatment
resistance, increasing tumour aggressiveness and proliferation. Tumour hypoxia is a promising
therapeutic target in cancer treatment which has attracted researchers since many decades with
the aim to develop prodrugs enabling to target hypoxic tumours in order to deliver cytotoxic
compounds directly in the hypoxic environment. Today several hypoxia-activated prodrugs have
been developed. Several HAPs have been tested in advanced clinical trials as monotherapy but
also in combination with radiotherapy or chemotherapy and have proven some benefit in phase
2 trials, but all failed in phase 3 trials. Chapter 2 summarizes the progress achieved over the last
15 years through investigation of key patents claiming the development of new generations of
HAPs which can preferentially release chemotherapeutic agents within hypoxic tumours. Within
this PhD thesis, several strategies will be investigated exploiting the concept of hypoxia-
activated prodrugs. Chapter 3 describes the design, synthesis and evaluations of carbonic
anhydrase IX inhibitors combining different hypoxia triggers with two benzenesulfonamide
analogues. Chapter 3 also describes the different biological evaluations performed on these
compounds in terms of inhibition potency, cytotoxicity toward different human cancer cell lines
in normoxic and in anoxic conditions and toxicity on zebrafish larvae model. This in order to
determine the efficacy of the prodrugs. Today, immunotherapy is the most rapidly growing
treatment class and has a major impact in oncology, but lacks efficacy in the hypoxic tumour
microenvironment. In order to improve the efficacy of this drug family, we synthesized
immunotherapeutic HAPs to target the hypoxic tumour environment. The design and synthesis
of these HAPs comprising either a nitroimidazole, nitrofuran and nitrothiophene hypoxia trigger
coupled through a carbamate link to two toll-like receptor agonists and a Bruton's tyrosine
kinase inhibitor as immunotherapeutics is described in Chapter 4. Biological evaluations are
detailed as well, achieved by viability assay on two selected prodrugs of the series to test their
ability to be activated and to release the cytotoxic payload under anoxic condition. Antibody-
drug conjugates (ADCs) have been intensively studied as promising biotherapeutic strategies to
specifically target cancer cells and allowing the release of highly potent drugs directly in the
tumour microenvironment. In addition, already 12 ADCs have been approved by the Food and
Drug Administration (FDA). Therefore, Chapter 5 describes the synthesis of new drug-antibody
conjugates combining a toll-like receptor agonist, Resiquimod, as cytotoxic payload, a
nitroimidazole moiety as hypoxia trigger both connected to Cetuximab, an antibody specific to
the EGFR receptor highly expressed on tumour cells. This concept will improve targeting the
hypoxic tumour environment, increase the payload efficiency and potentially decrease normal
tissues adverse effect. Finally, chapter 6 provides a general discussion of the work outlined in
this thesis. Future directions and perspective of HAP development within this work are
discussed.
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Abstract

Introduction: The hypoxic tumour microenvironment represents a persistent obstacle in the
treatment of most solid tumours. In the past years, significant efforts have been made to
improve the efficacy of anti-cancer drugs. Therefore, hypoxia-activated prodrugs (HAPs) have
attracted widespread interest as a therapeutic means to treat hypoxic tumour.

Areas covered: This updated review paper covers patents published between 2014 and 2020 on
the developments of HAP derivatives of anti-cancer compounds.

Expert Opinion: Despite significant achievements in the development of HAP derivatives of
anti-cancer compounds and although many clinical trials have been performed or are ongoing
both as monotherapies and as part of combination therapies, there has currently no HAP anti-
cancer agent been commercialized into the market. Unsuccessful clinical translation is partly due
to the lack of patient stratification based on reliable biomarkers that are predictive of a positive
response to hypoxia-targeted therapy.

Keywords:
hypoxia, tumour, anti-cancer compounds, hypoxia-activated prodrug, bioreductive prodrug.
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Article highlights

= Hypoxia is a common feature of most solid tumours and has been associated with poor
patient outcome and aggressive metastatic phenotypes.

= Hypoxia-Activated Prodrugs (HAPs) are based on the selective release of toxic species
upon reduction by reductive enzymes upon hypoxia.

= HAPs with tumour targeting properties have a better safety profile and anti-tumour
activity.

= Failure of HAPs in clinical trials is due to the lack of reliable biomarkers that are
predictive of the hypoxia-status of the tumour.

* In line with a personalized medicine approach, hypoxia-based biomarkers for patient
selection are needed for translation from bench to bedside.
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Introduction

With almost 9.6 million deaths per year, cancer is one of the leading causes of mortality
worldwide.! Solid malignancies, which make up most of all human cancers, still challenge the
best endeavours of researchers in the quest for the most effective treatment. One of
fundamental features of solid tumours is intratumoural heterogeneity, which has multifactorial
origins including genetic, epigenetic and microenvironmental factors.> Hypoxia, defined as a
state of lowered oxygen tension (typically less than 1%), is a prevalent characteristic of the
tumour microenvironment and one of the most important factors in negative clinical outcomes
for cancer therapies.®> Through multiple mechanisms regulated, predominantly by the
transcription factors HIFs (hypoxia-inducible factors), hypoxia drives tumorigenesis and
contributes to aggressive proliferation, metastatic invasiveness and recurrence of tumour cells.**
It also allows tumour to evade the immune system,®® and mediates resistance to conventional
chemo-, radio- and immunotherapy.’ In lieu of the critical role of hypoxia in anti-cancerous
treatment failures, there has been significant interest to find therapeutic opportunities in
exploiting intra-tumoural hypoxia in cancer therapy.”® Two main strategies could be considered
in hypoxia-directed cancer therapy by making use of either the hypoxia-reducible conditions,™
or key molecular targets that enable hypoxic tumour cells to proliferate and survive (HIF-1, HIF-
2, and their downstream targets such as CA IX for example'™).

Taking advantage of the redox potential difference between hypoxic and normoxic areas
became a significant direction for researchers in the last 20 years to develop bioreductive
prodrugs, named as hypoxia-activated prodrugs (HAP), to improve the efficacy of drugs that are
ineffective against tumour cells in hypoxic microenvironments.”” " Two decades of research
have allowed to build a large overview within the HAPs landscape.”'® The selectivity of HAPs
with regard to hypoxia relies on a preferential activation in hypoxic versus well-oxygenated
tissues, an easy diffusion within the hypoxic tumour areas, and the release of their active anti-
neoplastic warhead which diffuses partially back into the aerobic fraction of the tumour to
produce a cytotoxic effect on rapidly proliferating cells, creating a bystander effect.

The backbone for the design of HAP is a molecular motif used as cleavable entity which is
susceptible to bioreduction. Deciphering the molecular mechanism of the different HAP classes
suggests a mono- or di-electronic reduction activation process carried out by endogenous
oxidoreductases. In the mono-electron reduction pathway, the HAP is reduced in an anion
radical. Under normoxic conditions, the process is instantly quenched by oxygen leading to
back-oxidation to the parent HAP with generation of superoxide radicals. Under hypoxic
conditions, the reduction of HAP cannot be reversed, or further reduction reactions and
fragmentation continue until the active effector is released.”® In contrast to mono-electronic
reduction, the two-electron reduction pathway is an oxygen-independent activation pathway of
the prodrug that leads directly or indirectly to the cytotoxic species. This pathway can also occur
in normoxic tissue and causes dose-limiting toxicity (Scheme 1).
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Scheme 1: General scheme for the reductive activation of HAP by one or two electrons

Among the five different chemical triggers susceptible to be enzymatically reduced under
hypoxic conditions (nitro groups, quinones, aromatic and aliphatic N-oxides, or transition
metals), three classes have been extensively studied up to the clinical stage such quinones, N-
oxides and more particularly nitro-aromatics such as the 2-nitroimidazole scaffold.” Depending
on the hypoxic threshold needed for their activation, two subclasses of HAP have been defined.
Class | are HAPs that required mild hypoxic condition (10 mmHg or less) to be activated (for
example N-oxides HAP) and class Il HAPs that are activated only under extreme hypoxic
conditions (<5 mmHg) producing stable cytotoxic species which can enhance bystander effect'.
On the characteristics of their design and activation mechanisms, these families and classes of
HAPs have been discussed in details in some very recent review papers.’”'® Some representative
HAPs (Figure 1) were subject to advanced clinical trials as monotherapy, but also in combination
with radiotherapy or chemotherapy and have proven some benefit in phase 2 trials but all failed
in phase 3 trials.
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Figure 1: Structures of some representatives HAPs
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Upon selective activation in hypoxic tissues, most of HAPs reported a release of cytotoxic
species damaging the DNA. Nevertheless, HAPs of enzyme inhibitors with anti-cancer targets
have been described in the last years.®*?’ Although a major review paper on HAPs was
published in 2019,” the last patent overview related to HAPs has been reported in 2005 by
Denny W.?. This review summarizes patents claimed in recent years (2014-2020) regarding new
generation of HAPs targeting critical component of hypoxic tumours.

Patent applications related to HAP

The patents on HAP have been retrieved by multiple search engines including Espacenet, Free
patents online, Google patents and SciFinder. This section is only focusing on new HAP
structures constituted of a hypoxia trigger linked to an anti-cancerous agent. Patent applications
related to administration of a combination of known HAPs with anti-cancer drugs, or known
HAPs encapsulated inside nanoparticles, are not considered.

In a patent of 2014 filed by Jinan Trio Pharmatech Co Ltd, hypoxia-activated prodrugs of p-
nitroarylmethylcrizotinib (Figure 2) are reported as anti-tumour drugs against hepatocellular
carcinoma.”

N___
N 2~ N
\ NH2
0, R=H, F. Cl. Br, CN

Figure 2: HAPs of of p-nitroarylmethylcrizotinib

Exemplified with p-nitrobenzylcrizotinib (R=H), this compound was shown to display better
water solubility, bioavailability, and biological stability compared to crizotinib, a multikinase
inhibitor able to inhibit the growth of liver cancer tumours by targeting the activity of the
hepatocyte growth factor receptor (c-MET, HGFR). The in vivo efficacy of p-nitrobenzylcrizotinib
on the growth of Hep3B liver cancer tumours with low expression of c-MET and on the growth
of MHCC97-H liver cancer tumours with high expression of c-MET was comparable between
crizotinib and p-nitrobenzylcrizotinib. The beneficial effects of p-nitrobenzylcrizotinib are
characterized by a better tissue distribution with selectivity for tumour tissue and by significant
lower toxic adverse effects, mainly manifested in low damage to the intestinal mucosa and the
degree of diarrhea, low weight loss after treatment, and low damage to liver function.?®

In 2017, Fei et al. disclosed HAP derivatives of Lenvatinib (Figure 3), a tyrosine kinase inhibitor
(TKI) targeting vascular endothelial growth factor (VEGF) receptors VEGFR1 (FLT1), VEGFR2
(KDR), and VEGFR3 (FLT4). Different HAP derivatives are claimed in nitrofurane, nitrothiophene
and nitrophenyl series.’*®* These HAP compounds have been found to be not degraded under
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normoxic conditions and to have low tyrosine kinase inhibitory activity. Target compounds
demonstrated an inhibitory effect on the growth of human liver cancer HepG2 cell transplanted
subcutaneously.
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Figure 3: HAPs of Lenvatinib

In patent CN107417672A, Univ East China Normal claimed HAP derivatives based on 2,2-
dimethyl-3-(2-nitroimidazolyl) propionic acid, that they exemplified with HAPs of paclitaxel
(Figure 4)' Good stability was observed in human plasma and in vitro nitroreductase
experiments showed that paclitaxel can be quickly released. In vitro cytotoxicity assays reported
moderate selectivity toward hypoxic H460 and HT29 tumour cells with selective ratios ranging
from 1.1 to 2.2. toward hypoxic tumour cells.*?

R R=H, -OH, CI, Br, F, C1-C6 alkyl,
CA-C6 alkenyl containing alkyl
and C1-C6 alkynyl-containing
alkyl.

Figure 4: HAPs of Paclitaxel

In two patents from 2018, [33-34] Jiangsu Qianzhikang Biomedical Tech Co Ltd, reported HAP
derivatives of the nucleoside anti-tumour drug gemcitabine, based on the structure of the
phosphoramidate gemcitabine ProTide prodrug NUC-1031.* Compounds were designed by
modifying the phenyl and/or benzyl group in NUC-1031, by Ry and/or Rz groups which can be
either benzyl, alkyl or alkenyl residues, or a nitroaryl or heteroaryl bioreducible moiety. On the
21 compounds described in the patent applications, all HAPs, as exemplified by compound 1
(Figure 5), were shown to present a stronger in vitro cytotoxicity than gemcitabine or NUC-1031.
Significant in vivo growth inhibition effects of these compounds on orthotopic or subcutaneous
transplanted BxPC3 human pancreatic cancer cells in nude mice were demonstrated.
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Figure 5: HAPs of gemcitabine protide.

In 2018, a patent application from Univ Guangzhou Medical reported the HAP derivative of
doxorubicin where modification of the amino group located at the 3' position of doxorubicin is
linked to a nitrogen mustard, at the para-position of phenyl bis(chloroethyl)amine), via a the
bioreducible azo bond (Figure 6).° The authors demonstrated in B16 melanoma and 4T1 breast
cancer cells, as well as in fibroblasts, that doxorubicin is released under hypoxic conditions and
accumulates in the nucleus whereas under normoxic conditions, the prodrugs are mainly
distributed in the lysosomes of the cells. These results indicate that the doxorubicin prodrug
may enter the cell through endocytosis, and can be effectively transferred to the nucleus after
activation by hypoxia, confirming the properties of hypoxia-induced nuclear targeted
enrichment. Moreover, compared with normoxic conditions, this doxorubicin prodrug has higher
and concentration-dependent cytotoxicity to both 4T1 and B16 cells under hypoxic conditions.*®
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Figure 6: HAP of doxorubicin

In patents CN109721603 (A) and CN111925371 (A), Univ. Beijing Technology disclosed
respectively in 2019 and 2020 the synthesis of quinone derivatives and 4-nitrophenyl derivative
of 06-3-aminomethyl benzyl guanine (Figure 7) with the aim to target the DNA repair enzyme
MGMT in hypoxic solid tumour cells and to overcome MGMT-mediated drug resistance, while
reducing toxic adverse effects on normal tissues.’’?® The in vitro results show that upon
treatment of SF767 and SF763 human brain glioma cells under hypoxia and normoxia, the
prodrug system preferentially released active MGMT inhibitors upon hypoxia. No in vivo results
are provided in the two patent applications.
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Figure 7: HAPs of O6-3-aminomethyl benzyl guanine

Univ. Shenyang Pharmaceutica disclosed in 2020 a patent application related to integrated
prodrugs constituted for the exemplified compounds (Figure 8), of a photosensitizer
(pyropheophorbide) and the nitrogen mustard prodrug activated by hypoxia PR104A, connected
all together with a linker having a thioketal, a monothioether or an ethyl group.®® PR104A is
connected to the linker via a carbonate bond and the photosensitizer, via an ester bond. This
compound is able to give, in presence of 1, 2-Distearoyl-sn-glycero-3-phosphoethanolamine-
poly(ethylene glycol) (DSPE-PEG), self-assembled nanometer drug delivery system. The main
objective of this work is to elaborate on a safe and effective nano-drug delivery system for the
combined delivery of hypoxia-activated prodrugs and photosensitizers. The dual mode of
photo-induced electron transfer and reactive oxygen species under laser irradiation triggers
selective drug release at the tumour site. Photodynamic therapy aggravates the hypoxia state of
the tumour site and promotes hypoxia activation of the prodrug leading to an improved
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synergistic therapeutic effect. Through an easy one step nano-precipitation process, easily
scalable, authors obtained 100nm uniformly spherical nanoparticles having good colloidal
stability. Nanoparticles with a thioketal derivative showed higher synergistic cytotoxicity than
nanoparticles with a thio-ether derivative or with direct connection via ethyl group. The three
prodrug nanoparticles showed higher cellular uptake efficiency than the pyropheophorbide
solution. Pharmacokinetic studies showed that PEG-modified prodrug self-assembled
nanoparticles have a significant prolonged plasma half-life compared to PR104A. The tissue
distribution experiment of PEG-modified prodrug self-assembled nanoparticles revealed that
the three type of nanoparticles accumulate in the tumour site through the EPR effect, with an
increase of the fluorescent signal with time due to the prolonged blood circulation time. The in
vivo anti-tumour experiment of PEG-modified prodrug self-assembled nanoparticles showed an
inhibition of tumour growth to a certain extent under non-light. In contrast, laser-treated
nanoparticles with thioketal derivative showed the best anti-tumour effect which can be
attributed to their good stability, high tumour accumulation, and the fastest release of the light-
triggered dual-mode PR104A.*°

NO,
N
O,N ~"0
I
Br OSOQCH3

Figure 8: PR104A HAP conjugated with pyropheophorbide.

Conclusion

This review mainly focuses on hypoxia-activated prodrug related patents from 2014 to 2020.
Tumour hypoxia poses a formidable challenge to therapeutic intervention. The last years, several
patent applications have been delivered, showing that pharmaceutical companies and academic
groups, essentially from China, were and are still very active in this field (Table 1). On the large
number of HAP compounds described, the nitro (hetero)aromatic triggers are always considered
as the best structural feature to achieve bioreductive properties. The majority of reported HAP
compounds demonstrated better pharmacological properties compared to the parent anti-
cancer compounds. Several in vitro and in vivo studies indicate hypoxia selectivity and
therapeutic efficacy. To the best of our knowledge, none of these HAP derivatives are currently
in clinical trials and it remains to be shown if these compounds are safe and effective.
Companion diagnostics remain important for proper patient selection and to provide evidence
of drug efficacy at early time points utilizing window-of-opportunity trials. By essence, the
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number of patent applications in the field of HAP emphasize the hope that the exploitation of

tumour hypoxia is still a promising area.

Table 1: Selected patent applications about HAP published during 2014-present

Patent Number

Appli
(publication date) pplicants

HAP trigger

Cytotoxic species / target

CN103570689A . )
(2014-02-12) Jinan Trio Pharmatech Co Ltd
CN107513057A . . :
(2017-12-26) Univ Nanjing Medica
CN107417672A

(2017-12-01) Univ East China Normal.

Jiangsu Qianzhikang Biological
Medicine Science And Tech Co
Ltd

WO 2018028494A1
(2018-02-15)

CN107698639A
(2018-02-16)

Jiangsu Qianzhikang Biological
Medicine Science and Tech Co Ltd

CN108395460A ) _
(2018-08-14) Univ Guangzhou Medical
CN109721603A )
(2019-05-07) Univ Beijing Technology
CN111135299A ) .
(2020-05-12) Univ Shenyang Pharmaceutica
CN111925371A

(2020-11-13) Univ Beijing Technology

Expert opinion

Nitro-aromatic

Nitro-aromatic

Nitro-aromatic

Nitro-aromatic

Nitro-aromatic

Diaryl-diazene

Quinone

Nitro-aromatic

Nitro-aromatic

Crizotinib / Tyrosine kinase
c-MET

Lenvatinib / Tyrosine
kinase

Paclitaxel / Tubulin

Gemcitabin / DNA

Gemcitabin / DNA

Doxorubicin — nitrogen
mustard / DNA

06-3-aminomethyl benzyl
guanine / DNA repair
enzyme MGMT

PR104-A — Photosensitizer
/ DNA

06-3-aminomethyl benzyl
guanine / DNA repair
enzyme MGMT

Even if HAPs were successful in vitro and in vivo, they are yet to achieve successful results in
clinical setting largely. This is due in clinical studies to the lack of reliable biomarkers that are
predictive of a positive response to hypoxia-targeted therapy which implies to identify and
select patients with hypoxic tumours prior to enrolment.*®*? Although the increasing number of
patent applications (Table 1) within the field of hypoxia-activated prodrugs, it remains utmost
important to develop companion diagnostics in parallel already in preclinical settings to proof
targeting efficacy, i.e reduction in hypoxic target expression or hypoxic fraction itself, at early
time points after treatment start. Furthermore, proper executed preclinical toxicity studies need
to be executed to proof absence of off-target effects. These strategies will expedite successful
clinical trials. Despite the difficulties and roadblocks, HAPs remain powerful tools and a
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promising therapeutic strategy in cancer research in particular in combination with
immunotherapy.* There is indeed converging evidence indicating that hypoxia can cause tumor
resistance to immunotherapy by several mechanisms, including high concentration of ADP a
very immunosuppressive molecule, accumulation of Treg, tumor associated macrophages (M2-
like phenotype), IL10, and VEGF.* Using novel delivery strategies might further improve the
selectivity and efficiency of hypoxia-targeted therapies and should therefore be taken into
consideration for future therapeutic design.
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Abstract

Hypoxia, a common feature of solid tumours microenvironment, is associated with an aggressive
phenotype and is known to cause resistance to anticancer chemo- and radiotherapies. Tumour-
associated carbonic anhydrases isoform IX (hCA IX), which is upregulated under hypoxia in many
malignancies participating to the microenvironment acidosis, represents a valuable target for
drug strategy against advanced solid tumours. To overcome cancer cell resistance and improve
efficacy of therapeutics, the use of bio-reducible prodrugs also known as Hypoxia-activated
prodrugs (HAPs), represents an interesting strategy to be applied to target hCA IX isozyme
through the design of selective CA IX inhibitors (CAls). Here we report the design, synthesis and
biological evaluations including CA inhibition assays, toxicity assays on zebrafish and viability
assays on human cell lines (HT29 and HCT116) of a new HAP-CAIs harboring different bio-
reducible moieties in nitroaromatic series and a benzenesulfonamide warhead to target hCA IX.
CA inhibition assays of this compound series showed a slight selectivity against hCA IX versus
the cytosolic off-target hCA Il and hCA | isozymes. Toxicity and viability assays have highlighted
that the compound bearing the 2- nitroimidazole moiety possesses the lowest toxicity (LCso of
1400 pM) and shows interesting results on viability assays.
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Introduction

Intratumoral heterogeneity, a main feature of solid tumors, is one of the causes of the
intractability of cancers.” There are multiple mechanisms driving tumor heterogeneity including
genetic, epigenetic and microenvironmental factors such as hypoxia.? The presence of oxygen
deprivation areas (typically less than 1%), defined as hypoxic domains, and resulting from
inadequate tumor vascularization, have been identified in a wide variety of human tumours.® The
adaptive cellular response to low oxygen tensions is coordinated by hypoxia inducible
transcription factors HIF-1 which activate gene expression programs controlling multiple
responses.* Among them are found the change in glucose metabolism towards anaerobic
glycolysis (Warburg effect), which causes a decrease of pH of the tumor microenvironment.’
Several key proteins and buffer systems,® including monocarboxylate transporters (MCTs),
isoforms of anion exchanger, Na*/HCOs™ co-transporters, Na*/H* exchangers, and carbonic
anhydrases (CAs) isoforms IX and XlI are involved in this pH regulatory process, to maintain a
physiological intracellular pH accompanied with extracellular acidification.” This acidosis strongly
contributes to malignant progression, aggressive phenotype, and resistance to therapy
(chemotherapy and radiation) of the cancer cells, leading to a poor prognosis regardless of
treatment.®

The hypoxic microenvironment of solid tumors has attracted significant attention as a target
which can be exploited in drug design for the development of novel anticancer or imaging
agents.’

Two approaches have been considered in the literature: the first approach consists of the
inhibition of molecular targets necessary for the survival of hypoxic cells, particularly carbonic
anhydrase IX and XII. A wealth of research depicts hCA IX and hCA XIl as biomarkers and
therapeutic targets for various cancer types and both of these enzymes are associated with
cancer progression, metastasis, and impaired therapeutic response. The development of small
molecules as specific CA IX inhibitors represents a successful field with several potent inhibitors
reported so far."®"® The second approach is based on the exploitation of the redox potential,
between hypoxic and normoxic areas for the development of prodrugs that activate selectively
in a highly reducing hypoxic environment (Hypoxia Activated Prodrugs, HAP)." HAPs are
hypothesized to improve the therapeutic index of drugs that are ineffective against tumor cells
in hypoxic microenvironments. The potential of HAPs is often evaluated clinically in combination
with other cancer treatment (chemotherapy or radiotherapy) to affect both the normoxic and
hypoxic fraction of the tumour.™ ¢

Over the last two decades, many HAPs have been documented.™ The molecular motifs used as
cleavable entities are all susceptible to bioreduction, mainly by enzymatic processes (e.g.
reductases) by a mono- or di-electronic process depending on the enzyme involved. The most
frequently found in the literature are N-oxide, quinone, or nitroaromatic derivatives which have
been the subject of in-depth studies up to the clinical stage.™® Nitroaromatic HAPs have been
described for targets such as PARP inhibitors,"” PERK inhibitors,' TK inhibitors' and also for
different types of nanosystems.?>*' Few numbers of CA inhibitors (CAls) have been designed
using this HAP approach.?*® As part of an effort to discover novel small-molecule inhibitors of
hCA to enhance cancer therapy, we report herein a new class of 2- and, 5-nitroimidazole,
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nitrofuran, nitrothiophene and nitrogen mustards (alkylating agents) based bio-reducible drugs
harboring a benzenesulfonamide to target hCA IX.

Results
Chemistry

2-, 5- Nitroimidazole, nitrofuran, nitrothiophene and nitrogen mustard were conjugated with
benzene sulfonamides using a carbamate linker. Because of the low reactivity observed,
introduction of the carbamate linker proved to be challenging for some derivatives and two
approaches were used to achieve the synthesis of these inhibitors starting from the
nitroaromatic alcohols: (i) reaction with carbonyldiimidazole to access to the carbamoyl
imidazole derivatives which reacted, in a one-pot reaction, with aminomethyl- or aminoethyl-
benzenesulfonamide , or (ii) reaction with phosgene to yield to the chloroformates which were
then reacted with aminomethyl- or aminoethyl- benzenesulfonamide in the presence of
triethylamine (scheme 1).” Compounds 1b-5b and 2¢c-3c were isolated with yields ranging from
43% to 88% and characterized extensively by spectroscopic and spectrometric methods (see
materials and methods part).

i orii j\
R»]/\OH R,I/\O N,RZ or R3
H
\ %7{ i: carbonyldiimidazole, THF, then aminoethyl-
N 3{ N or aminomethylbenzene sulfonamide
R'= 0,.N— ] 02N~<\/\IV/ i phosgene, THF, then aminoethyl-

N N or aminomethylbenzene sulfonamide, NMe3
1a 2a

Yields

NO, 0% SONHz2 b (R'=1a, R?) 92%
OzN@ Rz 2b (R'=2a, R?) 88%

H g 2¢ (R'=2a, R%) 56%

Ny 4a 3b (R'=3a, R2) 40%

SO,NH, . s
N O 3c (R'=3a, R%) 43%

J/ 1 Sy R3= < 4b (R'=4a, R?) 55%
cl cl OzN@ 5b (R'=5a, R?) 88%
3a

5a
Scheme 1: Synthesis of HAP-CAIs 1b-4b and 2¢-3c

Carbonic anhydrase inhibition assay

HAP-CAIs reported here were assayed using the CO; hydrase assay against three physiologically
relevant human CA isoforms, the cytosolic hCA | and Il and the transmembrane, tumor-
associated hCA IX (Table 1).2 The clinically used sulfonamide acetazolamide (AAZ, 5-acetamido-
1, 3, 4- thiadiazole-2-sulfonamide) has been taken along as standard in these measurements. All
compounds acted as inhibitors against the three isoforms hCA |, Il and IX, although with variable
potency (Table 1). Against the abundant, cytosolic isoform hCA | compound 3c showed a weak
inhibition potency (2180 nM). Compound 1b showed moderate inhibition activity towards hCA |
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(166.7 nM) and hCA Il (30.6 nM) isoforms and higher inhibition (7.6 nM) towards hCA IX, while
compounds 2b and 2c strongly inhibited all CA isoforms (Ki ranging from 2.3 to 14.1 nM) with
no differences observed in the selectivity ratios hCA Il over hCA IX (2b = 0.35, 2c = 0.28).
Compounds 3b and 3¢ showed moderate inhibition of hCA IX, whilst compound 3b binding to
hCA Il was very tight (3.1 nM). The large difference in binding capacity or selectivity ratios (3b=
0.09, 3c= 0.94) of compounds from the same family (nitrogen mustard) supports the
substitution effect on the carbamate linker. Compounds 4b and 5b showed moderate inhibition
activity towards hCA |, respectively (84 nM) and (64.7 nM), while they strongly inhibited hCA I
and hCA IX (Ki ranging from 5.7 to 19.8 nM). Nevertheless, considering the difficulty to obtain
small compounds with a better affinity for the tumor-associated isozyme (hCA IX) over hCA Il
the selectivity obtained for these series is comparable or better than that of the clinically used
CA inhibitor acetazolamide AAZ.

Table 1: Inhibitory activity of compounds 1b-5b, 2¢c-3¢, and the clinically used sulfonamide inhibitor acetazolamide (AAZ), against
hCA I, hCA I, and hCA IX using a stopped flow CO; hydrase assay.

Compounds K (nM) * Selectivity ratio
hCA | hCA Il hCA IX K hCA 1I/K; hCA IX
1b 166.7 30.6 7.6 1.19
2b 3.7 4.3 12.1 0.35
2c 2.3 4.0 14.1 0.28
3b 83.0 3.1 32.3 0.09
3c 2179.9 83.7 88.7 0.94
ab 83.8 15.5 5.7 2.72
5b 64.7 19.8 15.1 1.31
AAZ 250 12.0 25 0.48

* Mean from 3 different assays (errors in the range of + 5-10 % of the reported values).

Stability of carbamate linker under acidic conditions

Stability to chemical hydrolysis of compounds 1b-3c was evaluated by measuring peak area or
retention time of the compound after incubation at varying pH conditions up to 8 hours. No
degradation was observed at any pH condition for all tested compounds, indicating significant
stability. Additionally, all tested compounds were found to be stable for at least 8 h to harsh
acid-catalyzed hydrolysis (pH = 2.0, 37 °C, data not shown). Literature studies have shown that
the electron-withdrawing nitro group conjugated with the carbamate linker resulted in a
remarkable decrease in stability, which may explain the apparent low inhibitory potency of these
compounds toward FAAH, due to decomposition under the assay conditions.?® Of all
compounds (1b-3c), the nitro group was not in direct conjugation with the carbamate linker,
thereby showing no stability loss when incubated under various pH conditions.

Biological assays

Cell viability and clonogenic assays
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The cytotoxicity of all compounds (1b-3c) was determined in a panel of human tumor cell lines.
Compound 1b showed an ICs of 204.5 uM (p<0.0001) in HT29 cells under anoxia (ICs0A) and no
detectable cytotoxicity (ICso > highest tested concentration) was observed under normoxia
(Figure 1). Furthermore, in HCT116 cells compound 1b resulted in an 1Cso of 148.6 uM and 59.3
MM under normoxic and anoxic conditions respectively, resulting in a hypoxia selectivity
cytotoxicity ratio (HCR) of 2.5 (Table 2). All other compounds, except compound 3b in HCT116
cells, did not show any cytotoxicity at the tested concentrations. Compound 3b resulted in a cell
dependent cytotoxicity with HCR of 2.7 in HCT116 cells, while no cytotoxicity in HT29 cells was
observed.

HT29 HCT116
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Figure 1: Relative cell viability (%) in HT29 and HCT116 cells exposed to increasing concentrations of the derivative 1b under
normoxic (green) and anoxic (red) conditions. Data represent the average + SEM of three independent biological repeats.

Based on its selective cytotoxicity under anoxia in both cell lines, compound 1b was selected for
further studies investigating its effects on cell survival. Compound 1b did not reduce clonogenic
cell survival under normoxia or anoxia at the tested concentrations (Figure 2). TH-302, a 2-
nitroimidazole based hypoxia-activated prodrug-alkylating agent was used as positive control
(data not shown).*°
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Figure 2: Clonogenic cell survival of HT29 and HCT116 cells during normoxia (white bars) and anoxia (black bars) when exposed to
compound 1b. Data represent the average + SEM of three independent biological repeats.
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Table.2. HCR of all compounds ICsoN vs ICspA

HT29 HCT116
Compounds ICeoN ICoo HCR ICeoN ICeoA HCR
(ICs0N/ICs0A) (ICsoN/1CspA)
1b > 500 204.5 >2.44 148.6 59.36 2.50
2b >500 >500 - >500 >500 -
2c >500 >500 - >500 >500 -
3b >500 >500 - 267.1 97.27 2.74
3c >500 >500 - >500 >500 -

Abbreviations: 1Cso: Concentration of an inhibitor where the response is reduced by half; Normoxia (N);
Anoxia (A); Hypoxia selectivity cytotoxicity ratio (HCR).

Toxicity evaluation on zebrafish

During development, zebrafish embryos are easily affected by chemical compounds compared
to adult zebrafish or other animal models or cell models, and therefore are suitable for assessing
the subtle toxic effects of the chemicals.?**® The toxicity of compound 1b, 4b and 5b was
determined by using 24-hours post fertilization zebrafish embryos.®' In these tests, the LCso,
zebrafish phenotypic parameters and the swim pattern were analyzed for each compound.

Determination of half maximal lethal concentration 50 (LCsg)

The lethality of 1b, 4b and 5b on the developing zebrafish embryos was concentration
dependent (Figure 3). Among the three compounds tested for the toxicity, 1b was the less toxic
and did not cause any mortality of the larvae, even at 1 mM concentration at the end of 5 day of
exposure to the compound. However, the compound 4b was more toxic compared to the other
two compounds and caused significant mortality even at 500 pM concentration (Figure 3). The
LCso values of the prodrugs at the end of the 5 days of exposure were 500 uM (4b), 1000 pM
(5b) and 1400 uM (1b) as shown in the figure 1. The LCso concentration of the compounds were
higher compared to the inhibitors that we screened in our earlier studies,®®?° suggesting that
these compounds can be characterized further for developing as drugs.
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Figure 3: The LCso values of the prodrugs. The LCso doses of the compounds were calculated based on the 50% mortality of the
developing larvae at the end of five days after the exposure of embryos to different concentrations of inhibitors. A) Shows the
LCsp value of compound 4b (500uM concentration). B) The LCso for the compound 5b was 1000 uM and C) The compound 1b
showed LCsp value of 1400 uM. The LCsq doses were determined after three independent experiments with similar experimental
conditions (N=72).

-51-




Chapter 3

Different phenotypic parameters were also analyzed (hatching, heartbeat, edema, swim bladder
development, yolk sac utilization and body shape) from the developing larvae of 1-5 days, after
exposure to the compounds. The figure 4 shows the representative images of larvae treated with
the concentration which is considered as safe for further characterization. Among the
compounds screened, the prodrug 1b was found to be less toxic with no or minimal phonotypic
abnormalities even at 1 mM. In our earlier study, compounds 1b-3c also showed minimal or no
phenotypic abnormalities at 1T mM concentrations. In the present study, compounds 4b and 5b
showed phenotypic defects such as edema and absence of swim bladder (arrows) at lower
concentrations compared to 1b, as shown in figure 4.
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Figure 4: The images of zebrafish larvae in control and prodrug treated groups. Representative images of 2-5 dpf zebrafish larvae
exposed to different concentrations (80 uM-1000uM) of 1b, 4b and 5b. The upper panel shows images normal development of
zebrafish larvae in control group (not treated with inhibitors) and 1% DMSO treated group. The lower panel shows the larvae
treated with concentration of the compounds at which they induced minimal or no phenotypic defects. Prodrug 4b showed
(arrow) absence of swim bladder at 250uM concentration. Prodrug 5b induced edema (arrow) as early as 2 days post exposure to
the compound. The compound 1b showed absence of swim bladder (arrow) at 1000 uM.

Further, the toxic effects of compounds across the concentrations (20 pM-2mM) were assessed
on individual parameters of the 5 days post exposed zebrafish larvae. The figure 5 presents plot
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graphs of dose-dependent effects of prodrugs on larvae. The results indicated that 1b
compound showed minimal or no adverse effect on the observable parameters of the larvae
(figure 5 A-E). However, prodrugs 4b and 5b exhibited adverse effect on hatching, swim bladder
development, utilization of yolk sac, and shape of the body and induced pericardial edema as
shown in figure 5 A-E.
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Figure 5: The effect of the prodrugs 4b, 5b, and 1b on the phenotypic parameters of zebrafish larvae. The plot graphs show the
phenotypic abnormalities in the zebrafish larvae after 5 days of exposure to compounds. A) hatching, B) edema, C) swim bladder
development, D) yolk sac utilization and E) body shape, for each concentration, (N=72). *p<0.05 by two-tailed Fisher’s test.

Swim pattern analysis to assess the subtle toxic effects of the prodrugs

To assess the subtle toxic effects of the prodrugs on the swim patterns of the larvae, they were
assessed at the end of 5 days of exposure to the compounds. The swim pattern analysis showed
no abnormal or ataxic movement pattern in the larvae exposed to the concentration that did not
induce any of the phenotypic defects and is considered as safe. In our earlier studies the
nitroimidazole-based compounds DTP338 and DTP348, showed ataxic movement pattern even
at 100 UM concentration due to neurotoxicity.**?® Therefore, the prodrugs screening in the
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current study can be considered safe for further preclinical characterization and development as
potential drugs.

Discussion

We developed here new HAPs incorporating a benzenesulfonamide through a carbamate linker,
designed with different bio-reducible moieties for the selective delivery of anticancer drugs on
hypoxic tumors. Through this study we demonstrated that these HAPs can selectively inhibit the
hCA IX at the nanomolar level. In contrast to other nitroaromatic drugs, HAPs 1b-3c did not
show stability loss when incubated under various pH conditions as the nitro group was not in
direct conjugation with the carbamate linker. Compound 1b, harboring a 2- nitroimidazole as
reducible moiety, showed the best cytotoxic action against HT29 and HCT116 cells (ICso of 204.5
and 59.36 uM under hypoxia) and an HCR of approximately 2.5. Our data also show that 1b is
the less toxic with no mortality observed on zebrafish larvae even at 1 mM concentration at the
end of 5 day of exposure. Of note, the prodrug 1b also did not induce phenotypic abnormalities
in the larvae as well as abnormal or ataxic swim movement at the concentration that did not
induce any of the phenotypic defects and is considered as safe. As other nitroimidazole
derivatives, such as DTP338 and DTP348, induced a neurotoxic effect even at 100 uM
concentration (REF), the data gathered here suggest a potential for derivative 1b to be
optimized for the development of new safer HAPs.

Materials and Methods
Chemistry
General

All reagents and solvents were of commercial quality and used without further purification
unless otherwise specified. All reactions were carried out under an inert atmosphere of nitrogen.
TLC analyses were performed on silica gel 60 F254 plates (Merck Art. no. 1.05554). Spots were
visualized under 254 nm UV illumination or by ninhydrin solution spraying. Melting points were
determined on a Biichi Melting Point 510 and are uncorrected. 'H and "*C NMR spectra were
recorded on a Bruker DRX-400 spectrometer using DMSO-d6 as solvent and tetramethylsilane
as internal standard. For 'H and C NMR spectra, chemical shifts are expressed in & (ppm)
downfield from tetramethylsilane, and coupling constants (/) are expressed in hertz. Electron
lonization mass spectra were recorded in positive or negative mode on a Water MicroMass ZQ.
All compounds that were tested in the biological assays were analyzed by high-resolution ESI
mass spectra (HRMS) using a Q-ToFl mass spectrometer fitted with an electrospray ion source in
order to confirm the purity of >95%.

General procedure for preparation of chloroformate: The corresponding hydroxy starting
compound (1a, 2a and 3a) (2 mmol) in tetrahydrofuran (10 mL) was added to phosgene (4 mL, 8
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mmol) and THF (15 mL) at 0°C. The reaction was stirred for 16 h, then the solvent was removed
in vacuo. The crude chloroformate was used without further purification.

General procedure for synthesis of 1b, 2b, 2¢c, 3b, and 3c: A suspension of chloroformate
(23.4 mmol) in dry THF (100 ml) was treated with trimethylamine (50 mmol). The corresponding
amine (23.4 mmol) was added afterwards and the reaction was stirred overnight at room
temperature. The solvent was removed in vacuo. The residue was dissolved in chloroform and
washed twice with 1.0 N sodium hydroxide and water. The organic phase was dried over sodium
sulfate, filtered and concentrated under vacuum. The residue was purified by chromatography
on silica gel using methylene chloride—methanol 98:2 as eluent.

General procedure for synthesis of 4b and 5b: To a suspension of carbonyl diimidazole CDI
(0.31 mmol) in dry THF (5 mL) the corresponding hydroxy starting compound (4a and 5a) (0.28
mmol) was added. The reaction was stirred 3h at room temperature and the 4-(2-aminoethyl)
benzene sulfonamide was added. The reaction mixture was stirred overnight at room
temperature and concentrated under reduced pressure. The residue was dissolved in EtOAc
(12.5 mL) and washed with water (2x7.5 mL) and brine (7.5 mL). The organic phase was dried
over sodium sulfate, filtered and concentrated under vacuum. The residue was purified by
chromatography on silica gel using cyclohexane-ethyl acetate 3:7 as eluent.

(1-methyl-2-nitro-1H-imidazol-5-yl) methyl (4-sulfamoylphenethyl) carbamate (1b): yield = 92%;
'H NMR (400 MHz, DMSO-d6) & 7.73 (d, J = 8.3, 2H), 7.48 (t, J = 5.6, TH), 7.38 (d, J = 8.3, 2H),
7.30 (s, 2H), 7.21 (s, TH), 5.12 (s, 2H), 3.89 (s, 3H), 3.26 (dd, J = 13.2, 6.7, 2H), 2.79 (t, J = 7.1, 2H).
3C NMR (101 MHz, DMSO-d6) & 155.36, 145.99, 143.42, 142.09, 133.83, 129.17, 128.41, 125.68,
54.82, 48.62, 34.69, 34.16 — 33.11. HRMS (ESI+) [M+H]" calculated for [C14H1sN5O6S]*: 384.0978,
found: 384.0982.

2-(2-methyl-5-nitro-TH-imidazol-1-yl) ethyl (4-sulfamoylphenethyl) carbamate (2b): yield =
88%; "H NMR (400 MHz, DMSO) & 8.03 (s, 1H), 7.73 (d, J = 8.3, 2H), 7.38 — 7.32 (m, 3H), 7.31 (s,
2H), 4.48 (t, J = 4.9, 2H), 430 (t, J = 4.9, 2H), 3.17 (dd, J = 13.1, 6.7, 2H), 2.72 (t, J = 7.1, 2H), 2.39
(s, 3H). ®C NMR (101 MHz, DMSO) & 155.69, 151.86, 143.61, 142.11, 138.56, 133.18, 129.26,
125.81, 61.93, 35.01, 14.02. HRMS (ESI+) [M+H]+ calculated for [C15H20NsO6S]*: 398.1134, found:
398.1136.

2-(2-methyl-5-nitro-1H-imidazol-1-yl) ethyl (4-sulfamoylbenzyl) carbamate (2¢): yield = 56%; 'H
NMR (400 MHz, DMSO-d6) & 8.04 (s, 1H), 7.88 (t, / = 6.1, TH), 7.76 (d, J = 8.4, 2H), 7.34 (d, J =
8.4, 2H), 7.32 (s, 2H), 4.54 (t, J = 5.0, 2H), 4.36 (t, J = 5.0, 2H), 4.19 (d, J = 6.1, 2H), 2.44 (s, 3H). "*C
NMR (101 MHz, DMSO-d6) & 155.87, 151.72, 143.53, 142.68, 138.45, 133.07, 127.26, 125.65,
62.11, 45.52, 43.37, 13.98. HRMS (ESI+) [M+H]" calculated for [C14H1sNsOsS]*: 384.0978, found:
384.0972.

2-(2-(bis(2-chloroethyl)amino)-5-nitrobenzamido) ethyl (4-sulfamoylphenethyl) carbamate (3b):
yield = 40%; 'H NMR (400 MHz, DMSO-d6) & 8.72 (t, J/ = 5.3, TH), 8.15 - 8.05 (m, 2H), 7.73 (d, J =
8.1,2H), 7.39 (t, J = 6.9, 2H), 7.29 (s, 2H), 7.22 (d, / = 8.0, TH), 4.11 (t, J/ = 5.4, 2H), 3.74 (dt, / = 9.9,
4.9, 8H), 3.46 (d, J = 5.4, 3H), 3.25 (dd, J = 13.8, 6.5, 2H), 2.80 (t, J = 7.3, 2H). *C NMR (101 MHz,
DMSO-d6) & 167.45, 156.11, 151.59, 143.54, 142.05, 138.21, 129.11, 126.33 — 123.92, 118.08,

-55-



Chapter 3

62.04, 59.78, 53.12, 41.38, 3444, 31.23, 30.39. HRMS (ESI+) [M+H]* calculated for
[C22H28Cl2N507S]*: 575.1008, found: 575.1011.

2-(2-(bis(2-chloroethyl)amino)-5-nitrobenzamido) ethyl (4-sulfamoylbenzyl)carbamate (3c): yield
= 43%; 'H NMR (400 MHz, DMSO) & 8.75 (t, J = 5.5, 1H), 8.17 — 8.08 (m, 2H), 7.80 (dd, J = 12.0,
5.9, 1H), 7.76 (d, J = 8.2, 2H), 743 (d, J = 8.1, 2H), 7.31 (s, 2H), 7.23 (d, / = 9.1, TH), 4.26 (t, J = 8.1,
2H), 4.15 (t, J = 5.2, 2H), 3.80 - 3.69 (m, 8H), 3.17 (s, 2H). *C NMR (101 MHz, DMSO) & 167.56,
156.53, 151.68, 143.90, 142.68, 138.32, 127.41, 125.76, 117.97, 56.19, 53.22, 48.69, 41.33, 21.08.
HRMS (ESI+) [M+H]* calculated for [C21H26Cl2NsO7S]*: 562.0930, found: 562.0935.

(5-nitrofuran-2-yl)methyl (4-sulfamoylphenethyl) carbamate (4b): yield = 55%; '"H NMR (400
MHz, DMSO-d6) 6 7.73 (d, / = 8.4, 2H), 7.71 (d, / = 4.2, 1H), 7.63 (t, / = 5.6 Hz, 1H), 739 (d, J =
8.4 Hz, 2H), 7.37 (s, 2H), 6.84 (d, J = 4.2 Hz, 1H), 5.08 (s, 2H), 3.25 (t, / = 7.1 Hz, 2H), 2.78 (t, J =
7.1 Hz, 2H). *C NMR (400 MHz, DMSO-d6) & 156.45, 155.10, 145.30, 142.26, 130.52, 127.00,
113.99, 113.78, 58.50, 42.62, 36.22. HRMS (ESI+) [M+H]* calculated for [Ci4H1sN5O7S]* :
370.0709, found: 370.0708.

(5-nitrothiophen-2-yl)methyl(4-sulfamoylphenethyl)carbamate (5b): yield = 88%; 'H NMR (400
MHz, DMSO-d6) 6 8.05 (d, J = 4.2 Hz, 1H), 7.74 (d, J = 8.4 Hz, 2H), 7.63 (t, / = 5.6 Hz, 1H), 7.40 (d,
J =84 Hz, 2H), 7.33 (s, 2H), 7.22 (d, J = 4.2 Hz, TH), 5.23 (s, 2H), 3.24 (t, J = 7.1 Hz, 2H), 2.82 (t, J
= 7.1 Hz, 2H). *C NMR (400 MHz, DMSO-d6) & 156.66, 149.35, 14527, 142.25, 130.53, 127.52,
126.99, 6148, 42.59, 36.21. HRMS (ESI+) [M+H]" calculated for [Ci4sH16N3O6S,]*: 386.0481,
found: 386.0479.

Carbonic anhydrase inhibition assays

An Applied Photophysics stopped-flow instrument was used for assaying the CA catalysed CO:
hydration activity. Phenol red (at a concentration of 0.2 mM) was used as indicator, working at
the absorbance maximum of 557 nm, with 20 mM Hepes (pH 7.5) as buffer, and 20 mM Na>SO4
(for maintaining the constant ionic strength), following the initial rates of the CA-catalysed CO,
hydration reaction for a period of 10-100s. The CO, concentrations ranged from 1.7-17 mM for
the determination of the kinetic parameters and inhibition constants. In particular, CO, was
bubbled in distilled deionised water for 30min so that the water was saturated (the
concentration at a specific temperature is known from literature). In addition, a CO; assay kit
(from Sigma) was used to measure the concentration in variously diluted solutions obtained
from the saturated one (which was kept at the same temperature and a constant bubbling
during the experiments). For each inhibitor at least six traces of the initial 5-10% of the reaction
was used for determining the initial velocity.?® The uncatalysed rates were determined in the
same manner and subtracted from the total observed rates. Stock solutions of inhibitor (0.1 mM)
were prepared in distilled-deionised water and dilutions up to 0.01 nM were done thereafter
with distilled-deionised water. Inhibitor and enzyme solutions were pre-incubated together for
15 min-2 h (or longer, i.e. 4-6 h) at room temperature (at 4 °C for the incubation periods longer
than 15 min) prior to assay, in order to allow for the formation of the E-I complex. The inhibition
constants were obtained by non-linear least-squares methods using PRISM 3 and the Cheng-
Prusoff equation, as reported earlier,>’? and represent the mean from at least three different
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determinations. hCA | was purchased by Sigma-Aldrich and used without further purification,
whereas all the other hCA isoforms were recombinant ones obtained in-house as reported
earlier.®

In vitro chemical stability and analytical method

The chemical stability of the compounds 1b, 2b, 2c, 3b and 3c at various pH (6.2, 6.6, 7.0 and
7.4) was measured on a Waters XEVO QTOF G2 Mass Spectrometer, with an Acquity H-class
solvent manager, FTN-sample manager and TUV-detector. The system was equipped with a
reversed phase C18-column (Waters, acquity PST 130A, 1.7um 2.1 x 50mm id.), column
temperature 40 degrees. Mobile phases consisted of 0.1% formic acid in water and 90%
acetonitrile. FTN-purge solvent was 5% acetonitrile in water. Mobile phase gradient was
maintained starting with 5% acetonitrile to 50% acetonitrile for 15 minutes at 220nm
wavelength. Stock solutions of compounds were prepared in DMSO and each sample was
incubated at a final concentration of 1-5 uM in pre-thermostated buffered solution. The final
DMSO concentration in the samples was kept at 1%. The samples were maintained at 37 °Cin a
temperature-controlled shaking water bath (60 rpm). At various time points, 100 pL aliquots
were removed and injected into the High-Performance Liquid Chromatography (HPLC) system
for analysis. Mass was measured in positive sensitivity mode; mass range between 100 and 1000
Da.

Biological assays
Cells

Human colorectal HCT116 and HT29 carcinoma cells were cultured in DMEM (Lonza)
supplemented with 10% fetal bovine serum and 1% PenStrep. Cells were exposed to anoxic
conditions for 24 h in a hypoxic chamber (MACS VA500 microaerophilic workstation, Don
Whitley Scientific, UK) with an atmosphere consisting of <0.02% O, 5% CO, and residual N..
Normoxic cells were grown in regular incubators with 21% O,, 5% CO; at 37 °C.

Cell viability assays

The cytotoxic efficacy of the bio-reducible derivatives was determined based on cell viability
assays using alamarBlue® (Invitrogen). In short, HT29 and HCT116 were seeded in 96-well plates
and allowed to attach overnight. The next day plates were exposed to normoxia or anoxia and
medium was replaced with pre-incubated normoxic or anoxic DMEM. Compounds were
dissolved in DMSO (0.5%, Sigma-Aldrich) and final concentrations were made with pre-
incubated anoxic or normoxic DMEM and added to the wells after 24 h of exposure. Cells were
exposed to compounds for a total of 2 h, after which medium was washed off and replaced with
fresh medium. Cells were allowed to grow for an additional 72 h under normoxic conditions
prior to measurement. Cells were incubated with alamarBlue® for 2 h during normoxic
conditions, which corresponds with their metabolic function, a measure for cell viability.
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Fluorescence was measured using plate reader (FLUOstar Omega, BMG LABTECH) using a
fluorescence excitation wavelength of 540- 580 nm.

Clonogenic assays

Clonogenic survival of HT29 and HCT116 cells were seeded with high density for CA IX-
dependent extracellular acidification.** Compound 1b doses were selected from corresponding
ICso (@anoxic/normoxic) ranging from 10 to 100 uM for preliminary experiments. These cells were
exposed to 23:30 h normoxic or anoxic conditions and 30 min to drugs after which cells were
trypsinized and reseeded in triplicate with known cell numbers. Cells were allowed to grow for 9
(HCT116) and 14 (HT29) days to form colonies that were quantified after staining and fixation
with 0.4% methylene blue in 70% ethanol. Surviving fractions were calculated and compared to
control survival curves produced in the same experiment without compound treatment.

Statistical analyses

GraphPad Prism (version 5.03) was used for all statistical analyses. For the cytotoxic compounds
ICso values were estimated with the curve of the log (inhibitor) vs. normalized response (Variable
slope).

Toxicity assay

Preparation of inhibitor samples

The hypoxia-activated prodrugs were screened for their toxicity using 24-hours post fertilization
zebrafish embryos as described earlier.’ The compounds were either dissolved in Embryonic
medium ([5.0 mM NacCl, 0.17 mM KCl, 0.33 mM CaClz, 0.33 mM MgSO,, and 0.1% w/v Methylene
Blue (Sigma-Aldrich, Germany)]) or in dimethyl sulfoxide (DMSQO) (Sigma-Aldrich, St. Louis, MO)
or in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO) to prepare 100 mM stock
solutions. Before start of each experiment, the series of dilatations were made from the above
stock in the embryonic medium.

Maintenance of the zebrafish

The wild type adult zebrafish (AB strains) were maintained at 28.5°C in an incubator.®® In each
breeding tank, about embryos 3-5 pairs of male and female fish were set up overnight for
collecting the embryos. Next morning, 1-2- hours post fertilization (hpf) embryos were collected
in a sieve and rinsed with embryonic medium and kept the collected embryos in an incubator at
28.5°C overnight.®® The toxicity evaluation studies of the compounds were performed using the
fish that were 24-hpf. All the zebrafish experiments were performed at the zebrafish core facility,
Tampere University, Finland and according to the protocol used in our laboratory.
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Ethical statement. The research unit at Tampere University has an established zebrafish core
facility ~ authorized  granted by the National  Animal Experiment  Board
(ESAVI/7975/04.10.05/2016). The experiments using developing zebrafish embryos were
performed according to the Provincial Government of Eastern Finland Province Social and
Health Department Tampere Regional Service Unit protocol # LSLH-2007-7254/Ym-23.

Determination of half maximal lethal concentration 50 (LCso).

The LCso values for all the three prodrugs were determined using 24-hpf embryos using 8-10
different concentrations for each compound. We used minimum of 30 zebrafish larvae for each
concentration of the compound [24][26][36-37] The 24-hpf larvae were exposed to different
concentrations of the inhibitors that ranged from 20pM to mM. Dose response curve (DRC) was
calculated using DRM of the DRC R package [38]. The control group constituted an equal
number of larvae not treated with any compound and the larvae that were treated with 1% of
DMSO. Toxicological evaluation studies were performed in 24-well plates (Corning V R Costar V
R cell culture plates). In each well, we placed 1-2 24-hpf embryos in 1 ml of embryonic medium
containing a diluted inhibitor. For control groups, 1% DMSO diluted in either embryonic
medium or embryonic medium with no chemical compound. A minimum of three sets of
experiments were carried out for each prodrug. Mortality of the larvae was checked every 24 h
until 5 days after exposure to the prodrugs.

Phenotypic analysis of the larvae

After exposure to the prodrugs, we evaluated the effects of these compound on the zebrafish
larvae by analyzing eight phenotypic parameters such as: 1) mortality, 2) hatching 3) edema 4)
swimming pattern, 5) yolk sack utilization, 6) heartbeat, 7) body shape, and 8) swim bladder
development. The images of the developing larvae were taken using a Lumar V1.12
fluorescence microscope attached to a camera with a 1.5 lens (Carl Zeiss Microlmaging GmbH,
Gottingen, Germany). The images were analyzed with AxioVision software versions 4.7 and 4.8 as
described in our standard protocol for assessment of toxicity and safety of the chemical
compounds.

Swim pattern analysis

The swim pattern of the zebrafish larvae was studied after 5 days of exposure to these
compounds. For the analyses of swim pattern, about 15-20 zebrafish larvae after 5 days of
exposure to the compounds were placed in a 35 mm x 15 mm petri dish containing embryonic
medium and the larvae were allowed to settle in the petri dish for 1 minute. The movement of
the zebrafish larvae was observed under the microscope for 1 minute. A short video of about 1
min was taken for each group of larvae that were treated with a concentration of the compound
that did not show any phenotypic abnormalities. The swim patterns were compared with the
control group zebrafish larvae that were not treated with any inhibitor.
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Chapter 4

Abstract

Nowadays, Immunotherapy is becoming a powerful strategy in cancer treatment by reactivating
the immune system to fight against tumour cells through a natural process, evaded during the
tumour progression. Hypoxia, a common feature of solid tumour, is associated to an aggressive
phenotype, tumour cell proliferation and is involved in the suppression of anti-tumour immune
responses, thus causing immunotherapy resistance leading to a poor patient prognosis.
Therefore, the hypoxic microenvironment represents today, an extremely valuable target for
cancer therapy. Indeed, numerous therapeutic strategies have been developed to counteract
this hypoxic phenotype, such as hypoxia activated prodrugs (HAPs) allowing the delivery of a
cytotoxic payload by targeting the hypoxic tumour environment. Here, we proposed the design,
synthesis and biological evaluations of a series of HAP analogues allowing the release of a
cytotoxic payload in the hypoxic tumour microenvironment. These HAPs comprise a hypoxic
trigger connected via a carbamate link to a toll-like receptor agonist or an inhibitor of Bruton’s
tyrosine kinase, with the idea to release the drug undergoing an enzymatic activation in hypoxic
tumour. We designed and synthesized these HAPs combining a nitroimidazole, a nitrofuran and
a nitrothiophene as hypoxia trigger, two toll-like receptor agonists, Imiquimod and Resiquimod
and an inhibitor of Bruton's tyrosine kinase, Ibrutinib as payloads. One of the Resiquimod
analogues was the only prodrug to show efficacy in anoxic condition compared to normoxia
despite some stability issues. This suggests that these HAPs, based on the same coupling
synthesis are able to release their cytotoxic payload under anoxia but the complexity of the
synthesis makes them difficult to study. The purpose of this work was to study the ability of the
HAPs to be reduced and to release immunotherapeutics on tumour cells under anoxic
conditions.
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Introduction

The human immune system operates through two types of immune responses. The innate
immune response corresponds to a less specific, but rapid action of immune cells such as
macrophages, natural killers, dendritic cells, monocytes and neutrophils. They represent the first
line of defence of the human organism against abnormal cells and pathogens. These innate
immune cells use pattern recognition receptors to be able to detect pathogen-associated
molecular patterns (PAMPs) or damaged-associated molecular pattern (DAMPs) which will allow
the secretion of inflammatory cytokines in order to kill cancer cells. The second type of immunity
is the adaptive immune response. T cells and B cells act with high specificity recognition against
abnormal cells and pathogens, neutralizing them with T cells and by producing specific
antibodies.”

Cancer immunotherapy is becoming, nowadays, a powerful strategy in anticancer treatment as it
is based on the reactivation of the immune system to attack cancer cells through a natural
process which is evaded during the tumour progression.*® During the anticancer immune
response, antigen-presenting cells (APC) take up tumour antigens on tumour tissue to carry
them to the lymph nodes. There, the APCs stimulate naive T cells to proliferate and to

differentiate in e.g. cytotoxic T cells, which then migrate back to the tumour to kill cancer cells.*”
12

Toll-like receptors (TLRs) are one of the most important families of pattern-recognition
receptors expressed on immune cells that recognize PAMPs and DAMPs.>>'° Their activation
allows the production of cytokines which induce the antitumour immune response.”'*'* TLRs
can also be expressed by tumour cells to cause a direct cytotoxic effect after activation.* The
human genome possesses ten functional TLRs, among them TLRs 1, 2, 4, 5 6 and 10
corresponding to transmembrane receptors and TLRs 3, 7, 8 and 9 to endosomal receptors."
TLRs 7 and 8 can be activated by the binding of small molecule agonists such as
imidazoquinolines.'® Among this family of compounds, imiquimod and resiquimod, respectively
TLR7 and TLR7/8 agonists, are two analogous drugs which have been commercialized as topical
treatment of basal cell carcinoma but have shown side-effects.'> "’

Bruton'’s tyrosine kinase (BTK) is a cytosolic kinase from the TEC family of kinases playing an
important role in the immune system as a target against B cells malignancies.’ Ibrutinib is the
first BTK inhibitor to have been commercialized but it has shown, like imidazoquinolines
agonists, some side-effects.'

Hypoxia, nowadays known as a common feature of solid tumours, has been shown to be
involved in the suppression of anti-tumour immune response in cancer cells and thus cause
immunotherapy resistance.?’® Indeed, tumours can evade immune recognition and destruction
by cytotoxic T-cells via several mechanisms, including the generation of an immunosuppressive
environment. This immunosuppressive environment manifests through the recruitment of
immunosuppressive cells such as regulatory T-cells and myeloid derived suppressor cells, which
suppress the effector function of cytotoxic T-cells.

In order to improve immunotherapy strategy within a hypoxic tumour microenvironment and to
overcome the side-effects observed after the use of immunotherapeutics, we have designed
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new hypoxia activated prodrugs (HAPs) enabling the targeting and the release of these drugs in
the hypoxic tumour environment.

Results and discussion

Two toll-like receptor agonists, Imiquimod and Resiquimod and a Bruton's tyrosine kinase
inhibitor, lbrutinib, were coupled to three bioreducible moieties, the 2-nitroimidazol-,
nitrofuran- and nitrothiophene-based groups (Figure 1).

I Resiquimod Ibrutinib
Imiquimod
HO
a —
(@]
7N ‘}N
N N (0]
= X
] ®
HoN N HoN N
b 1-methyl-2-nitroimidazole nitrofuran nitrothiophene

\
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Q5N OH o N—KfOH OZNﬁAoH
~J N \

Figure 1: (a) structures of drugs. (b) bioreducible moieties.

These nitro compounds were used as a hypoxia sensitive trigger in order to improve the
targeting of these drugs and to allow their release by undergoing a bioreduction reaction
depending on the oxygen level in the tumour microenvironment (Scheme 1).*'

In this study we decided to use the 1-methyl-2-nitroimidazole, the nitrofuran and the
nitrothiophene groups based on their varying reduction potential in the hypoxic environment
with the idea to observe differences during the drug release.? These three nitro-based
compounds bear a hydroxyl function essential to couple them to the amine function of the
drugs by forming a carbamate linker.?*** This linker plays an important role in the control of the
drug activity by inhibiting the activity of the imiquimod, resiquimod and ibrutinib amines until
their release in the tumour environment.”®
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Scheme 1: (a) structure of HAP compound combining the 2-nitroimidazole and Imiquimod. (b) mechanism of drug release.

Only nitrofuran was available from commercial sources. The synthesis of the 2-nitroimidazole
and the formation of the nitrothiophene alcohol from the commercially available aldehyde have
been achieved in our laboratory. The 1-methyl-2-nitroimidazole group was synthesized in three
steps following procedures already described in the literature (scheme 2).22%%2" The first step, via
two intermediates, resulted in the formation of the 2-aminoimidazole using the sarcosine ethyl
ester as starting material. The use of the ethyl ester instead of the methyl ester has been
described as an improvement of the original procedure preventing low reproducibility and
solubility issues in the reaction mixture.®® The first intermediate 1a, was furnished by the
treatment of the sarcosine ethyl ester with sodium hydride and ethyl formate as a diformylation
step. Then the N-deformylation step occurred in acidic conditions by using concentrated
hydrochloric acid to form 1b. The imidazole ring was formed through a Marckwald cyclisation
using cyanamide with an overall yield of 46%.%®

The second step of this synthesis pathway corresponded to the introduction of the nitro group
through a diazotation reaction of the amine 2 using sodium nitrite. The alcohol 4 was obtained
by a reduction step on 3 using NaBH4 as reducing agent with a yield of 66% (Scheme 2).

O+ _H
o) o)
o) )
HCl  H ia T ib N
'/Nﬂoa - Oy oEt | T 7Y e
1 HO HO
1a 1b
ic ‘
\ , o i
N N
N ii OEt
OzN\*<\ ] OH iili 02N~<\ ]AOEt H2N\—<\ J)k
N N N
4 66% 3 90% 2 46%

(over 3 steps)

Scheme 2: Reagents and conditions: (ia) NaH, EtOCHO, THF, rt, 18h; (ib) conc. HCI, EtOH, rt, 2h; (ic) NH,CN, EtOH, H,0, reflux,
1.5h; (ii) NaNO,, AcOH, rt, 5h; (iii) NaBH4, THF/MeOH 6/0.5, 0°C, 45min to rt, 1h.
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In order to enable the coupling of the nitrothiophene-based group to the drugs, it was
necessary to achieve a reduction step on the commercially available aldehyde compound to
afford the alcohol (Scheme 3).*

S . ) S
0N~ i ON\@/\OH

5 96%

Scheme 3: reagents and conditions: (i) NaBH4, MeOH, from 0°C to rt, 2h.

To enable the formation the expected HAP, different reaction conditions were tested starting by
the coupling of the 2-nitroimidazole with Imiquimod in a one-step reaction (Scheme 4). The
synthesis of this compound was tested first by using the same procedure employed previously
in the lab for the formation of other HAPs.® Due to the extremely low reactivity of the
Imiquimod amine induced by the electron-withdrawing effect of the nitrogen in position 1,
reaction conditions were adapted for microwave heating.

Carbonyl diimidazole was used as a coupling agent in the presence of the alcohol 4 in THF to
first activate the hydroxyl group forming the intermediate 6. Then Imiquimod was added and
the reaction mixture was stirred in a microwave using conditions already described in the
literature.””® However, we didn't observe the formation of the carbamate at the end of the
reaction. Therefore, different coupling agents responsible for the activation of the alcohol/amine
were tested as well as stirring at room temperature instead of using a microwave.

\§
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4 6 N

7

Scheme 4: Coupling reaction between the 2-nitroimidazole alcohol and the Imiquimod amine. Reagents and conditions: (i) CDI,
THF, rt, 3h; (ii) Imiquimod, DIEA, MW.

The formation of the compound 7 was observed for the first time when using triphosgen as
activating agent and by stirring the reaction at room temperature (Scheme 5), but 7 was only
obtained in a very low yield (17%).

/N @
| N | o)
N cih o cl _— i N =
0N _:7/,\ cl cl O,N _:7/’\ M |
OH + [ — ~
- ool Ko fD RUASN
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717%

Scheme 5: Coupling reaction using triphosgen. Reagents and conditions: (i) DIEA, DCM, rt, 3h.

In order to improve this reaction yield and to better control the formation of 7, a different
strategy was applied to first form and isolate the activated intermediate either on the alcohol or
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on the amine and in a second step, to achieve the coupling. We wanted to determine which
coupling agent would be efficient enough to react on the total amount of the alcohol or amine
and if the intermediate formed would be sufficiently activated to allow the coupling of the drug
in the second step. Different coupling agents were tested to activate both Imiquimod (scheme
6) and 2-nitroimidazole (scheme 7) using carbonyldiimidazole, p-nitrophenyl chloroformate,
triphosgen, phosgen or disuccinimidyl carbonate. Facing solubility issues during the Imiquimod
activation, different techniques were used to obtain the desired intermediate such as

microwave"" or a ball-milling procedure.*%*'
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Scheme 6: Reaction conditions to activate the Imiquimod
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Scheme 7: Reaction conditions to activate 2-nitroimidazole
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After several activation tests on imiquimod (Scheme 6) and 2-nitroimidazole (Scheme 7), we
demonstrated that the 2-nitroimidazole was easier to activate compared to Imiquimod.
Therefore, we decided to start with the formation of the activated alcohol intermediate and in a
second step to couple the amine. We first started with the isolation of the intermediate 12
obtained by activation with carbonyldiimidazole. A total conversion was observed by TLC, but
the crude compound was not stable enough to be purified by silica chromatography. As the
crude product was clean on TLC and on NMR, no purification has been done and it was used
directly in the coupling step with Imiquimod. We didn’t observe any formation of the expected
final compound. Therefore, we tried to activate the alcohol in a different manner by using p-
nitrophenyl chloroformate as described by Burt et al.***? In this case, however, we didn't succeed
to form the carbonate intermediate 13. Harder conditions were tested using triphosgene and
phosgene to form a chloroformate intermediate 14.3* As in the case of the activation with CDI, a
total conversion was observed by TLC and the crude product was directly used in the following
step, but again we didn’t observe the formation of the expected compound from the coupling
between the chloroformate nitroimidazole and the amine of imiquimod. This activation was
done as well on the nitrofuran and nitrothiophene alcohol, however with same results as for the
Imiquimod coupling with the nitroimidazole. Disuccinimidyl carbonate was tested as an
alternative coupling agent with the aim to couple Imiquimod with the bioreducible moieties. As
described earlier, the alcohol activation was successfully achieved on the nitroimidazole and
then Imiquimod was coupled on the activated intermediate 15 (Scheme 7). This time, the
formation of the expected compound was observed, however, these activating conditions didn't
improve the yield of the coupling step. These reaction conditions, then, were applied to the
other alcohol and amines to obtain the other HAP compounds.

Because of constraints related to the low drug reactivity and the poor water and solvent
solubility of Imiquimod and lbrutinib, the coupling reactions were not reproducible with the
same yield, thereby it has not been possible to isolate all the 9 compounds. Resiquimod showed
a better solubility and a higher reactivity than the two other drugs. Furthermore, log P
calculations were performed in order to estimate the solubility of the prodrugs, we observed
that all compounds showed a profile more lipophilic than hydrophilic as all the calculation
values were positives. For each compound family, the nitro-based compound seemed to be
more soluble compared to the nitrofuran- and nitrothiophene-based prodrugs and were easier
to synthesize. The coupling of the nitrofuran showed extremely low yield in the three cases,
therefore, it was not possible to isolate compounds 16 and 22 after purification (Table 1, in
grey). The Resiquimod family showed the lowest log P values, indicative for a higher water
solubility compared to the other compounds.

Solubility tests were performed on Imiquimod, Resiquimod, Ibrutinib alone and on each prodrug
derivative using cell culture medium containing different DMSO concentrations with the aim to
select the compounds to be tested for efficiency on cells. It was observed that only the
Resiquimod and Resiquimod HAPs were soluble in culture medium at a maximum concentration
of TmM with 1% DMSO final concentration. Solubility tests for the nitrofuran-based compound
19 could not be performed as we did not succeed to obtain sufficient large amounts for further
testing.
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Table 1: Structures of the 9 HAP compound analogues
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Viability assays on the Resiquimod analogues were performed in order to evaluate the
cytotoxicity of the prodrugs 18 and 20. LC-MS analysis has been done on 18 and 20 prior the
viability assay to validate the purity of compounds. We observed the presence of residual
Resiquimod with 18, showing a degradation by decoupling of the payload of approximately
40% (Figure 1). 20 showed a degradation around 70-75% (Figure 2S). Cytotoxicity of the two
prodrugs was evaluated under normoxic and anoxic (<0.01% O) conditions in order to evaluate
the ability of the prodrugs to release the payload on anoxia. The assay has been done using two
different cell lines, CT26, a murine colon carcinoma cell line and PC3, a human prostate cancer
cell line by using 500 pM as highest concentrations.

In CT26 compound 18 showed an ICsp of 404.2 uM under normoxia and 29.35 pM under anoxia.
The effect observed in normoxic conditions could be related to the residual Resiquimod present
with the prodrug while in anoxic conditions a higher effect can be observed due to the
enzymatic activation of the prodrug resulting in the intracellular release of resiquimod.
Resiquimod alone showed, in normoxic and anoxic conditions, ICso of respectively 65.03 uM and
higher than the maximal concentration tested (578 pM). This low cytotoxic effect observed in
anoxic conditions could be explained because of the upregulation of tumour cell efflux pumps.
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These efflux pumps are membrane proteins able to actively pump various drugs out of the cells
under hypoxia, reducing the cytotoxic efficacy of these drugs.®>*¢

The same profile was observed in PC3 cell line, 18 showed ICso of 111,4 uM and 16,05 pM in
normoxic and anoxic conditions, respectively, explained by the activation of 18 inside the
intracellular environment of cells under anoxia. Resiquimod showed an ICso of 56.45 UM in
normoxia and 462.7 uM in anoxia. Due to the same efflux pump mechanisms explained above,
we observed, here as well, a lower cytotoxic effect under anoxia (Figure 2a).
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Figure 2: Relative cell viability (%) in CT26 and PC3 cells exposed to increasing concentrations of the derivatives (a) 18 and (b) 20
under normoxic (green) and anoxic (red) conditions compared to Resiquimod (black).

We did not obtain relevant cytotoxicity results after testing 20 due to a too pronounced
degradation, confirmed by LC-MS analysis (Figure 2S). Indeed, in CT26 we have observed a
relatively high 1Cso, higher than the maximal concentration tested; 873.7 uM and 600.7 pM in
normoxic and anoxic conditions respectively, showing a similar effect of the prodrug on cells
likely caused by the presence of residual Resiquimod in a too large quantity. These effects could
be compared to the one of Resiquimod alone in anoxic conditions with a ICso of 578.7 puM, which
showed a very low cytotoxicity on cells explained by the efflux pump effect. Only Resiquimod in
normoxic conditions showed a higher cytotoxicity with an IC50 of 65.03 uM.

Comparable results have been observed in the PC3 cell line. 20 showed low cytotoxicity in
normoxia and anoxia with an 1Cso of 690.8 pM and 510.7 uM respectively, similar as Resiquimod
in anoxic conditions (ICsp of 462.7 uM). Only the drug alone showed, here as well, a higher effect
under normoxia with an ICso of 56.45 uM (Figure 2b).
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Conclusion

Immunotherapy is becoming, today, a powerful strategy in cancer treatment by reactivating the
immune system to fight against tumour cells through a natural process which is evaded during
the tumour progression. We described here the design, synthesis and biological evaluation of
several HAP analogues allowing the release of a cytotoxic payload in the hypoxic tumour
microenvironment. We designed and synthesized these HAPs combining a nitroimidazole, a
nitrofuran and a nitrothiophene as hypoxia trigger, two toll- like receptor agonist, Imiquimod
and Resiquimod and an inhibitor of Bruton's tyrosine kinase, Ibrutinib as payloads. These two
moieties have been connected using a carbamate linker to enable the release of the drug under
hypoxia, forming a molecule of carbon dioxide as by-product. Solubility and reactivity issues
have been encountered during the synthesis of these HAPs linked to the three payloads,
preventing the formation of some of the expected HAPs. Biological evaluations have been
performed using viability assay on 18 and 20, two Resiquimod-based prodrugs, soluble in the
cell medium. 18 showed a higher cytotoxicity in anoxic conditions than in normoxia explained
by the release of the drug under anoxia, as expected. Unfortunately, 20 did not show any
positive results likely due to a too high degradation. These first results suggest that these HAPs,
based on the same coupling synthesis are able to release their cytotoxic payload under anoxia
but the complexity of the synthesis makes them difficult to study.

Experimental section
Chemistry
General

All reagents and solvents were of commercial quality and used without further purification
unless otherwise specified. All reactions were carried out under an inert atmosphere of argon.
TLC analyses were performed on silica gel 60 F254 plates (Merck Art. no. 1.05554). Spots were
visualized under 254 nm UV illumination or by ninhydrin solution spraying. 'H and *C NMR
spectra were recorded on a Bruker DRX-400 spectrometer using CDCl3-d6, MeOD-d6 or DMSO-
d6 as solvent and tetramethylsilane as internal standard. For 'H and *C NMR spectra, chemical
shifts are expressed in & (ppm) downfield from tetramethylsilane, and coupling constants (J) are
expressed in hertz. Electron lonization mass analysis were performed in positive or negative
mode on a Waters acquity UPLC. All compounds that were tested in the biological assays were
analyzed by high-resolution ESI mass spectra (HRMS) using a Bruker microTOF-Q Il mass
spectrometer fitted with an electrospray ion source in order to confirm the purity of >95%.
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ethyl 2-amino-1-methyl-1H-imidazole-5-carboxylate (2)

\ O

N
HaN—( kaEt
N

2

To a suspension of ethyl N-methylglycine hydrochloride (85.4 mmol, 1 eq) in dry THF (60 mL)
and dry absolute ethanol (7mL) was added ethyl formate (37 mL). The mixture was cooled to 0
°C and sodium hydride 60 % (13.6 g, 4 eq) was added portion wise. Once gas evolution had
ceased, the reaction mixture was warmed to rt and stirred for 18h. the reaction was quenched by
addition of wet diethyl ether and filtered. The collected solid were washed with diethyl ether
then dried under vacuum. The solid was then suspended in ethanol (250 mL) and concentrated
hydrochloric acid (50 mL) was slowly added to the suspension. The suspension was stirred at rt
for 2h then filtered to remove salt. The resulting solution was concentrated under vacuum then
dissolved in ethanol (350 mL) and water (150 mL) and pH was adjusted to 3 by using aqueous
sodium hydroxide 2 M. Cyanamide (130.2 mmol, 2 eq) was added to the solution and the
reaction mixture was heated to 100 °C for 2h then cooled to rt and concentrated in vacuo. The
residue was dissolved in ethyl acetate and saturated aqueous potassium carbonate solution and
was extracted with ethyl acetate. The combined organic fractions were washed with brine, dried
over sodium sulfate, filtered and concentrated under vacuum. The crude was purified by
trituration in dichloromethane to afford 2 (6.7 g, 46 % yield). '"H NMR (400 MHz, CDs;OD) & 7.32
(s, TH), 4.23 (9, J = 7.1 Hz, 2H), 3.62 (s, 3H), 1.31 (t, J = 7.1 Hz, 3H). *C NMR (400 MHz, CD;0D) &
161.99, 155.26, 135.87, 119.28, 60.89, 30.91, 14.69.

ethyl 1-methyl-2-nitro-1H-imidazole-5-carboxylate (3)

0
N
ON—( fJ\OEt
N
3

To an aqueous solution of sodium nitrite (32 mL, 25.37 g, 367.70 mmol, 10 eq), was added 1
(36.77 mmol, 1 eq) in acetic acid (35 mL) drop wise. The reaction mixture was stirred at rt for 5h
until gas evolution ceased. The organic fraction was extracted with CH.Cl,, washed with brine
and saturated solution of Na,SOs, dried over Na,SO4 and filtered. The filtrate was concentrated
under vacuum to give 3 (6.59 g, 90 % yield). '"H NMR (400 MHz, CD;0D) & 7.72 (s, 1H), 4.39 (q, J
= 7.2 Hz, 2H), 4.30 (s, 3H), 1.39 (t, J = 7.1 Hz, 4H). *C NMR (400 MHz, CDs0D) & 160.34, 137.03,
134.65, 127.93, 62.75, 35.93, 14.44.
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(1-methyl-2-nitro-1H-imidazol-5-yl)methanol (4)

\

N
O-N OH
Zxﬁ\lf\

4

To a solution of 2 (24.10 mmol, 1 eq) in dry THF (125 mL) and MeOH (10 mL) was added NaBH4
(72,30 mmol, 3 eq) portion wise at 0 °C. the reaction was stirred at 0 °C for 45 min, then at rt for
Th. the reaction mixture was cooled to 0 °C, quenched by addition of ice and pH was adjusted to
7 using a 1 M HCI aqueous solution. The aqueous solution was saturated with NaCl, and the
organic fraction was extracted with EtOAc, washed with saturated aqueous NaHCOs, dried over
Na>SO4 and the solvent was removed under reduced pressure. The crude was triturated with
DCM and the solid was filtered to afford 4 as a yellow solid. '"H NMR (400 MHz, CDs;OD) & 7.10
(s, TH), 4.66 (s, 2H), 4.04 (s, 3H). *C NMR (400 MHz, CDs0D) & 139.32, 137.02, 127.41, 54.52,
34.81.

(5-nitrothiophen-2-yl)methanol (5)

S OH
02N \ |

5

To a solution of 5-nitrothiophene-2-carbaldehyde (1.91 mmol, 1 eq) in dry methanol (8 mL) was
added NaBH4 (2.29 mmol, 1.2 eq) portion wise at 0 °C and the reaction mixture was stirred 2h at
0 °C. The reaction mixture was quenched by addition of ice and pH was adjusted to 7 using 2 M
HCl aqueous solution. The organic fraction was extracted with EtOAc, dried over Na,SO4 and
concentrated under vacuum. Purification by flash chromatography on silica gel
(methanol/dichloromethane 0.5/9.5) afford 5 (229 mg, 75 % yield). '"H NMR (400 MHz, CDCl3) &
7.81 (d, J = 4.1 Hz, TH), 6.93 (dt, J = 4.1, 1.0 Hz, TH), 4.88 (s, 2H). *C NMR (400 MHz, CDCl;) &
153.30, 151.13, 128.84, 123.57, 60.47. [M-H]  calculated for [CsH4NOs3S]: 157.9917 found:
157.9914.

General procedure for alcohol activation:

To a solution of disuccinimidyl carbonate (2.39 mmol, 1.5 eq) in dichloromethane (7 mL) was
added dropwise at 0°C a solution of the corresponding hydroxy starting compound (1.59 mmol,
1 eq) and pyridine (1.91 mmol, 1.2 eq) in dichloromethane (8 mL). The reaction mixture was
stirred at room temperature (rt) for 2h and the solvent was removed under vacuum. The crude
carbonate was used at the following step without further purification.
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General procedure for drug coupling 7, 17, 18, 19, 20, 21, 22 and 23:

To a solution of carbonate (0.31 mmol, 1 eq) in dichloromethane (1 mL) was added at rt a
solution of the corresponding amine (0.31 mmol, 1 eq) and triethylamine (0.62 mmol, 2 eq) in
dichloromethane (2mL). The reaction mixture was stirred overnight and the solvent was
removed under vacuum. The residue was purified by flash chromatography on C18 gel column
(CHsCN 45% /H;0).

(1-methyl-2-nitro-1H-imidazol-5-yl)methyl (1-isobutyl-1H-imidazo[4,5-c]quinolin-4-
yl)carbamate (7)

'H NMR (400 MHz, CD;OD) & 8.24 (s, 1H), 8.21 (d, J = 8.3 Hz, 1H), 8.10 (d, J = 7.8 Hz, 1H), 7.67
(ddd, J = 84, 6.8, 1.1 Hz, 1H), 7.61 (ddd, J = 8.2, 7.1, 1.3 Hz, 1H), 7.31 (s, 1H), 5.43 (s, 2H), 4.49 (d,
J =75 Hz, 2H), 4.12 (s, 3H), 2.36 — 2.25 (m, 1H), 1.01 (d, J = 6.7 Hz, 6H). MS (ESI*) m/z 424.40
[M+H]*, 869.15 [M+2]*. HRMS (ESI") [M+H]" calculated for [CooH22N704]": 424.1728 found:
424.1757.

(5-nitrothiophen-2-yl)methyl (1-isobutyl-1H-imidazo[4,5-c]quinolin-4-yl)carbamate (17)

HRMS (ESI*) [M+H]* calculated for [C20H20N504S]: 426.1231 found: 426.1217.

(1-methyl-2-nitro-1H-imidazol-5-yl)methyl (2-(ethoxymethyl)-1-(2-hydroxy-2-
methylpropyl)-1H-imidazo[4,5-c]quinolin-4-yl)carbamate (18)

'"H NMR (400 MHz, CD;OD) & 8.73 (dd, J = 8.5, 0.8 Hz, 1H), 8.24 (dd, J = 8.5, 1.0 Hz, TH), 7.91
(ddd, J = 8.5, 7.2, 1.2 Hz, T1H), 7.81 (ddd, J = 8.4, 7.2, 1.2 Hz, T1H), 7.39 (s, TH), 5.62 (s, 2H), 5.11 (s,
2H), 4.93 (s, 2H), 4.14 (s, 3H), 3.66 (g, J = 7.0 Hz, 2H), 1.32 (s, 6H), 1.25 (t, J = 7.0 Hz, 3H). *C NMR
(400 MHz, CDsOD) & 157.85, 154.98, 144.99, 141.64, 131.96, 130.53, 128.38, 126.31, 124.49,
122.23, 116.49, 72.34, 67.81, 66.45, 58.90, 56.99, 49.00, 35.08, 34.89, 28.00, 15.36. MS (ESI*) m/z
498.45 [M+H]".

(5-nitrofuran-2-yl)methyl (2-(ethoxymethyl)-1-(2-hydroxy-2-methylpropyl)-1H-
imidazo[4,5-c]quinolin-4-yl)carbamate (19)

'H NMR (400 MHz, CDCl3) 6 8.29 (dd, J = 8.1, 1.6 Hz, TH), 8.11 = 8.07 (m, 1H), 7.69 — 7.59 (m, 2H),
7.29 (d, J = 3.7 Hz, 1H), 6.19 (d, J = 5.6 Hz, TH), 5.31 (s, 2H), 4.84 (d, J = 10.1 Hz, 2H), 4.75 (d, J =
10.2 Hz, 2H), 3.65 (tt, J = 6.6, 3.2 Hz, 2H), 1.35 (s, 6H), 1.24 (t, J = 7.0 Hz, 3H). *C NMR (400 MHz,
CDCl3) 6 154.01, 152.09, 148.73, 143.53, 140.40, 137.92, 131.27, 127.93, 127.13, 126.92, 121.10,
120.39, 118.39, 98.28, 71.59, 70.58, 66.78, 65.41, 56.48. HRMS (ESI*) [M-H] calculated for
[C23H24Ns507]: 482.1681 found: 482.1670.
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(5-nitrothiophen-2-yl)methyl (2-(ethoxymethyl)-1-(2-hydroxy-2-methylpropyl)-1H-
imidazo[4,5-c]quinolin-4-yl)carbamate (20)

'H NMR (400 MHz, CDCls) 6 8.39 (d, J = 3.8 Hz, 1H), 8.21 (d, J = 9.6 Hz, 1H), 8.16 (d, J = 8.6 Hz,
1H), 7.83 (d, J = 4.2 Hz, 1H), 7.67 — 7.59 (m, 1H), 7.55 = 7.47 (m, 1H), 7.14 (d, J = 3.9 Hz, 1H), 544
(s, 2H), 4.92 (s, 3H), 4.80 (s, 2H), 3.67 (dd, J = 13.6, 6.3 Hz, 2H), 3.03 (s, 1H), 1.33 (s, 6H), 1.26 (t, J =
6.8 Hz, 5H). *C NMR (400 MHz, CDCls) & 150.90, 146.22, 144.53, 143.62, 135.67, 130.65, 128.45,
127.80, 127.08, 125.01, 123.52, 122.33, 120.20, 119.96, 117.02, 71.62, 66.92, 65.06, 61.37, 56.55,
28.04, 15.07. MS (ESI") m/z 500.45 [M+H]".

(1-methyl-2-nitro-1H-imidazol-5-yl)methyl (R)-(1-(1-acryloylpiperidin-3-yl)-3-(4-
phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-4-yl)carbamate (21)

MS (ESI") m/z 624.22 [M+H]".

(5-nitrothiophen-2-yl)methyl (R)-(1-(1-acryloylpiperidin-3-yl)-3-(4-phenoxyphenyl)-1H-
pyrazolo[3,4-d]pyrimidin-4-yl)carbamate (23)

'H NMR (400 MHz, CD;0D) & 8.64 (d, J = 4.9 Hz, 1H), 7.90 (d, J = 4.2 Hz, 2H), 7.86 (d, J = 4.2 Hz,
1H), 7.38 = 7.32 (m, 2H), 7.04 (d, J = 4.2 Hz, 1H), 7.02 — 6.97 (m, 3H), 6.83 (dd, J/ = 16.7, 10.6 Hz,
1H), 6.67 (dd, J = 16.8, 10.7 Hz, 1H), 6.26 — 6.09 (m, 1H), 5.77 (d, J = 10.6 Hz, 1H), 5.63 (d, J = 104
Hz, 1H), 538 (d, J = 0.7 Hz, 2H), 5.08 (d, J = 6.1 Hz, 1H), 4.69 — 4.60 (m, TH), 431 - 4.21 (m, 1H),
4.12 (dd, J = 12.6, 6.2 Hz, 1H), 3.93 (dd, J = 13.6, 9.0 Hz, 1H), 2.52 — 2.34 (m, 1H), 2.33 - 2.21 (m,
1H), 2.17 = 2.05 (m, TH), 1.85 — 1.65 (m, 2H). MS (ESI*) m/z 626.05 [M+H]".

Biological assays
Cells

Murine colon carcinoma CT26 and human prostate cancer PC3 cells were cultured in DMEM
(Sigma-Aldrich) and RPMI (Sigma-Aldrich), respectively, supplemented with 10% fetal bovine
serum. Cells were exposed to anoxic conditions for 24 h in an anoxic chamber (Whitley MG500,
anoxic workstation, Don Whitley Scientific, UK) with an atmosphere consisting of 5% CO,, 10%
H., and residual N at 37 °C. Normoxic cells were grown in a cell culture incubator (HERAcell®
150 CO; Incubator, Thermo Fisher Scientific, Heraaerus) with 21% O», 5% CO- at 37 °C.

Cell viability assays

The cytotoxic efficacy of the bioreducible derivatives was determined based on cell viability
assays using alamarBlue® (Invitrogen). In short, CT26 and PC3 were seeded in 96-well plates
and allowed to attach overnight. The next day, plates were exposed to normoxia or anoxia.
Compounds were dissolved in DMSO (50mM, Sigma-Aldrich) and final concentrations were
made with pre-incubated anoxic or normoxic DMEM and RPMI and added to the wells after 24 h
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of exposure. Cells were exposed to compounds for 4h in anoxic conditions and normoxic
conditions, after which they were allowed to grow for an additional 72 h under normoxic
conditions prior to the measurement. Cells were incubated with alamarBlue® for 2 h in
normoxic conditions, which corresponds with their metabolic function, a measure for cell
viability. Fluorescence was measured using plate reader (SpectraMax® ID3, Molecular Devices)
using a fluorescence excitation wavelength of 545 - 585 nm.
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Supplementary data

NMR spectra 1 1H: (1-methyl-2-nitro-1H-imidazol-5-yl)methyl (1-isobutyl-1H-imidazo[4,5-c]quinolin-4-yl)carbamate (7).
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NMR spectra 2 *H & 13C: (1-methyl-2-nitro-1H-imidazol-5-yl)methyl (2-(ethoxymethyl)-1-(2-hydroxy-2-methylpropyl)-1H-
imidazo[4,5-c]quinolin-4-yl)carbamate (18).
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NMR spectra 3 *H & 13C: (5-nitrofuran-2-yl)methyl (2-(ethoxymethyl)-1-(2-hydroxy-2-methylpropyl)-1H-imidazo[4,5-c]quinolin-4-
yl)carbamate (19).
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NMR spectra 4 H & 13C: (5-nitrothiophen-2-yl)methyl (2-(ethoxymethyl)-1-(2-hydroxy-2-methylpropyl)-1H-imidazo[4,5-

c]quinolin-4-yl)carbamate (20).
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NMR spectra 5 *H: (5-nitrothiophen-2-yl)methyl (R)-(1-(1-acryloylpiperidin-3-yl)-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-

d]pyrimidin-4-yl)carbamate (23).
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Figure 1S: LC-MS analysis of 18 showing degradation of the compound by Resiquimod decoupling. Mass on the top part, UV on

the bottom part.
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Chapter 5

Abstract

Nowadays antibody-drug conjugation (ADC) is a promising therapeutic strategy intensively
studied enabling the use of highly potent drugs combined with a tumour specific antibody,
thereby enhancing the efficacy of therapeutics and preventing adverse effects. Hypoxia is a
characteristic feature of solid tumour, associated to a more aggressive phenotype, tumour cell
proliferation and resistance to traditional chemo- and radiotherapy-based treatments, leading
to a poor patient prognosis. Therefore, the hypoxic environment represents today, an extremely
valuable target for cancer therapy. Indeed, numerous therapeutic strategies have been
developed to counteract this hypoxic phenotype, such as hypoxia activated prodrugs (HAPs)
allowing the delivery of cytotoxic payload by targeting the hypoxic tumour environment. Here,
we report the design and the synthesis of a new ADC prodrug combining a toll-like receptor
agonist, Resiquimod, as payload released after enzymatic bioactivation in hypoxic tumours and
Cetuximab, a chimeric monoclonal antibody inhibiting the human epidermal growth factor
receptor, highly expressed in cancer cells. The purpose of this antibody-prodrug conjugate is to
allow a higher tumour targeting by combining an antibody having a high specificity to a cancer
cell characteristic and a HAP targeting tumour hypoxia environment for drug delivery upon
activation.
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Introduction

In the past four decades, antibody-drug conjugates (ADCs) have been intensively studied as
promising biotherapeutic strategies to specifically target cancer cells, allowing the release of
highly potent drugs otherwise too toxic for healthy tissues, directly in tumour environment,
minimizing adverse effects.”™ To date, 12 ADCs have been approved by the Food and Drug
Administration (FDA), while more than 80 are currently in development.> ADCs generally
comprise out of 3 components, a monoclonal antibody, a linker and a payload covalently
connected.®® The major role of the antibody is to target specifically highly expressed antigens
on tumour cells or in the tumour microenvironment.”® Therefore, the choice of the antibody
represents an important consideration to allow proper tumour targeting as such that the release
of the cytotoxic payload can be done avoiding off-target toxicity on healthy cells. Some antigens
are now well known to be an appropriate target because of their high expression in tumour
tissues, such as the human epidermal growth factor receptor 2 (HER2) which is more than 100
times overexpressed in the tumour microenvironment. "'"'2 The most common conjugation
method to connect the payload to the antibody is to couple the linker using the amino group of
lysine or the thiol group of cysteine residues.”' However, ADCs are synthesized most of the
time by random conjugation of the linker, resulting in a heterogenous product. It still remains
challenging to afford control on drug-to-antibody ratio (DAR) in order to improve the
homogeneity of conjugation.

Hypoxia is common feature in the majority of solid tumours and is characterised by low oxygen
supply and associated to a more aggressive phenotype and to resistance to traditional chemo-
and radiotherapy-based treatments, leading to poor patient prognosis.””"’ Nowadays, as
hypoxia represents a valuable target to treat cancer, several strategies to counteract this hypoxic
phenotype have been developed such as hypoxia-activated prodrugs (HAPs).'®'® HAPs are
therapeutic agents designed to penetrate in hypoxic regions to release, only under low oxygen
tension, a cytotoxic compound induced by enzymatic reduction bioactivation.?%?'

Here we described the design and the synthesis of a new antibody-HAP conjugate comprising a
toll-like receptor agonist as payload, released after activation in the hypoxic tumour
environment. In this proof-of-concept, the antibody Cetuximab, a chimeric monoclonal antibody
inhibiting the epidermal growth factor receptor, was utilized in this ADC approach as it is highly
expressed on cancer cells. The purpose of this antibody-prodrug conjugate is to allow a higher
tumour targeting by combining an antibody having a high specificity to a cancer cell
characteristic and a HAP targeting the tumour hypoxia environment for the drug delivery upon
activation.

Results and discussion

Two HAPs, 8 and 17, were designed combining several moieties all connected to a central
platform obtained after one reaction step from a p-nitrophenyl ketone. Each having different
roles, such as Resiquimod as the payload, 1-methyl-2-nitroimidazole as a hypoxia sensitive
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trigger and a linker, using a B-alanine (here in yellow) to conjugate the prodrug to an antibody
(Scheme 1a).
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Scheme 1: (a) Structure of HAP compound. (b) Proposed mechanism of drug release.

The different moieties are connected via a carbamate linker to allow the drug release through a
self-immolative mechanism.?*** These cascade disassembling reactions must occur in a hypoxic
tumour environment thanks to the action of electron oxidoreductase enzymes leading, after
several reductions, to the drug release (Scheme 1b). In the presence of oxygen the prodrug is
back oxidized, preventing the release of the drug in normoxic tissues and the subsequent killing
of healthy cells. In hypoxic tissues, the prodrug can undergo further reduction reactions to allow
the hypoxia selective release of the payload either after further reduction or by fragmentation of
the prodrug, resulting in enhanced cell death.®

In order to synthesize this HAP-antibody combination, first it was necessary to assemble the
carboxylic acid compound to enable, afterwards, the coupling to the antibody. The 1-methyl-2-
nitroimidazole, showing promising results in previous work, has been selected as hypoxia
sensitive trigger.?® Two toll-like receptor agonists, Imiquimod and Resiquimod were considered
as active drug as they have demonstrated highly potent activity as immunotherapeutics.”’
Considering reactivity and solubility issues encountered in the past, only Resiquimod was used
for the synthesis described in this chapter.

To synthesize 8, a multistep synthesis including 7 steps was necessary (Scheme 2a) starting by
an oxidation-Cannizzaro reaction on the aryl methyl ketone to form an a-hydroxy-arylacetic acid
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using SeO> and catalysed by the ytterbium triflate.?® 3 was obtained after coupling the linker 10
on the carboxylic acid group of 2 by forming an amide bond. To enable this coupling, it was
necessary to activate the carboxylic acid group of the substrate during the coupling step. Two
activating agents, the N'-ethylcarbodiimide (EDC)® and the hexafluorophosphate
azabenzotriazole tetramethyl uranium (HATU) were tested. HATU was preferred, allowing the
connection of the linker at a higher yield. The linker 10 was formed through a two-step
synthesis (Scheme 2b), starting by the allyl-protection of the carboxylic acid group of a Boc-f3-
alanine, followed by the deprotection of the amine to allow the coupling.

Next, the nitro group on the para position of the aromatic ring of 3 was reduced in primary
amine in the 4" step, allowing in the next step, the coupling of the hypoxia sensitive trigger
using 11 (Scheme 2c) to form 5. This coupling step was preceded by an activation of the
hydroxyl group of the 1-methyl-2-nitroimidazole to form a carbonate compound using the
disuccinimidyl carbodiimide (DSC).

Next, another activation step was performed on the hydroxyl group of 5 using the para-
nitrophenyl chloroformate (PNPC) as activating agent in order to couple Resiquimod to 6. In
parallel, this activation was performed as well on Resiquimod. We observed the formation of the
expected activated compound, however the following coupling step on 5 did not allow the
formation of 6 as much as by doing the activation on 5. After isolation of 7, residual Resiquimod
was observed in the presence of the compound by TLC, showing a degradation by decoupling
of the drug directly after purification. As 7 was not stable enough to continue further the
synthesis, we were not able to isolate the final compound 8 normally afforded after a
deprotection step of the allyl ester.
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Scheme 2: (a) Synthesis pathway to form the carboxylic acid HAP 8.
Reagents and conditions: (i) Yb(OTf)s, SeO,, dioxane/H,0, 98°C, 18h; (ii) 10, HATU, DIEA, DMA, rt, overnight; (iii) AcOH, Zn,
THF, rt, 2h; (iv) 11, pyridine, DCM, rt, 4h; (v) PNPC, pyridine, DCM, 40°C, 4h; (vi) Resiquimod, DIEA, EtOAc, M-W, 45min, 87°C,
90 W. (b) Synthesis pathway of linker 10. (i) allyl bromide, K,COs, DMF, rt, overnight; (ii) TFA, DCM, rt, 2h. (c) Activation step
of the 1-methyl-2-nitroimidazole. (i) DSC, pyridine, DCM, rt, overnight.

Based on the same idea as for the previous prodrug, we have decided to synthesize in parallel a
second HAP to be conjugated to an antibody, comprising the same three moieties connected to
a Bis(hydroxymethyl)-p-cresol central platform (Scheme 3).

a
Drug
o/
oN_
N &N/\{OH
N\)\ N/
P RPN
N.
- \(’\)L‘o 0" N7 N
H
(0]
o _/
OJ — [e)
O2N % o=-N Y
N N/\€OH Nitroreductase N N%OH
4 L d
N~ N activity N~ N
H (o] (o] (o] = ‘ - H (o] o] o = ‘
/N\ﬂ/\/u\o O/U\N SN ;_. /NNO OJ\N Y,
) g o 0, I N

Back oxidation in
normaxic environment

=
. N2 — N
Further reduction AN N
H o o Q = [ o) oe\ o) =
N s N o |
- o 0" "NTN /Nj(\/u\o NN
[

o/
; o N/\‘(OH
=
Ny
HM o 2 N
/N O
+ CO,

Scheme 3: (a) Structure of HAP compound. (b) Proposed mechanism of drug release.
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As previously, to form this second antibody-prodrug, it was first necessary to synthesize the
carboxylic acid compound, to connect it, afterwards, to the antibody. 17 was obtained through a
five-step synthesis pathway (Scheme 4).

Initially, this synthesis was comprising two steps more, a protection step on 13, to protect one of
the two hydroxyl groups with the aim to have only one reacting position to achieve the coupling
of the linker on the next step and then a deprotection step to continue the synthesis on the
second hydroxyl. After having tried this protection step on 13 using 4,4'-dimethoxytrityl chloride
as protecting group as described in the literature on the same type of substrate®, it was
observed that the protected compound was not stable enough. Indeed, we observed that the
compound started to deprotect after purification. We decided then to try to form 14 without
these two steps with the aim to obtain the final compound through a shorter synthesis pathway.
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Scheme 4: Synthesis pathway to form the carboxylic acid HAP 17
Reagents and conditions: (i) 18, K,COs, acetone, 60°C, overnight; (ii) 19, EDC, HOBt, DMF, rt, 10h; (iii)
PNPC, DIEA, DCM, 40°C, 4h; (iv) Resiquimod, DIEA, EtOAc, rt, 3h; (v) Pd(PPhs)s, PhSiH3, THF, rt, 4h.

The final compound 17 was formed starting first by the coupling the hypoxia sensitive trigger
on the central platform. To this end, it was necessary to first activate the alcohol of the 1-
methyl-2-nitroimidazole using mesyl chloride in basic conditions to form 18 (schema 5a).*’
Then, 18 was coupled on the phenol group of 12 in basic conditions. On the following step, the
objective was to couple the linker 19 only on one hydroxyl position. Before that, 19 was
obtained after reaction between succinic anhydride and allyl alcohol in the presence of DMAP
(schema 5b).** To enable the formation of 14 it was necessary to find the best conditions to
control the reaction promoting the formation of the mono coupling compound. To this end, the
carboxylic acid function of the linker was activated first by EDC/HOBt before initiating the
reaction with 14 at low temperature. The second hydroxyl group was activated next to obtain
15, using PNPC similar as for the previous HAP compound synthesis, in order to couple
Resiquimod. The drug was coupled in basic conditions on the following step to form 16. As
observed with 7, the same stability issue was noted on 16. After isolation of 16, the presence of
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Resiquimod has been observed with the compound by TLC. However, the decoupling of
Resiquimod seemed minimal compared to 7, which allowed us to achieve the final step, the
deprotection of the allyl ester to afford the carboxylic acid compound 17.
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Scheme 5: (a) Synthesis pathway of liker 10. (b) Activation step of the 1-nethyl-2-nitroimidazole.
Reagents and conditions: (i) MsCl, DIEA, THF, rt, 4h; (ii) allyl alcohol, DMAP, toluene, 110°C, 5h.

After isolation of 17, solubility and stability tests were performed because of the partial
decoupling of the drug (Figure 1S). A DMSO stock solution of the compound was diluted in cell
culture medium at different concentrations, showing that 17 was soluble at a maximum
concentration of 500 uM with 1% DMSO. Stability of 17 was measured at 37°C by HPLC at
different time points on a sample presenting already a small amount of residual Resiquimod.
Areas of 17 and residual Resiquimod peaks were measured, a low increasement of Resiquimod
peak was observed at the beginning of the measurement (t.0 — t.1h) when the sample was
incubated at 37°C. Then, the compound remains relatively stable (Table 1).

Table 1: Stability measurements of 17

Time points 0 1h 2h 3h 4h 5h 6h 7h 8h 24h 28h 48h

17 area (%) 76 74 74 74 73 73 73 73 73 73 73 72

Res. area (%) 24 26 26 26 27 27 27 27 27 27 27 28

*t.0atrt, fromt.1h at 37°C

To achieve the antibody conjugation on 17, we decided to follow 2 steps, a first one to activate
the carboxylic acid function of 17, followed by the coupling with the antibody as 2™ step.
Cetuximab, a chimeric monoclonal antibody was selected to perform this conjugation by
coupling 17 to the amine group of a lysine residue, as previously described.*® The Cetuximab
antibody blocks the ligand-binding domain of the endothelial growth factor receptor (EGFR), a
receptor highly expressed in aggressive tumours and associated to treatment resistance.**

In order to enable an homogeneous coupling and to afford a better control on the DAR, we first
tried to achieve the conjugation in an equimolar ratio, starting by the activation step of the
carboxylic acid group of 17. Diisopropylcarbodiimide (DIC) was used as activating agent to
couple the N-hydroxysuccinimide (NHS), forming an activated ester function. DIC was selected
because of its mescibility with DMSO, as 17 was already in stock solution in DMSO. After this
activation step, the reaction mixture was directly added to the antibody aqueous buffer and one
hour later, the coupling mixture was analyse by MALDI-TOF mass spectrometry to monitor the
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formation of the ADC as described in our previous study.* Unfortunatly, we did not observe the
formation of the expected conjugate.

The coupling was repeated, but increasing the equivalent of 17. After DIC/NHS activation, the
reaction mixture was analysed by LC-MS after 1 hour stirring. Only 17 was observed, as the
intermediate ester 17b is unstable, we could not garanty to be able to observe it by LC-MS
analysis. Thus, the antibody coupling was achieved then without observing the formation of the
conjugation product. 17b reaction mixture was added to the Cetuximab buffer solution and
stirred for 1 additional hour before to do mass measurement. The formation of the conjugated
product was not observed, we did another mass measurement after overnight stirring without
observing the formation of 17c. Thereby, new conditions were tested in order to activate 17
(Scheme 6).
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Scheme 6: Antibody conjugation mechanism.
Abbreviations: Diisopropylcarbodiimide (DIC), ethyl dimethylaminopropyl carbodiimide

Next, the activation was performed using ethyl dimethylaminopropyl carbodiimide (EDC) as
activating agent followed by the addition of NHS as described in the litterature.®®> After 1 hour
stirring, the reaction mixture was added to the antibody buffer solution and was stirred 1 hour
more. The formation of the expected conjugated product was not observed after mass analysis
using these coupling conditions.

Conclusion

Nowadays antibody-drug conjugation is a promising therapeutic strategy comprising several
therapeutics approved by the FDA and even more currently in development. Indeed, they allow
the delivery of highly potent cytotoxic payloads, otherwise too toxic for healthy tissues, by
targeting tumours cells. We proposed here to design two antibody-prodrug conjugates
combining a HAP, enabling the targeting and the release of a toll-like receptor agonist,
Resiquimod, in the tumour hypoxic environment to Cetuximab, an EGFR antibody, highly
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expressed in tumour cells. We encountered stability issues during the synthesis of the first HAP
8, after the coupling step of Resiquimod, which has prevented obtaining of the final compound.
Indeed, after isolation of 7, a partial degradation by decoupling of the Resiquimod has been
observed, preventing the last synthesis step, the deprotection of the allyl ester. We observed
degradation as well during the synthesis of the second HAP 17, also after the Resiquimod
coupling, but we succeeded to isolate it. We decided then to continue by performing the
antibody conjugation on carboxylic acid group of 17. Cetuximab has been selected as antibody
because of this specificity with the human epidermal growth factor receptor, highly expressed in
cancer cells and because of its use in different ADC studies.®**® Till now, we have tested different
conjugation conditions by first activating the carboxylic acid function and couple the antibody
but we didn't observe the formation of the desired conjugate. These first results indicate that 17
cannot be activated and suggest that we could try to first active the lysine residue of Cetuximab
and then couple 17 on it.

Experimental section
Chemistry
General

All reagents and solvents were of commercial quality and used without further purification
unless otherwise specified. All reactions were carried out under an inert atmosphere of argon.
TLC analyses were performed on silica gel 60 F254 plates (Merck Art. no. 1.05554). Spots were
visualized under 254 nm UV illumination or by ninhydrin solution spraying. 'H and *C NMR
spectra were recorded on a Bruker DRX-400 spectrometer using CHCl;-d6, MeOD-d6 or DMSO-
d6 as solvent and tetramethylsilane as internal standard. For 'H and *C NMR spectra, chemical
shifts are expressed in & (ppm) downfield from tetramethylsilane, and coupling constants (J) are
expressed in hertz. Electron lonization mass analysis were performed in positive or negative
mode on a Waters acquity UPLC. All compounds that were tested in the biological assays were
analyzed by high-resolution ESI mass spectra (HRMS) using a Bruker microTOF-Q Il mass
spectrometer fitted with an electrospray ion source in order to confirm the purity of >95%.

2-hydroxy-2-(4-nitrophenyl)acetic acid (2)

O,N
2 o]
OH

OH
2

To a solution of ketone (30.28 mmol, 1 eq) in a 3:1 mixture dioxane/H20 (120 mL), SeO2 (60.55
mmol, 2 eq) and Yb(OTf)3 (3.03 mmol, 0.1 eq) were added and the resulting suspension was
stirred at 90°C for 18h. The mixture was filtered through a short pad of Celite®, the filtrate
diluted with 1% aq. NaOH (300 mL) and extracted with CH>Cl; (2 x 300 mL). The aqueous
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solution was acidified to pH 1 with 10% aqg. HCl and extracted with EtOAc (3 x 300 mL). The
combined organic phases were dried on NaxSOy, the solvent removed under reduced pressure
yielding the desired a-hydroxy aryl acetic acid 1. The crude product was directly used without
further purification. "H NMR (400 MHz, CDsOD) & 8.23 (d, / = 8.8 Hz, 1H), 7.74 (dd, J = 9.0, 0.6
Hz, 1H), 5.31 (s, TH). 3C NMR (400 MHz, CD;0D) & 174.87, 148.23, 128.82, 124.42, 73.28, 49.00.

Allyl 3-((tert-butoxycarbonyl)amino)propanoate (9)

)

BocHN/\)J\O/\/

9

To a solution of compound 2a (21.14 mmol, 1 eq) in 40 mL DMF, K>COs (25.37 mmol, 1.2 eq)
was added at 0 °C. Then allyl bromide (25.37 mmol, 1.2 eq) was added and the reaction mixture
was stirred overnight at room temperature. Most of DMF was removed in vacuo. The residue
was redissolved in EtOAc and washed with water, brine, dried over anhydrous Na,SO.; and
concentrated under vacuum to afford the crude product 2b. '"H NMR (400 MHz, CDCl;) & 5.90
(ddt, J = 17.2, 104, 5.8 Hz, 1H), 5.35 - 5.19 (m, 2H), 5.02 (s, 1H), 4.59 (dt, J/ = 5.8, 1.4 Hz, 2H), 3.44
—3.33 (m, 2H), 2.55 (t, J = 6.1 Hz, 2H), 1.42 (s, 9H). *C NMR (400 MHz, CDCls) § 172.26, 155.88,
132.05, 118.60, 79.52, 77.16, 65.44, 36.18, 34.70, 28.50.

Allyl 3-((tert-butoxycarbonyl)amino)propanoate (10)

H N/\)J\O/\/

2
10

Compound 2b (19.31 mmol, 1eq) was vigorously stirred in 20% TFA/DCM solution for 2 hours.
The reaction mixture was concentrated and dried in vacuo to afford compound 2c. The crude
product was directly used without further purification. '"H NMR (400 MHz, CDCls) & 7.82 (s, 3H),
5.99-5.77 (m, 1H), 5.39 - 5.18 (m, 2H), 4.62 (d, J = 5.9 Hz, 2H), 3.42 - 3.20 (m, 2H), 2.80 (t,/ = 5.8
Hz, 2H). *C NMR (400 MHz, CDCls) § 171.75, 131.21, 119.41, 77.16, 66.45, 36.01, 30.61.

Allyl 3-(2-hydroxy-2-(4-nitrophenyl)acetamido)propanoate (3)

O,N
2 o) o)
H/\)J\O/\/
OH
3
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To a solution of compound 1 (10.14 mmol, 1 eq) in 20 mL of DMA, a solution of 2c (12.17 mmol,
1.2 eq) and DIEA (30.43 mmol, 3 eq) in 20 mL of DMA was added under an argon atmosphere
and 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU) (12.17 mmol, 1.2 eq) was added at 0°C. Then the reaction mixture
was stirred at room temperature overnight. The mixture was diluted by DCM and washed with 1
M HCI, water and brine, dried over anhydrous Na,SOa,. Purification by column chromatography
on silica gel (hexane/EtOAc 2/3) gave 3 (1.43 g, 46% yield). '"H NMR (400 MHz, CDCl;) & 8.21 (d, J
= 8.8 Hz, 4H), 7.64 (d, J = 8.7 Hz, 4H), 7.02 (s, 2H), 5.87 (ddd, J = 16.2, 11.0, 5.8 Hz, 2H), 5.34 -
5.21 (m, 5H), 5.17 (s, 2H), 4.57 (d, J = 5.8 Hz, 4H), 3.54 (dd, J = 12.0, 6.1 Hz, 4H), 2.54 (t, / = 6.0 Hz,
4H). 3C NMR (400 MHz, CDCl3) & 172.17, 170.94, 149.20, 146.55, 131.76, 127.47, 123.95, 118.91,
77.16, 73.29, 65.70, 35.11, 33.75.

Allyl 3-(2-(4-aminophenyl)-2-hydroxyacetamido)propanoate (4)

HoN
(6] O
N/\)J\O/\/
OH H
4

To a solution of 3 (3.08 mmol, 1 eq) were added acetic acid (15.38 mmol, 5 eq) and zinc (30.75
mmol, 10 eq) under an argon atmosphere. Then the reaction mixture was stirred at room
temperature for 2h. The mixture was filtered through a pad of celite and the filtrate was washed
with a saturated solution of NaHCOs, with brine, dried over Na,SO4 and concentrated under
vacuum to afford the crude product 4 directly used at the following step. '"H NMR (400 MHz,
CDCl3) 6 7.12 (d, J = 8.3 Hz, 2H), 6.68 (s, TH), 6.63 (d, J = 8.0 Hz, 2H), 5.88 (ddd, J = 22.9, 10.9, 5.7
Hz, 1H), 5.27 (ddd, J = 14.1, 11.0, 0.7 Hz, 2H), 4.87 (s, 1H), 4.56 (d, J = 5.6 Hz, 2H), 3.65 — 3.44 (m,
3H), 2.54 (t, J = 6.1 Hz, 2H). *C NMR (400 MHz, CDCls) & 172.95, 172.00, 147.01, 131.99, 129.46,
128.32, 118.75, 115.45, 77.16, 74.09, 65.58, 35.19, 34.07.

2,5-dioxopyrrolidin-1-yl ((1-methyl-2-nitro-1H-imidazol-5-yl)methyl) carbonate (11)

o)
\
02N~<}:l ]/\O/U\OD
1

To a solution of disuccinimidyl carbonate (6.68 mmol, 1.5 eq) in DCM (38 mL), pyridine (5.35
mmol, 1.2 eq) was added at 0°C and (1-methyl-2-nitro-1H-imidazol-5-yl)methanol was added
slowly. The reaction mixture was stirred overnight at room temperature. Then solvent was
removed under reduced pressure to obtain 5 directly used at the following step. '"H NMR (400
MHz, CD30OD) 6 7.33 (s, TH), 5.55 (s, 2H), 4.06 (s, 3H), 2.84 (s, 4H).
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Allyl 3-(2-hydroxy-2-(4-((((1-methyl-2-nitro-1H-imidazol-5-
yl)methoxy)carbonyl)amino)phenyl)acetamido)propanoate (5)

02N>\ Y
7N
N\)\/O\H/H o o
O \©\/“\N/\)J\O/\/
H

OH
5

To a solution of compound 4 (1.98 mmol, 1 eq) in 8 mL of DCM, pyridine (2.96 mmol, 1.5 eq)
was added. Then a solution of 5 (2.17 mmol, 1.1 eq) in 8 mL of DCM was added dropwise at
room temperature under an argon atmosphere. The reaction mixture was stirred at room
temperature for 4h, until disappearance of the starting material 4. The mixture was diluted by
DCM and washed with 10% CuSOs4 solution, brine, dried over anhydrous Na,SO4 and
concentrated un vacuum. The pure compound 6 was obtained after flash chromatography (Ethyl
Acetate/Cyclohexane 4/1) (376 mg, 41,3%). "H NMR (400 MHz, CD;0D) & 7.42 (d, J = 8.6 Hz, 2H),
7.34 (d, J = 8.5 Hz, 2H), 7.26 (s, 2H), 591 (ddt, J/ = 17.2, 10.5, 5.7 Hz, 2H), 5.29 (s, 2H), 5.25 (ddq, J
= 32.7,10.5, 1.4 Hz, 6H), 4.94 (s, 1H), 4.56 (ddd, J = 5.7, 2.7, 1.2 Hz, 3H), 4.07 (s, 3H), 3.50 (td, J =
6.6, 4.0 Hz, 2H), 2.57 (t, J = 6.6 Hz, 3H). *C NMR (400 MHz, (CD3),SO) & 172.12, 170.99, 152.67,
137.92, 135.64, 135.58, 133.32, 132.60, 129.84, 128.76, 127.08, 117.76, 73.00, 64.43, 55.12, 39.52,
34.24, 34.21, 33.59. MS (ESI") m/z 462.00 [M+H]".

Allyl 3-(2-(4-((((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)carbonyl)amino) phenyl)-2-
(((4-nitrophenoxy)carbonyl)oxy)acetamido)propanoate (6)

O,N

N
=

H
N\)\/O\n/ N o o
O H/\)J\O/\/

To a solution of 6 (0.22 mmol, 1 eq) in 10 mL of DCM, 4-nitrophenyl carbonochloridate (0.50
mmol, 2.3 eq) and pyridine (0.54 mmol, 2.5 eq) were added and the reaction mixture was
refluxed 1h. Then the reaction was quenched by addition of water. The aqueous layer was
extracted with DCM and the combined organic layers were dried over anhydrous Na,SO4 and
concentrated under pressure to obtain 7 directly used at the following step. '"H NMR (400 MHz,
CDCl3) 6 8.31 - 8.25 (m, 2H), 7.44 (s, 2H), 7.42 — 7.37 (m, 2H), 7.27 (s, 2H), 6.86 (t, J = 6.1 Hz, TH),
6.77 (s, TH), 5.94 (s, 1H), 593 — 5.84 (m, 1H), 5.28 (ddq, J = 20.1, 104, 1.4 Hz, 2H), 5.25 (s, 2H),
459 (d, ) = 5.7 Hz, 2H), 4.07 (s, 3H), 3.61 (dd, J = 11.9, 6.1 Hz, 2H), 2.64 — 2.58 (m, 2H).
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Allyl 3-(2-(((2-(ethoxymethyl)-1-(2-hydroxy-2-methylpropyl)-1H-imidazo[4,5-c]quinolin-
4-yl)carbamoyl)oxy)-2-(4-((((1-methyl-2-nitro-1H-imidazol-5-
yl)methoxy)carbonyl)amino)phenyl) acetamido)propanoate (7)

ON

m /\)k
@; S

5? -

OH
To a solution of compound 7 (0.50 mmol, 1 eq) in 30 mL of EtOAc, Resiquimod was added (0.59
mmol, 1.2 eq) and DIEA (1.24 mmol, 2.5 eq). Then the reaction mixture was stirred at room
temperature for overnight and solvent was removed under pressure. Purification by column
chromatography on silica gel (cyclohexane/EtOAc 3/7) gave 8 (10 mg, 4% yield). 'H NMR (400
MHz, CDCl3) 6 8.20 (d, J = 8.5 Hz, 1H), 7.92 (s, 1H), 7.65 — 7.55 (m, 1H), 7.54 — 7.42 (m, 1H), 7.35
(d,J =83 Hz 1H), 7.28 (d, ] = 5.8 Hz, TH), 7.08 (s, 1H), 6.10 (s, 1H), 5.81 (ddd, J = 23.0, 104, 5.8
Hz, 1H), 5.18 (dddd, J = 14.1, 10.5, 2.7, 1.3 Hz, 2H), 5.12 (s, 2H), 4.91 (s, 2H), 4.77 (s, 2H), 4.48 (dt,

J =57 Hz, 2H), 3.94 (s, 3H), 3.74 — 3.48 (m, 2H), 3.60 (g, J = 14.0, 7.1 Hz, 2H), 2.62 (t, ] = 6.7 Hz,
2H), 1.33 (s, 6H), 1.21 (t, J = 7.0 Hz, 3H). MS (ESI") m/z 762.28 [M+H]".

5-(chloromethyl)-1-methyl-2-nitro-1H-imidazole (18)

18

To a solution of (1-methyl-2-nitro-1H-imidazol-5-yl)methanol (3.18 mmol, 1 eq) in THF (5 mL)
was added DIEA (3.82 mmol, 1.2 eq) and MsCl (3.82 mmol, 1.2 eq). The reaction mixture was
stirred at rt for 4h. The mixture was diluted with EtOAc, wash with 1M HCI solution, brine and
dried over anhydrous Na,SOs. Compound 1 was directly used at the following step. '"H NMR
(400 MHz, CDs0D) & 7.23 (s, 1H), 4.87 (s, 2H), 4.05 (s, 3H). *C NMR (400 MHz, CD;0D) & 135.63,
128.62, 128.60, 34.79, 34.77.
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(5-methyl-2-((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)-1,3-phenylene)dimethanol
(13)

NO,
N=(

\N\

o)

HO/\C;/\OH

13

To a solution of (2-hydroxy-5-methyl-1,3-phenylene)dimethanol (5.98 mmol, 1 eq) in acetone
(30 mL) was added a solution of 1 (5.98 mmol, 1 eq) in acetone (30 mL) and K>COs (29.9 mmol, 5
eq). the reaction was stirred at reflux overnight. The reaction mixture was filtered off and the
filtrate concentrated under vacuum to afford 2 directly used at the following step. '"H NMR (400
MHz, CDCls) § 7.22 (s, TH), 7.19 (s, 2H), 5.13 (s, 2H), 4.66 (s, 4H), 4.18 (s, 3H), 2.35 (s, 3H). °C
NMR (400 MHz, CDCls) 6 152.94, 147.76, 135.38, 133.98, 133.83, 133.83, 130.84, 130.84, 129.04,
66.22, 61.20, 34.57, 34.57, 20.93.

4-(allyloxy)-4-oxobutanoic acid (19)

To a solution of succinic anhydride (5 mmol, 1 eq) in toluene (11 mL) was added DMAP (0.5
mmol ; 0.1 eq) and allyl alcohol (5 mmol, 1 eq). The reaction was stirred at reflux for 5h then
toluene was evaporated under vacuum to obtain 3 directly used at the following step. '"H NMR
(400 MHz, CDCl3) & 5.91 (ddt, J = 17.2, 10.5, 5.7 Hz, 1H), 5.28 (ddq, J = 28.6, 10.4, 1.4 Hz, 2H),
4.60 (dt, J = 5.7, 1.4 Hz, 2H), 2.77 - 2.59 (m, 4H). *C NMR (400 MHz, CDCl3) & 177.97, 172.01,
132.07, 118.53, 65.62, 29.08, 29.00.

Allyl (3-(hydroxymethyl)-5-methyl-2-((1-methyl-2-nitro-1H-imidazol-5-
yl)methoxy)benzyl) succinate (14)

2

NO
N=(

b

O (0]

(0]

14
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To a solution of 2 (0.33 mmol, 1 eq) in DMF (2.5 mL) was added a solution of 3 (0.49 mmol, 1.5
eq) with EDC.HCI (0.59 mmol, 1.8 eq) and HOBt.H.0 (0.59 mmol, 1.8 eq) in DMF (2.5 mL)
dropwise at 0°C. The reaction was stirred at rt for 10h. The reaction mixture was washed with
water and dried over anhydrous Na,SO.. Purification by flash chromatography on silica gel
(hexane/EtOAc 1/1) gave 4 (50 mg, 34% yield). '"H NMR (400 MHz, CDCl3) & 7.22 (s, 1H), 7.20 (s,
1H), 7.17 (s, 1H), 5.86 (ddt, J = 17.1, 104, 5.7 Hz, 1H), 5.24 (dddd, J = 104, 3.8, 2.8, 1.4 Hz, 2H),
5.10 (s, 2H), 5.06 (s, 2H), 4.63 (s, 2H), 4.54 (dt, J = 5.7, 1.4 Hz, 2H), 4.14 (s, 3H), 2.68 — 2.63 (m, 4H),
2.33 (s, 3H). *C NMR (400 MHz, CDCls) & 172.22, 172.05, 153.11, 135.38, 133.83, 133.76, 132.04,
131.69, 131.59, 129.08, 129.06, 118.51, 66.22, 65.60, 61.80, 61.10, 34.62, 29.24, 29.06, 20.92.
HRMS (ESI*) [M+H]* calculated for [C21H2sN3Og]*: 448.1714, found: 448.1712.

Allyl (5-methyl-2-((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)-3-((((4-
nitrophenoxy)carbonyl)oxy)methyl)benzyl) succinate (15)

NO,

N

ﬁ/N\
O,N
"8

O

O (0]
)J\O O)J\/\”/O\/\
)
15

To a solution of 4 (0.17 mmol, 1 eq) in DCM (11 mL) was added 4-Nitrophenyl chloroformate
(0.35 mmol; 2 eq) and DIEA (0.87 mmol, 5 eq). The reaction was stirred at reflux for 4h. The
reaction mixture was washed with water, dried over anhydrous Na,SO4 and concentrated under
vacuum to afford 5, directly used at the following step. '"H NMR (400 MHz, CDCls) & 8.30 — 8.27 (m,
2H), 742 =737 (m, 2H), 731 =730 (m, J = 1.4 Hz, 2H), 7.23 (s, TH), 5.87 (ddt, J = 17.2, 10.4, 5.7 Hz, 1H),
5.32 - 5.20 (m, 2H), 5.20 (s, 2H), 5.17 (s, 2H), 5.09 (s, 2H), 4.59 — 4.53 (m, 2H), 4.14 (s, 3H), 2.69 (dq, J = 4.8,
2.4 Hz, 4H), 2.37 (s, 3H).

Allyl (3-((((2-(ethoxymethyl)-1-(2-hydroxy-2-methylpropyl)-1H-imidazo[4,5-c]quinolin-4-
yl)carbamoyl)oxy)methyl)-5-methyl-2-((1-methyl-2-nitro-1H-imidazol-5-
yl)methoxy)benzyl) succinate (16)

=

N p P
< )k
= “ﬂ Sthe
<
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To a solution of 5 (0.14 mmol, 1 eq) in EtOAc (40 mL) was added Resiquimod (0.17 mmol, 1.2
eq) and DIEA (0.34 mmol, 2.5 eq). The reaction mixture was stirred at rt for 3h and the reaction
mixture was concentrated under vacuum. Purification by flash chromatography on silica gel
(hexane/EtOAc 3/7) gave 6 (36 mg, 35% yield). "H NMR (400 MHz, CDCls) & 8.18 (d, ) = 7.4 Hz,
1H), 8.06 (d, J = 8.0 Hz, 1H), 7.61 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 7.50 (ddd, J = 8.5, 5.1, 1.7 Hz, TH),
740 (d, J = 2.2 Hz, 1H), 7.24 (s, 1H), 7.22 (d, J = 2.1 Hz, 1H), 5.87 (ddt, J = 17.2, 10.4, 5.7 Hz, 1H),
5.32 (s, 2H), 5.25 (dddd, 2H), 5.16 (s, 2H), 5.11 (s, 2H), 4.92 (s, 2H), 4.79 (s, 2H), 4.58 — 4.52 (m,
2H), 3.65 (g, J = 7.0 Hz, 2H), 2.73 — 2.63 (m, 4H), 2.35 (s, 3H), 1.34 (s, 6H), 1.25 (t, J = 7.0 Hz, 3H).
3C NMR (400 MHz, CDCl3) & 172.17, 172.00, 153.56, 153.29, 151.24, 150.81, 150.53, 146.40,
135.75, 135.33, 133.68, 132.60, 132.24, 132.04, 129.48, 129.02, 129.02, 129.01, 127.63, 124.90,
124.76, 120.28, 120.02, 118.47, 118.24, 71.62, 66.83, 66.28, 65.56, 65.16, 62.56, 61.71, 56.41, 34.68,
29.22, 29.06, 20.90, 15.03, 14.61, 14.32. MS (ESI") m/z 788.34 [M+H]*. HRMS (ESI*) [M+H]*
calculated for [C39H4sN7O11]": 788.3250, found: 788.3253.

4-((3-((((2-(ethoxymethyl)-1-(2-hydroxy-2-methylpropyl)-1H-imidazo[4,5-c]quinolin-4-
yl)carbamoyl)oxy)methyl)-5-methyl-2-((1-methyl-2-nitro-1H-imidazol-5-
yl)methoxy)benzyl)oxy)-4-oxobutanoic acid (17)

o7}

=

A
Hy(“g ﬁw

To a solution of 6 (0.01 mmol, 1 eq) in THF (5 mL) was added PhSiH; (0.02 mmol, 2 eq) and
Pd(PPhs)4 (5 wt %). The reaction was stirred at rt for 4h and the reaction was concentrated under
vacuum. Purification by flash chromatography on silica gel (hexane/EtOAc 3/7) gave 7 (31 mg,
41% yield). 'H NMR (400 MHz, CDCls)  8.17 (d, J = 8.4 Hz, 1H), 8.01 (d, J = 8.4 Hz, 1H), 7.57 (t, J
=7.7Hz 1H), 7.46 (t, ) = 7.6 Hz, TH), 7.34 (d, ) = 2.0 Hz, 1H), 7.20 (d, J = 1.2 Hz, 1H), 7.04 (s, TH),
5.22 (s, TH), 5.08 (s, 3H), 4.90 (s, 2H), 4.76 (s, 2H), 4.04 (s, 2H), 3.57 (dd, J = 14.1, 7.1 Hz, 2H), 2.62
(s, 3H), 2.30 (s, 2H), 1.34 (d, ) = 16.0 Hz, 6H), 1.18 (dd, J = 7.7, 6.3 Hz, 4H). *C NMR (400 MHz,
CDCl3) & 176.24, 172.47, 153.81, 151.55, 149.83, 146.00, 136.87, 136.14, 135.13, 133.97, 132.95,
132.89, 129.52, 129.52, 129.03, 128.73, 128.39, 128.03, 127.96, 124.91, 120.51, 116.61, 71.64,
66.77, 66.20, 65.03, 62.88, 62.04, 56.37, 34.68, 29.61, 29.50, 28.19, 28.14, 20.84, 15.02. MS (ESI")
m/z 746.31 [M-H]", 1493.62 [2M-1]". HRMS (ESI") [M-H] calculated for [C3sH41N7O11]: 746.2791,
found: 746.2793.

Z
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Supplementary data

NMR spectra 1 1H: Allyl 3-(2-(((2-(ethoxymethyl)-1-(2-hydroxy-2-methylpropyl)-1H-imidazo[4,5-c]quinolin-4-yl)carbamoyl)oxy)-2-
(4-((((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)carbonyl)amino)phenyl) acetamido)propanoate (7)
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NMR spectra 2 *H & 13C: 4-((3-((((2-(ethoxymethyl)-1-(2-hydroxy-2-methylpropyl)-1H-imidazo[4,5c]quinolin-4-

yl)carbamoyl)oxy)methyl)-5-methyl-2-((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)benzyl)oxy)-4-oxobutanoic acid (17)
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1 600 3 211018 #34 [manually integrated] EA470-P UV_VIS_2 WVL:254 nm
1400 24410
1200
1000
=) i
< i
E 8001
@ i
3 ]
£ 600+ Residual
£ . Resiquimod
400+
] 11-34863
200
0] h
2001 — — — — — —
0,00 1.00 2.00 3.00 4,00 5,00 6,00 7,00
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 3,463 17,762 289,629 18,22 18,28 n.a.
2 4,410 79,722 1294,510 81,78 81,72 n.a.
Total: 97,484 1584,139 100,00 100,00

Figure 1S: Purity analysis of 17 by HPLC showing a decoupling about 18 % of Resiquimod.
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Chapter 6

Solid tumours are associated, nowadays, to a harsh metabolic microenvironment resulting in an
imbalance of positive and negative regulators of processes in activating and deregulating
angiogenesis, desmoplasia, and inflammation.” This enables tumour progression and resistance
to conventional therapies. Hypoxia is a well-known characteristic of solid tumours, which affects
tumour cells through a high scale adaptative reprogramming by modifying the glycolytic energy
metabolism and angiogenesis amongst others, making tumours more aggressive, proliferative
and resistant to conventional treatments.’ Therefore, hypoxia is an extremely valuable target to
be exploited for certain anti-cancer therapy strategies.®

HYPOXIA-ACTIVATED PRODRUGS

In the last 30 years, researchers have shown interest in the hypoxia tumour environment in order
to take advantage of the difference of oxygen concentration between hypoxic tumours and
healthy tissues which represents a unique phenotype of cancer cells. Hypoxia-activated
prodrugs (HAPs) have been developed to exploit the hypoxic tumour microenvironment for
personalized cancer medicine. The selectivity of HAPs with regard to hypoxia relies on a
preferential activation in hypoxic versus well-oxygenated tissues, an easy diffusion within the
hypoxic tumour areas, and the release or activation of a cytotoxic effector which diffuses
partially back into the aerobic fraction of the tumour to produce a cytotoxic effect on rapidly
proliferating cells, creating a bystander effect.*'* Numerous HAPs have been developed during
the last decades, they are in majority composed of a cytotoxic payload connected via a linker to
a hypoxia sensitive trigger to undergo enzymatic bioreduction in the hypoxic tumour
environment to activate the prodrug, enabling drug release.”™ Two approaches have been
described in the literature, the first one is based on the exploitation of the redox potential
between normoxic and hypoxic tissues in order to allow the selective activation of prodrugs
directly in the hypoxic tumour environment. One of the most studied HAPs so far is TH-302, also
known as Evofosfamide, which has reached phase 3 trials. TH-302 is a 2-nitroimidazole-based
nitrogen mustard prodrug enabling the release of a DNA cross-linking agent through one-
electron enzymatic reduction mechanisms. This compound has shown promising results in
combination with other anti-cancer agents and therapies but as well in monotherapy.”™"" TH-
4000, also called Tarloxotinib bromide, is the second HAP which has reached clinical trials. TH-
4000 consists of a kinase inhibitor connected to a nitroimidazole bioreducible trigger and its
mechanism of activation follows the one-electron bioreduction pathway. Another HAP showing
promising results in in vitro and in vivo studies is CP-506, which recently entered a first-in-
human clinical safety trial. CP-506 is the next generation of the pre-prodrug PR-104 which is
resistant to aldo-keto reductase 1C3 activation in normal tissues. This prodrug contains a
nitrogen mustard and can be metabolised by undergoing a one-electron bioreduction to
release, after further reduction, cytotoxic metabolites.®' In the large number of HAP
compounds described, the nitro (hetero)aromatic triggers are always considered as the best
structural feature to achieve bioreductive properties. Today, a limited series of HAPs has been
evaluated in clinical trials, including porfiromycin, banoxantrone, tirapazamine, evofosfamide,
PR-104 and tarloxotinib, among them, evofosfamide, tarloxotinib and CP-506 are the only HAP
derivatives currently in clinical trials.’
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HAPS TARGETING CAIX FOR SOLID TUMOUR THERAPY

The second strategy for hypoxia anti-cancer therapy consists to target its molecular response, by
targeting proteins regulated by the hypoxia-inducible factor (HIF) and involved in hypoxic
tumour cell metabolism which is at the origin of cancer progression, metastasis, and impaired
therapeutic response. One of these proteins, highly expressed in hypoxic cells is the carbonic
anhydrase IX (CAIX). This enzyme has been described as an adverse prognostic biomarker and
therapeutic target for various cancer types.?®*' For this reason, it has been suggested that CAIX
represents a promising target for anticancer treatment.?*?* The development of small molecules
as CAIX inhibitors represents a successful field with several potent inhibitors reported so far.?*?*
Nevertheless, the main problem encountered with these inhibitors was the lack of selectivity to
target hypoxic tumoural CAIX, resulting in systemic toxicity. Till date, a benzenesulfonamide
CAIX inhibitor, named SLC-0111, showed a promising anticancer action and progressed into
clinical trials.”® Few numbers of CAIX inhibitors have been designed using the HAP approach,
therefore novel HAP CAIX inhibitors were designed, synthesized and biologically evaluated in
this thesis work, as described in Chapter 3. The rationale to design this HAP CAIX inhibitor
derivatives is to increase the tumour specificity of the payload and potentially decrease toxicity
on normoxic tissues. Seven compounds were designed, composed of two moieties connected to
each other using a carbamate link, combining bioreducible hypoxia triggers and sulfonamide
moieties, already known as potent CA inhibitors. Five different bioreducible moieties were
coupled to benzenesulfonamides in order to evaluate their different reduction potential and
their ability to deliver the cytotoxic payload in the hypoxic tumour. All the HAPs showed a
selective inhibition toward CAIX, however, only one of the seven synthesized derivatives was
effective on HT29 cells. Indeed, the compound harbouring the nitroimidazole hypoxia trigger
showed a potent selective inhibition of CAIX in anoxic condition with no activity under
normoxia. Despite these positive results, this prodrug did not show antiproliferative effect on
cancer cells. In addition, studies performed on zebrafish larvae suggest this compound could be
studied further in combination with other therapeutics or anticancer treatment modalities.
Furthermore, this compound has been evaluated for its toxic effects on healthy cells, using
Zebrafish as a model and did not show any toxicity on larvae with no mortality or no phenotypic
abnormality observed, suggesting that this prodrug could be consider as safe.?®

IMMUNOTHERAPY FOR SOLID TUMOUR TREATMENTS

A different family of anticancer drugs is becoming, nowadays, a powerful strategy against
cancer, the immunotherapeutics. Indeed, immunotherapy is the most rapidly growing treatment
class and has a major impact in oncology. Contrarily to chemotherapy, immunotherapy is based
on reactivation of the immune system to attack cancer cells through a natural process which is
evaded during the tumour progression.?’*' The immune system is able to recognise cancer cells
but needs to receive a second confirmation before to initiate cancer cell death. This
confirmatory signal is mediated by a variety of co-stimulatory and inhibitory receptors referred
as check-points which induce cancer cell death via T-cell action. However, tumour cells are
capable to deregulate the expression of checkpoint proteins in order to adapt and survive.
Rather than influencing the metabolism of tumour cells, immunotherapy harnesses the power of
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immune cells. The immune system is known to provide a rich source of targets for therapeutic
intervention such as programmed cell death protein 1 (PD-1), programmed death ligand 1 (PD-
L1) or cytotoxic T-lymphocyte associated protein 4 (CTLA-4). Enormous efforts have been made
in the search for more potent and specific checkpoint inhibitors, leading to over ten immune
check-point antibodies targeting CTLA-4 and PD-1/PD-L1 and over thousands are under active
clinical trials.?® Recent years showed a huge advance in small-molecule immunotherapy
targeting for example, the PD-1/PD-L1 complex, indoleamine 2,3-dioxygenase (IDO), a
stimulator of interferon genes (STING) or the toll-like receptor (TLR) with some compounds
already in clinical trials.>" Imiquimod and Resiquimod, respectively TLR7 and TLR7/8 agonists,
are two analogous drugs which have shown promising results as topical treatment of basal cell
carcinoma and have been approved by the food and drug administration (FDA). Ibrutinib, an
irreversible inhibitor of Bruton’s tyrosine kinase (BTK), as well as other kinases, has been
approved for use against leukemia, mantle cell lymphoma, and Waldenstrom
macroglobulinaemia.** Furthermore, Ibrutinib showed in preclinical studies improved benefits in
combination therapy with an anti-PD-L1 antibody compared to monotherapy treatment.*> With
the aim to improve the hypoxic tumour targeting properties of these promising drugs and to
decrease adverse effects encountered, we have designed and synthesized nine hypoxia-
activated prodrugs as described in Chapter 4. These derivatives have been obtained by coupling
three nitro-aromatic bioreducible hypoxia triggers, the 2-nitroimidazole, nitrofuran and
nitrothiophene to the three drugs Imiquimod, Resiquimod and Ibrutinib. The compounds were
synthesized by connecting the two moieties with a carbamate linker. However, during the
synthesis, the three drugs did not show a high reactivity, preventing the formation of the
expected compounds in good and reproducible yield. Furthermore, it has been observed that
the compounds were not soluble in aqueous conditions except the Resiquimod analogues.
Therefore, only those derivatives progressed into biological testing. Only one of prodrugs
demonstrated interesting cytotoxicity activity in anoxia compared to normoxic conditions
despite partial degradation. Indeed, a viability assay on the nitroimidazole-based Resiquimod
analogue showed effective cytotoxicity on CT26 and PC3 cancer cells, suggesting an efficient
drug release in anoxic conditions as expected. This encouraging result could lead to the design
and synthesis of other HAP-immunotherapeutics.

Immunotherapy is a promising research field for cancer therapy allowing to provide treatments
aiming at the activation/stimulation of the human immune system to specifically kill cancer cells,
with less adverse effects. This therapy class could therefore lead to a decrease of the adverse
effects generally observed in conventional chemotherapy treatment. However, a better
understanding of the immune response mechanisms involved in the tumour environment
remains crucial. In the same way, the influence of hypoxia on the biology of immune cells still
needs to be understood in more detail *® Studies have suggested that reversing tumour hypoxia
by reoxygenation could alleviate immune suppression and lead to a better efficiency of
immunotherapeutics.” The design of hypoxia-activated prodrugs containing immunotherapeutic
payloads could enhance the efficiency of such therapeutics for the treatment of solid tumour.
Despite all the preclinical and clinical evaluations currently ongoing, the next challenge will be to
anticipate the reasons why in certain patients the immune intervention does not offer a durable
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response compared to others. In addition, the improvement of in vitro conditions compared to
in vivo could lead to more successful preclinical and clinical evaluations.

ANTIBODY CONJUGATES FOR SOLID TUMOUR TARGETING

In the last decades antibody-drug conjugates (ADCs) have gained interest because they offer,
contrarily to traditional chemotherapeutics, an increased therapeutic window related to the cell-
targeting properties of the antibodies. Indeed, ADCs are generally consisting of a potent
cytotoxic payload covalently coupled through a linker to an antibody which allows a specific
targeting and delivery of the payload directly in the tumour environment, minimizing adverse-
effects.>”*° The selection of the antibody is highly important because it will play at the same
time the role of the payload carrier and the one of targeting component*', therefore, antibodies
must possess specific affinity towards tumour-associated antigens compared to normal tissue by
targeting over-expressed antigens on the surface of tumour cells. For this reason, several ADCs
have been designed to target the human epidermal growth factor receptor 2 (HER2). A receptor
expressed more than 100 times in cancer cells, resulting in 2 million receptors expressed on the
surface of tumour cells. However, the synthesis of such conjugates remains complex. Commonly,
payloads are connected to antibodies using lysine or cysteine residues. The cysteines present
the advantage of providing a better control on the drug-antibody ratio (DAR), as the attachment
site is more predictable. Because lysines are more present on antibodies, it makes it difficult to
control the payload conjugation and it can result on heterogenous coupling with a risk of
hindering the antigen-binding region or toxicity if a large amount of payload was coupled on
the same antibody.*? It still remains challenging to afford control on drug-to-antibody ratio
(DAR) in order to improve the homogeneity of conjugation, but in recent years improvements
have been achieved through the use of site-specific conjugation technology.

In this thesis, in order to improve the targeting of immunotherapeutics towards the tumour, we
first designed and synthesized a HAP compound consisting of a Resiquimod payload as
immunotherapeutic and a 2-nitroimidazole hypoxia bioreducible trigger which has been
selected according to the results obtained previously, described in Chapter 3 and 4. This HAP
was also harbouring a linker with the aim to connect a tumour-specific antibody. This complex
molecule has been designed to allow the drug release through a self-immolative mechanism
initiated, as commonly in HAPs activation, by enzymatic bioreduction in hypoxic tumour
environment. Despite stability issues, the prodrug has been used for the antibody conjugation
step on Cetuximab lysine residues to determine appropriate coupling conditions. We decided to
use lysine coupling based on previous experience with coupling Oregon Green to Cetuximab.*?
However, first attempts by performing an activation step on the prodrug before the addition of
the antibody did not show effective coupling, suggesting that another approach by activating
first the antibody needs to be tested. The latter strategy has shown promising results in
literature and might be preferred. +

To date, 12 ADCs have been approved by the Food and Drug Administration (FDA), while more
than 90 are currently in clinical development.* This as a result of recent efforts invested in the
optimisation of various antibody properties such as antigen binding, immunogenicity tolerance
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or solid tumour distribution and penetration.*’ In addition, in future few years, the ADC research
will explore the suitability of replacing the whole antibody with designed antibody fragments in
order to optimise the size of the therapeutic carrier, one of the main drawbacks of the current
approved ADC treatments. Likewise, the combination of antibodies with hypoxia-activated
prodrugs could increase the efficacy of therapeutic payload for the treatment of solid tumours.

FUTURE DIRECTIONS

The development of hypoxia-activated prodrugs is an interesting therapeutic strategy to
overcome the resistance issues encountered with the conventional therapies used for the
treatment of solid tumours. This therapeutic approach is expanding every day through the
design and synthesis of different prodrugs belonging to various family of compounds, but
remains a complex research field and needs further improvement. The idea of combining a
hypoxia sensitive trigger with a cytotoxic payload has been improved by the targeting of
triggers directly involved in the hypoxic tumour metabolism such as CAIX. Among the CAIX
targeting HAPs synthesized during this thesis, one prodrug showed interesting preliminary
results which could justify to continue further study. Moreover, immunotherapy represents
today a promising cancer therapy based on the stimulation of the immune system and the
development of hypoxia-activated immunotherapeutics could improve the treatment selectivity
towards tumour cells. Unfortunately, the immunotherapeutic HAPs synthesized in this thesis
work has shown important water solubility and stability issues, preventing further biological
evaluation. Another promising strategy in anticancer treatments is the antibody-drug
conjugation. This rapidly growing class of therapeutics allows a specific targeting of tumour cells
by using antibody recognition of overexpressed cancer antigens. This therapeutic class counts
today several approved treatments which are actively studied for improvement. The antibody
conjugation of the HAP compound designed and synthesized in this work still needs to be
achieved in order to enable further potential biological evaluations. Today, the field of cancer
therapy evolves thanks to several innovative strategies aiming the specific targeting of tumours
to provide safety treatments compared to traditional therapies.
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Cancer is one of the main causes of mortality worldwide and today, cancer incidence is still
rising. Cancer is a result from the transformation of normal cells through a multi-step process
due to genetic mutations occurring during DNA replication each time that a cell divides. The
accumulation of these mutations allows these abnormal cells to become aggressive and to
develop the ability to adapt to harsh conditions. The different conventional anti-cancer
treatment options currently used are surgery, chemotherapy, radiation therapy or hormonal
therapy. However, nowadays, cancer research focuses on more specific targeted treatments and
immunotherapy with the purpose to reduce adverse effects of the conventional therapies.

Hypoxia is a common feature of solid tumours and is characterised by a very low oxygen
content, typically less than 1%. This poor oxygen level contributes to a harsher tumour
environment and is associated with poor patient prognosis. Additionally, hypoxia is also known
to induce tumour progression and resistance to conventional therapies. Therefore, hypoxia
represents an extremely valuable target to be exploited for certain anti-cancer therapy strategies
by combining therapeutic payloads with hypoxia trigger moieties in order to allow the drug
delivery specifically in the hypoxic tumour environment.

One way of exploiting tumour hypoxia in anti-cancer treatments is to target the hypoxia
responsive pathway. HIF-1a plays a key role in the hypoxic tumour microenvironment. Upon
hypoxia HIF-1a is stabilized, not degraded anymore by ubiquitylation and accumulates therefore
in the cell nucleus. This results in the transcription of several genes having a hypoxia responsive
element, involved in different mechanisms helping the cells to survive in the hypoxic
environment, one of them being carbonic anhydrase IX (CAIX). CAIX is a transmembrane enzyme
which catalyses the reversible hydration reaction of carbon dioxide into bicarbonate and a
proton. This enzyme is overexpressed in tumours and is associated to an aggressive cancer cell
phenotype, to metastasis formation and to poor patient prognosis, which makes CAIX an
attractive target for anti-cancer treatment development. So far, only one CAIX inhibitor, SLC-
0111, showed promising anti-cancer actions and progressed into clinical trials.

Another way of exploiting tumour hypoxia in anti-cancer therapy is by using hypoxia-activated
prodrugs (HAPs). HAPs are mainly composed of a cytotoxic agent coupled to a hypoxia sensitive
trigger via a linker. The HAP purpose is to deliver the active drug selectively in the hypoxic
environment by undergoing an enzymatic bioactivation in hypoxic tumour cells and to enable
the drug diffusion into the surrounding aerobic areas resulting in a bystander effect. Several
HAPs have been developed but only few of them reached clinical trials. To date, no HAP
compounds have been commercialized yet but several molecules, such as TH-4000 and CP-506
show promising results and are currently being investigated in clinical trials.

In Chapter 3, we describe the design, synthesis and biological evaluations of novel HAP
derivatives of benzenesulfonamide CAIX inhibitors. These compounds have been synthesized by
combining different hypoxia sensitive bioreducible moieties with two CAIX inhibitors. However,
from all tested compounds, only one derivative was efficient in cell viability assays upon anoxic
conditions. No cytotoxicity was observed under ambient air, therefore demonstrating a hypoxia
selective cytotoxicity. Furthermore, this compound did not show any toxicity or adverse effects
in zebrafish toxicity assays. Further biological evaluations on these compounds have not been
continued, however, the general HAP strategy described in this work remains of interest for the
design and synthesis of other new HAPs.

In Chapter 4, we propose the design and synthesis of nine HAP analogues comprising nitro
aromatic groups as hypoxia sensitive trigger and immunotherapeutics as active drug. The poor
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water-solubility of certain compounds did not allow biological evaluations, however, viability
assessment of one soluble derivative demonstrated that a higher cytotoxicity upon anoxic
conditions as compared to normoxic conditions. This, explained by the release of the drug under
anoxia, demonstrates the ability of this compound to deliver the drug in hypoxic environment.
In order to further improve the hypoxic tumour microenvironment targeting of our HAPs, we
describe in Chapter 5 the design of two novel antibody-HAP conjugates. The purpose of this
work was to connect to a central molecule, i) a drug, ii) a hypoxia sensitive trigger and iii) a
linker to couple a tumour-specific antibody, allowing the targeting and the release of the active
drug in the hypoxic tumour environment. We succeeded to synthetize one of the two proposed
HAPs and, therefore, we have selected a nitroimidazole group as hypoxia bioreducible moiety,
an immunotherapeutic used previously as drug and a chimeric monoclonal antibody inhibiting
the human epidermal growth factor receptor as hypoxia-specific antibody. Unfortunately,
despite the different conditions tested to couple the antibody to the HAP, we did not observe
antibody conjugation, thus, preventing biological evaluation of the compound.

In conclusion, the results described in this thesis confirm that tumour hypoxia represents an
interesting and promising target to be exploited for anti-cancer treatment. The HAP concept
aiming to combine an anti-cancer agent with a hypoxia bioreducible moiety to form a prodrug
demonstrated in this work encouraging results to target hypoxia. Furthermore, it remains crucial
to select appropriate hypoxia sensitive triggers and drugs depending on important parameters
which can impact the final HAP properties, such as its solubility, stability or toxicity. In general,
the HAPs currently investigated in clinical trials already showed promising results and may
improve anti-cancer therapies and decrease adverse effects of actual treatments.
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Le cancer fait partie des principales causes de mortalité a travers le monde et de nos jours,
I'incidence liée au cancer est toujours en hausse. Le cancer résulte de la transformation de
cellules saines a travers un procédé comportant plusieurs étapes, causé par des mutations
génétiques ayant lieu lors de la division cellulaire, lorsque I'ADN se duplique. L'accumulation de
ces mutations permet aux cellules anormales d'adopter un caractere agressif et de développer la
capacité de s'adapter a des conditions difficiles. Les traitements anticancéreux conventionnels
employés actuellement sont la chirurgie, la chimiothérapie, la radiothérapie ou
I'hnormonothérapie. Cependant, de nos jours, la recherche contre le cancer se concentre sur
I'immunothérapie et le développement de traitements ciblés ayant pour but de réduire les effets
secondaires des traitement traditionnels.

L'hypoxie représente une des caractéristiques prédominantes des tumeurs solides directement
liée a un faible taux d'oxygene, typiquement inférieur a 1%. Ce faible taux d'oxygene contribue a
la formation d'un environnement tumoral complexe et est également associé a un mauvais
pronostic chez le patient. Additionnellement, I'hypoxie est aussi liée a la résistance des cellules
tumorales ainsi qu'a leur progression face aux thérapies conventionnelles. C'est pour cela que
I'nypoxie représente une cible ayant une valeur importante a exploiter pour certaines stratégies
thérapeutiques contre le cancer en combinant un agent thérapeutique avec une partie ciblant
I'nypoxie afin de permettre la libération de I'agent actif spécifiquement dans I'environnement
tumoral hypoxique.

Une des méthodes permettant d’'exploiter I'hypoxie dans les traitements contre le cancer vise a
cibler les mécanismes de réponse a I'hypoxie. Le facteur HIF-1a joue un role clé dans
I'environnement tumoral hypoxique. Sous hypoxie ce facteur est stabilisé, il nest plus dégradé
par ubiquitination et donc s'accumule dans le noyau cellulaire. Cela résulte en la transcription de
plusieurs genes comportant des éléments de réponse a I'hypoxie, impliqués dans différents
mécanismes permettant aux cellules de survivre en milieu hypoxique, I'un d'entre eux étant
I'anhydrase carbonique IX (CAIX). CAIX est une enzyme transmembranaire qui catalyse la
réaction d’hydratation réversible du dioxyde de carbone en bicarbonate et un proton. Cette
enzyme est surexprimée au sein des tumeurs et est également associée a un phénotype
cellulaire agressif, a la formation de métastases et a un mauvais pronostic chez les patients, ce
qui fait de CAIX une cible attractive pour le développement de traitements anticancéreux.
Jusqu'a présent, seulement un inhibiteur de CAIX, SLC-0111, a montré des résultats prometteurs
en essais cliniques.

Une autre méthode permettant d'exploiter I'hypoxie tumorale dans les thérapies contre le
cancer vise a utiliser des prodrogues activables sous hypoxie (HAPs). Les HAPs sont composés
majoritairement d'un agent cytotoxique couplé a une molécule sensible en milieu hypoxique via
un espaceur. L'objectif d'une HAP est de délivrer sélectivement I'agent actif dans
I'environnement hypoxique apres avoir subi une bioactivation enzymatique au sein des cellules
tumorales hypoxiques, ainsi que de permettre la diffusion de I'agent thérapeutique vers la zone
normoxique entourant la tumeur, cela résultant en un effet « bystander ». Plusieurs HAPs ont été
développées mais seulement quelque unes d'entre elles ont atteint les essais cliniques. A ce
jour, aucune HAP n'a été commercialisée mais différents composés, comme par exemple TH-
4000 and CP-506 montrent des résultats prometteurs et sont actuellement évalués en clinique.

Dans nos travaux (Chapitre 3) nous décrivons le design, la synthese et les évaluations
biologiques de nouveaux HAPs inhibiteurs de CAIX dérivés de benzenesulfonamide. Ces
composés ont été synthétisés en combinant différentes parties bioréductives sensibles a
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I'hypoxie avec deux inhibiteurs de CAIX. Cependant, parmi les composés testés, seulement un
dérivé s'est montré efficace en test de viabilité sur cellules sous conditions anoxiques. Aucune
cytotoxicité n'a été observée en conditions normoxiques, démontrant une cytotoxicité sélective
en hypoxie. De plus, ce composé n'a montré aucune toxicité ou effet secondaire lors de test de
toxicité sur zebrafish. Ce composé n'a pas subi d'évaluations biologiques supplémentaires,
cependant, la stratégie de synthése décrite pour former ces HAPs a montré de l'intérét pour le
design et la synthese de nouvelles prodrogues.

Dans nos travaux (Chapitre 4), nous proposons le design et la synthése de neuf HAPs
comprenant des groupes nitro-aromatiques en tant que partie bioréductible et des agents
immunothérapeutiques en tant que drogue. La faible solubilité en milieu aqueux de certains de
ces composés n'a pas permis leur évaluation biologique, cependant, les tests de viabilité réalisés
sur un des analogues, soluble a démontré une cytotoxicité plus élevée en conditions anoxiques
comparée aux conditions normoxiques. Ceci, en conséquence de la libération de la drogue sous
anoxie, démontre le potentiel de ce composé a délivrer I'agent actif dans un environnement
hypoxique. En vue de continuer a améliorer le ciblage spécifique de |'environnement tumoral
hypoxique de nos HAPs, nous décrivons dans le Chapitre 5 le design de deux nouveaux HAPs
conjugués a un anticorps. L'objectif de ce travail était de connecter a une molécule centrale, i)
un agent actif, ii) une partie bioréductible sous hypoxie et iii) un espaceur afin de coupler un
anticorps tumeur-spécifique, permettant le ciblage et le relargage de la drogue dans
I'environnement tumoral hypoxique. Nous avons effectué la synthése d'une des deux HAPs
proposées, pour cela nous avons sélectionné un groupe nitroimidazole en tant que partie
bioréductible, un agent immunothérapeutique utilisé précédemment comme agent actif, ainsi
qu'un anticorps monoclonal chimérique inhibant le récepteur du facteur de croissance
épidermique comme anticorps spécifique a I'hypoxie. Malheureusement, malgré les différentes
conditions testées afin de coupler I'anticorps a I'HAP, nous pas observé de conjugaison, cela
empéchant la réalisation d'évaluation biologique.

Pour conclure, les résultats décris dans ces travaux de these confirment que I'hypoxie tumorale
représente une cible intéressante et prometteuse a exploiter en thérapie contre le cancer. Le
concept de HAP visant a combiner un agent anticancéreux avec une molécule bioréductible
sensible a I'hypoxie afin de former une prodrogue a démontré, dans ces travaux, des résultats
encourageants dans le ciblage de I'hypoxie. Additionnellement, il reste crucial de sélectionner
des parties bioréductibles et des agents thérapeutiques appropriés dépendant de parametres
importants qui peuvent avoir un impact sur les propriétés du composé final, comme par
exemple sa solubilité, sa stabilité ou encore sa toxicité. En général, les HAPs actuellement
évaluées en essais cliniques ont déja montré des résultats prometteurs et pourraient améliorer
les thérapies contre le cancer ainsi que diminuer les effets secondaires liés aux traitements
actuels.
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This thesis describes the potential of increasing the efficiency of anticancer treatments such as
chemotherapy or immunotherapy, by targeting these therapies specifically towards solid
hypoxic tumours. The main purpose of this thesis was to design, synthesize and evaluate the
action of therapeutic compounds targeting the hypoxic tumour microenvironment, named
hypoxia-activated prodrugs (HAPs), to allow decreasing the adverse effects on normal tissues,
the main drawback of currently clinically used anticancer therapeutics. Each year, millions of
people die from cancer and its incidence keeps rising, therefore the development of
personalized, taking into account the heterogeneity of the disease, anticancer therapies, remains
challenging. Nevertheless, the increasing cancer incidence has also severe socio-economic
impacts, therefore, the development of novel anticancer treatments remains essential. This
impact paragraph will discuss on the novelty, value and relevance for society of the work
described in this thesis.

CLINICAL RELEVANCE

Nowadays, cancer therapy is progressing into personalized treatments. Characterisation of the
hypoxic tumour microenvironment enables the identification of new biomarkers allowing a
better stratification of patients based on their sensitivity to a certain treatment, thus in order to
provide a tailored treatment for patients. Carbonic anhydrase IX (CAIX), known to be highly
expressed in hypoxic tumours, might be considered, today, as a valuable tumour-specific
biomarker associated to poor prognosis for cancer patients. The CAIX inhibitors described in this
thesis (Chapter 3) will unlikely be implemented in clinical practice due to limited efficacy.
Although the clinical benefits of using CAIX inhibitors for cancer treatment in patients remains
to be investigated, so far, only the CAIX inhibitor SLC-0111 progressed into clinical trials for the
treatment of advanced, metastatic hypoxic tumours and showed promising preclinical
anticancer action.

In addition, the hypoxic tumour microenvironment represents a target for anticancer therapy
due to its very low level of oxygen which can be used to selectively activate therapeutics in solid
tumours. Hypoxia-activated prodrugs (HAPs) are unactive compounds composed mainly of a
therapeutic agent and a hypoxia trigger moiety allowing the release of the therapeutic agent in
the (hypoxic) tumour environment. The use of HAPs for anticancer therapy represents a very
innovative treatment strategy against solid tumours aiming to specifically target tumour tissues,
to increase drug concentration only in tumour and potentially to decrease adverse effects on
normal tissues of currently used chemotherapeutic agents (Chapter 2).

Immunotherapy is a promising research field for cancer therapy and, as well, a powerful
therapeutic strategy to decrease adverse effects based on the reactivation of the immune
system to attack cancer cells through a natural process which is evaded during the tumour
progression (Chapter 4 and 5). The immune system is known to provide a rich source of targets
for anticancer treatments, however, a better understanding of the patient immune response
remains to be investigated in clinical setting.
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GAIN FOR SOCIETY

The improvement of anticancer treatment efficacy by targeting hypoxic solid tumours will be
beneficial for society in general as the very low level of oxygen is specific to solid tumours. First,
since hypoxic tumours show resistance to conventional therapies such as chemo- and
radiotherapy, the use of HAPs therapeutics targeting solid tumours for drug delivery can
increase the efficacy of anticancer treatments. Secondary, it can allow, as well, a significant
decrease of cancer therapy related adverse effects by delivering the active drug only in cancer
tissues. Finally, the general treatment costs may also decrease when normal tissue adverse
effects caused by standard treatment can be reduced. In general, any benefit in cancer
treatment has the potential to be a gain for society.

IMPROVEMENT IN HEALTH CARE

Hypoxia is a characteristic feature present mainly in cancer tissues. This atypical absence of
oxygen helps as a specific target of solid tumours for therapy purposes to improve health care
as patients will experience less toxic side-effects. During last decades, a large variety of HAPs
have been designed and synthesized (Chapter 2, 3 and 4), many of them reached clinical trials
and few showed promising results in combination with other anti-cancer agents but definitive
conclusions regarding the efficacy of a single treatment can only been drawn after completing
clinical trials. This approach can potentially increase the therapeutic window of the anti-cancer
therapy and thereby result in an improvement in health care.

Immunotherapy, today, is the most rapidly growing treatment class and has a major impact in
oncology (Chapter 4). The idea to use therapeutics to reactivate the immune system in order to
fight against tumours represents another therapeutic strategy which aims to decrease treatment
side-effects and may show a higher potential combined with HAPs. In the same way, the
conjugation of such therapeutics with a tumour-specific antibody would enable a better
decrease of normal tissues adverse effects (Chapter 5).

NOVELTY OF THE CONCEPT

The targeting of hypoxic tumour by using HAPs is not a novel concept but it is a growing
treatment class which gained a lot of interest by researchers in the last decades. Hypoxia is a
potential strategy to target solid tumours due to its specific presence in tumours. Hypoxic solid
tumours are characterized an abnormal blood vascularisation development and thereby a very
low oxygen content which leads to the inefficiency of conventional chemo- and radiotherapy. By
using HAPs therapeutics combining an anti-cancer agent and a hypoxia trigger moiety,
targeting specifically hypoxic tumours, the efficacy of conventional treatments may increase
(Chapter 3 and 4).

Although HAPs therapeutics targeting specifically hypoxic tumours have been developed for
many years, this thesis described a novel dual targeting method based on the antibody-drug
conjugation (ADC) (Chapter 5). However, the antibody conjugation described in this thesis did
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not work successfully, further exploration on this dual targeting agents may help to design more
potent approaches to deliver cytotoxic drugs on hypoxic tumours. Such therapeutic compounds
combining a HAP and a tumour specific antibody may improve the tumour targeting and
thereby reduce more patient normal tissue adverse-effects.

ROAD TO THE MARKET

The targeting of hypoxia for anti-cancer treatment is a very interesting therapeutic strategy and
its expression in solid tumours may be promising for the future market. The research described
in this thesis demonstrates promising initial results in the development of HAPs for anti-cancer
therapy. Unfortunately, the majority of the therapeutics developed here did not show enough
stability to continue towards clinical trials, however, as the HAP concept consisting to connect
hypoxia trigger moiety with therapeutic agent showed early promising results, various active
drugs could be used following this process in order to obtain different types of HAP having a
better stability, suitable to enter into clinicals. To date, no HAPs are on the market yet, but
several candidates have been reported so far and are currently investigated in clinical trials.

In general, targeting tumour hypoxia may be clinically relevant, improve health care and provide
gain for society. Several approaches have been described in this thesis to improve the targeting
of hypoxic tumours with the aim to decrease adverse-effects observed till now with conventional
chemotherapy. In addition, the identification of alternative therapeutic targets in cancer remains
essential and requires preclinical and clinical research in order to evaluate the influence on
health care and estimate a gain for society.
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