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ABSTRACT

This thesis addresses the urgent requirement for novel anti-inflammatory drugs and

antimalarial interventions:

The beneficial effects of carbon monoxide (CO) gained much interest in research and offer
new potential treatments of vascular- and inflammatory-related diseases. However, the
medical application of this gas has been hampered by the complexity of the administration
route. This problem has been overcome with the discovery of CO-releasing molecules
(CORMs), which are an effective tool to deliver CO safely and precisely to the target
locations. Particularly, metal-based CORMs are emerging for their striking anti-
inflammatory properties that are amplified by the transition metal and are being
progressively improved in view of novel future applications.

We developed novel dual-active metal-based CORMs with the potential to be used as
therapeutic agents in tendon-derived diseases. Specifically, we designed and synthesized
dicobalt(0)hexacarbonyl (DCH)-CORM:s containing structural fragments of COX-2 selective
inhibitors and tested them for the CO release kinetic (myoglobin release assay) and anti-
inflammatory/cytoprotective effects on hydrogen peroxide-stimulated human primary-

derived tenocytes by taking in account the PGE2 secretion as a readout.

Malaria drug research and development efforts have recently resurged in the last decade
following deceleration rate of mortality and malaria cases in endemic regions. Inefficiency
of malaria interventions are largely driven by the spreading resistance of the Plasmodium
falciparum parasite to the current drug regimens and from the malaria vector — mosquito
Anopheles — to insecticides. In response to the new eradication agenda, the development of
drugs that act by breaking the malaria transmission cycle (transmission-blocking drugs) has
been recognized as an important and additional target for intervention. These drugs take
advantage of the susceptibility of Plasmodium population bottlenecks before transmission

(gametocytes) and in the mosquito vector (gametes, zygotes, ookinetes, oocysts,



sporozoites). In this context, we sought to address the urgent requirement for novel
antimalarial interventions by developing and aiding future discovery of transmission-
blocking drugs.

We designed and synthesized analogues of the pyrazole MMV1580843, recently discovered
in a high-throughput screening as a potent and selective gametocytocidal compound. SAR
studies of these compounds hold promise for improved chemical modifications to progress
to a hit-to-lead campaign. Particularly, we found that the pyrazole core allows a variety of
substitutions that maintain potent activity towards late-stage gametocytes along with
favorable physicochemical and safety profiles.

In parallel, from a phenotypic screening of compounds belonging to an in-house library, we
discovered new pyrazole- and pyrrole-based compounds endowed with selective activity
towards ring and trophozoite stages in the P. falciparum asexual cycle and potential activity
against sporogonic stages in mosquitoes. The transmission-blocking potential was assessed
by performing topical exposure assays on females Anopheles Gambiae mosquitoes of selected
hits and found compound 19 and 12 to significantly decrease the parasite development in

the mosquito midgut.
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Chapter 1 - An Overview of Carbon Monoxide and its
Therapeutic Uses

1.1 Gasotransmitters family

Gasotransmitters are a class of small signaling molecules that exist as natural gas or
dissolved in circulation and include nitric oxide (NO), carbon monoxide (CO), and
hydrogen sulfide (H-S). Evidences suggest that these gases had a role in the start of life when
Oz concentration was scarce.! These gases were once assumed to be only smelly (the case of
H-S) and poisonous for human beings. It was, nonetheless, later discovered their biological
role in living organisms at low concentrations with significant pharmacological, therapeutic,
and physiological effects.>*

Thus, the pharmacological responses triggered by the interaction of these gaseous molecules
to their targets gained much interest in research. A comprehensive knowledge of the
pharmacological characteristics of these gasotransmitters is essential to establish the clinical
use, however some modes of action are complex and that makes it an uphill battle.
Gasotransmitters may have different functions but share some characteristics such as:

1. Permeable in cellular membranes. Although some efforts have been made to find any
transportation mechanism, there is no evidence that confirms that gasotransmitters
need specific channels to pass across cellular membranes.>¢

2. Endogenous production. Gasotransmitters can be produced in human cells by
specific enzymes. NO is generated by NO-synthases (NOSs), CO is produced by
heme oxygenases (HOs) during heme breakdown and H:S is created during the
metabolism of L-cysteine by four enzymes: -cystathionine-synthase (CBS),
cystathionine-lyase (CSE or CTH), and 3-mercaptopyruvate sulfurtransferase (3-
MST) and D-amino acid oxidase.””

3. Activity-concentration dependency. A concentration-dependent mechanism is used
to mediate a variety of physiological processes. For instance, NO acts through the

activation of guanylate cyclase with different physiological responses at certain
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concentrations. Apoptosis or antimicrobial responses are induced by high NO
concentrations, whereas angiogenesis is induced by low NO circulation.!

4. Gasotransmitters' functions can be duplicated by exogenously administered
analogues. There is evidences that gasotransmitters, delivered both endogenously
and exogenously, can lead to the same therapeutic effects.!!!?

Following these requirements, NO, CO, and HxS are the most well-known molecules
classified as gasotransmitters but, similarly, new molecules, including their derivatives, are
currently under investigation and may join this family in the future.!®> While these molecules
are involved in signaling pathways, the majority of their biochemical and biological impacts
do not happen while they are gaseous but only when they are solutes. As solutes, they may
freely penetrate and move across aqueous and hydrophobic environments because to their
low molecular weight and minor polarity. Gasotransmitters are generally Lewis bases,
nucleophiles, or ligands because due to the presence of lone pairs of electrons in their
structure. NO and H:S have a high inherent reactivity (short half-life), allowing them to
react with a wide range of biological targets (organic cofactors, lipids, and nucleic acids, as
well as change protein amino acid side chains). CO is a very stable naturally occurring and
metabolically inactive molecule, interacting mostly with ferrous ion complexes in
mammalians and then it targets a variety of proteins, each with its own set of physiological
effects. Both NO and H:S can take part in redox processes and interact with one another and
their metabolites, and all three gasotransmitters can interact with heme to generate
coordination chemistries, with NO and CO interacting with iron (II) and H2S connecting
with iron (III), respectively. Because O: is necessary for NO and CO synthesis and H-:S
metabolism, each gasotransmitter relies on it.1415

Gasotransmitters possess unique features. Unlike neurotransmitters, gasotransmitters are
not stored in vesicles, thus they must be generated quickly in response to stimuli. Unlike
other signaling molecules, gasotransmitters do not bind receptors and do not operate on G
protein or tyrosine kinases that trigger a series of signaling events, culminating in a change
in cell function. By contrast, they act directly on intracellular proteins with chemical

modifications, impacting synthesis, their downstream molecular targets, and their chemical
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interaction. The large spectrum of action allows gasotransmitters to regulate many
intracellular functions such as cytoprotection, apoptosis, proliferation, inflammation, and
gene transcription. Therefore, they play a role in a wide range of physiological activities,
including cardiovascular, neurological, gastrointestinal, excretory, and immune system
regulation. As a result, all three gases have a significant impact on human health and
potential value as a therapeutic target (cardioprotective, antihypertensive, antithrombotic,
antitumor, smooth muscle relaxant).'

Our knowledge of gasotransmitters' physiological relevance and targeted strategies is fast
advancing, but more understanding of the intricate molecular processes of gasotransmitters
will be crucial in accelerating the development of directed action techniques to regulate
these signaling systems for their clinical use.

Fundamental research is progressing on the future application of CO in therapy. In this
chapter, the biosynthesis, pharmacological use, and therapeutic value of the gaseous

molecule CO will be then discussed.

1.2 Carbon Monoxide: A Brief Historical Account

Traces of carbon monoxide have been linked to have prehistoric origins, originating mostly
from thermal combustion with some reported evidence of CO’s psychoactive effects in the
context of fire exposures.!® However, it remains still debated the actual discovery of CO
molecule and as denoted by the American Chemical Society, it should be attributed to
Priestley during his experiments in 1796.® CO characterization began in the nineteenth
century starting with the observations of William Cruikshank who enclosed the molecule
formula by inducing incomplete combustion in conditions with less Oz and no hydrogen
source.”” CO physiological effects and toxicity's mechanism was discovered over a long
period of time and, thanks to Claude Bernard's and F. Hoppe-Seyler’s research in the mid-
century it was demonstrated that CO molecule displaces O: within the body that results in
hypoxia and asphyxiation.!® Despite the multitude of hypothesized processes, only in the
twentieth century it was proven the existence of endogenous CO in human blood by the HO

metabolism of heme, and since the 1990s, after NO, CO has been recognized as a
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physiologically important signaling molecule showing neurotransmitter qualities (coined
as “gasotransmitter” later).’®!° Following a considerable amount of work to study the
protective benefits of CO, since 2000 enormous improvements in the physiological (mainly
in nervous and cardiovascular systems) and pharmacological functions for medicinal
application of CO have been made and more must be done to reach an approval from
medical agencies such as FDA and EMA. The large amounts of research and projects on
gasotransmitters that was growing rapidly gave rise to the foundation of the European
Network on Gasotransmitters (ENOG) on 2011 to “to boost the quality, competitiveness and
impact of European biomedical research in the field of gasotransmitter molecules (NO, CO

and H:S) and to translate the progress made into potential therapies”.?

1.3 General Chemistry of CO

Under atmospheric temperature and pressure CO is a colorless, odorless, tasteless, and
ubiquitous residual gas (M.P., =205 °C; B.P., —191.5 °C; density, 1.250 g/l at 0 °C) created by
incomplete combustion of organic molecules in the environment and it can be used in
synthesis for the creation of the corresponding esters and aldehydes, despite its poisonous
reputation. CO is a linear diatomic species where a triple bond connects carbon (oxidation
state +2) and oxygen (bond length: 1.128 A) representing one of the strongest chemical bonds
yet discovered (bond dissociation energy of 1072 kJ/mol). Like all gaseous signaling
molecules, CO does not possess a charge, is soluble in water (2.6mL/100mL) and has a small
molecular weight (MW 28.01). Among the triad of gasotransmitter (NO, CO, and H:S), CO
is the most physiologically stable molecule due to the lack of free electrons and thus, it does
not react with water in physiological conditions, but it dissolves, and it may be capable of
exerting its physiological effects in longer time periods.!*?!

The molecular orbital diagram of CO is reported in Figure 1.1. CO possesses ten valence
electrons (carbon atom has four valence electrons, oxygen has six valence electrons) that
occupy 2s and 2p orbitals. Because oxygen has a higher electronegative charge than carbon,
its orbitals are more stabilized and have a lower energy than carbon’s orbitals and a high

interaction occurs. As a result, two 2p orbitals combine to give two ¢ molecular orbitals, one
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energetically higher (antibonding orbital) and empty and the other one with lower energy
(bonding orbital) that contains two electrons. Similarly, the other four 2p orbitals (2py, 2pz)
will join to give four n-type molecular orbitals where also in this case the bonding orbitals
are occupied by two electrons each and the antibonding orbitals are empty. In this scenario,
three bonding orbitals are occupied, but no p-antibonding orbitals contain electrons. ¢*
antibonding orbital is much more energetic than the other two n* antibonding orbitals,
which are accessible for back donation with a low oxidation number metal. This property
renders CO an ideal binder to the heme iron (Fe*) that can displace the oxygen from
hemoglobin nearly in an irreversible manner, which represents the primary cause of toxicity

in human organism. %
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Figure 1.1. Molecular orbital diagram of the CO molecule, excluding 1s atomic orbital

contributions. Adapted from Romao et al.?
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CO has good donor and acceptor properties. When CO meets a low oxidation state metal,
donation of two electrons from the carbon atom lone pair to the metal’s d-orbital occurs (c
bond) but, to relieve the extra electron density, part of the electrons of the metal may be
moved to the lowest-energy unoccupied molecular orbitals of CO, which is a n* antibonding
orbital, that shares similar energy and symmetry to the metal’s d orbitals resulting in system
stability. The latter mechanism of interaction is mostly known as “backbonding” or
“backdonation” and it has a synergistic nature since strength of the bond increases with
electron-rich the metals and the amount of carbonyl donated on the metal center. This
property of CO makes it an important ligand (carbonyl) in organometallic chemistry to form
the corresponding transition-metal carbonyl complexes that proved to have important

industrial applications as catalyst and can be exploited also in therapeutics. 1422

1.4 Biosynthesis of CO in Human Physiology

As in other mammals, in the human body there are continuous CO production and
elimination that are regulated by critical cellular processes.

Endogenous production of CO is possible from different metabolic mechanisms and the
amount of CO bonded to the hemoglobin (COHDb) in the bloodstream determines how much
CO is generated through these processes. Heme degradation is the primary source of CO,
indeed its metabolism accounts for at least 86% of CO production and the remaining portion
coming from xenobiotics or lipid oxidation mechanisms (Figure 1.2).% Cellular heme serves
as a vital cofactor in oxygen transport proteins, such as hemoglobin and myoglobin but it is
also a known stimulator of reactive oxygen species (ROS) production and rapid heme
breakdown is crucial for protecting cells from its cytotoxic effects. The enzyme heme
oxygenase (HO) is the main responsible for the elimination of heme since it catalyzes the
rate-limiting step through the production of CO, biliverdin (then quickly transformed to
bilirubin) and free ferrous iron in a stoichiometric manner. Three moles of oxygen and seven
electrons supplied by NADPH cytochrome P450 reductase (CPR) are needed in this reaction
to enable the binding of oxygen and to reduce iron.”? In humans there are three isoforms of

HO, HO-1 that is inducible from oxidative stress and the constitutively expressed HO-2 and
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HO-3. HO-1 and HO-2 appear to be the only functional enzymes and they have a heme-
regulatory domain but while the HO-1 gene is expressed mostly in the spleen where
erythrocyte breakdown occurs, HO-2 is predominant in brain and testis.® Heme
degradation plays an important role for response to ROS stimuli in inflammatory or disease-
like circumstances thanks to the anti-oxidative and cytoprotective actions of bilirubin and
CO.%27 After a complete reaction, iron is reused, bilirubin is expelled from the body through
the urine and CO will either be bonded to hemoglobin and circulate in the blood as
carboxyhemoglobin or be sequestered in cells connected to proteins that contain heme. CO
may also promote HO-1 expression, creating a cycle that feeds on itself. However, to avoid
the harmful heme-CO bonding, heme production is regulated by negative feedback
mechanism from the amount of heme and hemin (oxidized form of heme) synthesized, thus
indirectly restricting CO supply.?®

While heme catabolism is the primary source of endogenously generated CO, other
processes, such as the induction of CYP450%3! and lipid peroxidation seem also to be
involved.?3

Contrary to other gasotransmitters such as NO, elimination of endogenous CO occurs in a
slow process (half time of around 4h) and is mostly excreted from lungs.** It also appears
that the mitochondrial cytochrome c oxidase is able to remove CO through oxidation to

CO, but to our knowledge this assumption has never been validated.?
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Figure 1.2. Schematic overview of heme degradation pathway leading to CO production.

1.5 Signaling Pathways Mediated by CO

CO may affect a variety of physiological activities in cells as it can interact with a vast array
of proteins determining a somewhat ambiguous biological action and involving nearly
every organ and regulatory system. CO may act as both anti- and pro-inflammatory, pro-
and anti-apoptotic, and pro- and antiproliferative agent and thus, it controls cell
proliferation and survival®, the immunological response® and tissue®. Moreover, as it
happens for other gasotransmitters, the biological activity and selectivity of CO are
dependent on the concentration, timing and tissue localization.* CO’s targets that mediate
cellular signaling can be divided into two main class: heme-containing proteins, also called
“hemoproteins”, and nonheme-containing proteins. In Figure 1.3 reports a schematic

representation of the main molecular pathways validated for CO.
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Hemoproteins such as hemoglobin, soluble guanylate cyclase (sGC), the mitochondria
oxidases or enzymes needed for ROS generation are ubiquitous in cells and are the main
target of CO due to the strong affinity with the heme iron (Fe*). The receptor protein sGC
is a heterodimeric complex that catalyzes the transformation of guanosine triphosphate
(GTP) into cyclic guanosine monophosphate (cGMP), a key regulator of cell proliferation,
differentiation and apoptosis. Upon binding with CO at low concentrations, sGC produces
more cGMP, although less effectively than binding with NO, and it induces vasorelaxation
and inhibits platelet aggregation.®’ Vascular and organ protective functions of CO are
partially indirect since are mediated through NO. CO at low concentration enhances NOSs
activity, a hemoprotein family that catalyze the production of NO from L-arginine and
NAD(P)H. On the other hand, the catalytic activity of NOSs is limited to high concentrations
of CO that acts as a negative regulator by interacting with the heme moiety.”#4? The latter
mechanism is thought to limit the damage caused during CO poisoning or oxidative stress
where NO, as a free radical, is highly reactive and a strong oxidant that can cause cell
damage, while CO is more stable." Noteworthy, HO-1 function is also induced by NO,
thereby increasing CO levels that in turn can regulate NO production. This feedback system
is important in particular conditions and cell types where one of the gasotransmitters is
more needed than the other.* CO-mediated vasorelaxation has been attributed also to the
direct activation of calcium (Ca*)-dependent potassium (K*) channels.*** CO can also
regulate ROS generation through a number of mechanisms. The interaction with NADPH
oxidase family (Nox family), which play a critical role in the generation of ROS, and other
hemoproteins in mitochondria have significant consequences in different defensive signal
mechanisms. For instance, CO inhibition of Nox4 activation led to reduced oxidative stress
in endothelial brain cells with increased survival.** The binding of CO with cytochrome c
oxidase of the mitochondrial electron transport chain (also implicated in the generation of
ROS) happens because of its property of binding metalloproteins and because heme is
generated in the mitochondrial compartment. Cytochrome c oxidase contributes on danger
cellular signaling via the generation of ROS that operate on gene regulation influencing

cellular ultimate responses. The enzymatic activity of cytochrome c oxidase is regulated by
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CO through a conversely mechanism. High amount of CO inhibits cytochrome ¢ oxidase
activity and mitochondrial respiration stopping the oxygen consumption and reducing ATP
production coupled to increased ROS production and leading to further damage in cells and
tissues. At low levels of CO, low amounts of ROS are produced by cytochrome ¢ oxidase
activity promoting beneficial effects to the cell since they act as important signaling
molecules in different functions such as cytoprotection, anti-inflammatory, mitochondrial
metabolism induction.*** Traumas caused during organ damage lead to the breakdown of
CYP, a large group of hemoproteins, that can be prevented following CYP-CO stabilization.
This mechanism was exploited to prevent adverse CYP450 degradation during kidney
transplantation.*

Along with these main heme-containing target structures, CO also affects indirectly a wide
range of targets that lack heme structures which confer for the major part the anti-
inflammatory and anti-apoptotic effects of this gasotransmitter.

The previously discussed cytochrome c oxidase inhibition may eventually induce to the
activation PPAR-y that favour anti-inflammatory responses and the nuclear translocation
of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) to induce
antiapoptotic genes and pro-survival pathways.*

CO exerts anti-inflammatory, anti-proliferative and anti-apoptotic effect also through a
mechanism involving mitogen activated protein kinases (MAPK). CO has been shown to
activate the MKK3/p38 MAPK pathway that, combined to the downregulation of JNK or
ERK1/2, increase the production of the anti-inflammatory factor IL-10 and decrease pro-
inflammatory factors such as IL-1P, tumor necrosis factor alpha (TNF-a), IL-6 and also of
anti-apoptotic factors (e.g., Bcl-2, Bcl-Xv).50-%8

CO-related suppression of TLR-4 trafficking by at the outer plasma membrane by increasing
the interaction between TLR-4 and Caveolin-1, a downstream target of CO and an important
regulator of MAPK inflammatory signaling processes, was also shown to contribute to the
anti-inflammatory regulation in LPS-induced inflammation.>-%

Taken together, CO controls a number and heterogeneous of cellular process for the

modulation of inflammation, apoptosis, pro-survival signaling and vasoactive responses.
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Noteworthy, herein we described only the main mechanisms that lead to these effects and,
while research is still ongoing, more reviews reported CO signaling pathway in detail given

the complexity and specificity of these molecular mechanisms.¥575
CYP450
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Figure 1.3. Main signaling pathways regulated by CO.

1.6 Therapeutic Potential of CO

Extensive studies are being done on the crucial function of heme oxygenase and endogenous
CO generation given the regulation of an abundance of physiological processes of this
system supporting a therapeutic role for CO. The latter has gathered widespread attention
but there are some limitations that need to be overcome before the clinical application of CO
becomes a real fact. The use of CO is hampered from the intrinsic chemical characteristics
of this gas and toxicity that makes it difficult to deliver and not specific. Currently, different
forms of treatment involving CO include inhaled CO (iCO), carbon monoxide-releasing
molecules (CORMSs), and hybrid carbon monoxide-releasing molecules (HYCOs). CO-
delivery systems will be discussed in the section 2.6.

Generally, in the cardiovascular system CO is a vasodilator with moderate potency and it

was also found to inhibit aggregation and adhesion of platelets and the activation of
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monocytes.®® In the respiratory system, CO can induce bronchodilation via a NO-
independent, cyclic GMP-related mechanism.*!

CO can even play a role in gastroprotection® All these functions, together with the anti-
inflammatory, anti-apoptotic and antioxidant properties of CO can be exploited in various
settings including neurodegenerative disorders, microbial infections, organ transplantation,
ischemia, vascular injury, cancer, kidney disease and, more remarkably, in many
inflammatory disorders.®*-%® Recently, also the treatment of COVID-19 symptoms through
CO administration is receiving considerable attention.*

CO has been extensively studies as a modulator of immunosuppression and inflammation

in a variety of diseases thus, herein we revisit some applications.

1.6.1 Therapeutic Application of CO in Inflammatory Diseases

The expression of the HO inducible isoform (HO-1) is triggered by cell responses toward
oxidative stress and inflammation and results in cyto- and tissue protection. HO-1
metabolites, including CO, are important in restoring redox homeostasis and resolution of
inflammation, and it has been widely demonstrated that the HO-1/CO axis can help to
prevent cellular and tissue damage. Therefore, the manipulation of the HO-1/CO system is
an attractive strategy to treat conditions linked to oxidative-stress-induced inflammation,
such as lung hyper-inflammation in cystic fibrosis, sepsis and modulation of chronic pain.”
Due to the importance of CO in certain inflammatory diseases exhaled CO (eCO) has been
used as a marker to detect pathophysiological conditions.?70-74

The protective effect of CO alone was first shown in 1999 in rodents with hyperoxia-induced
where iCO reduced the volume of pleural effusion and the protein concentration and
neutrophil recruitment in the airways.”

Later, Mazzola et al. 7 researched on the effects of pretreatment with iCO on many acute
pathological cases in animals induced by LPS, including stroke and disseminated
intravascular coagulation, and they showed that CO dramatically decreased lung
inflammatory response and avoided respiratory derangement. The anti-inflammatory

protection of CO against LPS-induced organ injury was found to be mainly due to the
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inhibition of iNOS expression and activity in the lung and iNOS expression and activity in
the liver.”” Similar anti-inflammatory activities of CO have also been established in mouse
model of cerebral malaria where brain inflammation is the primary cause of morbidity and
mortality, and CO could prevent this neuroinflammation.® It was also shown that an
advanced application of iCO could prevent the establishment of inflammatory disorders
during an organ transplant. For instance, nephropathies derived from kidney
transplantation were prevented using at low doses of iCO that also improved the graft
function.” Numerous studies have linked the positive benefits of CO on sepsis, a life-
threatening organ dysfunction that arises from the host’s inability to handle invasive
infection. For example, Lee et al.” found that iCO increase the survival of mice injured by
cecal ligation and puncture-induced polymicrobial sepsis enhancing autophagy and
phagocytosis. Similar protective effects were obtained during the administration of
exogenous CO by CORM-2 (CO-releasing molecule-2) against sepsis-induced acute kidney
damage both in vitro and in vivo® indicating a possible alternative to gas inhalation for sepsis
treatment. However, the active HO-1/CO pathway was associated with liver dysfunction in
rats subjected to CLP-induced sepsis® and when it comes to human patients with sepsis-
induced acute respiratory distress syndrome and idiopathic pulmonary fibrosis, CO
showed no beneficial effects on phases I and II clinical trials.?>®* Anti-inflammatory effects
of CO have also been demonstrated in the treatment of pain derived from rheumatoid
arthritis and osteoarthritis. Proinflammatory mediators including IL-1, IL-6, TNF-q,
inducible nitric oxide synthase (NOS2), PGE2, and bradykinin, which sensitize nociceptors
and cause allodynia and the hypersensitive state that goes along with inflammation, are
what cause inflammation-related pain. The intraperitoneal administration of CORM-3 (CO-
releasing molecule-3), which inhibits expression of pro-inflammatory factors, alleviated the
related symptoms to mice with collagen-induced arthritis and minimized the breakdown of
cartilage.® Based on these studies, recently Berrino et al.®® reported the synthesis of new
hybrid molecules able to release CO and to inhibit carbonic anhydrases, which play a central

role in inflammatory disorders with significant pain-relieving effects.
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CO could also represent an alternative for treatment of inflammatory diseases regarding the
digestive system such as gastric ulcers, inflammatory bowel disease, and postoperative
ileus.8%” Interestingly, a recent study in this area exploited the capacity to deliver CO
directly and safely to the gastrointestinal (GI) tract to treat inflammatory disorders with the
development of safe gas-entrapping materials that reduced injury and inflammation in
rodent models of colitis.®

Other inflammation settings in which CO gas and CORMs are effective, include side effects
observed with other treatments. For instance, treatment with CORM-2 (30 mg/kg) of acute
doxorubicin (DOX)-induced cardiotoxicity was significantly reduced in part because of

CO's anti-apoptotic and anti-inflammatory effects.®”

1.7 CO Delivery Systems

Even if in the past CO was hardly seen as a therapeutic substance, today considering that
the great potentials of CO in therapy have been disclosed, researchers are trying to develop
innovative, safe and effective strategies to deliver this gas to human bodies in clinic. Carbon
monoxide may be administered to the human body mainly using three different methods:
HO-1 inducers, iCO and CORMs. While the induction of HO-1 is limited by the need to
identify safer and better-tolerated HO-1 inducers to currently available sources® the
inhalation of CO and development of CORMs have found a faster access to clinical studies.
Due to the inherent toxicity of CO, only low doses of this gas (20 — 500 ppm) can be safely
inhaled in the human body. The inhalation of CO has brought promising results for its
clinical use and has shown cytoprotective and anti-inflammatory effects in vivo models in
lung disease.” To date, iCO has been tested in phase I-II clinical trials that seek to support
the data generated so far for the protective effects toward sepsis-induced acute respiratory
distress syndrome (ARDS).”! For the delivery of iCO the Covox DS (Inkaria, Clinton, NJ,
USA) was specifically designed for CO safe administration in investigational studies but
there are no published guidelines for indications. Moreover, the use of iCO should always
follow an approval from an institutional entity in human-subject research.”> Nonetheless,

the inhalation of CO has some disadvantages owing to the lack of specificity, risk of toxicity
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and difficulty to implement. Indeed, the use of iCO is limited to lung injures and related
diseases since a huge amount of CO would be needed to reach other target sites. To get
around these issues, the use of a pharmaceutical formulation for delivery in a safe and
controllable manner is required. Therefore, CORMs were formulated by scientists to meet

the requirements of tissue specificity, low toxicity and prompt release at the site of action.”®

1.7.1 Carbon Monoxide Releasing Molecules (CORMs)

An essential need for targeted CO delivery is a stable CO donor that only releases CO when
triggered by an internal or external stimulation. For this purpose, CORMs were first
reported in 2002 by Motterlini et al.”* and turned out to be a safer and attractive therapeutic
strategy to deliver a controlled amount of CO to cells.*** Thus far, different generation of
CORMs have been developed and can be categorized as metallic or non-metallic CORMs
based on the type of CO controlled-release methods. Although a number of organic
compounds have been explored for their potential as CORMs, to date, most of the developed
CORMs are metal carbonyl complexes (MCCs) since provided the most relevant biological
results and the greatest freedom for molecular design. Indeed, considering the preferential
reactivity of CO for transition metals in a low oxidation state, organometallic complexes
have emerged as suitable models to safely deliver CO in vivo and generate innovative
therapeutic agents with reasonable pharmacological properties. CORMs that contain
transition metals can include both essential trace elements such as manganese, iron and
cobalt, and nonphysiological metals such as ruthenium, tungsten and rhenium.*

Mn2CO1w0 (CORM-1) was the first CORM to be described but, mainly due to Mn (I) toxicity,
it was shortly abandoned for ruthenium-based compounds such as
tricarbonyldichlororuthenium-(II)-dimer (CORM-2) and the water-soluble
tricarbonylchoro(glycinato)-ruthenium (II) (CORM-3), which are currently the most
frequently used CORMs for investigating physiological functions of CO release both in vitro
and in vivo. Particularly, CORM-3 contains a glycinate auxiliary ligand and it appears to be

more biocompatible for in vivo studies due to higher water solubility.?>94%

26 Chapter 1



CoO OC o co - Gl

-

s, 24 oc,, | 7l \co
OC —Mn Mn-CcO (’Ru‘ Ru’
| %o 2 %0 07 | o | ¥
co ~ co c - co
CORM-1 CORM-2
co H
OC// | \‘\\
e
oc” | g
ol o
CORM-3

Figure 1.4. Chemical structures of CORM-1, CORM-2, and CORM-3.

More recently, Romao et al.?? introduced a conceptual model (Figure 1.5) to rationalize and
improve the design of MCCs with appropriate pharmaceutical properties. This model
comprises three portions: (i) a metal core, which accounts for toxicity and the main
properties of the MCGC; (ii) a coordination-sphere, which influences the electronic density
around the metal, tuning the stability and the chemical behavior of the whole complex and
triggering CO release under specific conditions; and (iii) a drug-sphere, obtained through
modulation of the distal sites of the metal complexes and accounting for pharmacological
properties and drug-likeness. For drug design purposes, has not yet been established
whether there are key requirements on the carbonyl (CO) number bonded on the transition
metal and if a fast or slow kinetics is favorable and these properties might be more or less
advantageous based on the medical target. For higher selectivity and also additional activity

the drug-sphere plays a central role as reported in recent literature.**”

Drug sphere

Coordination sphere

Ligand(s) @ co \

Metal centre

Figure 1.5. Schematic representation of metal-based CORMs adapted from Romao et al.>?
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As mentioned before, to enable a controlled CO release from the molecules there are
different approaches. They can be differentiated in external and internal stimuli. External
stimuli allow us to have a higher control of the starting point of action and avoid any
spontaneous CO liberation, which is one of the key requirements in the design of CORMs.
Examples of external stimuli used to trigger the release of CO are light, magnetic heating or
ultrasound.®®% Among these, the use of light to release CO was more brought into attention
of scientists and led to the development of photosensitive compounds called photoCORMs.
The vast majority of photoCORMs are activated by UV light irradiation, but due to the
scarce light penetration at such low wavelengths and related tissue toxicity, research has
evolved into the development of systems showing controlled CO-release upon visible light
(red light) and near-infrared (NIR) light irradiation. This could be possible mainly by tuning
the drug sphere directed ligated to the metal center and through the incorporation of
photoCORMs into amphiphilic nanoparticles, respectively.!?-1% Topical application might
be a promising clinical application route but, despite the advances, it remains difficult to
develop biocompatible photoCORMs that meet all the requirements for -clinical
development due to ligand exchange reactivity or redox reactivity of the metal byproducts.
To date, most CORMs are spontaneous CO donors where CO liberation happens by ligand
exchange reactions with the ligand in the medium or upon internal stimuli, which are
physiological triggers such as pH, oxidants, and thiol- or enzyme-mediated reactivity.*1%%-
106 Ph-sensitive and oxidation-sensitive CO donors change the kinetic of CO release
following a pH change or a molecular oxidant (e.g., Oz, H2O, ROS), respectively. While
several diseases are associated with elevated levels of ROS, the design of CORMs containing
ROS-sensitive groups is still a low explored area, indeed besides studies conducted on
CORM-1'7 and non-metal CORMs!® not much has been done to our knowledge. Also,
CORMs sensitive to the presence of thiols- such as glutathione is an area that deserves to be
explored. Interestingly a recent study from Gao et al.!” demonstrated that using [Fex({p-
SCH-CH(OH)CH2(OH)}2(CO)s] (TG-FeCORM), a water-soluble and biocompatible

organometallic diiron hexacarbonyl compound, the CO release was augmented in tumor
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environment, where cancer cells have around fivefold more glutathione in concentration
than normal cells. A class of CORMs known as enzyme-triggered CO-releasing molecules
(ET-CORMs) release CO by the enzymatic breakage of chemical bonds. This family of
CORMs promises strong tissue specificity CO delivery owing to their enzyme selectivity
and different enzyme expression rates. For example, Romanski et al.!® designed metal
carbonyl compounds in which an organometallic ligand is either O-phosphorylated or
esterified into one of two potential tautomeric forms. These CO prodrugs undergo hapticity
changes when exposed to esterases or phosphatases, which increases their sensitivity to

dioxygen and causes them to release CO.

Table 1.1. Internal and external stimuli for CO release from metal-based CORMs.

TYPE OF
DESCRIPTION EXAMPLE REFERENCE
CORM
Photo-induced CO release from dark- Hoj )OH P
HO™p N A~
PHOTOCORM | stable metal-carbonyl complex 0C. . 103
0C' ™~
CO "N™°S
prodrugs |
Conjugated iron oxide nanoparticle
MAGNETIC-
with CORM that release CO under the
HEATED m
application of an alternating magnetic
CORM
field
ULTRASOUN

Low-intensity ultrasound application
98

D-TRIGGERED
for CO release on sensitive CORMs

CORM
L HN Na
Spontaneous CO donors that exhibit )
PH-SENSITIVE ocN“ K
changes in the kinetic of CO release "Mo. 112
CORM Oc‘éo‘o O

rate as a function of pH
ALF186

Chapter 1 29



Spontaneous CO donors that exhibit HO OH
THIOL- ) ~_
changes in the kinetic of CO release HO S _S OH
SENSITIVE OC /_><_1 co 109
rate as a function of of thiols OC 50 od co
CORM
concentration (e.g., GSH) TG-FeCORM
CO donors that are oxidation-sensitive oc 0 ©C co
OXIDANT- ‘. g
and release CO after being exposed to OC—Mn Mn-CO
SENSITIVE | %o = o 107
a molecular oxidant (e.g., Oz, H20z, or co co
CORM
ROS) CORM-1
CO release prodrugs activated O/KO
following enzyme catalyzed reactions X
ET-CORM ) Fe(CO)s 1
(e.g., hydrolysis catalyzed by /1
esterases) ©
rac-9

In summary, the broad focus of scientists on MCC is due to their chemistry that allows the
generation of a wide range of CORMs and a variety of CO release strategies useful in
different biological settings. Noteworthy, when designing CORMs, some set of
requirements must be met to be tested in vivo and later stages. CORMs should be soluble
and stable enough at room temperature and aqueous solutions. Moreover, they should be
active only in their target sites releasing CO in a controlled manner and in correct amounts,
they should not degrade too quickly in circulation and should not produce toxic metabolites

after CO release.!*

1.7.2 Challenges and Future Perspective of Metallic CORMs

Metallic CORMs offer several advantages owing to their tunable and versatile chemistry of
the coordination and drug spheres and because of the presence of the metal center, which
brings important variations in the molecule by only changing from a metal to another or in
oxidation state. These advantages are consistent with the number of metallic CORMs that
were used for in vitro/in vivo studies in many biological settings and resulted promising in
preclinical data. Despite having various biological activities, metallic CORMs are hardly

used in clinical phases because of few challenges. Common challenges include (i) difficulty
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in targeted delivery to specific biological sites for limited cellular uptake or CO controlled
release; (ii) lack of drug-like properties (low toxicity, appropriate ADME properties
[absorption, distribution, metabolism, elimination]); (iii) solubility and stability in aqueous
media and biocompatibility in blood; (iv) contradictory CORM toxicity and efficacy profile
in analytical assays. To use CORMs as pharmaceutical drugs, it is crucial to address all these
issues and robust studies are required for a full assessment.!>!"7 In CORMs design, fine-
tuning of the coordination and drug sphere is always desirable. By doing so, ADME and
kinetic profile of CO release can be modified based on the type of study or biological target.
Moreover, a controlled release of CO can be reached by using the techniques already
reported in Table 1.1. Yet, a metal carbonyl CORMs that meet all set of parameters for their
applicability as therapeutics in clinic has never been reached and researchers are looking for
more biocompatible formulations. The work on encapsulated CORMs showed a big
improvement in terms of solubility, bioavailability, low toxicity and site-specific drug
uptake. Indeed, metal CORMs can be bonded (covalent bond, electrostatic force, hydrogen
bond, hydrophobic force exc.) to macromolecular carriers such as micelles, nanoparticles,
copolymer, proteins and dendrimers®? These systems overtake a traditional metal CORM
especially when a long-term application is needed and allow a precise control of delivery in
a specific tissue especially when linked to prodrugs such as ET-CORMs or photoCORM:s.
For example, it was shown that CORM-2 instability and solubility in blood circulation and
off-target release can be fixed using CORM-2-loaded micelles composed of styrene-maleic
acid copolymer.® In another study, Fernandes et al.’® improved the cellular uptake,
stability and solubility of CORM-3 by conjugation with gold nanoparticles. By doing so, the
wound-healing and anti-inflammatory effects of CORM-3 were increased due a higher
amount of CO released inside the cell. The use of encapsulation may reduce the toxicity
related to the transition metal contained in CORMSs. Overall, the introduction of
macromolecular carriers can prevent CO diffusion, improve the stability of CORMs and
carry CORMs to the act of site. Another key characteristic is their ability to avoid the liver's
rapid metabolism. However, there is still some uncertainty on the biological effects of these

carriers towards cells and how affected is the mechanism of CO release of CORMSs.1"”
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Noteworthy, metal CORMs toxicity should not be considered only relative to the metal
center since toxicological assays give contradictory results. Indeed, other metal-based
formulations are being developed or are currently in use in clinic.'® The potential toxicity
of the metal has been questioned as, like for other factors, is dependent on the dose and time
of exposure.”® However, there is no doubt that the presence of a transition metal put
constraints to their pharmaceutical development due to some uncertainty to long-term
effects. In order to avoid metal-related concerns there is a strong urge to create further
CORMs. The creation of organic CO-prodrugs devoid of metals would fall under this
category. Generally, the use of metals already physiologically present in the human body
such as Fe, Mn, Co, Cr and Ru is ideal in metal CORMs design and it is crucial to fully
investigate the toxicity profile of metal-base CORM:s to see if the toxicity derives from the
metal itself or other factors (e.g., unspecific release of CO).!>!

Fine tuning of CO release from metal CORMs is required but quantifying it both in vitro and
in vivo is also an important task. In vitro, the deoxymyoglobin carbonylation assay has been
widely used and is the first procedure of choice for initial screening of CORM activity. In
this experiment, reduced deoxymyoglobin combines with CO from CORMs to generate
carbonmonoxy myoglobin, which absorbs light at 557 nm in absorbance spectroscopy
(MbCO). While the old absorbance at 557 nm declines and finally vanishes, two new
absorption bands of MbCO rise at 540 and 577 nm. Therefore, spectrophotometers may be
used to track and measure this process. For this test to be accurate the use of sodium
dithionite is needed, which then it must be removed before reduced deoxymyoglobin is
incubated with the CORM solution since it may trigger CO release.’*'>> There is still
considerable doubt regarding the interaction of myoglobin with CO, whether it occurs with
free CO released in solution or in a coupled process upon myoglobin-metal-CORM
interaction. An additional challenge may show up during the use of this method on
photoCORMs, which could give an overlap of absorption bands with complicated spectra
to solve.!? For detection of CO in vivo, fluorescent probes are available. They can detect low
amount of CO but are not suitable for short-term measurements.’* Although other sensing

methods have been used (e.g., electrochemical sensors, gas chromatography and gas-phase
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IR spectroscopy), there is still an urgent need for further improvement in CO detection to
enable a more predictable behavior of metal CORMs in the human body."¢

Taken together, many challenges hamper metal carbonyl CORMs clinical application and
they vary from the CO release rates to the various physicochemical characteristics, such as
permeability and solubility. These days, along with medicinal chemistry efforts to improve
these characteristics, research is proceeding towards conjugated CORMs system since so far
has brought many benefits in terms of CO delivery, toxicity and biocompatibility. However,
there are still some concerns to be addressed concerning sensitivity of prodrugs upon
stimulus (e.g., photoCORMs) and their efficacy along with the unknown biological effects
of these carriers. Then, also role of the metal center after CO release needs more in-depth
exploration. The determination of the kinetics of CO release is also of great importance to
facilitate CORM clinical usage and understand better CORM biology. But despite the
progress made in precise quantification and imaging of CO release in cells and tissues, there

is still some to be settled, which require further investigations.

1.8 Objectives of Our Study

Tendinopathies are common musculoskeletal conditions characterized by persistent low-
grade inflammation and tissue degradation. They account for a significant portion of the
worldwide healthcare burden in chronic inflammatory disorders and there is an urgent
need for the development of an effective treatment. Evidence suggests that PGE: expression
plays a crucial role in maintaining inflammation and pain.'>!? The anti-inflammatory
potential of CO can potentially improve the therapeutic management of tendinopathies, and
therefore it offers a valid alternative to the current treatments.”” In this context, aim of our
study is to develop new dual-active CORMs where the cytoprotective effect of released CO

is accompanied by PGE:reduction following COX inhibition.
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Abstract: Carbon monoxide (CO) can prevent cell and tissue damage by restoring redox homeostasis
and counteracting inflammation. CO-releasing molecules (CORMs) can release a controlled amount
of CO to cells and are emerging as a safer therapeutic alternative to delivery of CO in vivo. Sustained
oxidative stress and inflammation can cause chronic pain and disability in tendon-related diseases,
whose therapeutic management is still a challenge. In this light, we developed three small subsets
of 1,5-diarylpyrrole and pyrazole dicobalt(0)hexacarbonyl (DCH)-CORMs to assess their potential
use in musculoskeletal diseases. A myoglobin-based spectrophotometric assay showed that these
CORMs act as slow and efficient CO-releasers. Five selected compounds were then tested on human
primary-derived tenocytes before and after hydrogen peroxide stimulation to assess their efficacy
in restoring cell redox homeostasis and counteracting inflammation in terms of PGE, secretion.
The obtained results showed an improvement in tendon homeostasis and a cytoprotective effect,
reflecting their activity as CO-releasers, and a reduction of PGE, secretion. As these compounds
contain structural fragments of COX-2 selective inhibitors, we hypothesized that such a composite
mechanism of action results from the combination of CO-release and COX-2 inhibition and that these
compounds might have a potential role as dual-acting therapeutic agents in tendon-derived diseases.

Keywords:
carbon monoxide

CO-releasing molecules; tenocytes; PGE,; 1,5-diarylpyrrole; 1,5-diarylpyrazole;

1. Introduction

CO-releasing molecules (CORMs) can release carbon monoxide (CO) either sponta-
neously, enzymatically, or triggered by an external stimulus [1]. Their therapeutic potential
relies on the release of a limited amount of CO. Along with NO and H,S, CO is the third
small signaling molecule and is produced endogenously by enzymes of the Heme Oxyge-
nase (HO) class through heme oxidative degradation. The expression of the HO inducible
isoform (HO-1) is triggered by cell responses toward oxidative stress and inflammation
and results in cyto- and tissue protection. HO-1 metabolites, including CO, are important
in restoring redox homeostasis and resolution of inflammation, and it has been widely
demonstrated that the HO-1/CO axis can help to prevent cellular and tissue damage. There-
fore, the manipulation of the HO-1/CO system is an attractive strategy to treat conditions
linked to oxidative-stress-induced inflammation, such as lung hyper-inflammation in cystic
fibrosis, sepsis and modulation of chronic pain [2-7]. The chemistry of CO is unique: unlike
NO and H;S that react indiscriminately with intracellular targets, CO offers the advantage
of binding only to transition metals in a low oxidation state. Such preferential reactivity,
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along with its greater stability, makes it a more versatile candidate for the development of
gaseous-based pharmaceuticals [8]. Indeed, gaseous CO has great potential as a therapeutic
tool and has been found beneficial in the treatment of several inflammatory, cardiovascular,
and neurological diseases [9-12]. For low-dose CO inhalation, the feasibility of the first
clinical trials has been recently assessed [13]. However, the accurate delivery of gaseous
CO to its molecular targets through inhalation is challenging, and inhalation therapy is
hampered by CO low bioavailability and high affinity to hemoglobin, with consequent
toxicity [14]. In this scenario, CORMs have emerged as a safer and attractive therapeutic
strategy to deliver a controlled amount of CO to cells. To date, most of the developed
CORMs are metal carbonyl complexes (MCCs) [15,16]. Indeed, considering the preferential
reactivity of CO for transition metals in a low oxidation state, organometallic complexes
have emerged as suitable models to safely deliver CO in vivo and generate innovative
therapeutic agents with reasonable pharmacological properties. These molecules have an
octahedral shape with six ligands around a central metal and can release CO spontaneously,
mainly through hydrolysis in biological buffers. Romao and co-workers [17] introduced
a conceptual model to rationalize and improve the design of MCCs with appropriate
pharmaceutical properties. This model comprises three portions: (i) a metal core, which
accounts for toxicity and the main properties of the MCG; (ii) a coordination-sphere, which
influences the electronic density around the metal, tuning the stability and the chemical
behavior of the whole complex and triggering CO release under specific conditions; and
(iii) a drug-sphere, obtained through modulation of the distal sites of the metal complexes
and accounting for pharmacological properties and drug-likeness.

The choice of the transition metal is crucial to design metal-based CORMs. CORMs
containing an atom of cobalt (dicobalt(0)hexacarbonyl complexes, DCH) are innovative CO-
releasing agents with interesting biological features and good CO-release kinetics [18-25].
The DCH metal core is a hexacarbonyl dicobalt moiety (Co,COg) coordinated through an
alkyne bond, which is in turn linked to the drug sphere. One of the main advantages of
DCH-CORMs is their synthetic accessibility. Indeed, this highly versatile chemical scaffold
is easy to synthesize, facilitating the chemical manipulation of the drug sphere. A series of
dual acting DCH-CORMs-carbonic anhydrase inhibitors (CAI-CORMs) have very recently
shown promising anti-inflammatory properties under oxidative-stress conditions in differ-
ent oxidative-based disease models [22,23]. Interestingly, Gallorini et al. [26] demonstrated
that some of these compounds were able to differentially modulate inflammation and coun-
teract the HyO,-induced stress in rotator-cuff-derived human tenocytes, which activate the
nuclear factor erythroid 2 [NF-E2]-related factor 2 (Nrf2) /HO-1/CO pathway to mitigate
oxidative stress. It has also been reported that sustained oxidative stress causes aberrant
cytokine secretion in a model of rotator cuff disease (RCD) in vitro [27]. Oxidative stress
endurance and, consequently, inflammation occurrence, are considered the major factors
causing the failure of tendon healing in clinical practice and can lead to chronic pain and
disability. Moreover, the benefits of non-steroidal anti-inflammatory drug (NSAID)-based
therapy in the acute phase are broadly accepted, but their use in chronic tendon-related
diseases is still controversial [28]. Therefore, an innovative therapeutic approach for the
treatment of tendon-derived diseases is urgently needed, as their therapeutic management
remains a challenge.

In this light, we synthesized a small set of 1,5-diarylpyrrole and 1,5-diarylpyrazole-
based DCH-CORM s linked through a propargylic chain (compounds 1-9, Figure 1). Ac-
cording to the Romao model, the first aim of this study was to analyze the influence of
different electronic and steric properties of the drug sphere on the CO release rate. Five
selected compounds (1-5) were then tested on human primary tendon-derived cells stimu-
lated with a low concentration of hydrogen peroxide (H,0,), using the NSAID Meloxicam
as a reference compound. The present work aims to assess their efficacy in restoring cell
redox homeostasis and counteracting inflammation in terms of PGE; secretion and at
investigating their potential use in vitro to manage musculoskeletal diseases.

51



52

Antioxidants 2021, 10, 1828

30f13

7

(oc) 5002

@/FC @Jﬂ r{_° [y °
HaCO,S H3CO,S N N

(OC)eCo,

My o X [}

/ \ HaCO,S N o g

HzNO,S @ _] ey 3
F o

Oc)s 0z

(00)5% (OC)sCoj/%
o) o]

5, 2

(oc) ECoZ

‘ Drug sphere ‘—‘ Coordination sphere }—‘ Metal core ‘
C02(CO)s C0,(CO)s
o S
A Y : f
N :
N / \N 3 N,N
N’ 1 FsC
: H '
! 1H-pyrazole !
F N ' F
8 9

Figure 1. Chemical structures and conceptual model of compounds 1-9.

2. Materials and Methods
2.1. Chemistry

All chemicals used were obtained from commercial sources (Merck, Acros, Syngene)
and were used as supplied without further purification. Merck silica gel 60 (230-400 mesh)
and Merck aluminum oxide (activity II-II, according to Brockmann) were used for chro-
matographic columns with the indicated solvents. Merck TLC plates (silica gel 60 F254 and
aluminum oxide F254) were used to monitor all operations, and then compounds were
visualized under UV light (254 and 365 nm) and/or stained with the relevant reagents.
The yields were not optimized and refer to the purified products. 13C NMR and "H NMR
spectra were recorded on a Bruker Avance III NMR 400 spectrometer with reference to
tetramethylsilane (TMS) in the indicated solvent. Chemical shift values are expressed in
parts per million (ppm). Coupling constants (J) are reported in hertz with signal multiplici-
ties indicated as singlet (s), doublet (d), triplet (t), quadruplet (q) and multiplet (m). When
specified, ChemDraw Professional 16.0 was used to generate systematic compound names
following IUPAC conventions. Detailed synthetic procedures and spectroscopic data are
reported in the Supplementary Materials.
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2.2. CO-Release Assay

All reagents were of analytical grade and purchased from Merck. Gaseous CO was ob-
tained from Rivoira (Milan, Italy). A Shimadzu UV1900 UV-Vis Spectrophotometer from 275
to 700 nm at the scanning rate of 200 nm/min was used to record UV-Vis absorption spectra
in a disposable plastic cuvette (path length 0.44 cm). An Origin Lab software generated
second derivative spectra, and the Savitzky-Golay method was applied using 25 data
points for the differentiation process. Neither an increase nor a decrease in the number of
points caused changes in the wavelength or in the bandwidth. Lyophilized horse heart
Mb was dissolved in phosphate buffered saline flushed with N (PBS, 0.01 M, pH 7.4 to
a 20-22 uM final concentration). Two milliliters of this freshly prepared stock solution
were placed in a cuvette to record the UV-Vis absorption spectrum of met-Mb. Next, the
solutions were divided into two: 10 uL of sodium dithionite (30 mg/mL) were added to
the first half (reference) and the UV-Vis spectrum of deoxy-Mb was registered. After that,
the solution was flushed with CO gas, and the Mb-CO spectrum was acquired. Sodium
dithionite was added to the second half (sample), and a spectrum was recorded. After-
wards, a CORM DMSO solution was added to a final CORM concentration of 3.33 uM and
gently mixed. The solution was covered with 300 uL of light mineral oil to avoid CO escap-
ing and oxygenation of Mb, and the absorption spectrum was recorded at t = 0. Spectra
were acquired every 30 min for 210 min, keeping the sample at 37 °C. When necessary,
a freshly prepared sodium dithionite solution was added. After 210 min, the total Mb
concentration at the end of the assay was determined by flushing the sample with CO gas.
Mb-CO concentration at each time point was determined as previously reported [23]. Each
experiment was replicated three times, and the data were expressed as mean = SEM.

2.3. Cell Culture

Human tenocytes (#TEN-F; ZenBio Inc.; Durham, NC, USA) were maintained in
complete alpha-MEM (EuroClone, Milan, Italy) supplemented with 10% of heat-inactivated
FBS (Gibco, ThermoFisher Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin
(EuroClone, Milan, Italy) at 37 °C and 5% CO; and used from passage 3 up to passage 6.

2.4. Cell Treatment

Cells were seeded in 96-well plates (0.5 x 10*/well) (ThermoFisher Scientific, Waltham,
MA, USA) and left to adhere overnight at 37 °C and 5% CO,. In a first set of experiments,
tendon-derived cells were treated with increasing concentrations of compounds 1-5 in the
range 0-100 uM for 24 and 72 h. Compounds were dissolved in DMSO to obtain a 200 mM
stock solution, and they were afterwards diluted in complete alpha-MEM (DMSO final
concentration = 0.1%) for further analyses. In a second set of experiments, tenocytes
were pre-incubated with 100 uM H,O, for 3 h. After that, the pre-incubation medium
was discarded and replaced with a fresh one containing the proper CORM at increasing
concentrations for 24 and 72 h. At the established time points, samples were processed for
further analyses.

2.5. Cell Metabolic Activity

At the established time points (24 and 72 h), the incubation medium was harvested for
further analyses, and complete alpha-MEM containing 0.5 mg/mL MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide) (Sigma-Aldrich, St. Louis, MO, USA) was added
to each well. Afterwards, cells were incubated for 5 h at 37 °C and cell metabolic activity
was measured as already reported [29].

2.6. PGE, Secretion

Cell supernatants were collected from the 96-well plates used for the metabolic activity
assay (MTT) after 24 and 72 h, and PGE; secretion was analyzed. A commercial ELISA kit
(Enzo Life Sciences, Farmingdale, NY, USA) was used to measure the amount (pg/mL) of
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PGE; in the culture media, according to the manufacturer’s instructions. The PGE; concen-
tration in each sample was determined following a previously reported procedure [30].

3. Results and Discussion
3.1. Chemistry

Compounds 1-9 were easily synthesized in good yields by reacting the terminal alkyne
of propargylic intermediates and dicobalt(0)carbonyl octacarbonyl in tetrahydrofuran
(THF). Detailed synthetic procedures are reported in the Supporting Information.

3.2. CO Release Assay

The CO releasing behaviors of compounds 1-9 were evaluated through a myo-
globin (Mb)-based spectrophotometric assay, considered the gold standard to analyze
the CO releasing kinetics and a key criterion to select CORM structures [17,31]. This
method analyzes the release of CO from CORMs by following the conversion of deoxy-
myoglobin (deoxy-Mb(II)) into CO-myoglobin (CO-Mb(II)) over time by UV-Vis spec-
troscopy. A 3.3 uM solution of compounds 1-9 was incubated with a 20 uM solution of
deoxy-Mb (CORM/Mb 1:6 ratio), and a reducing agent (sodium dithionite) was added
to prevent oxidation of deoxy-Mb(II) to Met-Mb(III). Changes in the absorption band in
the Soret region of deoxy-Mb and Mb-CO were recorded every 30 min for 210 min, and a
second derivative approach was applied to clearly discriminate between the three forms
of Mb (deoxy-Mb, Mb-CO and Met-Mb). The relative amount of CO produced over time
was calculated following a previously reported equation [23,32], and a correction factor
was applied to account for Mb degradation induced by sodium dithionite. Concentration
values of Mb-CO formed over time by compounds 1-9 are reported in Table 1. Their
CO-release profiles are shown in Figure 2A-C, along with their T; /1 values, defined as the
time necessary for a CO-RM to produce a concentration of CO-Mb of 1/10 of the initial
(Figure 2D). The number of CO units released by CORMs 1-9 after 210 min is reported in
Table 2. For selected compounds, the assay was performed using a 1:1 CORM/Mb ratio
(Figure 3A-D). The aim was to explore their ability to release CO in a less favored condition,
considering that CO release from CORMs is stimulated by an excess of Mb.

Table 1. MbCO formed at each time point when compounds 1-9 were analyzed at 1:6 CORM:Mb ratio.

Time MbCO Formed (uM)

(min) 1 2 3 4 5 6 7 8 9
0 0 0 0 0 0 0 0 0 0
30 0.56 0.58 0.50 0.52 0.63 0.82 0.57 0.56 0.08
60 0.88 1.03 1.01 1.15 1.09 146 0.91 0.77 045
) 1.49 159 1.50 1.42 135 2.09 1.27 0.95 059

120 1.90 1.76 1.90 1.86 1.57 245 1.52 1.24 0.74
150 2.32 2.06 2.07 2.37 1.72 3.12 1.68 1.37 0.99
180 2.28 220 231 2.35 1.85 3.08 1.88 1.57 1.09
210 2.25 222 248 2.51 212 3.05 2.00 1.75 122

Table 2. CO units released by compounds 1-9 after 210 min of incubation working at 1:6 CORM-Mb
ratio and by compounds 1, 5 and 6 at 1:1 CORM-Mb ratio.

CO Units
Released after 210 min 2 3 4 8 ¢ 7 s ’
3.33 uM (1:6) 068 067 074 075 064 092 060 053 037
20 uM (1:1) 0.11 - - - 011 012 - - -
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Figure 2. (A-C): CO-release profiles of compounds 1-9 as Mb-CO formed over time (1:6 CORM:Mb ratio); (D): Ty /1o values
for compounds 1-4 and 6 (defined as the time necessary for a CORM solution to produce a Mb-CO concentration of 1/10 of

the initial).
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All the tested compounds were effective CO releasers, with CO release kinetics com-
parable to previously reported DCH-CORM s (slow CO release up to 210 min) [22,23,33].
The obtained data showed considerable differences among the analyzed compounds, de-
pending on the heterocyclic nucleus and the different alkyne system linked to the DCH
group (Table 1).

As shown in Figure 1, compounds 1-5 bear a propynyl-pyrrol-3-yl-acetate moiety,
compound 6 a propynyl-pyrrole-2-carboxylate motif and compound 7 a propynyl ben-
zoate group at position 1 of the pyrrole ring. Compounds 8 and 9 are characterized by
a 3-((prop-2-yn-1-yloxy)methyl)-1H-pyrazole scaffold. Derivatives 1-5 showed comparable
kinetics, with a sustained release of CO over time (Figure 2A). The kinetics of release
were almost superimposable over the first 120 min, with negligible differences over the
last 90 min. Despite slight differences in their T4 ,1o (Figure 2D), the comparison of the
units of CO released over time (Table 2) displayed a very similar behavior within the
series, suggesting that the substitution pattern on the aryl rings only slightly impacts
their CO-releasing abilities. In particular, compounds 1, 2 and 5, bearing a sulfonyl group
on the aryl ring at C5, released almost the same amount of CO at the end of the assay
(0.64-0.68 CO units, Table 2). Compounds 3 and 4, both decorated with a sulfamoylphenyl
moiety at position 1 of the pyrrole, displayed very similar behavior and released a com-
parable amount of CO after 210 min (0.74-0.75 CO units, Table 2). Pyrrole 6 showed
a completely different CO releasing profile (Figure 2B,C) and was the fastest and most
efficient CO-releaser of the series, with a Ty /19 value of 99.01 min (Figure 2D) and 0.92 CO
units released after 210 min (Table 2). This compound showed a fast release of CO over the
first 120 min, which reaches a maximum at 150 min and then slows down. When compared
to its analogue 1, compound 6 produced a 1.35-fold higher amount of Mb-CO at each
time point until the end of the assay. These data suggest that the group bearing the DCH
moiety and the chemical space around it strongly influences the CO release kinetic. The
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CO releasing behavior of compound 7 supported this hypothesis: indeed, it releases CO
slower than compounds 1-5, although reaching almost the same amount of Mb-CO after
210 min of incubation (Figure 2B,C). Differently from compounds 1-6, the DCH portion
of this compound is linked to a propynyl benzoate group at position 1 of the pyrrole
ring, suggesting that the electronic structure can induce different CO releasing properties.
Pyrazoles 8 and 9 showed different CO releasing profiles (Figure 2C). At the end of the
assay, these compounds produced much smaller values of Mb-CO (1.75 uM and 1.22 uM
for 8 and 9, respectively, Table 1) than compounds 1-7 at the same time point. Therefore, it
is interesting to note that the 3-((prop-2-yn-1-yloxy)-methyl)-1-pyrazole moiety is probably
detrimental in terms of CO releasing efficiency when compared to acetate, carboxylate or
benzoate moieties decorating compounds 1-7. Previous studies reported the impact of the
group bearing the DCH moiety in determining the CO releasing properties [22,23]. The
different CO release kinetics observed for compounds 1-9 confirm the influence of the drug
sphere on CO releasing properties and suggest that both the electronic density around the
pyrrole/pyrazole ring and the group bearing the DCH moiety strongly impact the rate
of CO release, yet further studies are needed to better characterize this phenomenon. To
further explore the releasing properties of these derivatives, we selected compounds 1, 5
and 6 to be studied at different CO-RM:Mb ratios (Figure 3).
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Figure 3. CO release profiles of compounds 1 (A), 5 (B) and 6 (C) analyzed at 1:6 (filled square) and 1:1 (empty triangles)
CORM-Mb ratios; (D): CO units released by compounds 1, 5 and 6 after 210 min of incubation working at 1:6 (blue columns)
and 1:1 (orange columns) CORM-Mb ratios.

As mentioned above, an excess of the CO acceptor (Mb) stimulates the CO release from
CORMs. Thus, we expected a decrease in CO release at 1:1 CO-RM:Mb ratio. As shown
in Figure 3, after 210 min of incubation, compounds 1, 5 and 6 released a lower amount
of CO when compared to the one observed in 1:6 conditions (Figure 2). Moreover, all the
compounds released the same CO units (0.11-0.12 CO units), regardless of their different
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chemical structure. Therefore, disfavoring the CO release seems to reduce the differences
in CO releasing efficiencies observed when Mb is present in excess (1:6/ CO-RM:Mb).

3.3. Effects of Compounds 1-5 on Human Tenocytes

Once the influence of electronic and steric properties on CO release has been estab-
lished, a fine-tuning of the drug sphere should also focus on treating particular conditions
and on the biological activity of the drug sphere itself [17,34]. Compounds 1-5 drug sphere
belongs to a series of sulphone and sulfamoyl diarylpyrrole derivatives developed by our
research group as COX-2 selective inhibitors [35-39]. This class of compounds showed
promising in vitro and in vivo anti-nociceptive and anti-inflammatory properties and toler-
ates a wide range of substituents at position C3. As augmented PGE; levels are a marker
of oxidative-stress inflammation, the modulation of PGE, secretion might be a valuable
strategy for therapeutic intervention of tendon diseases [27,40]. We therefore speculated
that the conjugation of a COX-2 inhibiting scaffold and a CO-releasing moiety could help
to achieve promising CORM-candidates for the treatment of tendon inflammatory-based
diseases, as COX-2 inhibition and CO release could act synergically to resolve inflammation
and restore oxidative homeostasis. Moreover, the conjugation of structural fragments of
anti-inflammatory drugs with metal carbonyl moieties is well documented in the litera-
ture [18,19,24], and the five selected compounds showed quite similar CO release profiles
(Figure 2), allowing us to make a proper comparison and rationalization of the observed
biological activities. To help to discriminate between COX-2 mediated and independent
activities, the efficacies of these compounds against inflammation and oxidative cytotoxi-
city were studied through the analysis of different parameters: the metabolic activity of
tenocytes before and after H,O, stimulation and the quantification of PGE, secretion.

Tendinopathies are characterized by a higher level of tenocyte apoptosis and a de-
creased metabolic activity, which can reduce the resistance of tendon structures and lead to
failure in healing [41,42]. Unstimulated tenocytes were therefore exposed to increasing con-
centrations of CORMs to evaluate their biocompatibility and effects under non-oxidative
stress conditions (Figure 4). It is worth noting that Meloxicam exerted no significant effects
on tenocytes when administered in the same experimental conditions [26].

On the other hand, compounds 1-5 significantly increased the metabolic activity
of tendon-derived cells after 24 h, as observed for CAI-CORMs hybrids [26]. In more
detail, all the tested compounds showed a dose-dependent rise up to 25-50 uM already
after 24 h of exposure, which was particularly significant in the presence of compounds 3
and 5. Interestingly, the tested compounds seemed less active after a 72 h exposure, as the
metabolic activity was comparable to that of the control up to the concentration of 25 uM.
This might be related to their slightly different CO release kinetics, but further studies are
needed to corroborate this hypothesis.

3.4. Establishment of the Inflammatory Cell Model and Effects of Compounds 1-5 on Human
Tenocytes under Oxidative Stress Conditions

These preliminary results highlighted that compounds 1-5 have good proliferative
effects on tendon-derived cells and provided a proof-of-concept that the biological fea-
tures of these compounds are not only COX-2 mediated but also rely on CO release. As
reported elsewhere [43], increasing cell metabolism and proliferation are particularly im-
portant for tendon tissue repair after the acute inflammatory phase. With this rationale,
compounds 1-5 were tested in sub-toxic oxidative stress conditions in vitro [26] to inves-
tigate their ability to counteract H,O,-induced oxidative stress. After 3 h of incubation
with 100 uM H,0,, human tenocytes were exposed to increasing concentrations of CORMs.
As reported in Figure 5, all the tested compounds were more active than Meloxicam in
increasing the cell metabolism of tenocytes. Notably, compounds 3-5 were the most active
of the series. In particular, compound 3 showed an outstanding efficacy, being able to
increase metabolic activity up to 166.2% after 72 h when administered at 25 uM. Unlike
under non-oxidative stress conditions, the percentage of metabolically active tenocytes
increases after 72 h. This observation suggests a composite mechanism of action, which
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probably results from the combination of COX-2 inhibition and CO release. Consistent
with previously obtained results, activities were maximum at 25 uM, then decreased at the

higher concentrations tested.
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Figure 4. Metabolic activity of human primary tendon-derived cells exposed to increasing concentrations of CORMs
(compounds 1-5) after 24 and 72 h. The control sample (0 uM = cells treated with DMSO 0.1%) is set as 100%. a = p < 0.01;

b =p <0.001; c = p < 0.0001 between cells treated with CORMs and the control sample.
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3.5. Effects of Compound 1-5 on PGE, Secretion

Anti-inflammatory COX-related activities of compounds 1-5 were evaluated by quan-
tifying PGE, secretion in the established oxidative stress conditions in vitro (Figure 6).
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Figure 6. PGE, secretion from HyO,-pre-incubated human primary tendon-derived cells in the presence of increasing
concentrations of CORMs after 24 and 72 h. Cells were pre-incubated with HyO, 100 uM for 3 h. 0 uM = cells pre-incubated
with HyO, and treated with DMSO 0.1%. The amount of PGE; secreted (pg/mL) was normalized on cell metabolic activity
data, resulting in the PGE; secreted from each sample (total picograms). a =p < 0.01;b = p < 0.001; ¢ = p < 0.0001 between
cells treated with CORMs and the control sample. f = p < 0.0001 between cells exposed to CORMs and cells pre-treated with

HZOZ for 3 h.
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Consistent with literature data [27], even a short exposure to HyO, for 3 h increased
PGE, secretion up to 1014.2 pg (Figure 6). Notably, all the tested compounds lowered
the amount of PGE; compared to the HyO, pre-incubation but were less effective than
Meloxicam (Figure 6). Compared to our previous experiments, the obtained data revealed
a different trend of activity: compounds 1, 2 and 5 showed remarkable anti-inflammatory
effects and considerably reduced PGE, secretion already at 24 h and mainly at 25 uM
(240.5 pg, 84.8 pg and 357.1 pg, respectively), whereas compounds 3 and 4 were less
efficient. Moreover, the modulation of PGEj is time-dependent, being that this cytokine
decreased over the time. Actually, the amount of PGE, was almost halved with all the
tested compounds after 72 h of exposure compared to 24 h treatment (Figure 6). These
findings support the hypothesis that the observed anti-inflammatory effects rely on a
COX-2 mediated mechanism of action and that the organometallic complexes retain the
ability to inhibit COX-2.

Collectively, HO-1 expression and enzymatic activity are confirmed to influence posi-
tively and negatively both innate and adaptive immune responses; this dual action seems
to be related to the stage of the inflammatory response or disease. The therapeutic potential
of HO-1 may rely on limiting early inflammation, hampering successive tissue damage and
modulating key pathways in most cell types of the immune system, given the complexity
of heme catabolism and the role of HO-1 as a critical mediator of innate immune response.
Immunomodulation is mostly related to higher demolition of the pro-inflammatory heme
group, macrophage activation towards an anti-inflammatory macrophage profile with
reduced secretion of pro-inflammatory cytokines and iNOS and interferon production
by macrophages and dendritic cells. Indeed, T cells constitutively express HO-1, and
their expansion regulatory is positively influenced by a tolerogenic phenotype sustained
through HO-1 induction in dendritic cells. HO-1 modulation or application of low concen-
trations of CO to LPS-challenged macrophages reduced TNF-« and IL-1f3 expression and
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simultaneously stimulated the anti-inflammatory IL-10 production through p38-MAPK
activity [44-46].

This context was particularly evident in models of tendon-related diseases. In this
light, the role of the macrophage is an area of emerging interest in tendinopathies and
in general in the healing of tendons. In fact, inflammation appears to be driven by a
high number of infiltrating macrophages at the inflamed tendon site [47]. Furthermore,
damaged tendons from patients with tendinopathy show an abundance of CD14* and
CD68* activated macrophages [48]. We have already reported that CORM hybrids exert
their biological effects both on inflamed macrophages and tenocytes [22,26], disclosing
a challenging field of application for molecules active on the HO-1/CO molecular axis
not strictly related to the immune system. Finally, although once considered cells not
involved in the immune-regulation and only related to tendon remodeling, tenocytes have
been disclosed as active cells, secreting cytokines and expressing inflammation-related
proteins [27].

4, Conclusions

We developed a novel series of DCH-CORMs based on a 1,5-diarylpyrrole scaffold.
The screening of three small subsets of 1,5-diarylpyrroles and pyrazoles in a CO release
assay allowed us to define the influence of the drug sphere electronic density on the kinetics
of CO release. Based on these results, a series of 1,5-diarylpyrroles containing structural
fragments of COX-2 selective inhibitors were selected for further biological studies on
human primary tendon-derived cells. The observed results suggested the existence of
different mechanisms of action and allowed us to conclude that the activities of these
compounds result from the combination of COX-inhibition and CO release. Indeed, the
obtained data suggest a multiple role for compounds 1-5 in tendon-derived diseases:
a direct effect on tendon homeostasis and a cytoprotective effect in human tenocytes
exposed to oxidative stress, reflecting their activity as CO-releasers, and a reduction of
PGE; secretion, indicating a COX-2 mediated anti-inflammatory effect. Taken together,
these findings indicate that these compounds could be potential double-acting therapeutic
agents for the management of tendon-related diseases. Further studies are needed to better
characterize their composite mechanism of action and the contribution of COX-2 inhibition
to their biological activities.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox10111828/s1, Scheme S1: Synthetic pathway for compounds 1-5, Scheme S2: Synthetic
pathway for compound 6, Scheme S3: Synthetic pathway for compound 7, Scheme S4: Synthetic
pathway for compounds 8,9.

Author Contributions: F.A., methodology, data curation and formal analysis; S.C. (Sara Consalvi),
supervision, formal analysis, writing—original draft and writing—review and editing; S.C. (Simone
Carradori), E.B., M.G. and A.G., methodology, data curation and formal analysis; C.C., supervision
and formal analysis; S.C. (Simone Carradori) and M.B., conceptualization, funding acquisition, project
administration and supervision; G.P., conceptualization, funding acquisition, project administration,
supervision, data curation and writing—review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This work has been supported by the Italian Ministry of Education, Universities and
Research—Dipartimenti di Eccellenza—L. 232/2016 and intramural grants to C.C. (FAR2019).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

Chapter 2



Antioxidants 2021, 10, 1828 120f13

References

1. Zobi, F. CO and CO-Releasing Molecules in Medicinal Chemistry. Future Med. Chem. 2013, 5, 175-188. [CrossRef]

2. Ryter, S.W,; Choi, A M.K. Heme Oxygenase-1/Carbon Monoxide. Am. |. Respir. Cell. Mol. Biol. 2009, 41, 251-260. [CrossRef] [PubMed]

3. Constantin, M.; Choi, A.].S.; Cloonan, S.M.; Ryter, S.W. Therapeutic Potential of Heme Oxygenase-1/Carbon Monoxide in Lung
Disease. Int. |. Hypertens 2012, 2012, e859235. [CrossRef]

4.  Motterlini, R.; Haas, B.; Foresti, R. Emerging Concepts on the Anti-Inflammatory Actions of Carbon Monoxide-Releasing
Molecules (CO-RMs). Med. Gas. Res. 2012, 2, 28. [CrossRef]

5.  Castruccio Castracani, C.; Longhitano, L.; Distefano, A.; Di Rosa, M.; Pittala, V.; Lupo, G.; Caruso, M.; Corona, D.; Tibullo, D.; Li
Volti, G. Heme Oxygenase-1 and Carbon Monoxide Regulate Growth and Progression in Glioblastoma Cells. Mol. Neurobiol. 2020,
57, 2436-2446. [CrossRef]

6.  DiPietro, C.; Oz, H.H.; Murray, T.S.; Bruscia, E.M. Targeting the Heme Oxygenase 1/Carbon Monoxide Pathway to Resolve Lung
Hyper-Inflammation and Restore a Regulated Immune Response in Cystic Fibrosis. Front. Pharmacol. 2020, 11, 1059. [CrossRef]

7. Pol, O. The Role of Carbon Monoxide, Heme Oxygenase 1, and the Nrf2 Transcription Factor in the Modulation of Chronic Pain
and Their Interactions with Opioids and Cannabinoids. Med. Res. Rev. 2021, 41, 136-155. [CrossRef]

8.  Motterlini, R.; Otterbein, L.E. The Therapeutic Potential of Carbon Monoxide. Nat. Rev. Drug. Discov. 2010, 9, 728-743. [CrossRef]

9.  Foresti, R.; Bani-Hani, M.G.; Motterlini, R. Use of Carbon Monoxide as a Therapeutic Agent: Promises and Challenges. Intensive
Care Med. 2008, 34, 649-658. [CrossRef]

10. Knauert, M.; Vangala, S.; Haslip, M.; Lee, P.J. Therapeutic Applications of Carbon Monoxide. Oxid. Med. Cell. Longev. 2013, 2013,
e360815. [CrossRef]

11. Hess, D.R. Inhaled Carbon Monoxide: From Toxin to Therapy. Respir. Care 2017, 62, 1333-1342. [CrossRef] [PubMed]

12.  Adach, W,; Blaszczyk, M.; Olas, B. Carbon Monoxide and Its Donors—Chemical and Biological Properties. Chem. Biol. Interact
2020, 318, 108973. [CrossRef] [PubMed]

13.  Goebel, U.; Wollborn, J. Carbon Monoxide in Intensive Care Medicine—Time to Start the Therapeutic Application?! Intensive Care
Med. Exp. 2020, 8, 2. [CrossRef] [PubMed]

14. Ling K;Men, E; Wang, W-C.; Zhou, Y.-Q.; Zhang, H-W.; Ye, D.-W. Carbon Monoxide and Its Controlled Release: Therapeutic Application,
Detection, and Development of Carbon Monoxide Releasing Molecules (CORMS). J. Med. Chem. 2018, 61, 2611-2635. [CrossRef]

15.  Cavicchioli, E; Cesarotti, LM.; Fangman, M.; Lua, J.; Hautamaki, R.; Doré, S. Carbon Monoxide Therapy Using Hybrid Carbon
Monoxide-Releasing /Nrf2-Inducing Molecules through a Neuroprotective Lens. Chemistry 2021, 3, 800-817. [CrossRef]

16. Kautz, A.C,; Kunz, PC,; Janiak, C. CO-Releasing Molecule (CORM) Conjugate Systems. Dalton Trans. 2016, 45, 18045-18063. [CrossRef]

17. Romao, C.C,; Blattler, W.A.; Seixas, ].D.; Bernardes, G.J.L. Developing Drug Molecules for Therapy with Carbon Monoxide. Chem.
Soc. Rev. 2012, 41, 3571-3583. [CrossRef]

18. Ott, I; Kircher, B.; Bagowski, C.P; Vlecken, D.H.W.; Ott, E.B.; Will, ].; Bensdorf, K.; Sheldrick, W.S.; Gust, R. Modulation of the Biological
Properties of Aspirin by Formation of a Bioorganometallic Derivative. Angew. Chem. Int. Ed. Engl. 2009, 48, 1160-1163. [CrossRef]

19. Zanellato, I; Bonarrigo, I.; Ravera, M.; Gabano, E.; Gust, R.; Osella, D. The Hexacarbonyldicobalt Derivative of Aspirin Acts as a
CO-Releasing NSAID on Malignant Mesothelioma Cells. Metallomics 2013, 5, 1604-1613. [CrossRef]

20. Heffern, M.C.; Yamamoto, N.; Holbrook, R.J.; Eckermann, A.L.; Meade, T.J. Cobalt Derivatives as Promising Therapeutic Agents.
Curr. Opin. Chem. Biol. 2013, 17, 189-196. [CrossRef]

21. Gong, Y,; Zhang, T.; Liu, H.; Zheng, Y.; Li, N.; Zhao, Q.; Chen, Y.; Liu, B. Synthesis, Toxicities and Cell Proliferation Inhibition of
CO-Releasing Molecules Containing Cobalt. Transit. Met. Chem. 2015, 40, 413-426. [CrossRef]

22. Berrino, E.; Carradori, S.; Angeli, A.; Carta, F; Supuran, C.T.; Guglielmi, P; Coletti, C.; Paciotti, R.; Schweikl, H.; Maestrelli, F; et al.
Dual Carbonic Anhydrase IX/XII Inhibitors and Carbon Monoxide Releasing Molecules Modulate LPS-Mediated Inflammation
in Mouse Macrophages. Antioxidants 2021, 10, 56. [CrossRef]

23. Berrino, E.; Milazzo, L.; Micheli, L.; Vullo, D.; Angeli, A.; Bozdag, M.; Nocentini, A.; Menicatti, M.; Bartolucci, G.; di Cesare
Mannelli, L.; et al. Synthesis and Evaluation of Carbonic Anhydrase Inhibitors with Carbon Monoxide Releasing Properties for
the Management of Rheumatoid Arthritis. |. Med. Chem. 2019, 62, 7233-7249. [CrossRef]

24. Li,].;Zhang,].; Zhang, Q.; Bai, Z.; Zhao, Q.; He, D.; Wang, Z.; Chen, Y.; Liu, B. Syntheses and Anti-Cancer Activity of CO-Releasing
Molecules with Targeting Galactose Receptors. Org. Biomol. Chem. 2018, 16, 8115-8129. [CrossRef] [PubMed]

25.  Perontsis, S.; Dimitriou, A.; Fotiadou, P,; Hatzidimitriou, A.G.; Papadopoulos, A.N.; Psomas, G. Cobalt(I) Complexes with the Non-Steroidal
Anti-Inflammatory Drug Diclofenac and Nitrogen-Donor Ligands. J. Inorg. Biochem. 2019, 196, 110688. [CrossRef] [PubMed]

26. Gallorini, M.; Berardi, A.C.; Ricci, A.; Antonetti Lamorgese Passeri, C.; Zara, S.; Oliva, F; Cataldi, A.; Carta, F,; Carradori, S. Dual
Acting Carbon Monoxide Releasing Molecules and Carbonic Anhydrase Inhibitors Differentially Modulate Inflammation in
Human Tenocytes. Biomedicines 2021, 9, 141. [CrossRef]

27. Oliva, F; Gallorini, M.; Antonetti Lamorgese Passeri, C.; Gissi, C.; Ricci, A.; Cataldi, A.; Colosimo, A.; Berardi, A.C. Conjugation
with Methylsulfonylmethane Improves Hyaluronic Acid Anti-Inflammatory Activity in a Hydrogen Peroxide-Exposed Tenocyte
Culture In Vitro Model. Int. ]. Mol. Sci. 2020, 21, 7956. [CrossRef]

28. Darrieutort-Laffite, C.; Soslowsky, L.J.; Le Goff, B. Molecular and Structural Effects of Percutaneous Interventions in Chronic

Achilles Tendinopathy. Int. J. Mol. Sci. 2020, 21, 7000. [CrossRef] [PubMed]

Chapter 2

61



62

Antioxidants 2021, 10, 1828 130f13

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

45.

46.

47.

48.

Zara, S.; De Colli, M.; di Giacomo, V.; Zizzari, V.L.; Di Nisio, C.; Di Tore, U,; Salini, V.; Gallorini, M.; Tete¢, S.; Cataldi, A. Zoledronic
acid at subtoxic dose extends osteoblastic stage span of primary human osteoblasts. Clin. Oral. Investig. 2015, 19, 601-611.
[CrossRef] [PubMed]

Marconi, G.D.; Gallorini, M.; Carradori, S.; Guglielmi, P; Cataldi, A.; Zara, S. The Up-Regulation of Oxidative Stress as a Potential
Mechanism of Novel MAO-B Inhibitors for Glioblastoma Treatment. Molecules 2019, 24, 2005. [CrossRef] [PubMed]

Atkin, AJ.; Lynam, ].M.; Moulton, B.E.; Sawle, P.; Motterlini, R.; Boyle, N.M.; Pryce, M.T.; Fairlamb, 1J.S. Modification
of the Deoxy-Myoglobin/Carbonmonoxy-Myoglobin UV-Vis Assay for Reliable Determination of CO-Release Rates from
Organometallic Carbonyl Complexes. Dalton Trans. 2011, 40, 5755-5761. [CrossRef]

Smulevich, G.; Droghetti, E.; Focardi, C.; Coletta, M.; Ciaccio, C.; Nocentini, M. A Rapid Spectroscopic Method to Detect the
Fraudulent Treatment of Tuna Fish with Carbon Monoxide. Food Chem. 2007, 101, 1071-1077. [CrossRef]

Wilson, J.L.; Fayad Kobeissi, S.; Oudir, S.; Haas, B.; Michel, B.; Dubois Randé, ].-L.; Ollivier, A.; Martens, T.; Rivard, M.;
Motterlini, R.; et al. Design and Synthesis of New Hybrid Molecules That Activate the Transcription Factor Nrf2 and Simultane-
ously Release Carbon Monoxide. Chem. Eur. J. 2014, 20, 14698-14704. [CrossRef] [PubMed]

Garcia-Gallego, S.; Bernardes, G.J.L. Carbon-Monoxide-Releasing Molecules for the Delivery of Therapeutic CO in Vivo. Angew.
Chem. Int. Ed. Engl. 2014, 53, 9712-9721. [CrossRef] [PubMed]

Biava, M.; Porretta, G.C.; Poce, G.; Supino, S.; Forli, S.; Rovini, M.; Cappelli, A.; Manetti, F; Botta, M.; Sautebin, L.; et al.
Cyclooxygenase-2 Inhibitors. 1,5-Diarylpyrrol-3-Acetic Esters with Enhanced Inhibitory Activity toward Cyclooxygenase-2 and
Improved Cyclooxygenase-2/Cyclooxygenase-1 Selectivity. . Med. Chem. 2007, 50, 5403-5411. [CrossRef] [PubMed]

Biava, M.; Porretta, G.C.; Poce, G.; Supino, S.; Manetti, F; Forli, S.; Botta, M.; Sautebin, L.; Rossi, A.; Pergola, C.; et al. Synthesis,
in Vitro, and in Vivo Biological Evaluation and Molecular Docking Simulations of Chiral Alcohol and Ether Derivatives of the
1,5-Diarylpyrrole Scaffold as Novel Anti-Inflammatory and Analgesic Agents. Bioorg. Med. Chem. 2008, 16, 8072-8081. [CrossRef]
Biava, M.; Porretta, G.C.; Poce, G.; Battilocchio, C.; Manetti, E.; Botta, M.; Forli, S.; Sautebin, L.; Rossi, A.; Pergola, C.; et al. Novel
Ester and Acid Derivatives of the 1,5-Diarylpyrrole Scaffold as Anti-Inflammatory and Analgesic Agents. Synthesis and in Vitro
and in Vivo Biological Evaluation. ]. Med. Chem. 2010, 53, 723-733. [CrossRef]

Battilocchio, C.; Poce, G.; Alfonso, S.; Porretta, G.C.; Consalvi, S.; Sautebin, L.; Pace, S.; Rossi, A.; Ghelardini, C.; Di Cesare
Mannelli, L.; et al. A Class of Pyrrole Derivatives Endowed with Analgesic/Anti-Inflammatory Activity. Bioorg. Med. Chem. 2013,
21, 3695-3701. [CrossRef]

Consalvi, S.; Alfonso, S.; Di Capua, A.; Poce, G.; Pirolli, A.; Sabatino, M.; Ragno, R.; Anzini, M.; Sartini, S.; La Motta, C.; et al.
Synthesis, Biological Evaluation and Docking Analysis of a New Series of Methylsulfonyl and Sulfamoyl Acetamides and Ethyl
Acetates as Potent COX-2 Inhibitors. Bioorg. Med. Chem. 2015, 23, 810-820. [CrossRef]

Bergqvist, E; Carr, A.J.; Wheway, K.; Watkins, B.; Oppermann, U.; Jakobsson, P-J.; Dakin, S.G. Divergent Roles of Prostacyclin
and PGE2 in Human Tendinopathy. Arthritis Res. Ther. 2019, 21, 74. [CrossRef]

Osti, L.; Berardocco, M.; di Giacomo, V.; Di Bernardo, G.; Oliva, F.; Berardi, A.C. Hyaluronic Acid Increases Tendon Derived
Cell Viability and Collagen Type I Expression in Vitro: Comparative Study of Four Different Hyaluronic Acid Preparations by
Molecular Weight. BMC Musculoskelet Disord. 2015, 16, 284. [CrossRef] [PubMed]

Gallorini, M.; Petzel, C.; Bolay, C.; Hiller, K--A.; Cataldi, A.; Buchalla, W.; Krifka, S.; Schweikl, H. Activation of the Nrf2-Regulated
Antioxidant Cell Response Inhibits HEMA-Induced Oxidative Stress and Supports Cell Viability. Biomaterials 2015, 56, 114-128. [CrossRef]
Sharma, P.; Maffulli, N. Biology of Tendon Injury: Healing, Modeling and Remodeling. ]. Musculoskelet. Neuronal. Interact. 2006, 6,
181-190. [PubMed]

Canesin, G.; Hejazi, S.M.; Swanson, K.D.; Wegiel, B. Heme-Derived Metabolic Signals Dictate Inmune Responses. Front. Immunol.
2020, 11, 66. [CrossRef] [PubMed]

Fernandez-Fierro, A.; Funes, 5.C.; Rios, M.; Covian, C.; Gonzilez, |.; Kalergis, A.M. Inmune Modulation by Inhibitors of the HO
System. Int. ]. Mol. Sci. 2020, 22, 294. [CrossRef] [PubMed]

Campbell, N.K; Fitzgerald, H.K.; Dunne, A. Regulation of Inflammation by the Antioxidant Haem Oxygenase 1. Nat. Rev.
Immunol. 2021, 21, 411-425. [CrossRef] [PubMed]

Frich, L.H.; Fernandes, L.R.; Schreder, H.D.; Hejbel, EK.; Nielsen, PV.; Jorgensen, PH.; Stensballe, A.; Lambertsen, K.L. The Inflammatory
Response of the Supraspinatus Muscle in Rotator Cuff Tear Conditions. J. Shoulder. Elbow. Surg. 2021, 30, €261-€275. [CrossRef]

Dakin, S.G.; Newton, J.; Martinez, FO.; Hedley, R.; Gwilym, S.; Jones, N.; Reid, H.A.B.; Wood, S.; Wells, G.; Appleton, L.; et al. Chronic
Inflammation Is a Feature of Achilles Tendinopathy and Rupture. Br. J. Sports. Med. 2018, 52, 359-367. [CrossRef] [PubMed]

Chapter 2



Supporting information

A novel class of dual-acting DCH-CORMSs counteracts
oxidative stress-induced inflammation in human primary

tenocytes.

1

Federico Appetecchia!’, Sara Consalvi!f, Emanuela Berrino!, Marialucia Gallorini®, Arianna

Granese', Cristina Campestre?, Simone Carradori?*, Mariangela Biava'* and Giovanna Poce'”

'Department of Chemistry and Technologies of Drug, Sapienza University of Rome, piazzale A.
Moro 5, 00185 Rome, Italy.

2Department of Pharmacy, “G. d’Annunzio” University of Chieti-Pescara, via dei Vestini 31, 66100
Chieti, Italy.

TF. Appetecchia and S. Consalvi contributed equally to the work.

*Corresponding  Authors. E-mail address: simone.carradori@unich.it (S. Carradori);

mariangela.biava@uniromal.it (M. Biava); giovanna.poce@uniromal.it (G. Poce)

Table of contents:

Chemistry S3
General procedures S7
Full experimental details and '"H NMR for all intermediates S10

Full experimental details and "H NMR and '*C NMR for final compounds 1-9 S13
References S16
S1

Chapter 2



64

Chemistry

All chemicals used were obtained from commercial sources (Merck, Acros, Syngene) and were used
as supplied without further purification. Compound 17 was commercially available and purchased
from Syngene. Merck silica gel 60 (230-400 mesh) and Merck aluminum oxide (activity II-III,
according to Brockmann) were used for chromatographic purifications with the indicated solvents.
All operations were monitored by Merck TLC plates (silica gel 60 F 254 and Aluminium oxide F254)
and then compounds were visualized under UV light (254 and 365 nm) and/or stained with the
relevant reagent. The yields refer to the purified products, and they were not optimized. '3C NMR
and '"H NMR spectra were recorded on a Bruker Avance IIl NMR 400 spectrometer in the indicated
solvent with reference to tetramethylsilane (TMS). The values of the chemical shifts are expressed in
parts per million (ppm) and the coupling constants (J) in hertz with signal multiplicities reported as
singlet (s), doublet (d), triplet (t), quadruplet (q) and multiplet (m). When specified, systematic

compound names were generated by ChemDraw Professional 16.0 following [IUPAC conventions.

Compounds 1-5 were synthesized as reported in Scheme 1. Briefly, 1,5-diarylpyrroles 11a-d were
obtained through a reaction between 1,4-pentandiones 10a-c¢ and the suitable aniline according to
Paal-Knorr conditions. Sulfamoylpyrrole 11e was obtained as previously reported [1]. Pyrroles 11a-
e were then regioselectively acylated with ethoxalyl chloride and TiCls, affording ketoesters 12a-e.
The latter were reduced with triethylsilane and trifluoroacetic acid (TFA) to the ethyl esters 13a-e,
which were then hydrolized with NaOH, providing acids 14a-e in very good yields. Propargylic
derivatives 15a-b were synthesized by reacting acids 14a-b and propargyl bromide, using potassium
carbonate as a base. To prevent side reactions, derivatives bearing a sulfamoyl moiety (15c-e) were
synthesized by coupling acids 14c-e and propargyl alcohol, using EDCI as activating agent and
DMAP as covalent nucleophilic catalyst. The terminal alkyne of propargylic intermediates was then

reacted with hexacarbonyl dicobalt providing compounds 1-5 in good yields.

Scheme S1: synthetic pathway for compounds 1-5.
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Reagents and conditions: i) R1PhNH2, PTSA, EtOH, reflux, 5h; i) CH3CH,OCOCOCI, TiCl4, CH,Cly room
temperature, 4 h; iii) Et3SiH, CF3COOH, room temperature, 3h; iv) NaOH aq. 1N, EtOH, reflux, 1h; v)
BrCH,CCH, K,CO3 DMF, 40°C, 1h; vi) OHCH,CCH, NEt; DMAP, EDCI, room temperature, 24h; vii)
Co,(CO)g, THF, room temperature, 2h; viii) n-BuLi, (Me,CH),NH, THF, -78°C, 1.5h, then (CH3)3CH,Sil,room
temperature, 24h; ix) BuyNF, THF, reflux, 1.5h, then NH,0SO3H, CH3COONa, room temperature, 1h.

Derivative 6 was easily synthesized according to the synthetic pathway reported in Scheme 2: a
reaction between the commercially available acid 17 and propargylic bromide afforded the
propargylic ester 18, which was then reacted with hexacarbonyl dicobalt to yield the DCH complex
6.

Scheme S2: synthetic pathway for compound 6.
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Reagents and conditions: j) BrCH,CCH, K,CO3 DMF, 40°C, 1h; ii) Coy(CO)g THF, room temperature, 2h.

Derivative 7 was prepared as shown in Scheme S3. A Paal-Knorr condensation of 1,4-pentandione
10c and p-aminobenzoic acid gave pyrrole 19 which was in turn reacted with propargyl bromide in
the presence of potassium carbonate. The so obtained propargylic ester 20 underwent a reaction with

octacarbonyl dicobalt, affording final compound 7 in 70% yield.

Scheme S3: synthetic pathway for compound 7.
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Reagents and conditions: i) 4-NH,PhCOOH, PTSA, EtOH, reflux, 5h; ij) BrCH,CCH, K,CO3 DMF, 40°C,
1h; iii) Coy(CO)g, THF, room temperature, 2h.

1,5-diarylpyrazole alcohols 25a-b were obtained according to a previously reported procedure [2]
and then reacted with propargyl bromide using sodium hydride as a base. The so obtained propargylic
ethers 26a-b were then treated with hexacarbonyl dicobalt affording compounds 8-9 in satisfactory

yields (Scheme S4).

Scheme S4: synthetic pathway for compounds 8-9.
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Reagents and conditions: /) LiN(Si(CH3)3),, THF, -78 °C and then room temperature, 24 h; i)
FCgH4NHNH, HCI, EtOH, reflux, 5h; iii) LiAIH4 THF, 0°C, 1h, room temperature, 3h; iv) BrCH,CCH, NaH,
THF, room temperature, 2h; v) Coy(CO)g THF, room temperature, 2h.

General procedures
General procedure for the preparation of 1,5-diarylpyrroles 11a-d and 19.

Compounds 11a-d were obtained according to Paal-Knorr condensation conditions. 1,4-pentandiones
10a-c (2.28 mmol), obtained as previously reported [3,4], were dissolved in ethanol (50 mL), then
the suitable aniline (2.50 mmol) and p-toluenesulfonic acid (0.17 mmol) were added in sequence. The
mixture was refluxed for 3 h and was then cooled down and concentrated under reduced pressure.
Thereafter, the crude material was purified on silica gel using a mixture of petroleum ether/ethyl
acetate 3:1 (v/v) (compounds 11a-b) or dichloromethane (DCM)/methanol 2% (v/v) (compounds

11c-d), giving the desired products in very good yields (60-83%).

1-(3-fluorophenyl)-2-methyl-5-(4-(methylsulfonyl)phenyl)-1H-pyrrole (11a). Physicochemical,

spectroscopic, and analytical data are consistent with those reported in the literature [4].
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1-(4-fluorophenyl)-2-methyl-5-(4-(methylsulfonyl)phenyl)-1H-pyrrole (11b). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in the literature [4].
4-(2-(3,4-difluorophenyl)-5-methyl-1H-pyrrol-1-yl)benzenesulfonamide (11c). White powder,
80% yield. "H NMR (400 MHz, CDCl3): § ppm= 7.70 (d, 2H, J= 8.5 Hz), 7.30-7.26 (m, 1 H), 7.18
(d, 2H, J= 8.5 Hz), 7.06-7.02 (m, 1H), 6.97-6.93 (m, 1H), 6.40 (d, 1H, J=3.4 Hz), 6.19 (d, 1H, J =
3.4 Hz), 4.92 (s broad, 2H), 2.10 (s, 3H).
4-(2-methyl-5-(p-tolyl)-1H-pyrrol-1-yl)benzenesulfonamide (11d). White powder, 83% yield. 'H
NMR (400 MHz, CDCl3): 6 ppm= 791 (d, 2H, J = 8.4 Hz), 7.27 (d, 2H, J = 8.4 Hz), 6.97 (d, 2H, J
=8.0 Hz), 6.91 (d, 2H, J= 8.0 Hz), 6.32 (d, 1H, J=3.3 Hz), 6.12 (d, 1H, J = 3.3 Hz), 4.92 (s broad,
2H), 2.27 (s, 3H), 2.16 (s, 3H).

4-(2-methyl-5-(p-tolyl)-1H-pyrrol-1-yl)benzoic acid (19): white powder, 60% yield. 'H NMR
(CDCl3) 6 ppm: 8.21 (d, 2H, J= 8.3 Hz), 7.63 (d, 2H, J= 8.3 Hz), 7.13 (d, 2H, J= 8.1 Hz), 7.07 (d,
2H, J=8.1 Hz), 6.32 (d, 1H, J=3.3 Hz), 6.20 (d, 1H, J=3.3 Hz), 2.34 (s, 3H), 2.20 (s, 3H).

General procedure for the preparation of 1,5-diarylpyrrole-3-glyoxylic esters 12a-e.

To a solution of the appropriate pyrrole (11a-e) (9 mmol) in anhydrous DCM (20 mL), ethoxalyl
chloride (0.38 mL) and TiCls (0.34 mL) were added at 0 °C under a nitrogen flow. The resulting
purple mixture was left to react at room temperature for 4 h and was then diluted with water, stirred
for an additional 30 minutes, and extracted with DCM. The organic layers were washed with brine
and dried over Na>SOas. After filtration and removal of the solvent under vacuum, the crude residue
was purified by column chromatography on silica gel using a mixture of petroleum ether/ethyl acetate

(3:1 (v/v)) to afford compounds 12a-e as pale-yellow solids.

Ethyl 2-(1-(3-fluorophenyl)-2-methyl-5-(4-(methylsulfonyl) phenyl)-1H-pyrrol-3-yl)-2-
oxoacetate (12a). Physicochemical, spectroscopic, and analytical data are consistent with those
reported in the literature [4].

Ethyl 2-(1-(4-fluorophenyl)-2-methyl-5-(4-(methylsulfonyl)phenyl)-1H-pyrrol-3-yl)-2-
oxoacetate (12b). Physicochemical, spectroscopic, and analytical data are consistent with those
reported in the literature [4].

Ethyl 2-(5-(3,4-difluorophenyl)-2-methyl-1-(4-sulfamoylphenyl)-1H-pyrrol-3-yl)-2-oxoacetate
(12¢). Pale-yellow powder, 50% yield. "H NMR (400 MHz, CDCl3): § ppm=7.78 (d, 2H, J= 8.5 Hz),
7.32-7.27 (m, 1 H), 7.24 (d, 2H, J= 8.5 Hz), 7.10 (s, 1H), 7.06-7.02 (m, 1H), 6.97-6.93 (m, 1H), 4.43
(g, 1H, J="7.1 Hz), 3.04 (s, 3H), 2.47 (s, 3H), 1.43 (t, 2H, J= 7.1 Hz).
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Ethyl 2-(2-methyl-1-(4-sulfamoylphenyl)-5-(p-tolyl)-1H-pyrrol-3-yl)-2-oxoacetate (12d). Pale-
yellow powder, 55% yield. 'H NMR (400 MHz, CDCl3): § ppm= 7.97 (d, 2H, J= 8.5 Hz), 7.28 (d,
2H, J= 8.5 Hz), 6.99 (d, 2H, J= 8.0Hz), 6.91-6.88 (m, 3H), 4.92 (s broad, 2H), 4.42 (q, 2H, J=7.1Hz),
2.47 (s, 3H), 2.28 (s, 3H), 1.43 (t, 3H, J=7.1 Hz).

Ethyl 2-(1-(3-fluorophenyl)-2-methyl-5-(4-sulfamoylphenyl)-1H-pyrrol-3-yl)-2-oxoacetate
(12e). Physicochemical, spectroscopic, and analytical data are consistent with those reported in the

literature [1].

General procedure for the synthesis of ethyl 1,5-diarylpyrrole-3-acetic esters 13a-e.

To a solution of the suitable glyoxylic derivative (12a-e) (2.3 mmol) in TFA (9 mL), triethylsilane
(0.75 mL) was slowly added at 0 °C and under a nitrogen atmosphere. The mixture was stirred for 2
h at room temperature and then the reaction was quenched with 40% aqueous ammonia (10 mL) and
extracted with DCM. The organic layers were then washed with brine, dried over Na2SQs, filtered,
and concentrated under vacuum. The resulting residue was purified on silica gel using a mixture of
petroleum ether/ethyl acetate (2:1 (v/v)) as the mobile phase and giving compounds 13a-e as

yellowish solids.

Ethyl 2-(1-(3-fluorophenyl)-2-methyl-5-(4-(methylsulfonyl)phenyl)-1H-pyrrol-3-yl)acetate
(13a) Physicochemical, spectroscopic, and analytical data are consistent with those reported in the
literature [4].

Ethyl 2-(1-(4-fluorophenyl)-2-methyl-5-(4-(methylsulfonyl)phenyl)-1H-pyrrol-3-yl)acetate
(13b) Physicochemical, spectroscopic, and analytical data are consistent with those reported in the
literature [4].

Ethyl 2-(5-(3,4-difluorophenyl)-2-methyl-1-(4-sulfamoylphenyl)-1H-pyrrol-3-yl)acetate (13c).
Pale-yellow powder, 40% yield. 'H NMR (400 MHz, DMSO-d): § ppm= 7.87 (d, 2H, J= 8.5 Hz),
7.50 (s broad, 2H), 7.41 (d, 2H, J= 8.5 Hz), 7.30-7.23 (m, 1H), 7.05-7.00 (m, 1H), 6.80-6.77 (m, 1H),
6.39 (s, 1H), 4.10 (q, 2H, J=7.1 Hz), 3.49 (s, 2H), 2.01 (s, 3H), 1.21 (t, 2H, J=7.1 Hz).

Ethyl 2-(2-methyl-1-(4-sulfamoylphenyl)-5-(p-tolyl)-1H-pyrrol-3-yl)acetate (13d). Pale-yellow
powder, 45% yield. 'H NMR (400 MHz, CDCl3) § ppm: 7.90 (d, 2H, J= 8.6 Hz), 7.25 (d, 2H, J= 8.6
Hz), 6.96 (d, 2H, J= 8.1 Hz), 6.89 (d, 2H, J= 8.1 Hz), 6.33 (s, 1H), 4.86 (s broad, 2H), 4.19 (q, 2H, J
=7.1 Hz), 3.50 (s, 2H), 2.26 (s, 3H), 2.10 (s, 3H), 1.30 (t, 2H, J=7.1 Hz).
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Ethyl 2-(1-(4-fluorophenyl)-2-methyl-5-(4-(sulfamoylphenyl)-1H-pyrrol-3-yl)acetate  (13e).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in the literature

[1].

General procedure for the preparation of 1,5-diarylpyrrole-3-acetic acids 14a-e.

The appropriate 1,5-diarylpyrrole-3-acetic ester (13a-e) (2.2 mmol) was dissolved in ethanol (15 mL)
and 1N NaOH (15 mL) was slowly added to the solution. The mixture was refluxed for 2 h and then
cooled down to room temperature and concentrated under vacuum. The residue was dissolved in
water and acidified with 37% HCI. The so obtained precipitate was filtered off affording the acids
14a-e in very good yields (75-90%).

2-(1-(3-fluorophenyl)-2-methyl-5-(4-(methylsulfonyl)phenyl)-1H-pyrrol-3-yl)acetic acid (14a).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in the literature
[5].

2-(1-(4-fluorophenyl)-2-methyl-5-(4-(methylsulfonyl)phenyl)-1H-pyrrol-3-yl)acetic acid (14b).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in the literature
[5].

2-(5-(3,4-difluorophenyl)-2-methyl-1-(4-sulfamoylphenyl)-1H-pyrrol-3-yl)acetic acid (14c).
White powder, 75% yield. 'HNMR (400 MHz, DMSO-ds): 6 ppm= 12.20 (s broad, 1H), 7.87 (d, 2H,
J=8.5 Hz), 7.49 (s broad, 2H), 7.41 (d, 2H, J= 8.5 Hz), 7.30-7.23 (m, 1H), 7.04-6.99 (m, 1H), 6.80-
6.77 (m, 1H), 6.39 (s, 1H), 3.40 (s, 2H), 2.01 (s, 3H).
2-(2-methyl-1-(4-sulfamoylphenyl)-5-(p-tolyl)-1 H-pyrrol-3-yl)acetic acid (14d). White powder,
70% yield. 'H NMR (400 MHz, DMSO-ds): & ppm= 12.12 (s broad, 1H), 7.84 (d, 2H, J= 8.5 Hz),
7.47 (s broad, 2H), 7.37 (d, 2H, J= 8.5 Hz), 6.99 (d, J = 8.1 Hz, 2H), 6.89 (d, J = 8.1 Hz, 2H), 6.25
(s, 1H), 3.39 (s, 2H), 2.21 (s, 3H), 2.01 (s, 3H).
2-(1-(3-fluorophenyl)-2-methyl-5-(4-sulfamoylphenyl)-1H-pyrrol-3-yl)acetic acid (14e).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in the literature

[1].

General procedure for the preparation of propargylic esters 15a-b, 18 and 20.

To a solution of the appropriate acid (14a-b, 17 and 19) (0.77 mmol) in N,N-dimethylformamide
(DMF) (3 mL), potassium carbonate (0.18 g) and propargyl bromide 80% solution in toluene (0.2
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mL) were added at room temperature under a nitrogen atmosphere. The mixture was then heated at
40 °C and stirred for 1 h. After removal of the solvent under vacuum, the mixture was diluted with
water and extracted with ethyl acetate. The organic phases were then washed with 1N HCl, brine and
dried over Na>SOs. After filtration and concentration under reduced pressure, the crude product was
purified on silica gel using a mixture of cyclohexane/ethyl acetate (3:1 (v/v)) as eluent to afford

derivatives 15a-b, 18 and 20 in good yields (37-90%).

Prop-2-yn-1-yl 2-(1-(3-fluorophenyl)-2-methyl-5-(4-(methylsulfonyl)phenyl)-1H-pyrrol-3-
yl)acetate (15a). Yellow powder, 80% yield. '"H NMR (CDCls): § ppm= 7.68 (d, 2H, J= 8.6 Hz),
7.41-7.35 (m, 1H), 7.17 (d, 2H, J= 8.6 Hz), 7.13-7.08 (m, 1H), 6.96-6.94 (m, 1H), 6.92-6.89 (m, 1H),
6.52 (s, 1H), 4.74 (d, 2H, J= 2.5 Hz), 3.57 (s, 2H), 3.01 (s, 3H), 2.50 (t, 1H, J= 2.5 Hz), 2.09 (s, 3H).
Prop-2-yn-1-yl 2-(1-(4-fluorophenyl)-2-methyl-5-(4-(methylsulfonyl)phenyl)-1H-pyrrol-3-
yDacetate (15b). Yellow powder, 92% yield. 'H NMR (CDCls): § ppm= 7.67 (d, 2H, J= 8.5 Hz),
7.17-7.08 (m, 6H), 6.52 (s, 1H), 4.74 (d, 2H, J= 2.5 Hz), 3.57 (s, 2H), 3.02 (s, 3H), 2.50 (t, 1H, J=
2.5 Hz), 2.07 (s, 3H).

Prop-2-yn-1-yl 1-(4-fluorophenyl)-5-(4-(methylsulfonyl)phenyl)-1H-pyrrole-2-carboxylate
(18). Yellow powder, 37% yield. '"H NMR (400 MHz, CDCls): § ppm= 7.76 (d, 2H, J= 8.5 Hz), 7.28-
7.25 (m, 3H), 7.20-7.17 (m, 2H), 7.09-7.05 (m, 2H), 6.55 (d, 1 H, J=4.1 Hz), 4.73 (d, 2H, J=2.5
Hz), 3.02 (s, 3H), 2.46 (t, IH, J= 2.5 Hz).

Prop-2-yn-1-yl 4-(2-methyl-5-(p-tolyl)-1H-pyrrol-1-yl)benzoate (20). Yellow powder, 90% yield.
"H NMR (CDCls): & ppm= 8.06 (d, 2H, J= 8.3 Hz), 7.22 (d, 2H, J= 8.3 Hz), 6.95 (d, 2H, J= 8.1 Hz),
6.91 (d, 2H, J= 8.1 Hz), 6.32 (d, 1H, J= 3.3 Hz), 6.11 (d, 1H, J= 3.3 Hz), 4.93 (d, 2H, J= 2.2 Hz),
2.53 (t, 1H, J=2.5 Hz), 2.26 (s, 3H), 2.16 (s, 3H).

General procedure for the preparation of propargylic esters 15c-e.

To a solution of the appropriate acid (14¢-e) (1 mmol) in N,N-dimethylformamide (DMF) (3 mL),
TEA (1.2 mmol), DMAP (1.2 mmol) and EDCI (1.2 mmol) were added in sequence under a nitrogen
atmosphere. The mixture was stirred for 1 h at room temperature, then propargyl alcohol (4 mmol)
was added. After 15 h the reaction was quenched with water (10 mL) and extracted with DCM. The
organic layers were then washed with 1N HCI, brine and dried over Na;SO4. After filtration and
evaporation under vacuum, the crude product was purified on silica gel using a mixture of

cyclohexane/ethyl acetate (1:1 (v/v)) as eluent to afford derivatives 15¢-e as yellowish solids.
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Prop-2-yn-1-yl 2-(5-(3,4-difluorophenyl)-2-methyl-1-(4-sulfamoylphenyl)-1H-pyrrol-3-
yl)acetate (15¢). Yellow powder, 25% yield. 'H NMR (400 MHz, CDCl3): § ppm= 7.95 (d, 2H, J=
8.5 Hz), 7.26 (d, 2H, J= 8.5 Hz), 6.97-6.90 (m, 1H), 6.81-6.78 (m, 1H), 6.69-6.67 (m, 1H), 6.35 (s,
1H), 5.05 (s broad, 2H), 4.73 (d, 2H, J = 2.3 Hz), 3.55 (s, 2H), 2.49 (t, 1H, J = 2.3 Hz), 2.08 (s, 3H).
Prop-2-yn-1-yl  2-(2-methyl-1-(4-sulfamoylphenyl)-5-(p-tolyl)-1 H-pyrrol-3-yl)acetate (15d):
yellow powder, 25% yield. '"H NMR (400 MHz, CDCl3) § ppm: 7.89 (d, 2H, J= 8.6 Hz), 7.25 (d, 2H,
J=8.6 Hz), 6.95 (d, 2H, J= 8.1 Hz), 6.88 (d, 2H, J = 8.1 Hz), 6.33 (s, 1H), 5.00 (s broad, 2H), 4.73
(d, 2H, J=2.5 Hz), 3.56 (s, 2H), 2.48 (t, 1H, J= 2.5 Hz), 2.25 (s, 3H), 2.09 (s, 3H).

Prop-2-yn-1-yl  2-(1-(3-fluorophenyl)-2-methyl-5-(4-sulfamoylphenyl)-1H-pyrrol-3-yl)acetate
(15e): yellow powder, 26% yield. '"H NMR (400 MHz, CDCl3) & ppm: 7.67 (d, 2H, J= 8.5 Hz), 7.40-
7.35 (m, 1H), 7.14-7.08 (m, 3H), 6.96-6.88 (m, 2H), 6.50 (s, 1H), 4.80 (s, 2H), 4.75-4.73 (m, 4H),
3.57 (s, 2H), 2.50 (t, 1H, J=2.5 Hz), 2.09 (s, 3H).

General procedure for the synthesis of  1-(3-fluorophenyl)-2-methyl-5-(4-((3-
(trimethylsilyl)propyl)sulfonyl)phenyl)-1H-pyrrole (16).

Compound 16 was prepared according to the same procedure outlined previously [Consalvi2015].
Lithium diisopropylamide (LDA) was prepared in situ by adding dropwise 3.9 mL of butyllithium
solution (2.5 M in hexane) to a solution of diisopropylamine (DIPA) (1.75 mL) in dry THF (13 mL)
at 0 °C and under nitrogen atmosphere. After 30 minutes stirring, the reaction was cooled down to -
78 °C and a solution of the pyrrole 11a (8 mmol) in dry THF (23 mL) was slowly added. The mixture
was stirred for 1.5 h. 2.58 mL of iodomethyltrimethylsilane were then added dropwise and the
reaction was allowed to warm to room temperature. After 15h, the reaction was quenched with water
and the pH was adjusted (pH= 2) with 1N HCI. The so obtained mixture was extracted with ethyl
acetate and the organic layers were washed with brine and dried over Na;SOs. After evaporation
under vacuum, the crude material was purified on silica gel using a mixture of cyclohexane/ethyl

acetate 15:1 (v/v) to afford 16 as a white powder.

1-(3-fluorophenyl)-2-methyl-5-(4-((3-(trimethylsilyl)propyl)sulfonyl)phenyl)-1H-pyrrole (16).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in the literature

[1].

General procedure for the preparation of 4-(1-(3-fluorophenyl)-5-methyl-1H-pyrrol-2-

yl)benzenesulfonamide (11e)
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A solution of tetrabutylammonium fluoride (5 mL, 1M in THF) was added to a solution of compound
16 (1.5 mmol) in dry THF (12 mL) under a nitrogen flow and refluxed for 1.5 h. After cooling down
to room temperature, a solution of sodium acetate (1.3 g) and hydroxylamine-O-sulfonic acid (1.8 g)
in water (5 mL) was added, and the reaction was stirred for 1 h. The mixture was then diluted with
water and extracted with ethyl acetate. The organic layers were washed with NaHCO; saturated
solution, brine and dried over Na;SOs. After filtration and removal of the solvent under vacuum, the
crude product was purified on silica gel with a mixture of cyclohexane/ethyl acetate 2:1 (v/v) as

eluent. Recrystallization from diethyl ether yielded 11e as a white powder.

4-(1-(3-fluorophenyl)-5-methyl-1H-pyrrol-2-yl)benzenesulfonamide (11e). Physicochemical,

spectroscopic, and analytical data are consistent with those reported in the literature [1].

General procedure for the preparation of lithium salts 23a-b.

A solution of lithium bis(trimethylsilyl)amide (12.3 mmol) in 30 mL of anhydrous THF was cooled
to -78°C. Afterwards, a solution of the appropriate acetophenone 21a-b in 3 ml of anhydrous THF
was added dropwise and the mixture was stirred for 1h. Diethyl oxalate was then added over 5 minutes
and the resulting dark orange solution was warmed to room temperature over 4 h. After 18 h stirring,
the precipitate was filtered off and washed with diethyl ether affording lithium salts 23a-b in 80%
yield.

Lithium (Z)-1-ethoxy-4-(4-isopropylphenyl)-1,4-dioxobut-2-en-2-olate (23a). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in the literature [2].

Lithium (Z2)-1-ethoxy-1,4-dioxo-4-(4-(trifluoromethyl)phenyl)but-2-en-2-olate (23b).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in the literature

[2].

General procedure for the preparation of carboxylates 24a-b
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4-fluorophenylhydrazine hydrochloride (2.12 mmol) was added to a solution of the suitable lithium
salt 23a-b (2.12 mmol) in 12 mL of ethanol. The reaction mixture was heated at 90°C for 5 h and
then cooled down to room temperature. After removal of the solvent under vacuum, the mixture was
extracted with ethyl acetate and the organic layers were washed with brine, dried over Na2SO4 and
evaporated in vacuo. The crude product was purified by column chromatography (cyclohexane/ethyl

acetate 2/1 (v/v)) to yield carboxylates 24a-b in good yields (65-70%).

Ethyl 1-(4-fluorophenyl)-5-(4-isopropylphenyl)-1H-pyrazole-3-carboxylate (24a).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in the literature

[2].

Ethyl  1-(4-fluorophenyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazole-3-carboxylate  (24b).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in the literature

[2].

General procedure for the preparation of alcohols 25a-b

The appropriate carboxylate 24a-b (0.41 mmol) was dissolved in THF and cooled down to 0°C, then
LiAlH4 was added dropwise under a nitrogen flow (0.49 mL, 1 M in THF). At the end, the reaction
was cooled down to 0°C and quenched with 0.18 mL of ethyl acetate, 0.08 mL of water and 0.1 mL
of NaOH 2N. After 30 minutes stirring, the precipitate was filtered off and the filtrate was dried over
Na2SO4 and concentrated in vacuo. The resulting crude product was purified by column
chromatography (cyclohexane/ethyl acetate 1/1 (v/v)) to afford alcohols 25a-b in good yields (63-
91%).

(1-(4-Fluorophenyl)-5-(4-isopropylphenyl)-1H-pyrazol-3-yl)methanol (25a). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in the literature [2].

(1-(4-Fluorophenyl)-5-(4-(trifluoromethyl)phenyl)-1 H-pyrazol-3-yl)methanol (25b).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in the literature

[2].

General procedure for the preparation of propargylic ethers 26a-b
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A solution of the appropriate alcohol 25a-b (0.22 mmol) in THF (2 mL) was added dropwise at 0°C
to a suspension of NaH 60% (0.22 mmol) in mineral oil under a nitrogen atmosphere. After stirring
for 10 min, the mixture was allowed to warm at room temperature, and an 80% solution of propargyl
bromide in toluene (0.66 mmol) was added. After 24 h, the reaction was cooled down to 0 °C,
quenched with water (10 mL) and stirred for 30 minutes. The resulting mixture was extracted with
ethyl acetate and the organic layers were washed with a NaHCOj3 saturated solution, brine and dried
over NaSOs4. After filtration and removal of the solvent under vacuum, the solid residue was purified
on silica gel using a mixture of petroleum ether/ethyl acetate (10:1 (v/v)) as eluent to afford the

desired products 26a-b in good yields (65-70%).

1-(4-fluorophenyl)-5-(4-isopropylphenyl)-3-((prop-2-yn-1-yloxy)methyl)-1H-pyrazole  (26a).
Colorless oil, 65% yield. '"H NMR (CDCls): § ppm= 7.29-7.26 (m, 2H), 7.17-7.11 (m, 4H), 7.04-7.00
(m, 2H), 6.53 (s, 1H), 4.70 (s, 2H), 4.29 (d, 2H, J= 2.4 Hz), 2.89 (sept, 1H, J= 6.9 Hz), 2.48 (t, 1H,
J=2.4Hz), 1.24 (d, 6H, J= 6.9 Hz).
1-(4-fluorophenyl)-3-((prop-2-yn-1-yloxy)methyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazole
(26b). Colorless oil, 70% yield. "H NMR (CDCls) & ppm: 7.57 (d, 2H, J= 8.3 Hz), 7.33 (d, 2H, J=
8.3 Hz), 7.27-7.04 (m, 2H), 7.08-7.04 (m, 2H), 6.63 (s, 1H), 4.72 (s, 2H), 4.30 (d, 2H, J= 2.3 Hz),
2.49 (t, 1H, J=2.3 Hz).

General procedure for the synthesis of (dicobalthexacarbonyl)derivatives 1-9

To a solution of the appropriate propargyl derivative (15a-e, 18, 20 and 26a-b) (0.62 mmol) dissolved
in the least volume of THF, dicobalt octacarbonyl (0.68 mmol) was added under a nitrogen
atmosphere at room temperature. The resulting black mixture was left stirring for 2 h and the solvent
was removed under reduced pressure. The so obtained black crude product was filtered on celite and
then thoroughly washed with DCM. The filtrate was concentrated in vacuo and the black residue was
purified on silica gel with a mixture of cyclohexane/ethyl acetate (20:1 (v/v)) or a mixture of

DCM/ethyl acetate (15:1 (v/v)) as the mobile phase to obtain final products 1-9 as red solids.

Prop-2-yn-1-yl 2-(1-(4-fluorophenyl)-2-methyl-5-(4-(methylsulfonyl)phenyl)-1H-pyrrol-3-
yl)acetate hexacarbonyldicobalt (1). Red powder, 80% yield. "H NMR (400 MHz, CDCl5): § ppm=
7.60 (d, J=8.1 Hz, 2H), 7.16-7.12 (m, 6H), 6.52 (s, 1H), 6.08 (s, 1H), 5.34 (s, 2H), 3.60 (s, 2H), 3.01
(s, 3H), 2.06 (s, 3H). *C NMR (100 MHz, CDCls): & ppm= 202.3, 171.7, 164.28, 161.53,138.30,
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136.88, 134.88, 134.32, 130.07, 129.59, 121.07, 120.47, 116.56, 113.37, 110.08, 87.99, 71.76, 65.24,
44.48,31.91, 10.92.

Prop-2-yn-1-yl 2-(1-(3-fluorophenyl)-2-methyl-5-(4-(methylsulfonyl)phenyl)-1 H-pyrrol-3-
yl)acetate hexacarbonyldicobalt (2). Red powder, 80% yield. 'H NMR (400 MHz, CDCl3): § ppm=
7.68 (d, 2H, J = 8.1 Hz), 7.41-7.35 (m, 1H), 7.17 (d, 2H, J = 8.1 Hz), 7.14-7.10 (m, 1H), 6.96-6.88
(m, 2H), 6.53 (s, 1H), 6.08 (s, 1H), 5.34 (s, 2H), 3.60 (s, 2H), 3.01 (s, 3H), 2.09 (s, 3H). *C NMR
(100 MHz, CDCls): 6 ppm=199.21, 171.60, 164.04, 161.53, 140.40, 140.37, 140.29, 138.14, 137.01,
131.62, 131.37, 130.67, 130.61, 127.38, 124.40, 116.07, 115.55, 115.23, 113.75, 112.79, 88.80,
72.05, 65.27, 44.20, 31.88, 10.95.

Prop-2-yn-1-yl 2-(5-(3,4-difluorophenyl)-2-methyl-1-(4-sulfamoylphenyl)-1H-pyrrol-3-
yl)acetate hexacarbonyldicobalt (3). Red powder, 10% yield. '"H NMR (400 MHz, DMSO-ds): &
ppm=7.87 (d, J= 8.1 Hz, 2H), 7.50 (s broad, 2H), 7.40 (d, J = 8.1 Hz, 2H), 7.30-7.23 (m, 1H), 7.02-
6.97 (m, 1H), 6.80-6.78 (m, 2H), 6.38 (s, 1H), 5.39 (s, 2H), 3.57 (s, 2H), 2.01 (s, 3H). "*C NMR (100
MHz, CDCl3) 6 ppm: 201.57, 171.22, 152.88, 151.24, 147.97, 142.74, 141.08, 131.35, 129.01,
127.60, 123.98, 123.88, 117.26, 117.09, 116.79, 116.61, 113.53, 111.84, 89.52, 75.06, 65.42, 32.01,
11.16.

Prop-2-yn-1-yl 2-(2-methyl-1-(4-sulfamoylphenyl)-5-(p-tolyl)-1H-pyrrol-3-yl)acetate
hexacarbonyldicobalt (4). Red powder, 40% yield. 'H NMR (400 MHz, DMSO-ds): § ppm= 7.84
(d, 2H, J = 8.2 Hz), 7.49 (s broad, 2H), 7.36 (d, 2 H, J= 8.2 Hz), 7.00 (d, 2H, J = 8 Hz), 6.88 (d, 2H,
J =8 Hz), 6.79 (s, 1H), 6.25 (s, 1H), 5.39 (s, 2H), 3.56 (s, 2H), 2.21 (s, 3H), 2.01 (s, 3H). *C NMR
(100 MHz, CDCl3); 6 ppm=201.37, 171.38, 143.35, 140.46, 136.08, 133.59, 129.63, 129.07, 128.99,
128.54, 127.96, 127.33, 113.26, 110.80, 89.02, 75.00, 62.29, 32.16, 21.06, 11.22.

Prop-2-yn-1-yl  2-(1-(3-fluorophenyl)-2-methyl-5-(4-sulfamoylphenyl)-1H-pyrrol-3-yl)acetate
hexacarbonyldicobalt (5). Red powder, 40% yield. 'H NMR (400 MHz, DMSO-dj): § ppm= 7.60
(d, 2H, J = 8.1 Hz), 7.53-7.47 (m, 1H), 7.32-7.20 (m, 4H), 7.14 (d, 2H, J = 8.1 Hz), 7.04-7.02 (m,
1H), 6.79 (s, 1H), 6.47 (s, 1H), 5.39 (s, 2H), 3.58 (s, 2H), 2.03 (s, 3H). *C NMR (100 MHz, CDCls):
d ppm= 200.05, 171.26, 163.07, 160.56, 138.47, 137.16, 131.46, 131.32, 130.66, 127.35, 126.41,
124.41, 116.02, 115.80, 115.22, 113.42, 112.59, 88.63, 75.09, 65.37, 32.03, 11.08.

Prop-2-yn-1-yl 1-(4-fluorophenyl)-5-(4-(methylsulfonyl)phenyl)-1 H-pyrrole-2-carboxylate
hexacarbonyldicobalt (6). Red powder, 90% yield. 'H NMR (400 MHz, CDCl3): § ppm= 7.76 (d,
2H, J= 8.1 Hz), 7.28-7.25 (m, 3H), 7.20-7.17 (m, 2H), 7.10-7.06 (m, 2H), 6.55 (d, 1 H, J=3.7 Hz),
6.08 (s, 1H), 5.31 (s, 2H), 3.02 (s, 3H). '*C NMR (100 MHz, CDCls) & ppm: 201.7, 170.4, 163.02,
160.13, 140.31, 138.99, 135.23, 135.01, 130.12, 128.59, 128.33, 127.01, 122.98, 121.14, 117.01,
112.35, 88.43,76.17, 56.24, 43.98.

S14

Chapter 2



Prop-2-yn-1-yl 4-(2-methyl-5-(p-tolyl)-1H-pyrrol-1-yl)benzoate hexacarbonyldicobalt (7). Red
powder, 70% yield. 'H NMR (400 MHz, CDCl;): § ppm= 8.09 (d, 2H, J= 8.5 Hz), 7.21 (d, 2H, J=
8.5 Hz), 6.95-6.89 (m, 4H), 6.32 (d, 1H, J= 3.2 Hz), 6.13 (s, 1H), 6.10 (d, 1H, J= 3.2 Hz), 5.53 (s,
2H), 2.26 (s, 3H), 2.16 (s, 3H). *C NMR (100 MHz, CDCl3): 8 ppm=199.97, 170.13, 141.52, 139.11,
134.00, 130.11, 127.73, 127.64, 127.02, 126.83, 126.34, 122.16, 112.83, 111.96, 89.75, 78.06, 56.28,
21.47,12.01.
1-(4-fluorophenyl)-5-(4-isopropylphenyl)-3-((prop-2-yn-1-yloxy)methyl)-1H-pyrazole
hexacarbonyldicobalt (8). Red powder, 70% yield. 'H NMR (400 MHz, CDCl;): § ppm= 7.27-7.23
(m, 2H), 7.17-7.09 (m, 4H), 7.04-7.00 (m, 2H), 6.54 (s, 1H), 6.09 (s, 1H), 4.78 (m, 4H), 2.90 (sept,
1H, J = 7.0 Hz), 1.24 (d, 6H, J = 7.0 Hz). >*C NMR (100 MHz, CDCl3): § ppm= 200.12, 162.12,
159.04, 149.25, 145.03, 136.27, 130.11, 128.82, 127.54, 127.35, 126.01, 115.92, 115.69, 106.76,
89.16, 76.80, 65.13, 58.09, 33.81, 23.45.
1-(4-fluorophenyl)-3-((prop-2-yn-1-yloxy)methyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazole
hexacarbonyldicobalt (9): Red powder, 63% yield. '"H NMR (400 MHz, CDCls): § ppm= 7.57 (d,
2H, J=8.2 Hz), 7.29 (d, 2H, J = 8.2 Hz), 7.25-7.22 (m, 2H), 7.08-7.04 (m, 2H), 6.63 (s, 1H), 6.10
(s, 1H), 4.80 (m, 4H). '*C NMR (100 MHz, CDCls): § ppm=200.03, 163.01, 160.46, 147.98, 142.03,
136.30, 135.82, 130.78, 130.51, 130.21, 130.01, 128.78, 127.26, 123.58, 123.19, 121.64, 116.48,
116.20, 108.13, 89.88, 77.20, 65.50, 59.03.
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Chapter 3 — Malaria: Current Status and Key Interventions to

Block Transmission

3.1 Malaria

The threat of malaria has existed for ages. Historical medical documents reporting typical
ill health, malarial fevers and other malarial-related symptoms occur from around 2700 BC
from early civilizations based in China and then also in India, Mesopotamia and Greece. In
the Middle Ages the word malaria was coined from the Italian words mal, “bad”, and aria
,“air”, since it was associated with marshes and swamps. However, it was only established
at the end of the 19% century that this disease is caused by a protozoan parasite, identified
as Plasmodium, and transmitted by Anopheles mosquitoes to humans. The full understanding
of the cycle of Plasmodium parasites comes from different research occurred throughout the
20 century.'?

Human malaria is caused by five different Plasmodium species: P. falciparum, P. vivax, P.
ovale, P. malariae and P.knowlesi. The first four are specific for humans, while P. knowlesi is
naturally maintained in macaque monkeys. P. falciparum is most common in sub-Saharan
Africa and is responsible for the majority of the severe illness and deaths brought on by
malaria. P. vivax contributes between 25% and 40% of the global malaria burden and is
mostly found in South and Southeast Asia and some regions of Central and South America.’
Anti-malarial research focuses for the major part on P. falciparum not only because is the
most dangerous species, but also because in vitro culture techniques of P. vivax are not yet
available and the evaluation of therapy outcomes in vivax malaria are more complex to
interpret.*

The clinical manifestations of malaria vary with parasite species, epidemiology, immunity,
and age. Typically, it results in a severe illness with a high fever and shivering chills, but in
more extreme cases, it can result in serious health issues such seizures, brain damage,

difficulty in breathing, organ failure, and death.>¢
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Figure 3.1. Global distribution of malaria in 2020. The status of countries with indigenous

malaria cases in 2000 (figure from World Health Organization, 2021).°

The eradication of malaria in the US (1951) was possible thanks to actions like the
widespread spraying of DDT and the use of chloroquine, inspired the creation of the Centers
for Disease Control and Prevention (CDC) and global campaigns against malaria. Thus, in
1955 The World Health Organization (WHO) launched the Global Malaria Eradication
Program (GMEP) to eradicate malaria also in the rest of the world. While malaria was
successfully eradicated in Europe and North America and in the large part of Asia, in the
undeveloped Sub-Saharan Africa regions malaria was not much affected. The struggle to
reach complete malaria elimination in Sub-Saharan Africa was related not only to the more
favorable climate conditions for the spread of the disease, but also to different economical
and social settings that hamper the international cooperation between various countries and
communities. Thus, research and development activities for malaria eradication turned into
malaria control. Only after several decades, the global fight against malaria resuscitated
interest with the African Summit on Roll Back Malaria (2000) and the initiation of a Global
Fund in 2002. Ever since, new effective strategies for malaria surveillance, prevention,
diagnosis and treatment of malaria were deployed and huge progress has been made in
decreasing the burden of this life-threatening disease.”!°

Nevertheless, since 2015 the incidence of malaria cases and deaths is seeing a “flat-line” over
the years due to the high impact of emerging parasite and vector resistance to the current

treatments.'*!! The latter include the use of anti-malarial drugs for human prevention and
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treatment and the use of mosquito nets, insect repellents, insecticide spraying, and draining
standing water for mosquito control.® In response to this deceleration in progress, in 2015
the first world’s malaria vaccine was approved by the European Medicines Agency (EMA)
for the use in children in Africa and in October 2021 it was recommended for broad use by
WHO.512

Despite substantial progress in the field, malaria remains a global health issue accounting
for 241 million cases and more than 600.000 deaths in 2020, especially among young children
and in Sub-Saharan Africa (93% global deaths), to be one of the deadliest infectious diseases
in the world.® These numbers are predicted to increase due to evolving resistance to the
current malaria control and elimination strategies. Furthermore, the recent coronavirus
disease 2019 (COVID-19) may threaten malaria control in multiple ways.!® Therefore, there
is an urgent need to tackle down the spreading of the diseases with novel tools and
treatments that can be added to the existing interventions to reach the targets of Global
technical strategy (GTS) (e.g., reduction of malaria mortality and case incidence by at least

90% withing 2030).°

3.2 Plasmodium Biology and Malaria Life Cycle

The genus Plasmodium is a member of Apicomplexa, a wider group of protozoans, and
particularly belongs to the order Haemosporida and family Plasmodiidae. As all
Apicomplexa Plasmodium is an obligate intracellular organism, and its life cycle is complex
involving two hosts (Figure 3.2). So far Plasmodium has been identified in more than 200
species and as previously mentioned, only five of them can infect humans.?

Plasmodium parasites are haploid throughout their life cycle, with the exception of a brief
diploid phase that occurs after fertilization in the midgut of the mosquito. As other
eukaryotic cells, the endoplasmic reticulum (ER) is connected to the nucleus and proteins
are transported to the Golgi apparatus, which in apicomplexans is often just one membrane-
bound compartment.’* Besides a plasma membrane, Plasmodium parasites possess a
distinctive inner membrane complex (IMC), which is crucial for preserving the parasite's

shape and controlling movement and the microtubules are attached to it. The IMC is
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contained in the invasive or mobile stages of all Plasmodium, including the merozoites,
ookinetes, and sporozoites, as well as in the male gametocytes of human pathogens.’> A
single large organelle, the mitochondrion, with the function of producing ATP is necessary
in mosquito stages while is not during the growth in red blood cells. A second unique
organelle is the apicoplast, derived from a photosynthetic red alga during a second
endosymbiotic event of a plastid into a Plasmodium ancestor. However, all the
photosynthetic skills were lost and the apicoplast is known to play a vital role for lipid
metabolism but has a role also in other important prokaryotic metabolic processes such as
synthesis of isoprenoids, iron-sulfur clusters, and elements of the heme biosynthesis.!® Both
organelles contain one copy of their own genome that is accurately inherited by daughter
cells during cell division. Adaptations to the intra-erythrocytic cycle created the food
vacuole (FV), which contains proteases and aminopeptidases essential for hemoglobin
degradation.”” The latter is essential for the intra-erythrocytic parasite survival since
hemoglobin is the major source of amino acids. A nontoxic crystalline byproduct called
hemozoin derived from this process, becomes a distinct feature of intra-erythrocytic
parasites at late stages.!® The apical end of Plasmodium parasites contains the organelles
needed for adhesion to host-cell surface and invasion, including the bulbous rhoptries and
micronemes. Secretory vesicles known as dense granules, which are dispersed throughout
the parasite, contain parasite proteins involved in altering the membrane that separates the
parasite from the host and is known as the parasitophorous vacuole.” The general structure

of a Plasmodium parasite is depicted in Figure 3.2.
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Figure 3.2. General cellular structure of Plasmodium parasites. Adapted from Bannister et

al.20

During a bite of an infected female mosquito Anopheles, anticoagulants and spindle-shaped
parasites known as sporozoites are injected from the salivary glands of the mosquito into
the human dermis, from where they migrate through the blood stream to the liver.
Sporozoites enter the hepatocytes by breaking through Kupffer cells and sinusoidal cell
membrane and then evolve into erythrocyte-invasive forms in 7-10 days. The mechanism of
invasion is not completely understood, but Pinzon-Ortiz et al.?! found that circumsporozoite
protein (CSP) plays a function in attachment, thrombospondin-related adhesive protein
(TRAP) plays a role in internalization, and apical membrane antigen-1 (AMA-1) plays a role
in invasion to promote hepatocyte invasion.”? The contact between CSP and TRAP is again
mediated by HSPGs on the surface of hepatocytes, allowing for binding and
internalization.” Breakdown of the IMC of the sporozoite also occurs after internalization.'®
The liver infection is asymptomatic in humans, and it is also known as pre-erythrocytic
schizogony, where sporozoites undergo nuclear division without cell division that
culminates in the production of schizonts containing tens of thousands invasive
exoerythrocytic merozoites from a single invading sporozoite. In parallel with nuclear

replication, other organelles like mitochondrion and apicoplast start to grow and will divide
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in the process of cellular invagination to release daughter merozoites.”> This replication
takes place within a parasitophorous vacuole (PV) which is a structure formed from the host
cell membrane upon invasion and will be lost during the egress of daughter cells.* It was
demonstrated that many host factors are critical during this development phase and migrate
from the host cell to the parasite through the PV to ensure survival and replication of the
parasite. For example, in P. berghei, a common murine malaria species, the host scavenger
receptor B1 (SR-B1) was identified as a crucial factor for parasite invasion and development
within hepatocytes.” Recently, Raphemot et al.® performed a genetic screen to study the
role of human genes in P. berghei infection of Hep2 cells and found COPB2 and GGA1 to be
vital protein trafficking modulators for parasite development.

The merozoites are then released into the blood stream, where they invade red blood cells
(RBCs) and initiate the asexual life cycle of the parasite also known as erythrocytic
schizogony. In the case of P. vivax and P. ovale some of the sporozoites may enter a latent
stage known as the hypnozoite instead of immediately beginning asexual replication.
Hypnozoites appear to have an intrinsic “reactivation clock” and can reactivate after months
resulting in malaria disease relapses.” During RBCs invasion, merozoites attach their apical
end to the RBC’s membrane, which pushed by the merozoite actomyosin motor contort their
membrane around the parasites to form a nascent PV."” At a molecular level, merozoite
orientation to the apical end is mediated by proteins secreted by rhoptries and micronemes
including, merozoite surface proteins (MSPs) which trigger the expression of erythrocyte-
binding-like (EBL) adhesins, reticulocyte-binding-like (RBL) adhesins, and AMA-1." After
a subsequent recoil phase (RBC’s membrane deformation), AMA-1 interacts with rhoptry
neck protein 2 (RON2) to give a “tight junction” that along with the actomyosin motor
activity leads to merozoite internalization and PV formation."

In the erythrocytic schizogony phase, the parasite undergoes to rapid growth and
replication cycle (approximately 24 hours for P.knowlesi, 48 hours for P. falciparum, P. ovale
and P. vivax and 72 hours for P. malariae)*®** to develop from early rings to schizont stages
which, depending on the parasite species, may contain between 16 and 32 merozoites that

ultimately will egress the RBC to invade nascent RBCs. This asexual erythrocytic stage
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accounts for the clinical malarial symptoms and pathology.* As in the liver stage, the blood
stage's merozoite egress is regulated by the calcium signaling regulated by the cGMP-
dependent protein kinase (PKG) and involves the quick rupture of the PV, then the host cell
membrane rupturing.’!

Triggered by a combination of genetic, epigenetic and environmental factors, a small
fraction of schizonts diverts from asexual multiplication and a combination of differentiates
them into sexual gametocytes.?> While not responsible for symptom onset, this parasite stage
is the only transmissible form and ensures transmission of the disease. The fundamental
biology of gametocyte development still raises unanswered problems, despite the fact that
crucial pathways of gametogenesis and fertilization are becoming increasingly known.
Generally, when the transcription factor AP2-G is expressed, gametocyte formation is
triggered and the new forming parasites go through five developmental stages (I-V),3>%
where they grow and gradually elongate occupying the erythrocyte. In asexual parasites
AP2-G expression is suppressed by heterochromatin protein 1 (HP1) and histone
deacetylase 2 (HDA2) but can be activated by the perinuclear protein gametocyte
development 1 (GDV1) which interacts with HP1 leading to sexual commitment in a fraction
of schizonts.** Noteworthy, HDP1 controls also the expression of IMC genes which are
activated in the early gametocyte stages in P. falciparum.®® Immature gametocytes (stage I-
IV) are sequestered in tissues, (i.e., the bone marrow) and mature stage V male and female
gametocytes are released into the blood stream, where they are taken up by the mosquito
through a blood meal.?*%”

Stage V gametocytes are metabolically inactive in humans and are “reawaken” by the
mosquito midgut environment, where they emerge from erythrocytes and develop into
haploid female and male gametes. Environmental triggers that cause the activation of
gametocytes in mosquitoes include a reduction in temperature (to around 20-25 °C), an
increase in pH to 13, and the presence of the metabolic intermediary xanthurenic acid (XA),
which activates guanylyl cyclize and phospholipase C (PLC) to initiate DNA replication in
male gametes.® Then, male gametes become motile during exflagellation due to the egress

of basal bodies from the main cellular body, so that they can mate with activated round-
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shaped female gametes. Gametes fuse to form a diploid zygote, which during meiosis
elongates into a tetraploid ookinete within ~24 hours.* Protein kinases NIMA (never-in-
mitosis gene A)-related kinase 2 (NEK2) and NEK4 and the potentially the metallo-
dependent protein phosphatase PPM2 play a key role in ookinete differentiation. Ookinete
development occurs in six morphologically distinct stages and progress into oocysts (~48
hours) by penetrating the midgut wall.** The interaction of P25/28, CTRP, and SOAP with
laminin appears to be important for triggering oocyst differentiation.*! Oocyst is attached to
the basal lamina of the midgut and replicates its genome for the next 6-12 days to develops
hundreds of sporozoites inside the cellular membrane (sporogony). Next, following the
actions of putative cysteine protease egress cysteine protease 1 (ECP1) and CSP, sporozoites
will be released in the mosquito hemocoel to migrate to the lumen of mosquito’s salivary
glands, where phenotypic changes render mosquitoes infectious and ready to initiate
another life cycle.®?

Only 50 to 100 of the thousands of gametocytes ingested by the mosquito will mature into
ookinetes and only 10% of them will fully mature into oocysts, and at least the 80% of
ookinetes are eliminated.*** The longest stage of the life cycle is oocyst maturation, which
lasts around 14 days and results in the release of adult sporozoites that penetrate the salivary
glands of mosquitoes after 21 days and continue to be infectious through the lifespan of the

mosquito ready for transmission during the next blood meal.*?
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Figure 3.3. Malaria parasite life cycle. Plasmodium sporozoites are injected into the human
host's dermis during an Anopheles mosquito bloodmeal before making their way to the
liver. Hepatic schizogony begins when a sporozoite invades a hepatocyte, and the resultant
merozoites enter the bloodstream to start the symptomatic asexual blood stages (ABS). A
small percentage of asexual parasites engage in gametocytogenesis, producing adult male
and female gametocytes that can be transmitted to Anopheles mosquitoes that are feeding
on them. The midgut of the mosquito activates gametogenesis, which is followed by
fertilization and further development in the mosquito. The cycle is restarted when
sporozoites develop and go to the salivary glands to infect another host. SP: sporozoites; uE:
uninfected hepatocytes; S: schizont; M: merozoites; uRBC: uninfected red blood cell; ER:
early ring; LR: late ring; ET: early trophozoite; LT: late trophozoite; G: gametocytes; GM:

gametes; Z: zygote; OK: ookinete; O: oocyst.
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3.3 Current Malaria Control - Elimination Strategies and Challenges

Globally, long-lasting insecticide-treated bed nets (LLINs), indoor residual spraying (IRS),
early diagnosis, treatment with artemisinin-based combination therapies (ACTs),
chemotherapy prophylaxis in young children and pregnant women and the new WHO
approved vaccine are the major methods used to combat malaria.®

Chloroquine acts by interfering with the digestion of hemoglobin in the blood stages of the
malaria life cycle and it has been used in the standard therapy for uncomplicated malaria
for more than 40 years, until P. falciparum drug resistance to this drug significantly increased
cases of clinical failure.*® To fight an increase of malaria cases the WHO recommended the
use of ACTs and between 2001 and 2004 it was launched in 20 African countries and
between 2000 and 2015 it is estimated that ACTs prevented around 21% of malaria cases.?
ACTs consists of a combination of drugs with different mechanism of action active against
malaria parasites, where at least one belongs to the class of artemisinin antimalarials (Figure
3.4). The latter exhibit its antimalarial activity inside the erythrocytes by forming free radical
via a peroxide linkage causing protein damage. However, due to the complex structure
(Figure 3.4), artemisinin drugs can interact with a large number of targets and further

research is needed to fully elucidate the mechanism of action.*
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Figure 3.4. Chemical structure of antimalaria drugs used in therapy.

Such combinations include the use of strong, short-acting artemisinin derivatives such as
pro-drugs artemether, artesunate or the active drug dihydroartemisin (DHA) together with
less potent, longer-acting medications such as lumefantrine, amodiaquine, mefloquine,
piperaquine, pyronaridine and sulfadoxine—pyrimethamine (SP) (Figure 3.4). Artemether-
lumefantrine and artesunate-amodiaquine are frequently employed for the treatment of P.
falciparum and P. vivax, respectively.## Although ACT is meant to treat malaria, it has also
proven to be effective at preventing transmission.* ACT have played a crucial role in
controlling malaria over the past 20 years and also today it is widely acknowledged that
ACTs are the most effective cures for mild falciparum malaria. However, there are several
characteristics that could be improved such as clarification of mechanisms of action,

improvement of pharmacokinetic properties, and identifying a new generation of drugs
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against artemisinin-resistant Plasmodium strains, which are present in Asia® and recent
evidence suggest being emerging also in some African regions."

Vulnerable people living in malaria endemic regions and travelers require the
administration of drugs with prophylactic activity. Generally, for pregnant women and
children SP is used, while atovaquone-proguanil, doxycycline, and mefloquine (Figure 3.4)
are the antimalarial medications most frequently recommended to travelers.5>%

Light microscopy of stained blood films using Giemsa is the gold standard technique for
diagnosing malaria.>* Although highly effective, novel diagnostic methods for controlling
the malaria public health burden are available and among these malaria rapid diagnostic
tests (RDTs) are currently advised by WHO as the first test of choice in all parts of the world
where malaria is prevalent.®*

Indeed, due to its simplicity, speed, and lack of expensive equipment, RDT is the most
practical diagnostic test, despite its rising false-negative rate (i.e., should be always
confirmed by light microscopy of Giemsa stains). RDT is a immunochromatographic test
that detect the presence of parasite antigens and it may be carried out without the use of
any electrical apparatus or any specialized knowledge or abilities.’

Malaria control heavily relies on the use of vector-based interventions, and it is predicted
that between 2000 and 2015 the increased usage of LLINs and IRS prevented around 75%
(68% LLINs alone) of malaria infections in Africa.>

IRS kills malaria vectors by spraying a long-lasting residual insecticide on surfaces inside
and outside of a home where they could congregate and rest. LLINs are insecticide-treated
mosquito bed nets (ITNs) that have already been impregnated at the production facility and
they can maintain their effectiveness against mosquito vectors for at least three years.>
For these two treatments, insecticides from four different families are used: pyrethroids,
carbamates, organophosphates, and organochlorines, such as DDT.® Despite the high
efficacy and wide-spread vector control, the use of these insecticide encountered limitations
because the emergence and spread of resistance from mosquito vectors, particularly against

pyrethroids.®*
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Insects can become resistant through enhanced metabolic detoxification, mutation in the
insecticide target site (voltage-gated sodium channel) or by increasing the thickness of the
cuticles.506!

For decades, several vaccination initiatives aimed at targeting various parasite phases have
been undertaken. While the majority of them showed poor efficacy in clinical trials, only
recently the RTS,5/AS01 vaccine (Mosquirix) was recommended by the WHO as the first
vaccination against human malaria. 12 The RTS,S/AS01 is a hybrid recombinant protein that
consists of a fragment of the CSP fused to the hepatitis B surface antigen. As such, it induces
antibodies against CSP and immobilizes the sporozoites, thereby preventing liver infection
in humans. Thus, it is given before the erythrocytic stage to prevent the infection.
Nevertheless, this vaccine is only accessible to infants and children and showed an efficacy
rate of 36% in phase III clinical trials. So far, more than 2.3 million doses of the vaccine have
been successfully delivered in endemic regions in Africa, meanwhile more than 30 vaccines,
including whole sporozoite, blood-stage, and transmission-blocking vaccines, with

promising activity are being tested in clinical trials.®

3.4 Antimalarial Drug Resistance and New Target Candidate Profiles

Antimalarial drug resistance is described as "the ability of a parasite strain to survive and/or
multiply despite the administration and absorption of a drug in doses equal to or higher
than those usually recommended but within the limits of tolerance of the subject".® The
current rise in malaria-related mortality, notably in Africa, is due to resistance that has
developed to all kinds of antimalarial medications including artemisinin derivatives. Our
capacity to fight malaria with ACTs against P. falciparum has led to a significant reduction
of the global malaria burden over the last two decades, but with the emerging of parasites
less susceptible also to this treatment in the Greater Mekong Region,* the global public
health is in danger and intensive containment efforts have therefore been initiated. In this
context, understanding the causes of emerging resistance of malaria parasites (particularly
P. falciparum) is a primary interest to develop novel “resistance proof” antimalarial

medications.
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Similar to those discovered in other microorganisms, the resistance mechanisms in malaria
parasites are a result of an evolutionary reaction to the selection pressure induced by
antimalarial drugs, therefore high-transmission regions are more prone to experience de
novo mutations.®® Emergence and/or spread of parasite-resistant strains are mostly caused
by the lack of a fixed individual drug dosage.®® Moreover, the enormous magnitude of
pathogen populations (10" haploid parasites in acute infections of P. falciparum) and their
rapid growth rates increase the likeness of mutations.”” Antimalarial drug resistance may
arise in the drug target or in putative drug transporters leading to faster drug expelling from
the digestive vacuole, a decrease in the drug's ability to bind to its target, or a rise in the
number of gene copies (copy number variations (CNVs)).% Drug target mutations are well
represented by the case of pyrimethamine and cycloguanil, where point mutations (single
nucleotide variations (SNVs)) in the dihydrofolate reductase genes (PfDHFR) of P.
falciparum are associated with loss of binding affinity and then resistance to these antifolate
drugs.®” The P. falciparum chloroquine resistance transporter (PfCRT) gene and the P.
falciparum multidrug resistance protein 1 (PfMDR1) gene polymorphisms are examples of
drug transporters mutations, and they affect the malaria parasite's sensitivity to most of the
available antimalarial medications.””! Point mutations in P. falciparum of the Kelch protein
13 gene (Pfk13) were shown to be the primary cause of resistance for ART and its derivatives.
This modification prolongs the time that the parasite spends in early ring stages, which is
less susceptible to ART activity and the drug is rapidly cleared.” All these available genetic
alterations can be detected with various techniques (e.g., in real-time PCR) and serve as
molecular markers for clinical resistance, yet challenges related to the technique sensitivity
and multiclonal parasite infections limit the outcome.””*

The fast spreading of resistant parasite strains may also complicate the front-line therapy of
ACTs, thus there is a need of new as antimalarial medications that tend to be resistant to the
development of resistance. Recently, the leading product development partnership in
antimalarial drug research Medicines for Malaria Venture (MMV) updated the target

product profiles (TPPs) and target candidate profiles (TCPs), defined first in 2013,” which
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outline the required indications for the development of new antimalarial medications and

single compound, respectively.”

Two subcategories of TPPs have been described (Table 3.1):

TPP1 defines a medication to treat the active disease. Antimalarial medications
(ideally combinations of different compounds) that fall into this category should be
used for acute and uncomplicated malaria in adults and children and should have
TCP1 (i.e., clearance of the ABS of P. falciparum and all resistant strains), TCP5 (i.e.,
transmission-blocking activity by targeting gametocytes) and TCP3 (anti-relapse
activity by targeting P. vivax hypnozoites) features. This will be likely accomplished
by creating new products with a novel mode of action, avoiding any potential for
field resistance that may already exist.

TPP2 defines new chemopreventing drugs. Chemoprevention and chemoprotection
should be reached after a single exposure of the medications (currently, a three-day
course of three doses is advised for preventative therapy) with protection lasting at
least a week. Ideal chemopreventing medications have a combination of TCP1 and

TCP4 (activity against liver stages, hepatic schizonts) features.

Another approach taken into account for future drug formulations is the use of compounds

able to kill the mosquito vector upon a blood meal (TCP6). Ivermectin has been suggested

for this type of therapy, however due to the short-life, delayed effect in mosquitoes and side-

effects in pregnant women, new compounds with improved endectocide profile are

required.

Table 3.1. Target candidate profiles (TCPs) description and their combination for obtaining

ideal target product profiles (TPPs). TCP2 has been retired. Adapted from Hooft et al. 7
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TPP1: medication = TPP2: single-dose
Description for the active chemopreventing
disease medications
Fast clearance (ideally
as fast as artesunate) of
TCP1 erythrocytic parasite X X
stages including all
resistant strains
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Safe anti-relapse agents
TCP3 with activity against X
hypnozoites
Liver stage activity
(hepatic schizonts)
Transmission-blocking
agents by acting on
gametocytes at low
doses
Transmission-blocking
TCP6 agents by functioning as
endectocides

TCP4

TCP5

The development of new antimalarial medicines that take into considerations all these
parameters requires time and economic efforts. Furthermore, other major factors should be
contemplated in drug development stages such as improved pharmacokinetic parameters
and high efficacy in oral administration, synergistic mode of action and collateral sensitivity
(resistant parasites of one drug in the combination are more sensitive to the partner drug)

and the accessible price (required lower or equal to the ACTs currently in use).”s”

3.5 Transmission-Blocking Compounds

In response to the increasing drug resistance, scientists are studying new methodologies
that aim to stop the spread of malaria by targeting the bottlenecks of the Plasmodium life
cycle.77-80

From a thousand of gametocytes that are consumed by a mosquito during a blood meal,
only 50 to 100 (~1% of asexual parasites) of them are thought to escape the immune factors
and mature into ookinetes, which leads to fewer than five parasites per mosquito in the
oocyst stage. Moreover, a significant number of sporozoites are lost on the way from the
skin to the human liver.®!82 Thus, by targeting gametocytes and other parasitic stages/events
that occur in mosquitoes (gamete formation, fecundation and zygote formation, ookinete
maturation) with the use of transmission-blocking tools, would prevent a mosquito from

infecting a human and vice versa.
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Transmission-blocking strategies can either target the vector (insecticides or endectocides)
or the parasite life cycle. The latter include transmission-blocking vaccines (TBVs),
transmission-blocking endosymbionts (e.g., Wolbachia) and transmission-blocking
drugs.”8#38* While the first two subcategories are more difficult to implement in the field and
require long processes, the development of transmission-blocking drugs, also known as
transmission-blockers, seems more feasible at the moment bypassing some ethical and
technical issues of the other two strategies.?3%

Using transmission-blockers, the chance of emerging resistant in a reduced size number of
parasites would be largely decreased and could synergize with anti-asexual agents to
prevent the escape of resistant mutants and slow down the evolution of drug-resistant
parasites.”®%¢ To date, primaquine (PQ) is the only medicine approved by WHO for
transmission blocking purposes, and it can be used in conjunction with artemisinin in low
to moderate transmission settings.®® Nevertheless, this strategy is not extensively utilized
because of the toxicity issues emerging in G6PD deficient individuals.®” Furthermore, PQ is
a dual-active drug that inhibit the same target in both asexual and sexual stages of parasites,
thus may promote the spread of any resistance that could emerge against the ABS and the
transmission-blocking efficacy is impaired.”® As PQ, some clinical candidates (e.g.,
cipargimin; see section below) show equipotent activity against ABS and immature and/or
mature gametocytes.®® The key problem of a dual-active substance is that, in the great
majority of instances, it will inhibit the same target in both the asexual (TCP1) and sexual
stages (TCP5) of parasites, promoting the spread of any resistance that may emerge against
the earlier stages. If that is the case, these drugs need to be combined with one or two ABS
targeting drugs preferentially active also on early gametocytes, as demonstrated by PQ with
artemisinins, whose gametocytocidal activity was previously reported. The development of
transmission-blockers active on a single transmission stage will necessarily be combined
with anti-asexual drugs. On the other hand, the chance of resistance development is
significantly lower if dual-active medicines have distinct targets in sexual and asexual

parasites.”

96 Chapter 3



The most common target for transmission-blocking drugs are late-stage gametocytes, which
seem more amenable to therapeutic intervention as they can be easily targeted within the
human blood compartment.® Unlike anti-asexual drugs, these transmission-blocking agents
not only target gametocytes in symptomatic carriers, but also gametocytes carried by
asymptomatic individuals, who are responsible for up to 84% of persistent malaria
transmission. Therefore, mass-drug administration irrespective of the symptoms is required
and this strategy will need to face ethical and compliance hurdles before faking action in the
field.®

Yet, there is a significant population bottleneck in the vector midgut, supporting the fact
that sporogonic stages (gametes, zygotes, ookynetes and oocysts) are even more valuable
targets for innovative strategies to block transmission.?*** The development of drugs
targeting sporogonic stages has been hampered by the insufficiency of knowledge around
these stages and technical obstacles. Targeting sporogonic stages via blood uptake or
impairing vital functions of gametocytes for developments in mosquitoes require drugs
with long half-lives since P. falciparum mature gametocytes may circulate in human blood
up to 7 days. In addition, along with the lack of standardized methods for studying
pharmacokinetics and pharmacodynamics of the drugs inside the mosquitoes there are no
in vitro drug screenings targeting P. falciparum post-gamete formation stages.?
Atovaquone (ATQ) and the chemoprophylactic combination ATQ - proguanil (namely
Malarone) have been shown to reduce mosquito infectivity and thereby malaria
transmission by suppressing ookinete production and oocyst maturation.”’*> Recently, to
overcome the difficulty to deliver transmission-blocking drugs in mosquitoes, Paton et al.*®
patented an innovative strategy that exploit the xenobiotic tarsal absorption of mosquitoes.
They demonstrated that, similarly to insecticides, antimalarial compounds spread on
surfaces (e.g., bed nets) can be delivered to mosquitoes in a short-time exposure. Most
strikingly, ATQ (100 umol/m?) alone could completely block the parasite transmission just
after 6 minutes of exposure. However, using an approved antimalarial drug to reduce
mosquito vectorial capacity and block transmission could further increase the risk of

developing resistance to antimalarial drugs and compromising their efficacies.®**> Thus,
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such a strategy overcomes the mechanism of vector-resistance (mosquito fitness is not
affected) and the difficulties related to the indirect delivery of drugs into mosquitoes. Yet, it
is essential to find new transmission-blocking compounds targeting sporogonic stages of
the parasites with novel mechanism of action and a more complete understanding of post-
transmission biology will aid in releasing such a strategy.

Finally, each transmission-blocking approach will require reliable models to quantify and
model their efficacy and epidemiological impact along with the frontline interventions

before administration.®

3.6 The Global Antimalarial Pipeline

In the last decade, the process of drug development to treat malaria and transition to clinical
trials has seen a drastic acceleration. This contributed to the developments of several new
or optimized chemotypes and discovery of new drug candidates against both known and
new therapeutic targets. The development of new open partnership (e.g., MMV with its
partners) played a major role in widening the pipeline of antimalarial candidates. Currently,
preclinical and clinical research are presently being conducted to examine various
medications and pharmacological combinations (Table 3.2).%¢ The frontrunner is the
spiroindolone KAE609 (Cipargamin),” but there are several other leading compounds
advanced to translational sciences and product development, and some of them are
potential transmission-blocking compounds (Figure 3.5).

Noteworthy, it is not clear whether these compounds affect the same target during the
asexual and sexual stages, something that is typically only determined in retrospect.

The leading compounds having transmission-blocking activity that are currently
progressing in development are target gametocytes (TCP5) and at least another parasite

stage or act as endectocides (TCP6), and they are here addressed.

3.6.1 KAE609

KAE609 (Figure 3.5), also known as Cipargamin, is a synthetic molecule belonging to the

spiroindolone class and developed at the Novartis Institute for Tropical Diseases in
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Singapore, through a partnership with the Genomics Institute of the Novartis Research
Foundation (GNF), the Biomedical Primate Research Centre and the Swiss Tropical
Institute.”® Among the lead compounds of the malaria drug pipeline, this molecule is the
most advanced in Phase II and recruiting is ongoing to be tested against severe malaria
caused by P. falciparum (NCT04675931).” It has both TCP-1 and TCP-5 features since has
potent activity against ABS of P. falciparum and P.vivax and targets both early and late stages
gametocytes and resistant strains.®® Given its modest half-life (21 hours), a medication with
a longer half-life would need to be combined with it. KAE609 disrupts the parasite's Na*
homeostasis by acting as Na*/H* antiporter on PfATP4, an ATP-dependent Na* channel. This
mechanism eventually causes parasite swelling, consistent with the phenotypic effect of

other drugs targeting ATP4. 1%

3.6.2 KAF156

KAF156 (Figure 3.5), also known as Ganaplacide, belongs to the class of the
imadozolopiperazines and it is another synthetic drug developed by Novartis with multi-
stage activity.!”! Indeed, KAF156 showed activity against both P. vivax and P. falciparum, has
potent activity against ABS (TCP1), liver stages (TCP4) and gametocytes (TCP5) and all
resistant strains.!®>1® As with KAE609 and the majority of antimalarial agents with half-life
<3 days, due to its moderate half-life (44 hours), it is expected that KAF156 will be given in
combination regimen for the treatment of malaria.!® KAF156 is now undergoing Phase IIb
clinical trials in combination with lumefantrine (NCT04546633).1> This drug promotes
enlargement of the endoplasmic reticulum (ER) in parasites and inhibits protein trafficking,
but the mechanism of action is unclear.'® Mutations in the P. falciparum acetyl-CoA
transporter, the UDP-galactose transporter, and PfCARL, all confer resistance, however
none of them are believed to be the putative targets.!®® The TCP4 profile of this drug is

promising as previously investigated in healthy subjects in phase I trial (NCT04072302).1%
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3.6.3 M5717

The collaboration between MMV and the Drug Discovery Unit at the University of Dundee
in Scotland led to the discovery of M5717 (formerly DDDA498, Figure 3.5) that is now being
developed in partnership with Merck KGaA.1® M5717 is a quinoline carboxamide derivative
with pan-activity toward the human stages of malaria lifecycle (TCP1, TCP4 and TCP5) and
previously identified as the most attractive transmission-blocking candidate.’® The highly
potent anti-malarial activity is associated to the novel mechanism of action and its high
selectivity. Indeed, M5717 inhibits the cytosolic protein synthesis of elongation factor 2
(PeEF2) in different Plasmodium species showing no cross-reactivity to its human isoform.?
In 2018, the drug successfully finished its phase 1la human safety clinical studies and,
astonishingly, the slow half-life of this molecule (146-193 h at doses > 200 mg)!® enables
single-dose cure of malaria in infected mice. This feature along with liver stage activity make
Mb5717 a perfect candidate for the use as a chemoprophylactic agent, offering long-lasting
protection.”>7¢111 Phase I clinical trials (NCT03261401 and NCT04250363) have been

completed but no results are available.

3.6.4 Methylene Blue

Methylene Blue (MB, Figure 3.5) is a synthetic dye with a thiazine-based structure and used
for different medical purposes. Already used in the 19" century to treat malaria before the
discovery of chloroquine but with undesirable side effects (urine color and sclera change to
blue),'? today MB is mostly used as a control compound in gametocytes drug assays. Yet, it
has been repurposed as a drug to treat malaria due to its low price and also because it is
considered a promising alternative to primaquine by blocking all gametocyte stages (TCP5)
though with ranging ICso values (e.g., 12— 490 nM), including transmission to anopheline
mosquitoes.’® Additionally, but of less significance, MB is active in ABS of malaria (TCP1).11*
Clinical studies are thus now focusing to find an appropriate combination of MB with a
partner drug and also investigating the safety dosage in G6PD-deficient individuals.!>115116
Weakly known, but potentially complex, the mechanism of action of MB against malarial

parasites raised different hypotheses. One potential mechanism is the competitive inhibition
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of glutathione reductase, which makes the parasite more susceptible to the effects of other
antimalarials like chloroquine. Other theories for how MB works also center on its capacity
to alter the cellular redox equilibrium producing toxic products in both erythrocytic and

gametocytes stages.!'>!17

3.6.5 BRD7929

The bicyclic azetidines derivative BRD7929 (Figure 3.5) was for the first time synthesized at
the Broad Institute and then identified from a phenotypic screening as an emerging lead
candidate due to its multi-stage activity (TCP1, TCP4, TCP5) both in vitro and in vivo at
nanomolar concentrations.!®1° Strikingly, BRD7929 is able to stop the transmission of
parasites to the mosquito vector (late-stage gametocytocidal activity) at the same degree of
exposure achieved in a single-dose cure in the ABS in rodent malaria models.!’®#12 With a
32-hour half-life and rapid action on site, BRD7929 allows for single-dose therapy. BRD7929
and similar bicyclic azetidines share the same mechanism of action by inhibiting the parasite
cytosolic phenylalanine tRNA-synthetase (PfcFRS and PvcFRS) and in a recent co-
crystallization work it was elucidated the specific drug-target interactions.'

Along with further preclinical studies, a program for structure-based medication design is

currently running particularly to improve some cytotoxicity features previously emerged.?

3.6.6 MMV609

MMV609 (Figure 3.5) is an ATP4 inhibitor that functions similarly to cipargamin in terms of
its mode of action. It has been demonstrated to be effective against the ABS, the liver stage,
and the sexual stages (TCP1, TCP4, TCP5). This compound is developed by MMV in
partnership with the University of Kentucky (Kentucky, UK) and to our knowledge
preclinical data results are not yet available. Currently, one of the main focuses is to find a

faster and cheaper rput to synthesize this complex molecule.'”!
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3.6.7 MMV183

The pantothenamide (PanAm) MMV183 (Figure 3.5) is a clinical development antimalarial
candidate discovered by TroplQ (Netherlands) in partnership with MMV. Together with a
potent and rapid (< 24 hours) anti-asexual activity against all ABS of both P. falciparum and
P. vivax (TCP1), this compound has also nanomolar potency (ICs: 12 nM) against P.
falciparum female gametocytes determining the interesting transmission-blocking profile
(TCP5). In addition, it was shown that MM183 keeps the nanomolar activity against
artemisinin-resistant P. falciparum. Rapid action, favorable pharmacokinetic and minor
toxicity properties suggest a safe single-dose malaria treatment in humans and further
preclinical studies are ongoing.'*

The mechanism of action of PanAms, including MMV183, has been elucidated and
supported by a variety of biochemical assays such as in vitro assays such as evolution and
whole-genome analysis (IVIEWGA), CRISPR-Cas9, conditional knockdown and cellular
thermal shift assay (CETSA). Upon metabolization by three enzymes of the CoA
biosynthesis pathway, PanAms form analog products of Coenzyme-A (CoA) that inhibit
acetyl-CoA synthetase (AcAS) and block the formation of acetyl-CoA.1>

3.6.8 Isoxazolines (endocticides-TCP6)

To find a solution to the limits in the use of ivermectin as endocticide (short half-life, slow
action in mosquitoes) new insecticides are being tested in preclinical stage. Isoxazoline
molecules (Figure 3.5) (lotilaner, fluralaenl, afoxolaner) act as insecticides by blocking native
and expressed insect GABA-gated chloride channels with nanomolar potency. They are
used as veterinary drugs to control ticks and fleas and have been recently considered as
promising candidates since are well tolerated in these animals and may provide protection
after a single oral dose because of their longer half-life (up to 48 days).

Analysis of mosquitocidal data suggest that also these isooxazoline derivatives have a slow
onset of action but, interestingly, sub-lethal doses of afoxolaner significantly reduced the

reproductive potential of surviving for An. albimanus and An. Stephensi mosquitoes. It
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should be noted that human data are not available and these compounds are still subjected

to preclinical studies.!?124
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Figure 3.5. Chemical structures of compounds with transmission-blocking activity in
translational and product development phases. Fluralaner and Lotilaner are example of
isoxanoline-derived compound that together with other isoxanoline derivatives are being

tested in preclinical studies.

3.7 The Transmission-blocking Screening Landscape

The majority of screens for new antimalarial compounds are focused on blood-stage
parasites cultured in vitro (commonly fluorescence-based assays measuring cell
proliferation) and they have been for long used as a primary filter to identify and prioritize
novel hits.!?1” Since transmission-blocking drugs have been a priority area of investigation,
a race has begun to develop effective and rapid screening methods against the other phases
of the parasite lifecycle to use in parallel with asexual in vitro screenings. Such improvement

would remove the selection bias associated with ABS cell-proliferative screening and thus
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would cover a broader chemical space for the identification of novel hits with transmission-
blocking potential.’?-13° Today, the search of compound with transmission blocking activity
prioritizes drugs able to prevent infections by blocking parasite transmission from infected
individuals to the mosquito vectors (TCP5) since they are more amenable for medium-/high-
throughput screening. Indeed, no in vitro standardized assays evaluating the activity of
drugs against P. falciparum sporogonic cycle have been yet reported and only rodent malaria
parasite P. berghei can provide tests for investigating the activity of compounds towards

these stages.'!

3.7.1 Gametocytocidal assays

Gametocytocidal assays are usually performed in P. falciparum NF54 (clone of 3D7) for both
immature and mature gametocytes stages as the strain that generates the maximum
gametocytemia and has good repeatability.!3213

Since gametocytes are non-replicative embryonic stages, gametocytocidal activity is
assessed by a range of assays that use colorimetric readouts or reporter lines as
measurement of metabolic activity (viability marker). Typical controls in these tests include
methylene blue.!!>1%

Colorimetric assays include the use of indicator dyes sensitive to oxidation-reduction
(Alamar Blue and Presto Blue assays) to the parasite lactate dehydrogenase (PfLDH) levels,
a crucial enzyme in anaerobic carbohydrate metabolism for ATP synthesis in Plasmodium
parasites.””13* These methods are cheaper, faster, and easier to perform but unspecific
interactions and challenges with purity of gametocyte culture would decrease the signal-to-
noise ratio and interfere with the analysis.!*13 More expensive alternatives measure the
intensity of the bioluminescence or fluorescence signal that is proportional to gametocytes
metabolic activity. These include gametocytes stained with a fluorescent dye (e.g.,
MitoTracker Red), reagents measuring ATP levels (e.g., BacTiter-Glo) or transgenic parasite
line expressing a specific fluorescent reporter gene, such as GFP or GFP-luciferase.'™ It is
also important to mention two recent large-scale screenings, Saponin-lysis Sexual Stage

Assay (SaLSSA) developed by the University of California San Diego School of Medicine
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and the use of acridine orange (AO) to measure gametocytemia and rounding-up post-
activation as a marker of viability developed by researchers at the Istituto Superiore di
Sanita' (ISS) in Rome.!%61%”

All these assays offer high sensitivity and can be adapted for medium/high throughput
assays; however, results variability is common and thus is recommended to perform more
than one of them to better assess compounds gametocytocidal activity.'*135 Moreover, they
do not reveal the actual ability of gametocytes to infect a mosquito, which is interrogated in

a second screening cascade through membrane feeding assays (see below).

3.7.2 Dual Gamete Formation Assay

A mosquito must ingest at least one mature stage gametocyte from each sex to get
infected.!® Drug selectivity towards male or female has not been investigated in
gametocytocidal assays until recently gametocidal assays made it possible, offering a way
to improve transmission-blocking effectiveness. Gametocidal assays evaluate the
transmission-blocking activity of compounds based on their capacity to inhibit mature
female and/or male gametocytes to produce gametes (gametogenesis). Among these, the
DGFA was the most successful and thus recently advanced to the 384-well format.'* Briefly,
mature gametocytes are exposed to test compounds and after the set incubation time and at
the appropriate conditions, gametogenesis is induced. The development of "exflagellation
centers" is a marker of male gamete production, whereas immunostaining of a surface
protein expressed at the gamete surface upon egress (Pfs25) allows for the detection of
female gamete production.!®

The strong evidence of a linear link between DGFA and the standard membrane feeding
assay (SMFA) has demonstrated to be a potent high-throughput indicator for transmission-

blocking potential of tested compounds.!3%14!

3.7.3 Standard Membrane Feeding Assay (SMFA)

To date, all hits from transmission-blocking screenings need to be validated through the

SMFA, that is considered the gold standard assay to evaluate compound transmission-

Chapter 3 105



blocking activity.!*>!43 This test commonly involves the infection of Anopheles mosquito by
using an artificial membrane covering a vessel containing blood infected with mature
gametocytes, which were previously exposed to transmission-blocking candidates. The
parasite viability is then evaluated 7-10 days post infected-blood meal (pIBM) by counting
the number of oocyst developed on mosquitoes” midguts.!#>144

Variants of this assay, indirect washout SMFA (the candidate compounds are washed out
the infectious blood meal before blood feeding) and a ‘direct’ SMFA (gametocytes are
exposed to candidate compounds just before mosquito blood feeding) are used to give
additional information to the selectivity of the tested hits.!® The major drawback of SMFA
is the low-throughput and research is advancing towards the improvement of transmission-
blocking assays that can predict SMFA results. Among these, DGFA holds promise as a
future gold-standard for transmission-blocking activity of compounds targeting

gametocytes, but further investigations to validate its efficiency are needed.!2814

3.7.4 Sporogonic Development Assays using P. berghei

The ookinete development assay (ODA) was first described by Delves et al." to allow the
evaluation of the effect of compounds on the early sporogonic development (between
gametogenesis and ookinete maturation) and of parasites in mosquitoes in a screening
format. In this assay, GFP-expressing P. berghei gametocytes from an infected mouse are
exposed to the compound and induced to form gametes simultaneously in a medium that
simulates the mosquito midgut environment. By the time when mature ookinete should be
formed (22-24 h), high-content imaging microscopy is used to evaluate the killing rate of the
compound by counting GFP-expressing parasites.

More recently, Azevedo et al.>* reported drug assays to using P. berghei to test the activity
towards the oocyst formation and maturation. Oocyst formation is evaluated by treating
purified ookinetes test compounds for 72 hours, while evaluation of oocyst development

inhibition is achieved after an incubation of 12 days of early oocyst with the test compounds.
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Despite these screening methods can be operated in a 384-well format, it does not detect

compounds with P. falciparum specific activity and adapting to P. falciparum still remains a

top priority.

3.8 Conclusions and Objectives of Our Study

In the last two decades significant decreases in the worldwide burden of malaria have been
achieved as a result of very successful ACTs, preventative medications (e.g., PQ) and
mosquito vector control strategies (LLINs and IRS). However, due to the growing
prevalence of drug-resistant strains and insecticide-resistant Anopheles mosquitoes, the
number of cases and deaths began to stall in 2015, and today malaria continues to be a
worldwide health hazard with an estimated 241 million cases and more than 600.000 deaths
in 2020.°

To further advance the malaria elimination agenda, the antimalarial community has moved
the focus of malaria interventions from reducing the acquisition of infection (LLINs and
IRS) and the clinical impact in the human host (ACTs), to block the host-vector parasite
transmission. Transmission-blocking interventions act either by depleting the gametocyte
reservoir in the human host or by preventing the growth of malaria parasites inside the
mosquito vector and they are now considered critical for malaria eradication.”®5

The search of new transmission-blocking drugs besides PQ (limited clinical use), has
provided novel clinical candidates that act on multiple-stages and has also advanced HTS
platforms to identify compounds with gametocytocidal activity, but less has been achieved

in the discovery of stage-selective compounds or compounds active in sporogonic

Stages.98’108’119’122’145

A recent study by Reader et al.’®* used parallel high-throughput screening to identify new
transmission-blocking agents to provide proof of concept that parallel screenings can bring
to the discovery of new selective compounds beyond asexual stages. They identified

MMV1580843 as a promising selective transmission-blocker.
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Paton et al.®% invented a novel transmission-blocking approach that overcome the
limitations of current mosquito-targeted interventions demonstrating that P. falciparum
transmission can be completely stopped when Anopheles gambiae are treated with the
antimalarial ATQ (known to have anti-sporogonic activity) by tarsal contact, a manner of
insecticide exposure similar to that used on insecticide-treated bed nets. Such a strategy lays
the groundwork for the discovery of novel chemotypes acting against parasites in
mosquitoes.

Therefore, we decided to look for additional compounds to validate MMV1580843 activity,
give a rational structure-activity relationship (SAR) and improve the drug likeness. In
parallel, we aimed to find new compounds with antimalarial properties that could be

adopted in control strategies by targeting the parasites in mosquitoes.
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Chapter 4 - Discovery of Novel Pyrazole- and Pyrrole- Based

Compounds as Potential Transmission-Blocking Compounds

4.1 Introduction

The development of new tools is of paramount importance to stay ahead resistance and to
eventually eradicate malaria. Today, scientists prioritize the search of new antimalarial
drugs carrying a new profile: transmission-blocking activity, selectivity against gametocytes
and/or sporogonic stages, new mechanism of action (MoA), and no cross resistance with
existing drugs.'* The transmission blocking candidates present in the pipeline act on
multiple stages, including asexual blood stages (ABS), thus none of them showed a selective
activity towards the bottlenecks of malaria transmission, which contrary to drugs with
multiple activity do not cause the selection of parasite resistant genotypes during asexual
proliferation.'>>¢ This is mainly due to the screening cascade that has for long time
prioritized the activity against asexual parasites.”?

To address this, a work from Reader et al.® recently described a parallel de novo screening of
the Medicine for Malaria Venture (MMYV) Pandemic Response Box (PRB) on P. falciparum
avoiding any bias towards activity on any one life cycle stage. Interestingly, from an initial
screening of 400 drug-like compounds, they identified novel chemotypes having multistage
activity, ABS-specific activity, stage-specific activity against IV/V stage gametocytes (GC).
Among these, the rimonabant-derivative MM V1580843 (abbreviated as MMV843) showed
potent selective activity against late-stage GC (Table 4.1), particularly towards the formation
of male gametes, and thus an intriguing transmission-blocking profile. MMV843 was
initially discovered as an inhibitor of the lipid transporter mycobacterial membrane protein
large 3 (Mmpl3) in Mycobacterium tuberculosis,'® but since the are no direct homologues to
this protein in the P. falciparum genome, the MoA of this compound cannot be predicted,
and further analysis are needed. Moderate cytotoxicity and metabolic profile impede

MMV843 to progress as a clinical candidate for malaria transmission-blocking strategies,
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yet it represents a good starting point for medicinal chemists in search of breakthrough

antimalarial drugs.

Table 4.1. Activity of MMV843 against asexual and late-stage GC of P. falciparum parasites
and structure. @ Plasmodium falciparum; ® fold change of ICso ABS/ ICso stage IV/V GC; ©
transmission-reducing activity (reduction in oocyst intensity); ¢ topological polar surface

area; © predicted.

N Y
Si—
7 s
N
N
Cl
Cl
MMV1580843

Asexual ICso (uM) (FCP) 1.79 (16)
Pf= stages IV/V GC ICso (uM) 0.108
Pf* male gamete formation 58%
Pf* female gamete formation 63.6%
SMFA (% TRA9) 80.2%
Cytotoxicity (uM) 38.9 (HepG2)
LogD7.4 4.22¢
Solubility pH 6.5 (uM) 3.72¢
tPSA4 21.06¢

The recent discovery of Paton et al.!! has recently built the foundation for a novel malaria
control strategy based on incorporating antimalarial drugs into mosquito-targeting
interventions, demonstrating that sporogonic stages of P. falciparum parasites, can be

completely abrogated when Amnopheles gambiae females are exposed tarsally to surfaces
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coated with low concentrations of ATQ (Figure 4.1). This strategy lays the foundation for
the search of new antimalarial compounds active against sporogonic stages, which have
been hindered by the lack of knowledge of parasite-vector interaction and short availability
of testing tools.!? Indeed, as ATQ is used as a human therapeutic to treat malaria-infected
people, it cannot be utilized in this strategy due to the risks of favoring the spread of parasite

resistance.

These findings motivated our search for new transmission-blocking compounds. Due to the
similarity between MMV843 and potent anti-tubercular compounds previously discovered
by us,”® in collaboration with Birkholtz’s research group at University of Pretoria
(Department of Biochemistry Genetics and Microbiology) we started a research project to
find new transmission-blocking compounds with improved physico-chemical features that
retain the selective gametocytocidal activity and would help us to understand the structure
activity relationships (SAR) around their scaffold.

In parallel to this, in collaboration with Catteruccia’s research group at Harvard T.H. Chan
School of Public Health (Department of Immunology and Infectious Diseases), we aim to
discover new anti-malarial compounds active against sporogonic stages of P. falciparum to
populate the chemical library to use in the aforementioned strategy. To this end, compounds

of an in-house library were selected for phenotypic screenings.
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Figure 4.1. Schematic representation of transmission-blocking activity of MMV843 and
ATQ. MMV843 targets late-stage GC (IV-V) with higher potency against male GC blocking
their transition to male gametes. ATQ is absorbed through the cuticle of an uninfected
mosquito upon tarsal exposure to an ATQ-coated surface. When the mosquito ingests GC,
ATQ blocks the formation of mature ookinetes and thus the development of infectious

sporozoites. GM: gametes; Z: zygote; OK: ookinete; O: oocyst.
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4.2 Results

42.1 Selection of MMV843 Analogues

In order to explore which alterations are best tolerated and then the minimum requirements
for activity, 14 synthetically accessible derivatives were selected with the best substituents
resulting from our previous works.'3!* (Figure Table 4.2). Changes to R! and R? of MMV 843
were first in priority and included changes of the chlorophenyl groups with other electron
withdrawing groups (EWGs) (1 - 4, 7 - 10, 12 - 15) or electron donating groups (EDGs) (5 -
7,11, 14), or replacement with aliphatic substituents (1, 2, 4 - 6, 9, 11, 13). Changes to R® were
second in priority and included the replacement of the azasilinane amine with other cyclic
amines (5 — 15). The latter were particularly attractive considering the role of the silicon
amine which previously showed to be responsible of high cytotoxicity together with high
levels of human ether-a-go-go-related gene (hERG) activity, low water solubility, as well as

low membrane permeability.'®

Table 4.2. Chemical structures of compounds 1-15. *Previously reported in outer source.’

Compound R! R? R?

1 FsC /®/§
z FsC /Q/E

e |
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42.2 Activity and Cytotoxicity Studies of Selected Analogues for a

preliminary Structure Activity Relationship (SAR)
To assess the activity of 1 - 15 against P. falciparum, compounds were screened in parallel
against PINF54 asexual parasites and stage IV/V GC along with MMV843. Anti-asexual

activity was determined after three independent experiments of SYBR Green I assay (72
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hours cycle) and activity data against stage IV/V GC were orthogonally confirmed on three
different gametocyte assays (PrestoBlue fluorescence assay, ATP bioluminescence assay,
luciferase reporter assay). Safety of compounds with gametocytocidal activity lower than 1
uM was predicted by performing cytotoxicity counter-screening and HepG2 toxicity
screenings.

All analogues showed moderate anti-asexual activity (ICso > 1 puM) but different
substitutions around the pyrazole core determined a wider change of values of activity
towards stage IV/V GC (Table 4.3). The azasilinane series (1 — 4) displayed submicromolar
activity (ICso = 0.219 — 0.708 uM), with compound 1 to be the most potent one and
characterized by the highest fold change (FC; ICs0 ABS/ ICs0 stage IV/V GC) of this series.
Compounds 1 - 4 were particularly interesting since they suggest that the replacement of
the aryl group at both positions R! or R?with an aliphatic group does not “switch off” the
activity against late-stage GC, which is retained. Generally, such substitutions increased
anti-asexual activity (ICso = 1.087 — 2.043) and decreased gametocytocidal activity with
respect to MMV843. Consequently, FC is also decreased making compounds 2 (FC = 2.85)
and 4 (FC =1.68) not selective against late-stage GC according to TCP5 criteria.
Interestingly, all the structural modifications at position R®* determined a loss of activity
against late-stage GC except for compound 14 (ICso = 0.582 uM), which is characterized by
a 4,4-difluoro piperidine at R3, suggesting that that there is space for modifications also at
this position. Moreover, compared to its activity against ABS parasites, activity towards
stage IV/V GC was significantly lower with a FC =7.18, that is closer to the one of MMV 843.
Compounds substituted with morpholine (8 — 10), tert-butyl piperazine-1-carboxylate (11,
12), and 2-oxa-7-azaspiro[3.5]nonane (6, 7) showed a complete loss of activity against late-
stage GC (ICs0 > 10 uM) regardless whether carrying both aryl rings at R' and R? or aliphatic
groups at one of the two positions. Notably, compounds 5 and 13 carry the same substituent
at position R® (4-methoxypiperidine) but only compound 5 showed moderate activity
against late-stage GC (ICs0 =1.1 uM) indicating that the 2-methylpropan-2-ol at position R?

plays a role in recovering such activity. Loss of activity of these compounds does not
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correlate with the activity against ABS, which is generally higher as in the case of
compounds 6, 7 and 15 (ICso = 1.39 - 3.975 uM).

Additionally, the replacement of the chlorophenyl group with the more potent EWG
trifluoromethyl phenyl can lead to an increase of anti-asexual activity making compounds
up to 10-fold orders of magnitude more active than MMV 843.

Finally, on the basis of their gametocytocidal activities, and excellent solubility profile
(solubility in PBS at pH 7.4 = 55 — 165 uM), compounds 1 - 5 were tested for microsomal
stability and Hep2G cytotoxicity. Like MMV843, these compounds were not cytotoxic at
concentrations > 25 uM, however previous studies reported in our recent work' revealed
hERG toxicity (not yet tested in MMV843) in the case of compounds 2 and 4 that was
correlated to the azasilinane group. Microsomal stability studies (not yet tested in MMV 843)
showed rapid clearance of the tested compounds that do not meet the TCP-5 criteria and

could bring to a lack of efficacy in vivo.

Table 4.3. Activity against PANF54 ABS and late-stages of GC (IV/V), physico-chemical
properties, cytotoxicity on HepG2 cells and hERG interactions of compounds 1 - 15 and
MMV843, compared to TCP-5 hit/early lead criteria.

IV/V GC Sol. pH hERG
ABSICso  Cytotoxicity Microsome MW
Comp. ICso 6.52 logD7s¢  tPSA? ICso
(uM) (FC)  Hep2 (uM) EH (h/r/m)  (g/mol)
(uM) (uM) (uM)
TCP-5 <05/01 >5(FC>3/ >100/1000 >10 .
<05 <500 <3 <75A: -
criteria uM >10) fold (PBS)
MMV843 0.112 1.79 (16) 389 3.72 n/a 430.40 5.5 21.06 -
0.88/0.74/0.
1 0.219 1.813 (8) >25 165 407.55 3.0 21 -
72
0.90/0.89/0.
2 0.382 1.087 (3) >25 120 435.60 3.2 21 2.50
94
0.92/0.90/0.
3 0.526 2.043 (4) >25 170 385.59 25 18.84 -
89
0.87/0.88/0.
4 0.708 1.191 (2) >25 55 447.54 3.6 21 1.26°
63
5 1.1 - >25 - - 385.54 4.3 21 -
6 >10 1.39(0.14) 7% at20 uM 165 - 407.60 34 28.07 -
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28
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47

a predicted; ® data reported from outer source'3; -: to be determined; h/r/m: human, rat, and mouse liver

microsomes; Comp.: Compound.

Replacing the chlorophenyl with

trifluoromethyl-phenyl increases asexual

activity with slight effect on GC activity
Cyclohexyl group substitution is allowed at
this position

Can be replaced with cyclohexyl-,
cyclopropyl- and methylpropanol-
groups to maintain anti-gam activity

Replacing with 4-fluoro-phenyl does not affect

much the activities

Azasilinane group seems important for

gametocyte activity

Activity can be maintained with 4,4-difluoro-
piperidine in combination with other changes

___________

___________

Figure 4.2. Preliminary SAR characterization around MMV843.

42.3 Compounds Selected for Screening Against Multiple-Stages of P.

falciparum

For the purpose to find novel compounds to use as a transmission-blockers in mosquitoes

through tarsal contact, 127 compounds were selected from our in-house library (1000
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compounds) according three parameters, i) chemical diversity, ii) tPSA <90 A2, iii) logP > 2.
Of these 127 compounds, 86 were 1,5-diaryl pyrroles, 34 were pyrazoles and 7 were
hydrazide derivatives of the 2-fluorobenzoic acid (Figure 4.3). Some of them demonstrated
anti-tubercular activity in our previous works®*-'” and, while pyrroles and pyrazoles show
structural similarity with MMV843, antiplasmodial activity of benzohydrazide chemotypes

have not been yet reported.
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Figure 4.3. General structures of the 127 selected compounds. From the top to the bottom:
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heteroatom or aliphatic substituent.
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4.2.4 Anti-asexual Screening Data Analysis, Chemical Series Prioritization and

Preliminary SAR Analysis
Hit selection of compounds was first performed in ABS of PNF54 by using SYBR Green I
assay. The selected 127 compounds were first screened in three different concentrations (20
uM, 2 uM and 0.2 uM) on three independent experiments and hits were identified at 2 uM
with a cut-off > 30% of growth inhibition of asexual parasites. ABS activity of the hits was
confirmed in a second round of screening by evaluating the ICs0 and ATQ was used as
control for the reproducibility of the assay.
Following incubation of 72 hours, 12 hits of the 127 compounds proved to be active on ABS
of PfNF54, of which 6 were pyrroles and 6 were pyrazoles (Table 4.4). We assumed that
these compounds were characterized by a good cell permeation profile since were
characterized by a tPSA in a range between 6.46 and 49.85 A2, and LogD~. between 4.2 and
6.2.
Since none of the fluorobenzohydrazide derivatives were active at 2 puM, they were not
considered for further analysis. ICso values ranged from 0.74 to 3.70 uM and of the 12 hits, 4
compounds had ICso <2 uM, with 18 (ICso=1.26 uM) and 16 (ICs0=0.74 uM) to be the most
potent of the pyrrole and pyrazole series, respectively. As reported above, also here
compounds 3 (ICs=2.60 uM), 6 ICs0=2.78 uM), 11 (ICs0=3.70 uM) and 12 (ICso= 1.54 uM)
(Table 4.2) were found to be active against asexual stages with similar potency, except for
compound 6 (ICso=2.78 uM), denoting 2-fold increase compared to the values observed in
previous experiments (Table 4.2).
Screening data helped us to conduct preliminary SAR studies around these two chemical
groups (Figure 4.4). They suggest that pyrazole and pyrroles are active against ABS of
parasites when substituted at positions 1, 3 and 5. Generally, a basic non-aryl six membered
saturated heterocycle at position three is important for the activity. The azasilinane group
at position 3 is not essential for ABS activity and this position can be occupied by tert-butyl
piperazine-1-carboxylate (11, 12), 2-oxa-7-azaspiro[3.5]nonane (6) and 44-difluoro
piperidine (16, 21). Interestingly, none of the compounds carrying a morpholine at position

3 were active. Contrary, 5 hit compounds (17, 19, 20, 22, 23) carry thiomorpholine on that
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position. Interestingly, 18 was the only exception, since it is substituted at R® by an ethyl-
oxoacetate group, which might confer different target-molecule interaction due to electron-
density and conformational differences with the other molecules.

Combinations of EDGs and EWGs on the aryl rings at both positions 1 and 5 modulate the
potency of compounds and as previously seen, the presence of a trifluoromethylphenyl
group seems to be favorable for increased anti-asexual activity. Pyrazoles containing one
aryl ring and a cyclohexyl group on either position 1 or 5, showed increased potency
compared to pyrazoles with two aryl rings. For instance, compound 12 showed ICso of 1.54
uM, while compound 11 ICso was 3.70 uM, and they differ only for the presence of a
cyclohexyl group in position 1. 1-naphyl group in position one is allowed (20) and indicates

that there is a wide space for chemical modifications in this position.

Table 4.4. Activity against PANF54 ABS, physico-chemical properties, 3, 6, 11, 12, and 19-23.

ABS ICso MW
Comp. R! R? R? R¢ logD7.4 tPSA-
(uM) (g/mol)

3 O/ g © 5‘N/\:/\Sii H 2.60 385.59 25 18.84
F
5 T .
6 %‘NQCO H 2.78 407.60 34 28.07
) N
11 i C@/ 5 -H 3.70 504.43 54 4838
3
F
T o
12 _ C@ A<° H 1.54 492,59 54 4838
3
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16 FCQE © f‘NQ{F H 0.74 0746 56 18.84
3
17 FQ/%E ‘LNCS CHs 3.37 409.57 57 18.84
ATQ 22x104  366.84 5.8 54.37
apredicted; Comp. = Compound.
RS
R1
A
/ N~ R*
/l
R
NS
ABSICs MW
Comp. R! R2 R? R¢ logD7.4 tPSA-
@M)  (g/mol)
(0]
18 4Cl a7 o 126 40227 616 4661
(o]
19 | -4-ipropyl -4-OCHs aﬁNCs CHs 1.28 42062 499 15.71
20 2-Cl e wf”\js _CHs 224 43301 546 6.48
21 | 4ipropyl  -4F ifNQfF CHs 3.19 426.53 2.1 49.85
2 | 4CHCH: -4l aﬁNC\s CHs 2.93 41100 546 6.48
23 2-F 4F ifNCS _CH:CHs 3.69 398.52 48 6.48
ATQ 22x104  366.84 5.8 54.37

apredicted; Comp. = Compound.; MW = molecular weight.

4.2.5 Pyrrole- and Pyrazole-based Compounds are Active Against the Early

Stages of the Asexual Parasite Cycle and Prevent Schizont Rupture

To quantitatively assess the susceptibility of the distinct stages of PNF54 intra-erythrocytic

development, we designed an in vitro stage-specific assay. For this experiment compounds

16 and 19 were chosen as representative of their pyrazole and pyrrole series, respectively.

Highly synchronized parasites cultures (44 hours ABS cycle) were exposed to three

concentrations (20 uM, 2 uM and 0.2 uM) of the test compounds during the early ring, late
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ring, trophozoite, and schizont stages (Figure 4.5A). To validate the stage-specificity of
activity, cultures were also exposed in parallel to test compounds for the standard 72 hours.
We benchmarked the assay against the anti-malarial drug pyrimethamine due to its known
stage-specific susceptibility profile, with peak activity on trophozoite and schizont stages.®
After the time of exposure, cultures were continued to allow parasites to further develop in
the absence of compounds, extending through to invasion of new RBCs and development
until the trophozoite stage. The total assay duration was 77 h. Parasites were stained with
SYBR green I and MitoTracker™ Orange CMTMRos and quantified by flow cytometry.
Giemsa stains corresponding to the different developmental stages at the different periods
of exposure were assessed by light microscopy to evaluate any phenotypical effect to the
parasites.

As reported in Figure 4.5B, the pyrazole compound 19 displayed peak activity during the
ring and trophozoite stages at both 20 (Pf survival <10%) and 2 uM (Pf survival < 50%), and
activity showed at least 2-fold decrease when only schizonts were exposed. Survival values
at the peak activities were similar to the 72 hours exposure, suggesting that this compound
might have good onset of action.

Similarly, the pyrrole derivative 16 was less active against schizonts stages at 2 uM (Pf
survival = 68%) but showed peak activity against trophozoite stages (Pf survival = 11%)
which was closer to the 72 hours exposure (Pf survival = 2.8%). Intermediate growth
inhibition was seen at both early and late rings stages with Pf survival < 45% at 2 uM.
Contrary to 19, at a concentration of 20 uM, 16 displayed almost complete killing activity at
all parasites intra-erythrocytic stages. This could be explained by the fact that the dose-
response curve (Figure 4.5C) of 19 is steeper at higher concentrations than the dose-response
curve of compound 16. Finally, as expected, both compounds are inactive at a concentration
of 0.2 uM.

These data suggest that pyrazole- and pyrrole- based compounds start to block the parasite
growth already from early stages of the parasites, with peak activity on trophozoite stages.
Such mode of action behavior is not common in antimalarial compounds, which are more

selective for late stages of the asexual cycle.!*?
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Through light microscopy we could assess the effect of compounds exposure (2 uM) to the
cell structure of the parasites. As showed in Figure 4.5D, exposure of late rings or
trophozoites, or continuous exposure to compound 16 lead to amorphous schizonts, which
arrested their growth until cell death. Whereas exposure to early rings, slowed the parasite
growth and merozoites egress occurred later than 44 hours. Similarly, exposure of later rings
and trophozoites to 19 led to amorphous and compromised schizonts. However, continuous
exposure to the compound or early rings exposure arrested the parasite growth to late ring
and trophozoite stages, respectively. Interestingly, while schizonts exposures to 16 does not
display any phenotypic effect, exposure to 19 can still arrest schizonts growth and

merozoites egress of some parasites.
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Figure 4.5. ABS-specificity assay of compounds 16 and 19. A) Experimental design for the
ABS specificity assay. Drug susceptibility of highly synchronized P. falciparum parasites was
determined with flow cytometry at 77 hours after the first exposure. Parasites were exposed
as early rings (ER) (9 hours), late rings (LR) (12 hours), trophozoites (T) (12 hours), schizonts
(S) (8 hours) for 72 hours. Compounds were washed out three times after each exposure. B)
Stage-specificity activity of 16, 19 and Pyrimethamine (reference compound). Bar plots
indicate the survival (%) of parasites when they were exposed only during the ER, LR, T, S
stages or over the course of 72 hours. Error bars show the standard error of the mean based
on at least three independent repeats. C) Dose response curves of 16 and 19. The difference
in steepness between the curves reflected the data of the assay at different concentrations of
the two compounds. D) Comparison of the effects to the parasite cell morphologies between
compound treated (16 and 19) and control parasites (DMSO treated). Both compounds
slowed parasite growth and induced a visible schizonts structure damage after LR (16) or T
exposure (16 and 19). Compounds 16 arrested parasites growth when applied on ER and LR

stages.

4.2.6 The pyrazole 3 is the Only Hit Active in Indirect SMFA (iSMFA) but Does

not Block Gametes Formation

Transmission-blocking activity of hit compounds was first tested in iSMFA to identify or
validate compounds active against mature gametocytes. In this assay, 14-16 days old
gametocytes were exposed to hit compounds (2 uM) for 48 hours and then compounds were
washed out before feeding. The potent gametocytocidal drug methylene blue (MB) was
used as a reference compound for this assay.

Analysis of Anopheles gambiae midguts 7 days post-infectious blood meal (pIBM) revealed a
dramatic reduction in both terms of P/NF54 oocysts intensity and prevalence in compound
3 relative to control (DMSO < 0.25%) (Figure 4.6), whereas all the other compounds did not
display any significant difference. Even more relevant, a second set of experiment was
performed at 24 hours of incubation with compound 3 and resulted again in a significant

reduction of both oocyst intensity and prevalence. These data validate the activity of
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compound 3 against late-stage gametocytes (Table 4.3) and the potential transmission-

blocking use of this compound.

A. B
Exposure 24 hours Exposure 48 hours
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D (24h/48h) 3 g
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Isolation of infected midguts (7d pIBM) il il

Figure 4.6. iSMFA using compound 3 with 24 and 48 hours of exposure. A) Experimental
scheme. B) Both oocyst prevalence and oocyst intensity are significantly reduced after
compound 3 exposure to mature gametocytes. Median lines and values are indicated, “n”
indicates the number of independent samples. To isolate oocyst prevalence and oocyst
intensity, midgut samples with zero oocysts have been excluded from intensity analysis.
Statistical significance is indicated where relevant as follows: * = p<0.05, ** = p<0.01, *** =

p<0.001, **** = p<0.0001. MB: methylene blue; Control: DMSO (< 0.25% v/v).

To further assess the transmission-blocking profile of compound 3, the dual gamete
formation assay (DGFA) at a “carry-over” format was performed at decreasing
concentrations of the compound (20 — 0.1 puM). This assay assessed the ability of the test
compound to block maturation of both male and female stage V gametocytes after 48 hours
of exposure, providing a readout of functional viability.?'** Surprisingly, only modest
activity was seen against male gametocytes at high concentrations (~42% inhibition at 20

uM) and no significant activity was seen in female gametocytes. Thus, no transmission-

Chapter 4 147



blocking activity was observed, which was not predictive of the values observed in vitro

gametocytocidal assays and in iSMFA.

42.7 Topical Exposure of Selected Hit Compounds and Analysis of

Transmission-Blocking Activity

Anti-plasmodial activity in An. gambiae was assessed by topical application of hit
compounds directly onto the dorsal thorax of the mosquitoes, which showed previously to
be predictive of tarsal contact assays.?>” Compounds were dissolved in acetone (2mM),
which is a volatile solvent that does not affect the mosquito fitness,?? and then applied on
anesthetized mosquitoes (0.5 pl, 1 nmol). At 7 days pIBM, the oocyst intensity and oocyst
prevalence were measured as indication of the transmission-blocking activity of test
compounds. Of the 12 compounds, 12 and 19 showed a significant decrease in terms of
oocyst intensity (Figure 4.7B) in a total of three replicates. Although not statistically
significant, a decreased in oocyst intensity was also obtained for compounds 16, 18 and 20
(Figure 4.7B). These data suggest that sporogonic stages of parasites are also susceptible to
pyrroles and pyrazoles surrogates. Except for 3, 6 and 21, compounds lipophilicities were
close to the one of ATQ (Table 4.4), as well as tPSA were similar or lower. Therefore, we
assumed a good compounds absorption in the mosquito cuticle, and overall compounds
activities could correlate with their ICs0 against ABS. A preliminary SAR assessment
confirmed that the copresence of aryl and cyclohexyl rings at positions R! and R?
respectively, is favorable for higher activity in pyrazoles, whereas the matched compounds
with two aryl rings showed smaller effects. Moreover, potency is increased with the
trifluoromethyl group on the phenyl ring.

Metabolic liability at position R® could have lowered the performance of 16 and 18, the two
most potent compounds of their series in ABS, and that would need to be addressed in
metabolic studies. For instance, the hydrolysis of carboxylic acid ester by carboxylesterase
of compound 18 could form an inactive carboxylic derivative in the mosquito midgut.
Additionally, no reduction in oocyst intensity and prevalence was observed also for

compound 3, which showed to be active in iSMFA studies (Figure 4.6) but to minimally
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affect the gamete development in DGFA. This indicates that its transmission-blocking

potential in iISMFA is related to an impairment caused to gametocytes that blocks the

development of the downstream sexual stages (i.e., zygote, ookinete and oocyst formations).

To further probe the anti-sporogonic activity of these compounds, oocyst size at day 7 was

evaluated compared to the control. No significant reduction in size was observed even for

compounds 12 and 19 (Figure 4.7B), thus parasites could display susceptibility to these

compounds at previous stages in mosquitoes.
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indicated as oocyst intensity, oocyst prevalence and oocyst size (for compounds 19 and 12).
Median lines and values are indicated, “n” indicates the number of independent samples.
Mean lines are indicated for oocyst size. To isolate oocyst prevalence and oocyst intensity,
midgut samples with zero oocysts have been excluded from intensity analysis. Statistical
$ott

significance is indicated where relevant as follows: * = p<0.05, ** = p<0.01, *** = p<0.001,

= p<0.0001. Control: acetone or DMSO in acetone (0.5% v/v).

4.2.8 Resistant Parasites Selections

For target identification of our selected hits, we performed single-step selection studies to
generate resistant parasite populations of P/NF54 using sublethal concentrations of
compound 16, which was the most potent found in our ABS screening (Table 4.4). As
illustrated in Figure 4.8A, drug pressure on parasites was performed at 9.6 pM (13 x ICso)
and 19.2 uM (26 x ICso) over the period of three days and for each exposure the experiment
was conducted on two separate replicates. After three days, all parasites were either dead
or formed early gametocytes (phase I - III) due to the stressed induced by both drug
concentrations and after 7 days all parasites were cleared. After 28 days resistant parasites
emerged from bulk cultures and the resistance selections were repeated to increase the
population of resistant parasites. Then, two weeks were enough to re-obtain resistant
parasites in all flasks.

Bulk cultures showed for compound 16 a ICso shift of 2.5- to 7.4-fold compared to the
parental line (Figure 4.8B). Interestingly, the same cultures showed also a marginal ICso shift
(1.29- to 2-fold) for compound 19 (Figure 4.8B), suggesting that pyrazoles and pyrroles
might have the same target. Alternatively, a multidrug resistance phenotype could have
been generated from a copy number variation (CNV) in genes of transporter proteins as in
the case of the multidrug resistance gene-1 (mdr1).%2¢ To address this, following-up studies
are ongoing, and they include whole genome sequencing (WGS) of selected clones and

cross-resistance of antimalarials with known target against selected clones.
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4.3 Discussion

Here, we sought to identify novel anti-malarial compounds to be potentially used in

transmission-blocking interventions.

The pyrazole skeleton was originally present in MMV843, identified by an original HTS
program to discover transmission-blocking compounds selective towards gametocytes.®* We
progressed the pyrazole series to conduct a hit-to-lead program around MMV843 by
elucidating the importance of substituents on the pyrazole core.

Systematic changes of functional groups at R?, R? and R®were carried out to try to improve
potency and physicochemical properties of compound MMV843 (Table 4.2). We showed
that selectivity towards gametocytes could be modulated with small drug-like
modifications (e.g., -CFsincreases anti-asexual activity) and the majority of them decrease
the FC. Compound 1 was the most potent of the series with 2-fold increase in ICso (ICs0 =

0.219 uM) compared to MMV843 and still selective towards gametocytes (FC = 8). Also
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compounds 2-5 and 14 exhibited anti-gametocytocidal activity but were less selective
towards gametocytes. Interestingly, positions R! and R? are amenable to aliphatic
substitutions displaying favorable features in terms of lipophilicity, indexed by Log D, and
of aqueous solubility, which considerably agreed with TCP-5 criteria thus improving the
properties of MMV843. Despite the majority of substitutions at position R® led to a loss of
activity against ABS and/or gametocytes, we showed that 4,4-difluoropiperidine could
maintain the gametocytocidal activity of compounds as in the case of compound 14. This
provided the direct evidence that the azasilinane group in that position is not necessary for
gametocytocidal activity. Compounds carrying the azasilinane group tend to be cytotoxic
due to higher binding affinity to hERG channels,’® therefore the discovery that it can be
replaced by other groups is important for further chemical optimization studies. Generally,
change in gametocytocidal activity of test compounds did not correlate with the activity
against ABS. This might be the consequence of binding to two different targets between ABS
and late-stage gametocytes, thus a potentially important hydrophobic interaction with the
target is lost in gametocytes. Another explanation could come from structural features in
mature gametocytes that are absent in ABS parasites that might affect compounds transport
in the parasite.?”

Overall, our initial SAR exploration has highlighted areas of the scaffold that can be
subjected to modification to optimize activity and physicochemical properties and has
shown that substantial improvements are possible. However, microsome assays of active
compounds predict rapid clearance in vivo, which is not ideal for transmission-blocking
interventions where compounds with long-lasting activity are a priority (TCP-5).%* For a
complete evaluation, ongoing research is determining missing data such as hERG bindings
and metabolic stability for compound MMV843.

Further efforts will be required to identify compounds with improved potency and ADME
properties that will support in vivo efficacy and eventual development. Following-up
studies will focus on evaluating a new set of compounds carrying diverse substitutions and

will also explore the importance of the pyrazole core by analyzing pyrroles-based
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compounds. Furthermore, target identification and comprehensive mechanistic studies will

be a priority to better understand the SAR needed for the development of a lead compound.

Following phenotypic screenings of our in-house library, we have also identified novel
pyrazole- and pyrrole-based compounds active against early ABS and we have shown that
their chemical scaffold could be potentially used in mosquito-targeted strategies to kill
sporogonic stages of P. falciparum.

From our initial screening, we showed that of the three chemotypes, only pyrazoles and
pyrroles were active in vitro against ABS of P. falciparum. Fluorobenzohydrazide derivatives
were previously shown to inhibit tryptophan biosynthesis in Mycobacterium tuberculosis,®
but here were inactive even at high concentrations (20 uM). Their inactivity is supported by
the fact that Plasmodium spp. cannot biosynthesize amino acids de novo and need to acquire
it from host cells or from blood plasma.?? These results provided us the first insights for a
preliminary SAR, which was similar between the two chemotypes indicating that they
might share the same target. Generally, analogues bearing water-solubilizing such as -OH,
-COOH, -CHO, and -NH, had loss inactivity. While, aryl rings at positions R! and/or R?
favored lipophilic groups for higher activity, such as the -F, -Cl groups and -4-i-propyl
groups. Consistently with previous results, pyrazoles allowed the presence of an aliphatic
substituent at either position R' or R? with the trifluoromethyl analogue (16) showing the
highest potency of these series against ABS (ICso= 0.74 uM). Although antiplasmodium
activity was generally favored by substitution with EWGs, compound 19 carrying a 4-OMe
group at R? produced the second highest activity of its series (ICso= 0.74 uM). The amine
group at position R®in the majority of pyrrole and pyrazole surrogates, suggests the
significance of the nitrogen basicity toward antiplasmodium activity. On the contrary, the
most potent pyrrole of this series was 18 (ICso=1.26 uM), which carried a a-keto ester group
at R°. It is worth noting that the a-keto ester group presents itself as a unique and versatile
functional group that differ from an amine group. The sp? hybridized carbons change the
electron density and distortion in the structure and, the inductive effect of the adjacent ester

enhances the electrophilicity of the compound that can readily react with nucleophiles or
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can provide opportunities for chelation.*® Therefore, we assumed that the activity of
compound 18 might derive from an interaction with a different target.

By performing a stage-specificity assay, we demonstrated that pyrrole and pyrazole
compounds target multiple stages in the asexual blood cycle leading to a membrane
disruption of schizonts. Most notably, pyrazole 16 acts against rings and trophozoite stages
in a similar manner, whereas pyrrole 19 showed peak of activity against trophozoites and >
50% activity on both early and late rings. The development of antimalarial compounds
active on the early stages of the asexual blood cycle are highly desired since they prevent
the formation of late trophozoites and schizonts, which are responsible for severe clinical
pathology of the disease.* Moreover, only few antimalarial drugs are active on ring stages
(e.g., artemisinins), while the majority of them only target trophozoites and/or schizonts due
to their higher metabolic activity.!®!? Targeting of ring stages is therefore attractive because
could suggest that a new MOA is involved. A limitation of our stage-specificity assay need
to be considered, which could affect the final readout of the assay. In this study
mitochondrial dye (MitoTracker™ Orange CMTMRos) was used, which stains live parasites
with functional mitochondria for obtaining reliable live parasite counts since it reflects
metabolic activity and integrity. Thus, the readout of the assay could be compromised if our
test compounds target mitochondria, as in the case of ATQ.%

Through iSMFA we established that selected compounds are not active against late-stage
gametocytes except for compound 3, which was previously identified as a potent anti-
gametocytocidal compound (ICso = 0.526 uM) in vitro assays. However, we also showed in
DGFA that mature gametocytes exposed to 3 are still able to transform into gametes
suggesting that the compound exerts activity against gametocytes that permanently
damage the parasites in such a manner that they are alive but cannot complete post-
gametogenesis development. It is important to keep in mind that these outcomes were
obtained from female mosquitoes that had only one blood meal, as opposed to the female
mosquitoes in a mass drug administration (MDA) study who would have fed every two to

three days, potentially increasing the blocking activity.3¢%
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Topical exposures on An. gambiae mosquitoes with compounds 19 and 12 reduced oocyst
intensity, which implicates an upstream inhibition of plasmodium development in
mosquitoes. Preliminary SAR seems to have a correlation with ABS activity but factors such
as compounds absorption and metabolic liability could have affected compounds efficiency,
rendering compounds 16 and 18 not significantly active. The inactivity of compound 3
validate the gametocyte-selective activity of this compound. These results are still far from
what Paton et al.!! reported with ATQ, which is considered the “gold-standard” compound
to which aspire to since completely block oocyst intensity and prevalence at low doses.
Moreover, while topical exposure assay is a good predictor of compounds activity in
mosquitoes exposed tarsally,?* they do not take into account the time of exposure to
compounds, which in tarsal contact it affects the final results of the assay due to the positive
correlation between exposure time and compound absorption. Despite this, these data tell
us that mosquito stages of parasites are susceptible to the activity of pyrrole- and pyrazole-
based compounds, which have a potential to be used in tarsal exposure assays, but most
importantly to be developed as transmission-blockers. For unbiased analysis, dose-response
studies are in plan and immunofluorescence assays will be considered to determine the
stage of activity.*® Furthermore, direct SMFA (compound/gametocytes mixture is
immediately fed to female mosquitoes)®*’ will be performed to validate these results.
Further rounds of iterative SAR analysis will also help us to design more potent compounds
with favorable absorption/elimination profile, which will be more achievable after target
deconvolution studies and target-based assays.

Resistant selection assays with the most potent pyrazole 16 are underway. Resistant bulk
cultures were tested against 16 and the representative pyrrole 19, which uncovered an
overlapping resistance behavior of the two compounds. This suggests that pyrroles and
pyrazoles share the same target. However, the levels of shift of ICs0 values were still too low
for progressing in WGS analysis and will be retested after selection of resistant clones by
limiting dilution. For further validation analysis, the other hits will be also tested against
resistant cultures, including compound 18 that might act through a different MOA as

previously suggested. Common antimalarial drugs with known targets will also be tested
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for cross-resistance studies to elucidate if it is the case of a multidrug resistance phenotype

as seen in other works.442

In conclusion, our studies provide insights for the development of new antimalarial
compounds to be potentially used in two different transmission-blocking strategies.
MMV843 analogues showed that the pyrazole chemical scaffold is amenable to a variety of
structural modifications. This lays the groundwork for the progress of a hit-to-lead
campaign toward equally potent and gametocyte-selective compounds with improved
physicochemical characteristics in agreement with TCP-5 requirements.

Phenotypic screenings of our in-house library identified early-stage active pyrrole- and
pyrazole-based compounds that showed potential activity against parasites also in An.
gambiae, providing important starting points for the synthesis of more potent compounds
that could completely block the sporogonic parasite development in the midgut.

For further progress in both approaches, target deconvolution and a better understanding

of the MOA in gametocytes and asexual blood stages of P. falciparum are required.

4.4 Materials and Methods

4.4.1 Criteria of Selection of Compounds

4.4.1.1 Selection of MMV158084 analogues

For hit validation and preliminary SAR studies, test compounds were chosen in order to
investigate positions 1, 3 and 5, and based on the TCP-5 hit/early lead criteria. Compounds
already tested and published previously from our group'® were preferentially considered

since cytotoxicity and physicochemical assays were already available in different settings.

4412 Selection of Compounds from In-House Library

Selection of test compounds from our in-house library was based on three parameters.

Chemical diversity was considered in order to increase the likelihood of finding hits for
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follow-up evaluation. tPSA <90 A2 and logP > 2 were used as set of parameters to favor the

discovery of hits with satisfactory absorption through the cuticle of the mosquito.

4.4.2 Chemistry

All hit compounds from screening were synthesized for further biological assays.

All chemicals used were obtained from commercial sources (Merck, Acros, Syngene,
Enamine) and were used as supplied without further purification. For chromatographic
purifications, Merck silica gel 60 (230-400 mesh) and, when specified, Merck aluminum
oxide (activity II-III, according to Brockmann) were utilized with the specified solvents.
Thin layer chromatography (TLC) plates of silica gel 60 (F 254) and aluminum oxide (F 254)
were acquired by Merck and allowed the monitoring of reactions and column purifications
of compounds by using UV light (254 and 365 nm) and/or staining with the appropriate
reagent. *C NMR and '"H NMR spectra were recorded on a Bruker Avance III NMR 400 and
to tetramethylsilane (TMS) was used as a reference compound. Chemical shifts (0) are given
in ppm downfield, coupling constants, J, are recorded in hertz (Hz) and signal multiplicities
reported as singlet (s), doublet (d), triplet (t), quadruplet (q) and multiplet (m). IUPAC
names of compounds and chemical structures were generated by ChemDraw Professional
16.0. LodD and Solubility values were predicted using ACD/Labs software.

Compound MMV843 was already available for use in testing assays.

Compounds 1-14 and 16 were synthesized as reported in our recent work' (Scheme 4.1).
First, lithium salts (26a-c) were produced through the reaction of the appropriate ketone
(24a-c) with diethyloxalate (25) in the presence of lithium bis(trimethylsilyl)-amide. Next,
the reaction between the substituted hydrazines (27a-e) and lithium salts (26a-c) gave the
1,3,5 substituted pyrazoles (28a-h). The ethyl ester function of pyrazoles (28a-h) was first
reduced to primary alcohol (29a-h) by using lithium alumine hidride (LiAlHs) and then
oxidized to give the corresponding pyrazole- 3-carbaldehydes (30a-h). Finally, in the
presence of the reductive agent NaBH(CHsCOO)s, 30a-h underwent reductive amination

with the suitable amine to get the required final compounds 1-14 and 16. Compound 15 was
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obtained following hydrolysis with NaOH of 31 and then coupling reaction with the
appropriate amine using dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine

(DMAP). as a coupling reagents.

Scheme 4.1.
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Reagents and conditions: i) LiN(Si(CHs;)s),, THF, -78 °C and then room temperature, 24 h,
yield: 80-83%; ii) EtOH, 90 °C, 5h, yield: 27.2-85%; iii) LiAlH,, THF, 0 °C and then room
temperature, 3h, yield: 63-91%; iv) Dess-Martin periodinane, DCM, room temperature, 30
min, yield: 59-86%; v) Amine, CH:COOH, NaBH(CH;COO);, DCE, room temperature, 2h,
yield: 38-86%; vi); NaOH (1N), EtOH, reflux, 2h, yield: 90%; vii) p-chloroaniline, DCC,
DMAP, DCM,, rt, 3h, yield: 40%.

The synthesis of compound 17 (Scheme 4.2) was carried out as previously described.!®
Briefly, 4-isopropylaniline (32) was first transformed into the diazonium salt using HCI and
NaNO: before being treated with ethyl 2-chloroacetoacetate (33) to get the corresponding
hydrazone (34). 34 was converted into the ethyl ester pyrazole derivative (36) by reaction
with morpholine enamine (35), synthesized beforehand from a reaction between 4’-

fluoropropiophenone (39) and morpholine (40). As described above, a round of reduction
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and oxidation gave the corresponding pyrazole-3-carbaldehyde (38), which was finally

reacted with tiomorpholine to give the final product 17 via reductive amination.

Scheme 4.2.
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Reagents and conditions: i) 37% HCI, NaNO,, AcONa, H,O, EtOH, 0 °C and then room
temperature, 22 h, yield: 80%; ii) DIPEA, EtOH, room temperature, 18h, yield: 30%; iii)
LiAlH,, THF, 0 °C and then room temperature, 3h, yield: 50%; iv) Dess-Martin periodinane,
DCM, room temperature, 30 min, yield: 75%; v) CaHoNS, CH;COOH, NaBH(CH3;COO)s,
DCE, room temperature, 2h, yield: 58%; vi) MgSO4, TiCl,, DIPEA, toluene, room

temperature and then 60 °C, 18 h, yield: 80%.

The synthesis of pyrroles 18-23 was carried out as previously reported'*'¢4” (Scheme 4.3).
Briefly, the 1,4-diketones (43a-g) were obtained through a Stetter reaction between methyl
vinyl ketone (42) and the suitable benzaldehyde (41a-g). Then, by cyclization of 43a-g in the
presence of the appropriate amine, the expected 1,5- diarylpyrroles (44a-j) were obtained.

Compounds 19 - 22 were synthesized by reacting compounds 44a-j with formaldehyde and
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the suitable amine under Mannich reaction conditions. Compound 18 was obtained through

a regioselective reaction with the appropriate pyrrole with ethoxalyl chloride and TiCl..

Scheme 4.3.
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Reagents and conditions: i) 3-ethyl-5-(2-hydroxyethyl)-4-methylthiazolium bromide, TEA,
75°C, 5h, yield: 60-80%; ii) amine, p-toluensulfonic acid, EtOH, reflux, 5h, yield: 50-78%; iif)
morpholine, CHsCN, HCHO, CHsCOOH, room temperature, 1 h, yield: 40%; iv)
CHsCH20COCOC(], TiCls, CH2Clz, room temperature, 4h, yield: 39-62%.

The synthesis of compound 23 was carried out as reported in scheme 4.4. Following a Stetter
reaction between ethyl vinyl ketone (46) and the suitable 2-fluorobenzaldehyde (45), the 1,4-
diketone (47) was obtained. The latter was cyclized into the pyrrole 53 as described above

and went into a Mannich reaction to give compound 23.

Scheme 4.4.
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Reagents and conditions: i) 3-ethyl-5-(2-hydroxyethyl)-4-methylthiazolium bromide, TEA,
75°C, 5h, yield: 70%; ii) amine, p-toluensulfonic acid, EtOH, reflux, 5h; , yield: 50%; iii)
tiomorpholine, CHsCN, HCHO, CHsCOOH, room temperature, 1 h, yield: 37%.

4421 General procedure for the preparation of lithium salts 26a-c.

To a solution of lithium bis(trimethylsilyl)amide (12.3 mmol) in 30 ml of anhydrous THF,
cooled down to -78 °C, a solution of the appropriate acetophenone 24a-c in 3 ml of
anhydrous THF was added dropwise and the mixture was mixt for at least 1 hour. Diethyl
oxalate was then added over 5 minutes to form a dark solution, which was brought to room
temperature over 4 hours. After 18 hours, THF was dried out in vacuum and lithium salts
26a-c were purified (60-80% yield) after two steps of filtration and washing with diethyl
ether.

Lithium (Z)-1-ethoxy-4-(4-isopropylphenyl)-1,4-dioxobut-2-en-2-olate (26a). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.!®

Lithium (Z)-1-ethoxy-1,4-dioxo-4-(4-(trifluoromethyl)phenyl)but-2-en-2-olate (26b).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in
literature.’

Lithium (Z)-4-cyclohexyl-1-ethoxy-1,4-dioxobut-2-en-2-olate (26¢). Yellow solid, 83% yield. 'H
NMR (400 MHz, DMSO) 6 ppm= 5.68 (s, 1H), 4.09 (q, ] =7.1 Hz, 2H), 2.51 (p, ] = 1.8 Hz, 2H),
2.05 (s, 1H), 1.78 — 1.57 (m, 5H), 1.37 — 1.09 (m, 6H).

4422 General procedure for the preparation of carboxylates 28a-h

The appropriate hydrazine 27a-e (2.5-5 mmol) was added to a solution of the suitable
lithium salt 26a-c (2.5-5mmol) in ethanol (20mL). The reaction mixture was heated to 90 °C
for at least 5 h and monitored using TLC. As the reaction was completed, the mixture was
cooled down to room temperature and the solvent removed under vacuum. After
purification using column chromatography (cyclohexane/ethyl acetate 2/1 v/v), the crude

product produced the carboxylates 28a~h with decent yields (40-75%).
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ethyl 1-cyclobutyl-5-(4-(trifluoromethyl)phenyl)-1H-pyrazole-3-carboxylate (28a). Yellow oil, 65%
yield. 'H NMR (400 MHz, CDCls) d ppm=7.67 (d, ] = 8.0 Hz, 2H), 7.41 (d, ] = 8.0 Hz, 2H),
6.77 (s, 1H), 4.73-4.64 (m, 1H), 4.36 (q, ] =7.1 Hz, 2H), 2.91 - 2.71 (m, 2H), 2.37 - 2.20 (m, 2H),
1.92 -1.78 (m, 1H), 1.68-1.58 (m, 1H), 1.38-1.32 (m, 3H).

ethyl 1-cyclohexyl-5-(4-(trifluoromethyl)phenyl)-1H-pyrazole-3-carboxylate (28b).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in
literature.’

ethyl 5-cyclohexyl-1-(4-fluorophenyl)-1H-pyrazole-3-carboxylate (33c). Yellow solid, 70% yield.
'H NMR (400 MHz, CDCls) 6 ppm=7.37 - 7.27 (m, 2H), 7.18 - 7.05 (m, 2H), 6.67 (s, 1H), 4.34
(q,]=7.1Hz, 2H), 2.47 (tt, ] = 11.8, 3.4 Hz, 1H), 1.82 — 1.48 (m, 5H), 1.42 — 1.06 (m, 8H).

ethyl 1-(4-fluorophenyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazole-3-carboxylate (28d).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in
literature.’

ethyl  1-(2-hydroxy-2-methylpropyl)-5-(4-isopropylphenyl)-1H-pyrazole-3-carboxylate ~ (28e).
Yellow oil, 27.2%. '"H NMR (400 MHz, CDCls): 6 ppm=7.26 (d, ]=8.3 Hz 2H), 7.21 (d, ] = 8.3
Hz 2H), 6.76 (s, 1H), 4.33 (q, ] =7.1 Hz 2H), 4.06 (s, 2H), 2.93-2.88 (m, 1H), 1.36-1.22 (m, 10H),
0.98 (s, 6H).

ethyl  1-cyclohexyl-5-(4-isopropylphenyl)-1H-pyrazole-3-carboxylate  (28f). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.!®

ethyl 1-(4-fluorophenyl)-5-(4-isopropylphenyl)-1H-pyrazole-3-carboxylate (28g).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in
literature.’

ethyl  1-isopropyl-5-(4-isopropylphenyl)-1H-pyrazole-3-carboxylate  (28h). Physicochemical,

spectroscopic, and analytical data are consistent with those reported in literature.!®

4.42.3 General procedure for the preparation of alcohols 29a-h and 37

To a solution of the appropriate carboxylate (28a-h or 36) (0.35-1 mmol) in dry THF, 0.4-1.1
ml of LiAlHs (IM in THF) were added dropwise at 0 °C under a nitrogen flow. Then, the

reaction was left stirring at room temperature for 1-2 hours. When the reaction was
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completed, the mixture was cooled down to 0 °C and quenched with ethyl acetate (0.15-0.30
ml), water (0.05-0.13 ml) and NaOH 2N (0.05-0.17 ml). The precipitate was removed after 30
minutes of agitation, and the filtrate was then dried over Na:SOs and concentrated in vacuo.
Alcohols 29a-h and 37 were obtained in good yields (70-94%) when the crude product was
purified using column chromatography (cyclohexane/ethyl acetate 1/1 (v/v)).
(1-cyclobutyl-5-(4-(trifluoromethyl)phenyl)-1H-pyrazol-3-yl)methanol (29a). White solid, 65%. 'H
NMR (400 MHz, CDCls) d ppm="7.65 (d, ] = 8.1 Hz, 2H), 7.39 (d, ] = 8.1 Hz, 2H), 6.24 (s, 1H),
4.71 - 4.56 (m, 3H), 2.77-2.66 (m, 2H), 2.28-2.21 (m, 2H), 2.07 (d, ] = 73.7 Hz, 1H), 1.89 - 1.75
(m, 1H), 1.72-1.60 (m, 1H).
(1-cyclohexyl-5-(4-(trifluoromethyl)phenyl)-1H-pyrazol-3-yl)methanol (29b). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.!®
(5-cyclohexyl-1-(4-fluorophenyl)-1H-pyrazol-3-yl)methanol (29c). White solid, 70% yield. 'H
NMR (400 MHz, CDCls) o ppm=10.01 (s, 1H), 7.35 (d, | = 8.2 Hz, 2H), 7.29 (d, ] = 8.2 Hz, 2H),
6.82 (s, 1H), 4.44 (s, 1H), 4.15 (s, 2H), 2.98 (hept, ] = 6.9 Hz, 1H), 1.30 (d, ] = 6.9 Hz, 6H), 1.09
(s, 6H).

(1-(4-fluorophenyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazol-3-yl)methanol (29d).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in
literature.’

1-(3-(hydroxymethyl)-5-(4-isopropylphenyl)-1H-pyrazol-1-yl)-2-methylpropan-2-ol (29e). White
solid, 66.5%. 'H NMR (400 MHz, CDCls): o ppm=7.32 (d, ] =8.1 Hz 2H), 7.27 (d, ] = 8.0 Hz
2H), 6.31 (s, 1H), 4.73 (s, 2H), 4.02 (s, 2H), 3.00-2.95 (m, 1H), 1.93 (m, 2H), 1.31 (d, ] = 4.0 6H),
1.05 (s, 6H).

(1-cyclohexyl-5-(4-isopropylphenyl)-1H-pyrazol-3-yl)methanol (29f). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.!®
(1-(4-fluorophenyl)-5-(4-isopropylphenyl)-1H-pyrazol-3-yl)methanol ~ (29g). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.!®
(1-isopropyl-5-(4-isopropylphenyl)-1H-pyrazol-3-yl)methanol (29h). Physicochemical,

spectroscopic, and analytical data are consistent with those reported in literature.!®
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(56-(4-fluorophenyl)-1-(4-isopropylphenyl)-4-methyl-1H-pyrazol-3-yl)methanol (37).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in

literature.®

4424 General procedure for the preparation of pyrazole- 3-carbaldehydes
30a-h and 38

Under nitrogen flow, Dess-Martin periodinane (0.3-1 mmol) was added to a solution of the
appropriate alcohol (29a-h or 37) (0.25-0.81 mmol) in 5-10 ml of anhydrous DCM and let it
react for 1h at room temperature. The reaction was then quenched with NaHCO:s (4.1-13.3
ml) and a saturated solution of Na25:0s (4.1-13.3 ml), and stirred for 30 min. Next, extraction
of the mixture was carried out in DCM and the organic phase was washed with a saturated
solution of NaHCOs and brine, and dried over Na:50si. Purification by column
chromatography (cyclohexane/ethyl acetate 5/1 (v/v)) gave carbaldehydes 30a-h and 38 in
good yields (44-95%).

1-cyclobutyl-5-(4-(trifluoromethyl)phenyl)- 1 H-pyrazole-3-carbaldehyde (30a). White solid, 79%
yield. 'TH NMR (400 MHz, CDCls) & ppm=9.97 (s, 1H), 7.57 (d, ] =8.2 Hz, 2H), 7.38 (d, ] = 8.2
Hz, 2H), 6.75 (s, 1H), 4.78-4.69 (m, 1H), 2.82-2.71 (m, 2H), 2.37 - 2.25 (m, 2H), 1.94 - 1.84 (m,
1H), 1.79-1.67 (m, 1H).

1-cyclohexyl-5-(4-(trifluoromethyl)phenyl)-1H-pyrazole-3-carbaldehyde (30b). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.!®
5-cyclohexyl-1-(4-fluorophenyl)-1H-pyrazole-3-carbaldehyde (30c). White solid, 86% yield. 'H
NMR (400 MHz, CDCls) d ppm=9.91 (s, 1H), 7.40 — 7.30 (m, 2H), 7.19 - 7.11 (m, 2H), 6.66 (s,
1H), 2-71-2.50 (m, 1H), 1.84 — 1.59 (m, 4H), 1.40 — 1.05 (m, 6H).
1-(4-fluorophenyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazole-3-carbaldehyde (30d).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in
literature.’

1-(2-hydroxy-2-methylpropyl)-5-(4-isopropylphenyl)-1H-pyrazole-3-carbaldehyde (30e). Colorless
oil, 59%. 'H NMR (400 MHz, CDCls) 6 ppm=7.35 — 7.23 (m, 4H), 6.30 (s, 1H), 4.72 (s, 2H),
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4.01 (s, 2H), 2.97 (hept, ] = 6.9 Hz, 1H), 1.93 (s, 1H), 1.61 (s, 3H), 1.30 (d, ] = 6.9 Hz, 6H), 1.04
(s, 6H).

1-cyclohexyl-5-(4-isopropylphenyl)-1H-pyrazole-3-carbaldehyde (30f). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.!®
1-(4-fluorophenyl)-5-(4-isopropylphenyl)-1H-pyrazole-3-carbaldehyde (30g). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.'®
1-isopropyl-5-(4-isopropylphenyl)-1H-pyrazole-3-carbaldehyde (30h). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.!®
5-(4-fluorophenyl)-1-(4-isopropylphenyl)-4-methyl-1H-pyrazole-3-carbaldehyde (38).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in

literature.®

4425 General procedure for the preparation of final compounds 1-14, 16

and 17

To a solution of the appropriate carbaldehyde (30a-h and 28) (0.1-0.72 mmol) in anhydrous
DCE (5-13 ml) a drop of glacial acetic acid was added, and the mixture was stirred for 10
min. The suitable amine (0.1-0.72 mmol) was then added, followed by NaBH(CHsCOO)s
(0.11-0.79 mmol) and the reaction mixture was stirred for 2 h. The mixture was then
quenched with sat NaHCO:s (5-13 ml) and extracted with DCM. The organic layers were
dried over Na:SOs concentrated in vacuo and purified by column chromatography
(cyclohexane/ethyl acetate 1/1 (v/v)) to give compounds 1-14, 16 and 17 in moderate-good
yields (24-89%).
1-((1-cyclobutyl-5-(4-(trifluoromethyl)phenyl)-1H-pyrazol-3-yl)methyl)-4,4-dimethyl-1,4-
azasilinane (1). White solid, 65% yield. 'H NMR (400 MHz, CDCls) & ppm=7.65 (d, ] =8.2 Hz,
2H), 7.43 (d, | = 8.2 Hz, 2H), 6.24 (s, 1H), 4.68-4.62 (m, 1H), 3.63 (s, 2H), 2.83 — 2.67 (m, 6H),
2.32 -2.20 (m, 2H), 1.90 - 1.76 (m, 2H), 1.71-1.64 (m, 1H), 0.79 — 0.71 (m, 4H), 0.00 (s, 6H).*C
NMR (100 MHz, CDCls)  ppm= 149.67, 142.11, 134.75, 130.44, 130.11, 129.14, 125.57, 106.33,
56.00, 52.72, 52.49, 30.66, 14.60, 13.73.
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1-((1-cyclohexyl-5-(4-(trifluoromethyl)phenyl)-1H-pyrazol-3-yl)methyl)-4,4-dimethyl-1,4
azasilinane (2). Physicochemical, spectroscopic, and analytical data are consistent with those
reported in literature.’
1-((5-cyclohexyl-1-(4-fluorophenyl)-1H-pyrazol-3-yl)methyl)-4,4-dimethyl-1,4-azasilinane (3).
White solid, 55% yield. 'H NMR (400 MHz, CDCls) o ppm= 7.69-7.63 (m, 2H), 7.61-7.53 (m,
2H), 6.47 (s, 1H), 3.79 (s, 2H), 2.83-2.55 (m, 4H), 1.92-1.70 (m, 6H), 1.41-1.29 (m, 5H), 0.85-0.79
(m, 4H), 0.00 (s, 6H). *C NMR (100 MHz, CDCls) d ppm= 162.52, 156.36, 151.68, 135.34,
124.60, 116.51, 109.38, 56.96, 51.73, 37.70, 31.68, 25.91, 25.14, 16.14, 6.76.
1-((1-(4-fluorophenyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazol-3-yl)methyl)-4,4-dimethyl-1,4-
azasilinane (4). Physicochemical, spectroscopic, and analytical data are consistent with those
reported in literature.’
1-(5-(4-isopropylphenyl)-3-((4-methoxypiperidin-1-yl)methyl)-1H-pyrazol-1-yl)-2-methylpropan-
2-0l (5). White solid, 65% yield. 'H NMR (400 MHz, CDCls) 6 ppm=7.36 — 7.24 (m, 4H), 6.26
(s, 1H), 5.33 (s, 1H), 4.01 (s, 2H), 3.59 (s, 2H), 3.33 (s, 3H), 3.24-3.17 (m, 1H), 2.96 (hept, ] = 6.9
Hz, 1H), 2.88-2.80 (m, 2H), 2.24 (t, ] = 10.0 Hz, 2H), 1.94-1.90 (m, 1H), 1.80 (s, 1H), 1.68 - 1.55
(m, 2H), 1.29 (d, ] = 6.9 Hz, 6H), 1.01 (s, 6H). *C NMR (100 MHz, CDCls) d ppm= 149.11,
137.49, 134.31, 131.34, 128.07, 125.56, 123.74, 109.81, 77.92, 74.98, 55.94, 53.67, 36.16, 34.32,
34.30, 31.10, 29.70, 27.51, 23.93, 11.02.
7-((1-cyclohexyl-5-(4-isopropylphenyl)-1H-pyrazol-3-yl)methyl)-2-oxa-7 azaspiro[3.5]nonane (6).
White solid, 41% yield. "H NMR (400 MHz, CDCls): 6 ppm=7.32 - 7.29 (m, 4H), 6.18 (s, 1H),
4.43 (s, 4H), 4.15-4.09 (m, 1H), 3.57 (s, 2H), 2.99-2.97 (m, 1H), 2.45 (s, 4H), 2.07-2.02 (m, 2H),
1.92-1.83 (m, 8H), 1.68 (s,1H), 1.33 (d, ] = 4.0 Hz 9H). *C NMR (100 MHz, CDCls): d ppm=
149.56, 149.21, 144.05, 133.34, 127.71, 126.73, 105.37, 79.48, 56.79, 53.07, 50.55, 39.49, 34.31,
31.47, 30.89, 25.83, 24.52, 23.93.
7-((1-(4-fluorophenyl)-5-(4-isopropylphenyl)-1H-pyrazol-3-yl)methyl)-2-oxa-7-
azaspiro[3.5]nonane (7). White solid, 38% yield. 'H NMR (400 MHz, CDCls): o ppm=7.60 —
7.54 (m, 4H), 7.28 - 7.22 (m, 4H), 6.38 (t, ] = 0.9 Hz, 1H), 4.64 (s, 4H), 3.74 — 3.70 (m, 2H), 2.90
—2.75 (m, 5H), 1.64-1.47 (m, 4H), 1.25 (d, ] = 6.7 Hz, 6H). *C NMR (100 MHz, CDCl:): & ppm=
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149.56, 149.21, 144.05, 133.34, 127.71, 126.73, 105.37, 79.48, 56.79, 53.07, 50.55, 39.49, 34.31,
31.47, 30.89, 25.83, 24.52, 23.93.
4-((1-cyclohexyl-5-(4-(trifluoromethyl)phenyl)-1H-pyrazol-3-yl)methyl)morpholine (8).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in
literature. 3
4-((1-(4-fluorophenyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazol-3-yl)methyl)morpholine 9).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in
literature.’

4-((1-isopropyl-5-(4-isopropylphenyl)-1H-pyrazol-3-yl)methyl)morpholine (10). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.!®
tert-butyl 4-((1-(4-fluorophenyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazol-3-yl)methyl)piperazine-
1-carboxylate (11). Physicochemical, spectroscopic, and analytical data are consistent with
those reported in literature.!®

tert-butyl  4-((1-cyclohexyl-5-(4-(trifluoromethyl)phenyl)-1H-pyrazol-3-yl)methyl)piperazine-1-
carboxylate (12). Physicochemical, spectroscopic, and analytical data are consistent with
those reported in literature.!®
1-((1-(4-fluorophenyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazol-3-yl)methyl)-4-
methoxypiperazine (13). Physicochemical, spectroscopic, and analytical data are consistent
with those reported in literature.’
4,4-difluoro-1-((1-(4-fluorophenyl)-5-(4-isopropylphenyl)-1H-pyrazol-3-yl)methyl)piperidine (14).
White solid, 45 % yield. 1 H NMR (400 MHz, CDCls) o ppm=7.66 — 7.58 (m, 4H), 7.28 - 7.16
(m, 4H), 6.79 (s, 1H), 3.79 (s, 2H), 2.98 -2.95 (m, 4H), 2.90 — 2.78 (m, 1H), 2.26 - 2.15 (m, 4H),
1.25 (d, ] = 6.7 Hz, 6H). 13 C NMR (101 MHz, CDCls) d ppm=163.09, 161.12, 149.73, 149.36,
143.96, 138.18, 138.15, 133.30, 128.57, 127.06, 124.98, 124.91, 121.35,

119.46,117.56, 116.52, 116.34, 107.17, 53.04, 48.17, 48.13, 48.09, 34.31, 32.39, 32.20, 32.02, 23.93.
1-((1-cyclohexyl-5-(4-(trifluoromethyl)phenyl)-1H-pyrazol-3-yl)methyl)-4,4-difluoropiperidine
(16). Colorless oil, 52% yield. 1 H NMR (400 MHz, CDCls) 6 ppm=7.65 (d, ] = 8.1 Hz, 2H),
741 (d, ] = 8.1 Hz, 2H), 6.16 (s, 1H), 3.97 - 3.89 (m,1H), 3.58 (s, 2H), 2.58 (t, ] = 5.8 Hz, 4H),
2.04 - 1.88 (m, 6H), 1.86 — 1.72 (m, 4H), 1.26 — 1.10 (m, 3H). 13 C NMR (101 MHz, CDCl;s) d
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ppm= 142.06, 134.78, 130.58, 130.26, 129.24, 125.71, 122.63, 106.21, 57.98, 55.12, 49.88, 33.94,
33.31, 25.60, 25.01.
4-((5-(4-fluorophenyl)-1-(4-isopropylphenyl)-4-methyl-1H-pyrazol-3-yl)methyl)thiomorpholine
(17). White solid, 58% yield. 'H NMR (400 MHz, CDCls) d ppm=7.26 —7.03 (m, 8H), 3.66 (s,
2H), 2.87-2.72 (m, 8H), 2.07 (s, 3H), 0.87 (d, ] = 8.2 Hz, 6H). *C NMR (100 MHz, CDCls) 6
ppm=160.73, 151.62, 148.76, 144.88, 141.37, 131.12, 130.16, 129.55, 126.88, 119.74, 116.29.

4.4.2.6 General procedure for the preparation of the pyrazole carboxylic

derivative 31

To a solution of the appropriate carboxylate derivative (28d) (0.8 mmol) in EtOH (5.7 ml), a
solution of NaOH 1N (5.7 ml) was added and the reaction kept stirring at reflux. After 2
hours, the mixture was concentrated in vacuo, followed by additions of dH>O and then HCI
(12N in ddH:0) until precipitation of a white solid (31). Thus, after filtration and rinsing
with petroleum ether, purified compound 31 was obtained.
1-(4-fluorophenyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazole-3-carboxylic acid (31). White solid,
90% yield. 'TH NMR (400 MHz, CDCls): d ppm= 12.20 (s, 1H), 7.84 — 7.82 (m, 4H), 7.65 - 7.58
(m, 2H), 7.53 (s, 1H), 7.27 - 7.19 (m, 2H).

4.42.7 General procedure for the preparation of final compound 15

To a stirring solution of the pyrazole carboxylic derivative 31 (0.7mmol), p-chloroaniline (0.7
mmol) and DMAP (0.05 mmol), in DCM (4.8 ml) a solution of DCC (0.7 mmol) in DCM (3
ml) under ice-cooling was added. The mixture was stirred under ice-cooling and slowly
warmed up to room temperature. After stirred for 3 h, the mixture was filtered through a
pad of celite and the filtrate was evaporated to dryness. The residue was chromatographed
on a silica gel (cyclohexane/ethyl acetate 1/1 (v/v)) to give compound 15 as a white solid.
N-(4-chlorophenyl)-1-(4-fluorophenyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazole-3-carboxamide
(15). White solid, 40% yield. 'H NMR (400 MHz, CDCls): & ppm=7.85-7.79 (m, 4H), 7.75 (d,
J=8.1Hz, 2H), 7.56 (d, ] =8.1 Hz, 2H), 7.39 - 7.33 (m, 4H), 7.22 (s, 1H), 7.18 (s, 1H). *C NMR
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(100 MHz, CDCls): & ppm= 163.12, 159.81, 144.62, 140.81, 136.47, 136.20, 135.28, 131.83,
129.97, 128.42,127.19, 124.46, 124.22, 123.04, 116.40, 111.62.

4.42.8 Procedure for the preparation of the hydrazone 34

1 ml of 37% HCI was added to an ice-cooled solution of isopropylaniline (32) (7.4 mmol) in
2 ml of ethanol. After that, a cold sodium nitrite solution (8.1 mmol in 2.4 ml of water) was
added dropwise, and the liquid for the reaction was stirred for 1 h while being watched to
ensure that the temperature never exceeded 10 °C. Ethyl chloroacetate (33) (7.4 mmol) and
sodium acetate (11.1 mmol) in ethanol-water (9:1, 20 ml) were added dropwise to the
mixture and let the reaction happening at room temperature for 4 hours. The reaction was
quenched with water and stirred for further 18 hours before filtration and concentration of
the white solid product 34 (yield 70%).
Ethyl-2-chloro-2-(2-(4-isopropylphenyl)hydrazono)acetate (34). Physicochemical, spectroscopic,

and analytical data are consistent with those reported in literature.!®

4429 Procedure for the preparation of the morpholine enamine 35

To a solution of morpholine (40) (40 mmol) in 6 ml of toluene, 0.44 g of MgSOs were added
and giving a suspension that was stirred at room temperature for 10 min. The reaction was
cooled down to 0 °C and TiCls (5.17 mmol, 1M in toluene) was added dropwise to give a
dark green suspension. Then the reaction was stirred in the presence of 39 for 18 h at 60 °C.
When the reaction mixture had been cooled to room temperature, the solid was filtered out
and concentrated in vacuo to give the enamine 35 (yield 80%).

4-(1-(4-fluorophenyl)prop-1-en-1-yl)morpholine (35). Physicochemical, spectroscopic, and

analytical data are consistent with those reported in literature.’

4.4.2.10 Procedure for the preparation of the pyrazole carboxylate 36
To a stirred solution of 34 (9.72 mmol) and 35 (9.72 mmol) in 70 ml of ethanol, 5.1 ml of
DIPEA were added. After being agitated at room temperature for 18 hours, the reaction

mixture was concentrated in vacuo and then the crude material was directly purified by
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column chromatography (cyclohexane/ethyl acetate 20/1 (v/v)) to give the desired product
(36).

ethyl 5-(4-fluorophenyl)-1-(4-isopropylphenyl)-4-methyl-1H-pyrazole-3-carboxylate (36).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in

literature.®

4.42.11 General procedure for the preparation 1,4 diketones 43a-g, 47

To the appropriate benzaldehyde derivative (4la-g or 45) (0.02 mol), 3-ethyl-5-(2-
hydroxyethyl)-4-methylthiazolium bromide (0.4 mmol), vinyl ketone (42 or 46) (0.02 mol)
and TEA (1.98 ml) were added at 75 °C and the created mixture stirred for 5 h. Then, HCI]
(2N) was added to the reaction until pH=2 and stirred for 30 min. The extraction was carried
out in ethyl acetate washing with NaHCOs. After drying over Na:2SOs, the crude product
was concentrated in vacuo and the desired diketones (43a-g and 47) were obtained in two
purification steps. First, column chromatography purification on aluminum oxide
(cyclohexane/ethyl acetate, 3:1 v/v) gave light-yellow solids, and then recrystallization from
cyclohexane gave the purified products.

1-(4-isopropylphenyl)pentane-1,4-dione (43a). Physicochemical, spectroscopic, and analytical
data are consistent with those reported in literature.!s

1-(2-chlorophenyl)pentane-1,4-dione (43b). Physicochemical, spectroscopic, and analytical
data are consistent with those reported in literature.!®

1-(4-ethylphenyl)pentane-1,4-dione (43c). Physicochemical, spectroscopic, and analytical data
are consistent with those reported in literature.*

1-phenylpentane-1,4-dione (43d). Physicochemical, spectroscopic, and analytical data are
consistent with those reported in literature.*

1-(2-fluorophenyl)pentane-1,4-dione (43e). Physicochemical, spectroscopic, and analytical data
are consistent with those reported in literature.!s

1-(4-fluorophenyl)pentane-1,4-dione (43f). Physicochemical, spectroscopic, and analytical data

are consistent with those reported in literature.!®
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1-(4-chlorophenyl)pentane-1,4-dione (43g). Physicochemical, spectroscopic, and analytical data
are consistent with those reported in literature."”
1-(2-fluorophenyl)hexane-1,4-dione (47). Physicochemical, spectroscopic, and analytical data

are consistent with those reported in literature.!*

4.42.12 General procedure for the preparation of 1,5-disubstituted pyrroles
44a-j, 48
The proper diketone (43a-g or 47) (2.28 mmol) and the suitable amine (2.28 mmol) were
dissolved in ethanol (50 mL) in the presence of p-toluenesulfonic acid (0.17 mmol) and
solution was refluxed and stirred for at least 5 h. The reaction was then cooled down to
room temperature and concentrated in vacuo. The purified products (44a-j and 48) were
obtained by column chromatography purification on aluminum oxide using only
cyclohexane.
2-(4-isopropylphenyl)-1-(4-methoxyphenyl)-5-methyl-1H-pyrrole ~ (44a).  Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.!®
2-(2-chlorophenyl)-5-methyl-1-(naphthalen-1-yl)-1H-pyrrole (44Db). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.!®
1-(4-fluorophenyl)-2-(4-isopropylphenyl)-5-methyl-1H-pyrrole (44c). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.
1-(4-chlorophenyl)-2-(4-ethylphenyl)-5-methyl-1H-pyrrole (44d). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.
1-(4-fluorophenyl)-2-methyl-5-phenyl-1H-pyrrole (44e). Physicochemical, spectroscopic, and
analytical data are consistent with those reported in literature.*
2-(2-fluorophenyl)-1-(4-fluorophenyl)-5-methyl-1H-pyrrole (44f). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.!®
2-(4-fluorophenyl)-5-methyl-1-(p-tolyl)-1H-pyrrole (44g). Physicochemical, spectroscopic, and
analytical data are consistent with those reported in literature.!
1,2-bis(4-chlorophenyl)-5-methyl-1H-pyrrole (44h). Physicochemical, spectroscopic, and

analytical data are consistent with those reported in literature.!”
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2-(4-ethylphenyl)-1-(4-fluorophenyl)-5-methyl-1H-pyrrole (44i). Physicochemical,
spectroscopic, and analytical data are consistent with those reported in literature.”
1,2-bis(2-fluorophenyl)-5-methyl-1H-pyrrole ~ (44j). Physicochemical, spectroscopic, and
analytical data are consistent with those reported in literature.
2-ethyl-5-(2-fluorophenyl)-1-(4-fluorophenyl)-1H-pyrrole (48). Physicochemical, spectroscopic,

and analytical data are consistent with those reported in literature.!*

4.4.2.13 General procedure for the preparation of the final pyrrole compound

18

To a solution of the appropriate pyrrole (44j) (9 mmol) in anhydrous DCM (20 mL),
ethoxalyl chloride (0.38 mL) and TiCls (0.34 mL) were added at 0 °C under a nitrogen flow.
The resultant dark suspension was agitated for 4 hours and then the reaction quenched with
water at room temperature (30 min stirring), before being extracted with DCM. After being
brine-washed, the organic layers were dried over Na:50: and concentrated in vacuo. The
crude residue was purified by column chromatography (cyclohexane/ethyl acetate, 3:1 v/v)
to yield compounds 17 as a pale-yellow powder.

ethyl 2-(1,5-bis(4-chlorophenyl)-2-methyl-1H-pyrrol-3-yl)-2-oxoacetate (18). White solid, 40%
yield. "TH NMR (400 MHz, CDCls) d ppm=7.35 —7.27 (m, 2H), 7.12 - 7.04 (m, 2H), 7.03 - 6.95
(m, 2H), 6.93 - 6.85 (m, 2H), 6.71 (s, 1H), 4.25 (q, ] = 7.1 Hz, 2H), 2.32 (s, 3H), 1.30 (t, = 7.1
Hz, 3H). *C NMR (100 MHz, CDCls) d ppm= 182.43, 162.44, 142.64, 140.46, 136.03, 135.99,
133.56, 131.09, 129.54, 129.53, 127.60, 127.18, 120.09, 114.69, 62.33, 13.77, 13.70.

4.4.2.14 General procedure for the preparation of final pyrrole compounds 19-

23
A Mannich reaction was performed to obtain compounds 19-23. To the suitable pyrrole (44a-
j or 48) (5.6 mmol) solubilized in 20 ml of acetonitrile, a mixture of formaldehyde (5.6 mmol)
(40% in water), appropriate amine (5.6 mmol), and glacial acetic acid (2 mL), was added

dropwise over the course of 5 min at room temperature. When the reaction was completed
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(1-5h), a solution of NaOH (20%, w/v) was added to quench it for at least 30 minutes stirring.
The reaction was then extracted in ethyl acetate, washed with brine, and dried over Na:50:
for at least 10 min. After filtering off Na2SOs, the organic solution was put under vacuum to
obtain the concentrated crude product, which was purified by column chromatography
(cyclohexane/ethyl acetate, 3:1 v/v) to give purified compounds 19-23 in satisfactory yields.
4-((5-(4-isopropylphenyl)-1-(4-methoxyphenyl)-2-methyl-1H-pyrrol-3-yl)methyl)thiomorpholine
(19). Physicochemical, spectroscopic, and analytical data are consistent with those reported
in literature.’
4-((5-(2-chlorophenyl)-2-methyl-1-(naphthalen-1-yl)-1H-pyrrol-3-yl)methyl)thiomorpholine ~ (20).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in
literature.!®

4,4-difluoro-1-((1-(4-fluorophenyl)-5-(4-isopropylphenyl)-2-methyl-1H-pyrrol-3-
yl)methyl)piperidine (21). White solid, 62% yield. 'H NMR (400 MHz, CDCls): d ppm= 7.66 —
7.58 (m, 1H), 7.28 - 7.16 (m, 1H), 3.79 (d, ] = 1.0 Hz, 0H), 3.21-2.96 (m, 1H), 2.43-2.21 (m, 1H),
1.25 (d, ] = 6.7 Hz, 2H). *C NMR (100 MHz, CDCl): o ppm= 163.09, 161.12, 149.73, 149.36,
143.96, 138.18, 138.15, 133.30, 128.57, 127.06, 124.98, 124.91, 121.35, 119.46, 117.56, 116.52,
116.34, 107.17, 53.04, 48.17, 48.13, 48.09, 34.31, 32.39, 32.20, 32.02, 23.93.
4-((1-(4-chlorophenyl)-5-(4-ethylphenyl)-2-methyl-1H-pyrrol-3-yl)methyl)thiomorpholine (22).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in
literature.*”
4-((2-ethyl-5-(2-fluorophenyl)-1-(4-fluorophenyl)-1H-pyrrol-3-yl)methyl)thiomorpholine (23).
Physicochemical, spectroscopic, and analytical data are consistent with those reported in

literature.™

4.4.3 Biology

ABS screening, in vitro GC assays and cytotoxicity assays were carried out in collaboration
with Birkholtz’s research group at University of Pretoria (Department of Biochemistry

Genetics and Microbiology).
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The biological assays for the analysis of the compounds belonging to our in-house library
were carried out in collaboration with Catteruccia’s research group at Harvard T.H. Chan
School of Public Health (Department of Immunology and Infectious Diseases) and they
include ABS screening, stage-specificity assay, DGFA, iSMFA, topical exposure assay, and
resistance selection.

All graphs that report test compounds activities were plotted using Prism GraphPad version

9 (GraphPad Software, La Jolla, CA).

4.43.1 Parasite Culturing

P. falciparum asexual parasites were cultured in vitro from drug-sensitive strain NF54
(PfNF54). Cultures were maintained in an atmosphere of 5 % COz, 5 % Oz and 90 % N, at 37
°C, without shaking, with daily media changes. Parasites were maintained in fresh human
erythrocytes (O+) in Hepes buffered Rosewell Park Memorial Institute (RPMI) media
containing 10% O+ human serum (heat inactivated and pooled), if needed for
gametogenesis or 10% of 0.5% Albumax if needed for ABS screening assay.

For mosquito infection and infection assays, gametocytogenesis was induced at a 4-5%
parasitemia (5% hematocrit) and then followed by daily media changes until mature GC (V)
were seen (dayl4-16). When needed, gametes formation was triggered by addition of
ookinete medium (RPMI1640 with 25mM HEPES, 50pg/mL hypoxanthine, 2g/L. NaHCOs,
100 pM xanthurenic acid) and by cooling the plate at 4 °C for 4 min and then a further 5 min
at 28 °C.

For drug assays, gametocytogenesis was induced adapting the method from Carter et al.**
to obtain synchronized parasite cultures. Briefly, parasitemia was increased up to 6-10% and
culture then fed by a glucose-free medium (daily changes, same atmosphere and
temperature conditions). Remaining asexual parasites were removed on days 6 through 9
by a continuous 50 mM N-acetyl glucosamine (NAG; Sigma-Aldrich) treatment, this time
with 0.2% glucose. From day 10 on, glucose enrichment was maintained, and GC were
regularly seen under a microscope until they were mostly stage V and were employed in in

vitro drug assays.
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4432 ABS Screening

The asexual drug assay was carried out using the SYBR Green I method as previously
described. # Briefly, sorbitol synchronized rings (>80% of parasite population) were grown
for 72 hours in the presence of different concentrations of drugs (DMSO stocks) previously
dispensed by dispensed by a HP D300 Digital Dispenser (Hewlett Packard Palo Alto, CA)
in 384-clear-bottom well plates (Corning). Parasites were grown in 1% hematocrit, 1%
starting parasitemia and 40 pl of 0.5% Albumax culture media for 72 h (trophozoite stage),
and then the SYBR Green I (Lonza, Visp, Switzerland) staining of parasite DNA was
measured. After 24h incubation in a dark room of the plates at room temperature (RT), a
SpectraMax M5 (Molecular Devices, Sunnyvale, CA) plate reader was used to measure
fluorescence, and data were analyzed with GraphPad Prism version 9 (GraphPad Software,
La Jolla, CA). ECs was calculated using nonlinear regression with the log(inhibitor) vs.
response with a four-parameter variable slope curve-fitting equation. Parasite treated with
DHA 25 uM and dimethyl sulfoxide (DMSO) were used as positive control and negative
control, respectively.

To assess the anti-asexual activity of MMV158084 analogues, the EnVision® Multilabel
Reader (PerkinElmer) (485 nm excitation, 530 nm emission) was used and ICso values were
determined in CDD vault (https://www.collaborativedrug.com/) normalized to maximum
and minimum inhibition levels for the positive (artemisinin) and negative (DMSO) control
wells.

All asexual blood stage assays were repeated on at least three independent occasions with

three technical replicates.

4.4.3.3 Gametocytocidal assays

On three separate assay platforms—the PrestoBlue fluorescence assay, the ATP
bioluminescence assay, and the luciferase reporter assay— compounds were tested for
gametocytocidal activity against PNF54 stage IV/V GC. Gametocytocidal assays were

performed as previously described.’®

Chapter 4 175



4434 Stage-Specificity Assay

PfNF54 parasites (44 hours to complete one life cycle) were first synchronized transferring
them in 5% sorbitol to get parasites with 8h of difference. Schizonts were then isolated using
the Percoll protocol* and, after allowing 3 hours for uRBC re-invasion, the parasite cultures
were again sorbitol synchronized to obtain a pure ring-stage culture (time = 3 hours). P.
falciparum drug assays were conducted in flat-bottom 96-well plates in a 200 ul culture
volume, 2% hematocrit, and 1% starting parasitemia. Compounds CL191 and CL241 were
plated at three different concentrations (0.2 uM, 2 uM, 20 uM) and then parasites cultures
were added as early rings (3-12 hours), late rings (12-24 hours), trophozoites (24-36 hours)
or schizonts (36-44 hours). After every exposure time, compounds were removed from the
plates after three rounds of wash-off using incomplete drug media, and the parasites
allowed to grow in complete media. Incubation times were therefore adjusted to the 44
hours asexual blood stage cycle of our PANF54 parasite line. DMSO and DHA 25 uM were
used as negative and positive control, respectively. Pyrimethamine 0.5 uM was also used as
a positive control since as a specific activity towards late-stages (trophozoites and
schizonts).* Giemsa stains (GS) were evaluated at each time point by light microscopy.
Relative growth inhibition was assessed using flow cytometry at 80 hours time point, at
which parasite developed into the trophozoites stage after one life cycle. Prior to flow-
cytometric analysis, samples were stained in MitoTracker™ Orange CMTMRos
(ThermoFisher) and 10 x SYBR Green I (Lonza, Visp, Switzerland) in 1 x PBS for 30 minutes
in the dark at 37°C. The staining solution was removed and cells were resuspended in PBS
to reach 0.25% of hematocrit. FACS data acquisition was performed on a MACSQuant VYB
(Milteni Biotec) with a 488 nm laser and a 525 nm filter and analyzed with FlowJo 2. RBCs
were gated on the forward light scatter and side scatter and infected RBCs were detected in
channel B1. Atleast 100,000 events were analyzed per sample. All asexual blood stage assays
were repeated on at least three independent occasions with two technical replicates. The
threshold for separating infected cells from healthy ones was determined using a matched

sample of uninfected erythrocytes.
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4435 DGFA

Compound 3 activity against gamete formation was assessed in the PADGFA in the carry-
over assay format adapted from Ruecker et al.?! Briefly, the capacity of exflagellation was
first determined under light microscopy (x40 magnification) to check the maturity of the
gametocyte cultures (> 0.3% of total RBCs; induced with ookinete medium in 1:1 ratio).
Thereafter, the gametocyte cultures were diluted to 12.5 million cells/ml (including RBCs)
and 35.5 ul (1.05 million cells) added to each well of glass-bottomed 18 well u-slides (Ibidi,
US) containing 37.5 ul of the test compound diluted in complete media in eight different
concentrations (from 20 to 0.15625 uM), and negative (DMSO < 0.25% w/v) and positive (MB
25 uM) controls. After 24 hours of incubation (37°C, 5 % COz, 5 % Oz and 90 % N2) GC were
induced to form gametes by dispensing 15 uL ookinete medium containing 0.5 pug ml™ anti-
Pts25 clone 4B7 (BEI Resources, cat. no. MRA-315) conjugated to the fluorophore CS568 at
RT. Following incubation at 4°C for 4 minutes and then 5 minutes at 28°C, exflagellation
was immediately recorded on using a Zeiss Observer.Z1 (Carl Zeiss Microscopy GmbH,
Jena, Germany) with phase-contrast and 10-frame time lapse image over 2 seconds each well
(x 4 magnification, x 1.5 zoom). The slides were then further incubated overnight (dark
room, 28°C) and were read using Zeiss Observer.Z1 with single-image fluorescence
microscopy (x4 magnification, x1.5 zoom). Comparing the inhibitory activity of the tested
drug to that of the control wells allowed for the calculation of the percentage of inhibition.

This assay was repeated on at least three independent occasions with three technical

replicates.

4.43.6 Mosquito rearing and Infection Assays

An. gambiae mosquitoes from the G3 strain, a highly lab-adapted, insecticide-susceptible
strain competent for P. falciparum of African origin, were kept in a 27 °C insectary
environment with 70-80% humidity and a 12 hours light - 12 hours dark cycle. For mosquito
colonies, 2-liter plastic trays filled with 500 ml of distilled water (dH20) and containing

Tetramin Baby Fish Food (Tetrawerke, Melle, Germany) were used for larvae cultivation
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following an ideal density and feeding schedule. Pupae were separated from larvae at the
beginning of pupation using a vacuum aspirator, collected in dH20, and housed in a cage
of 30 x 30 x 30 cm (Bugdorm, Megaview Science Co, Ltd, Thailand). Adult mosquitoes were
provided with of 10% glucose (Sigma Aldrich, US) ab libitum and dH2O after their
emergence. An artificial membrane feeding system (Hemotek, UK) was used to give a blood
meal of donated human blood to 5-7-day-old adult mosquitoes for colony maintenance.

Mosquito infections for drug assays were carried out to 4-5-day-old female adults, which
were provided an in vitro culture of PANF54 mature GC through a specially designed, water-
heated, glass membrane feeder. Females were moved to an infectious sealed and safe

glovebox as soon as they were blood fed.

4.43.7 iSMFA

Cultures of PANF54 mature stage V GC (14-16 days old, gametocytemia 1-2%) were treated
with test compounds (2 uM) or DMSO (< 0.25% w/v) for 48 hours in a 12-well plate (2
mL/well of parasite culture). After the time of exposure, GC were mixed with uRBC and
then pelleted. The blood pellet was resuspended in human serum and kept at 37°C vefore
and during mosquito blood feeding. Females who did not fully engorge after 60 minutes
were vacuum sucked out of their cages immediately into 80% ethanol container, placed at -
20°C overnight and eventually thrown away. At 7 days pIBM, the remaining mosquitoes
were vacuum aspirated into 80% ethanol, incubated for 10 minutes at 20°C, and then moved
out of the safe feeding box into PBS on ice. Mosquitoes were dissected to isolate the midguts,
which were stained in 0.2% w/v mercurochrome (in ddH20) and kept for 12-14 minutes.
Next, midguts were transferred on microscope slides containing 0.02% w/v mercurochrome
and oocyst counted under bright field illumination at x 40 magnification

on an inverted compound light microscope (Olympus Corporation, Waltham, MA). For
infection analysis, oocyst prevalence (number of infected midguts/number of total midguts)
and intensity (number of oocyst/midgut) were calculated. Data were plotted using

GraphPad Prism 9 for statistical analysis (non-parametric T test (Mann—-Whitney)).
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4.43.8 Topical Exposure Assay

The topical exposure assay was adapted from Lees et al.?* Briefly, test compounds were
solubilized in acetone to reach a concentration of 2mM. 1% w/v of DMSO in acetone was
used as a negative control when 100 mM DMSO stocks of compounds were used to make
the samples, otherwise only acetone was considered as negative control. Adult female
mosquitoes (4-5 days-old) were anesthetized on ice for 15 minutes and then transferred on
Petri dishes covered with filter paper (Whatman, Grade 1). 0.5 uL of test compounds and
control sample were pipetted to the dorsal thorax of mosquitoes, which were immediately
transferred to cages supplied with dH20. After complete recovery (4 hours), mosquitoes
were provided of IBM and unfed females were discarded into 80% ethanol. After 7 days
pIBM, mosquito dissection of midguts for oocyst counting was performed as described

above.

4439 Selection of Drug-Resistant Parasites

PNF54 parasites were exposed to suboptimal concentrations of CL241 to induce and select
for drug-resistant parasites. Parasites were set at a 2.5-3% parasitemia (10® number of
parasites) before exposure to 5x or 10x ICso of CL241. The assay was carried in at least three
independent experiments. Parasites were exposed to CL241 for 72 hours and the drug media
was changed daily. Once the cultures were cleared, cultures were transferred to complete
media which was changed every other day. Recrudescence was monitored with GS under

light microscopy (100x magnification).

4.4.3.10 In vitro cytotoxicity Assays

HepG2 toxicity screening was used to assess compound safety in vitro as previously

reported.’
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4.43.11 In vitro Microsomal Metabolic Assay

This assay was performed in duplicate using a 96-well microtiter plate. Test compounds
were incubated at 37 °C in rat, mouse and pooled human liver microsomes with a final
protein concentration of 0.4 mg.ml-1; XenoTech, Lenexa, KS suspended in 0.1 M phosphate
buffer at pH 7.4 for predetermined time points. This was in the presence and absence of
cofactor-reduced nicotinamide adenine dinucleotide phosphate (NADPH, 1.0 mM). The
reactions were quenched by adding ice-cold MeCN containing an internal standard
(Carbamazepine, 0.0236 pg/mL). The samples were centrifuged, and the supernatant was
analyzed via liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Agilent
Rapid Resolution HPLC, AB SCIEX 4500 MS). The relative loss of the parent compound with
time was monitored, and plots were prepared for each compound of Ln% remaining versus
time to determine the first-order rate constant for compound depletion. This was used to
calculate the degradation half-life and subsequently to predict the in vitro intrinsic clearance

(CLint) and in vitro hepatic extraction ratio (EH).
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Supplementary Materials

Figure S1 Dose-response curves of compounds 3, 6, 11, 12, 17, 18, 20-23.

Figure 52 iSMFA results of compounds 6, 11, 12, 16-23 with 48h of exposure time.
Figure S3 DGFA of compound 3.

Figure S4 Topical exposure results.
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Figure S1. Dose-response curves of compounds 3, 6, 11, 12, 17, 18, 20-23. ICso values and

chemical structures of compounds and confidence interval are indicated.

150 300
15
100 200
. .
1o K 8 .
2 E £ oo
E 2 3 ()
] z
H 3 - .
£ g ) .
8 S -3
(<] o
54 50 100
3 3 .
.
145 17 39
12— 20 38
T T T
Control MB 22 T T T T
Control mB 20 21 T T T T
Control MB 19 18
n: 34 32 34 - 0 31 u 3 n: 35 32 30 27 29
: % 0% 90% 100% %
Prevalence:  65.6% 0% 68.8% prevalonce:  93.33% o 88.24% 358% Prevalence:  100% 100%
300+
80+
60
200
2 .
£ 2
H E
2 4] 5
‘g H
13
ES
3
o 8
o
204 100
12 70
8 ——
6 5 57 52
T — T T
Control MB 16 23 "
2
T T T T
Q Q Control mB 6 17
n: 31 22 32 34 36
Prevalence: 93.55% 0% 87.5% 91.18% 80.56% n 3 32 30 31
Prevalence: 100% 9.4% 96.7% 93.5%

Chapter 4

189



Figure S2. iSMFA results of compounds 6, 11, 12, 16-23 with 48h of exposure time. Results
were obtained after a single experiment and are reported as oocyst prevalence and oocyst
intensity. Median lines and values are indicated, “n” indicates the number of independent
samples. To isolate oocyst prevalence and oocyst intensity, midgut samples with zero
oocysts have been excluded from intensity analysis. Statistical significance is indicated
where relevant as follows: * = p<0.05, ** = p<0.01, ** = p<0.001, *** = p<0.0001. MB:
methylene blue; Control: DMSO (< 0.25% v/v).
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Figure S3. DGFA of compound 3. A) Screenshots of male gamete exflagellation points and

female gametes stained with Pfs25. B) Bar plots indicate the male (blue) and female (red)

190 Chapter 4



gamete inhibition (%) after 48h of exposure of mature gametocytes to compound 3. Error

bars show the standard error of the mean based on at least three independent repeats.
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Figure S4. Topical exposure results. Compounds activity indicated as oocyst intensity (A),
oocyst prevalence (B) for compounds 6, 11, 17, 21-23 and oocyst size (B) for compounds 3,
6, 11, 16, 17, 20-23 after one single experiment. Median lines and values are indicated, “n”
indicates the number of independent samples. Mean lines are indicated for oocyst size. To
isolate oocyst prevalence and oocyst intensity, midgut samples with zero oocysts have been
excluded from intensity analysis. Statistical significance is indicated where relevant as
follows: * = p<0.05, ** = p<0.01, ** = p<0.001, **** = p<0.0001. Control: acetone or DMSO in

acetone (0.5% v/v).
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