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Abstract

The effectiveness of current antimalarial therapies that cure patients of the pathogenic asexual
blood stages is rapidly declining due to the spread of antimalarial drug resistance. This
requires the development of novel chemotypes curative for asexual blood stages but
additionally, such chemotypes should also target the sexually differentiated gametocytes and
thereby block disease transmission. Kinase inhibitors, specifically imidazopyridazines, were
previously described as highly effective, dual-active compounds in vitro. However, amongst
other shortcomings, poor solubility and cardiotoxicity risks prevented these compounds from
being further developed. In a recent study, novel 3,6-diarylated imidazopyridazine derivatives
showed improved solubility and a decrease in inhibition of the human ether-a-go-go-related
gene (hERQG), suggesting reduced cardiotoxicity risks, with potent sub-micromolar
antiplasmodial activities. Here, we report the in vitro activity of these 3,6-diarylated
imidazopyridazine derivates against both asexual blood and gametocyte stages of the human
malaria parasite, Plasmodium falciparum, in vitro. We highlight several potentially dual-
active compounds with nanomolar activities (ICso’s 0.7-104 nM) against both drug sensitive
and resistant strains of P. falciparum with these compounds also displaying activity against
transmissible gametocytes (ICso’s 1180.3—1787.5 nM). Taken together, the new generation
3,6-diarylated imidazopyridazines have potent activity against P. falciparum parasites in vitro
with improved physicochemical and toxicity profiles.

Keywords: malaria, kinase inhibitors, imidazopyridazines, antiplasmodial, antimalarial,
transmission-blocking



INTRODUCTION

Malaria is caused by Plasmodium parasites of which Plasmodium falciparum is responsible
for the highest disease incidence and mortality in sub-Saharan Africa. Despite a steady
decline in disease incidence over the past decade, effective malaria elimination strategies are
continuously threatened by the rapid spread of antimalarial drug resistance (WHO, 2019). P.
falciparum parasites are transmitted by female Anopheles mosquitos and have a complex,
multi-stage developmental programme that mediates the development of pathology and
continued disease transmission. The proliferative asexual blood stages (undergoing
schizogony every 48 h and marked by development from ring to trophozoite and schizont
stages) are responsible for disease symptoms, and the sexually differentiated gametocyte
stages are transmitted to Anopheles mosquitoes following a blood meal. Gametocytogenesis
is a uniquely prolonged process in P. falciparum (10-14 days) where five distinct stages can
be identified during development and differentiation (stages I-V).

Current antimalarials mainly target the asexual blood stages, thereby alleviating disease
symptoms and preventing death. However, drug discovery efforts now also aim to describe
additional life cycle activity for newly discovered molecules, including the ability to
circumvent disease transmission by targeting the sexual, transmissible gametocyte stages
(Birkholtz et al., 2016). Such dual-active compounds will therefore be effective in curing
pathology whilst simultaneously contributing to disease elimination.

Protein kinases are second only to G-protein coupled receptors in the number of screening
targets that are used by the pharmaceutical industry to identify new therapeutic chemical
entities (Zhang et al., 2009), with 25-30% of these targets representing kinases (Kini et al.,
2017). Indeed, the kinome and phosphatome constitute ~2% of the Plasmodium genome and
are thought to play significant roles during life cycle transitions in the parasite due to their
involvement in several essential signalling pathways (Anamika et al., 2005, Ward et al.,
2004). Plasmodium spp. contain between 85 and 99 kinase-associated transcripts, producing
65 confirmed eukaryotic protein kinases (Ward et al., 2004, Anamika et al., 2005). Kinase
inhibitors are indeed well described as antimalarial compounds (Lemercier et al., 2009,
Brunschwig et al., 2018, Paquet et al., 2017, Singh et al., 2017, Le Manach et al., 2015b,
Gonzalez Cabrera et al., 2018, van der Watt et al., 2018) and have resulted in the delivery of
compounds that target P. falciparum phosphatidylinositol-4-kinase (P14 K) as pre-clinical
(UCT943) (Brunschwig et al., 2018) and clinical (MMV048) (Paquet et al., 2017) candidates.

The kinase inhibitors under investigation here include derivatives around the
imidazopyridazine scaffold, which has previously been ascribed with antiplasmodial activity
(McNamara et al., 2013, Sahu et al., 2011, S. Osborne et al., 2011, Lemercier et al., 2009)
but also displays anticancer potential (Matsumoto et al., 2013) and has potential in the
treatment of anxiety (Moran et al., 1986). An investigative high-throughput screen (HTS) of
the BioFocus DPI SoftFocus kinase library (Duffy and Avery, 2012) identified several
imidazopyridazine hit compounds with sub-micromolar activity and > 10-fold selectivity (Le
Manach et al., 2014a) against both drug sensitive and resistant forms of asexual blood stage
P. falciparum. Hit-to-lead medicinal chemistry programmes led to a lead compound
(MMV652103, Table 1) with di-methylsulfonylbenzene substitutions in both 3 and 6
positions, that was potently active against P. falciparum at 7.3 nM with good oral efficacy
(98% at 4 x 50 mg/kg) in a P. berghei mouse model (Le Manach et al., 2014a, Le Manach et
al., 2015b, Le Manach et al., 2014b). Moreover, MM V652103 and derivatives displayed
potent activity against sexual stage P. falciparum gametocytes [e.g. 27 nM, (van der Watt et
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al., 2018)], validating their efficacy against multiple life cycle stages and their potential to be
used in transmission-blocking strategies.

Table 1. Precursor and 3,6-diarylated imidazopyridazine substituents with in vitro asexual blood (ABS)
and late gametocyte (LG) stage activities as outlined by SALI-analysis.
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Compound name 6-group 3-group ICsq ASB (nM) ICss LG (nM) Solubility (uM, pH 6.5)° ICso hERG (uM)*
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aData for precursor imidazopyridazines (MMV 669289, MMV652103 and MMV 672653) from (van der Watt et al., 2018).
bSolubility data for precursor imidazopyridazine (MMV652103) from (Le Manach et al., 2014b).

Solubility determined using a kinetic (turbidimetric) solubility assay (Cheuka et al., 2018).

9hERG inhibition data was determined using the QPatch Clamp System (Cheuka et al. 2018).

Where shown IC50 values are means from three independent biological repeats performed in technical triplicates, + S.E.

However, poor solubility coupled with cardiotoxicity risks have prevented these compounds
from further progression (Le Manach et al., 2015a, Le Manach et al., 2014a). Therefore,
strategies to improve address these liabilities were devised and implemented (Figure 1)
(Cheuka et al., 2018). The derivatives generated maintained their sub-micromolar activities
against P. falciparum parasites and displayed good selectivity against mammalian CHO cells.
Importantly, some compounds had improved solubility and cardiotoxicity risks as evidenced
by reduced hERG inhibition (Cheuka et al., 2018). However, the ability of these new
derivatives to target the sexual gametocyte stages and thereby prevent transmission is
unknown.
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Figure 1. 3,6-diarylated imidazopyridazine analogues. Substitutions at positions 3 and 6 of core
imidazopyridazine scaffold.

Here, we performed a parallel evaluation of the in vitro activities of 3,6-diarylated
imidazopyridazines (Figure 1) (Cheuka et al., 2018) against asexual blood stage P.
falciparum parasites as well as early- and late-stage gametocytes and male gametes. Through
chemical and activity profiling, we highlight potential dual-active 3,6-diarylated
imidazopyridazines that can serve as starting points to develop novel therapies that
selectively target kinases and thereby aid in malaria elimination strategies.



MATERIALS AND METHODS

Compounds

Compounds 1-18 were obtained from our in-house chemical library. The syntheses and
characterisation of the compounds have been previously described (Cheuka et al., 2018).

Ethics statement

This work holds ethics approval from the University of Pretoria Health Sciences Ethics
Committee (506/2018).

In vitro culturing of P. falciparum asexual parasites and gametocytes

Asexual P. falciparum PfNF54 (drug sensitive) and PfK 1 (resistant to chloroquine,
pyrimethamine and sulfadoxine) strains were obtained from the Malaria Research and
Reference Reagent Resource Center (MR4 BEI resources, Manassas, USA). Asexual blood
stage parasites were maintained in human erythrocytes (A*/O") at 5% haematocrit in
complete culture media RPMI 1640 [(Gibco) supplemented with 25 mM HEPES, 0.2% (w/v)
D-glucose, 200 pM hypoxanthine, 0.2% (w/v) sodium bicarbonate, 24 ng/mL gentamicin and
0.5% (w/v) AlbuMAX II lipid-rich BSA)] under hypoxic conditions (90% N2, 5% O2 and 5%
CO») at 37°C with agitation (Verlinden et al., 2011). Asexual blood stage parasite stage-
progression schizogony through ring, trophozoite and schizont development was monitored
microscopically through Giemsa-stained thin smears (Fivelman et al., 2007).
Gametocytogenesis was induced (0.5% parasitaemia, 6% haematocrit) from the PfNF54-
PfS16-GFP-Luc line gifted by David Fidock, Columbia University, USA (Adjalley et al.,
2011) in glucose deprived complete RPMI media. Three days post induction, the haematocrit
was decreased to 4%, with asexual parasite proliferation being inhibited through the addition
of 50 mM N-acetylglucosamine (Sigma-Aldrich) in glucose supplemented complete RPMI
media on days 5—10 post induction (Reader et al., 2015). Progressive gametocyte
development from early (stages I/II/II) to late (stages IV/V) stages were monitored
microscopically using Giemsa-stained thin smears during daily media changes.

Asexual blood stage activity assays

Compounds were synthesised as previously reported (Cheuka et al., 2018). Inhibitory
activities of the compounds (10 mM stock solutions in 100% DMSO (w/v), Sigma-Aldrich)
were determined against asexual PINF54 and PfK1 parasites in vitro using SYBR Green |
fluorescence as a antiproliferative assay (Smilkstein et al., 2004, Verlinden et al., 2011). An
asexual ring-stage parasite population (1% parasitaemia and 1% haematocrit, > 95% D-
sorbitol synchronised) were treated with a two-fold serial compound dilution in complete
culture media (final DMSO concentration of < 0.1% (v/v)) in 96-well plates and incubated
for 96 h at 37°C under 90% N2, 5% CO2, and 5% Oz hypoxic conditions. Following
incubation, parasite proliferation was determined by adding equal volumes of parasite
suspension (100 pl) to SYBR Green I lysis buffer (0.2% of 10 000x SYBR Green I
(Invitrogen), 20 mM Tris-HCI, pH 7.5, 5 mM EDTA, 0.008% saponin (w/v) and 0.08%
Triton X-1000) and incubated in the dark for 1 h at room temperature. Fluorescence was
quantified using the GloMaxR-Multi+ Detection System at 485/538 nm. The concentration of
the compounds required to affect 50% parasite proliferation (ICso) was determined using a
non-linear curve fit (GraphPad Prism V6.0) normalised to maximum and minimum
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inhibition. Data for each compound are from at least three independent biological replicates,
each performed in technical triplicates. The resistance index (RI, ICso ratio between drug
resistant and sensitive strains) was calculated for the PfK1 over PfNF54 ICso values.

Inhibition of gametocyte viability

Inhibitory activities of the compounds (10 mM stock solutions in 100% DMSO (w/v), Sigma-
Aldrich) against early (50% stage 11/50% stage I1I) and late-stage (40% stage IV/60% stage
V) gametocytes at 2% gametocytaemia, 2% haematocrit were determined by treating
gametocytes with 5 pM compound concentration in complete culture media (final DMSO
concentration of < 0.1% (v/v)) for 48 h at 37°C under 90% N2, 5% COz, and 5% O2 hypoxic
conditions using the PINF54-pfs16-GFP-Luc reporter line (Reader et al., 2015, Coetzee et
al., 2020, van der Watt et al., 2018). Dose-response curves against late-stage gametocytes
(PfNF54-pfs16-GFP-Luc reporter line) were determined using a two-fold serial compound
dilution in complete culture media (final DMSO concentration of < 0.1% (v/v)) and
incubated for 48 h at 37°C under 90% N2, 5% CO2, and 5% Oz hypoxic conditions. The
luciferase reporter assay was performed using equal volumes of parasite lysate (30 ul) and
luciferin substrate (Promega luciferase assay system), with bioluminescence detected ata 10
s integration constant (GloMaxR-Multi+ Detection System) (Reader et al., 2015). The ICso
was again determined using non-linear curve fit (GraphPad Prism V6.0) normalised to
maximum and minimum inhibition and data are from at least three independent biological
replicates, each performed in technical triplicates.

Mammalian cytotoxicity assays

Cytotoxity of compounds (10 mM stock solutions in 100% DMSO (w/v), Sigma-Aldrich)
were determined against human caucasian hepatocellular carcinoma (HepG2) cells. The cells
were maintained in DMEM media supplemented with 10% heat inactivated foetal bovine
serum and 1% penicillin/streptomycin at 37°C under 5% COz2 hypoxic conditions (Verlinden
etal., 2011). Cells were trypsinised once 80% confluency was reached using 0.25% Trypsin-
EDTA and plated in 96-well plates (10 000 cells/well) and incubated for 24 h. Following
incubation, cells were treated with 2 uM compound in complete media (final DMSO
concentration of < 0.1% (v/v)) and incubated for 48 h at 37°C under 5% CO2 hypoxic
conditions. Following treatment cytotoxicity was determined using the lactate dehydrogenase
(LDH) viability assay (Cytoselect Inc.) as per manufacturer’s instructions by incubating 10 pl
of the supernatant with 100 pl cytoselect reagent at 37°C for 30 min under 5% CO2 hypoxic
conditions. Cytotoxicity was quantified colorimetrically through absorbance at 450 nm using
a SpectraMax Paradigm Multimode Detection Platform microplate reader (Molecular
Devices) and normalised to maximum and minimum cytotoxicity. Assays were performed for
a single biological repeat, in technical triplicates.

Structure function activity analysis

Structure—activity landscape index (SALI) was performed using Osiris Datawarrior V 5.2.1
software (www.openmolecules.org). The compound similarity/activity cliff analyses was
performed with similarity based on the SMILES structure taking stereochemistry into account

and separated based on the compound neighbour, with a Tanimoto similarity threshold at
86%.



RESULTS

3,6-diarylated imidazopyridazines inhibit asexual blood stage parasite proliferation

Initial in vitro asexual blood stage activities of 18 3,6-diarylated imidazopyridazines (Figure
1) was determined against PINF54 parasites using the SYBR Green I-based antiproliferative
assay at 1 and 5 uM. All compounds, excluding 6, inhibited parasite proliferation by more
than 70% at 5 uM. However, only 9 compounds retained more than 50% inhibition at 1 uM
(Figure 2a). These 9 compounds were selected for further dose-response evaluation (ICso)
against asexual blood stage parasites. All of these compounds displayed sub-micromolar
activity against the drug sensitive PfNF54 strain, with three compounds (15, 10 and 1) being
potent with ICso values < 100 nM (Figure 2b). These activities confirmed previously reported
activities for 3,6-diaryalted imidazopyridazines as evaluated with a hypoxanthine
incorporation assay (Cheuka et al., 2018). Similarly, the majority of compounds did not show
any cross-resistance against the multidrug resistant PfK 1 strain, as measured by the average
resistance indices (RI, ICso K1/NF54) for all compounds reported at < 3.9, compared to the
RI of chloroquine as control at > 10 (Coertzen et al., 2018). However, the most active
compound, 15, had a RI of > 72, indicating a potential cross-resistance of this compound with
known antimalarials. Cytotoxicity screens against mammalian HepG2 cells indicated that the
majority of the compounds did not negatively affect HepG2 cell viability at 2 uM except for
15 and 9, both of which showed marginal cytotoxicity (> 84% viability remaining at 2 pM,
Figure 2b).
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Figure 2. Activity of 3,6-diarylated imidazopyridazines against asexual parasites. (A) Inhibition (%) of asexual
blood stage proliferation by 1 and 5 pM 3,6-diarylated imidazopyridazines after 96 h drug pressure, as measured
with SYBR Green I fluorescence. Data are from a single biological repeat performed in technical triplicates. (B)
Rank-ordered activities of imidazopyridazines against asexual parasites of PfNF54 and PfK1 determined with
full dose-response analyses. Cytotoxicity (%) as determined with the LDH assay against HepG2 at 2 uM
indicated on the secondary y-axis. Data are from a single biological repeat performed in technical triplicates.
ICs values are means from at least three independent biological repeats (n > 3) performed in technical
triplicates, = S.E.



Frontrunner 3,6-diarylated imidazopyridazines are active against gametocytes

Initial activity screens against an early- (equal mix of stage II and III) and late-stage
gametocyte (40% stage 1V, 50% stage V) population were performed using the luciferase
reporter viability assay at 5 uM. Although the majority of the compounds only had marginal
activity against both early- and late-stage gametocytes, a linear relationship was present for
the stage differentiated activities (Figure 3a), similar to previous reports for
imidazopyridazines (van der Watt et al., 2018). Only 5 compounds (15, 5, 9, 10 and 3)
displayed > 50% inhibition, with only 15 and 10 showing > 70% inhibition at 1 pM.
Compound 10 was the most potent with an ICso of 1180.3 + 117.8 nM, followed closely by
15 (ICso0: 1782.5 £ 699.3 nM) (Figure 3b). 9 was active at less than 5 uM (ICso: 4231 £+ 1647
nM) whereas 5 was inactive (ICso > 5 puM). Taken together, the majority of the 3,6-diarylated
imidazopyridazines are more selective towards the asexual blood stages but two compounds
show promise as dual-active antiplasmodials.
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Figure 3. Activity determination of 3,6-diarylated imidazopyridazines against early- (II/IIT) and late-stage
(IV/V) gametocytes and male gametes. (A) Inhibition (%) of early (EG, consisting of a 50% stage III, and 50%
stage III population) and late stage gametocytes (LG, consisting of a 60% stage IV, and 40% stage V
population) by 5 uM of 3,6-diarylated imidazopyridazines after 48 h drug pressure, as measured with the
luciferase reporter assay. Data are from a single biological repeat performed in technical triplicates, + S.D. (B)
Dose-response curves of compounds showing > 50% inhibition at 5 uM against late stage gametocytes after 48
h drug pressure with the luciferase reporter assay. ICsy values are means from three independent biological
repeats performed in technical triplicates, + S.E.

Structure—activity landscape analysis of imidazopyridazines

To evaluate if the biological activity can be associated to the chemical features of the 3,6-
diarylated imidazopyridazines, a structural-activity landscape was generated where the 3,6-
diarylated imidazopyridazines was compared to precursor imidazopyridazines reported
previously (van der Watt et al., 2018) (Figure 4), with all the chemical substituents and
activities within the different clusters being shown in Table 1. A highly-connected cluster
contained near neighbours (10 and 9) of the lead compound, MMV 652103, di-substituted
with methylsulfonylphenyl in both positions and with ICso values against asexual blood
stages of 7 and 27 nM against gametocytes (Le Manach et al., 2014a, van der Watt et al.,
2018) (Figure 4). 10 and 9 have similar solubility and biological profiles to MM V652103
with regard to asexual blood stage activities whilst also having appreciable gametocyte
activities (Table 1). However, a change at the 3 position from a methylsulfonylphenyl (10) to



a methylsulfinylphenyl (9), detrimentally affected both asexual blood stage and gametocyte
activity as seen in the ~4x fold drop in ICso’s (Table 1). Interestingly, a change in the
position of the methylsulfinyl group from the meta to the para position, as in 12, on the
phenyl ring at the 3 substitution, completely abolishes both asexual blood stage and
gametocyte activity. Compounds 10 and 9 showed weak correlations to MM V669289 (ICso
against asexual blood stages of 95.9 and 1489 nM against gametocytes) (Le Manach et al.,
2014a, van der Watt et al., 2018) also substituted with a methylsulfonylphenyl at the 3
position and MMV 670654, bi-substituted with methylsulfinylphenyl (ICso against asexual
blood stages of 35 and 7993 nM against gametocytes) (Le Manach et al., 2014a, van der Watt
et al., 2018). This indicates that the methylsulfonylphenyl group at the 3 position is generally
responsible for good gametocytocidal activity (ICso ~ 1000 nM).
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Figure 4. Inter-series SALI of precursor and 3,6-diarylated imidazopyridazines. Pairwise structural feature
(SkelSphere) and late stage (LG, IV/V) analysis superimposed with PfNF54 cliff analysis (Osiris DataWarrior)
separately on each series at a similarity threshold of 86% in structural characteristics. Activity inclusions include
ICs values of asexual blood stage (ASB) and LG of the sub-micromolar to micromolar range. Activities and
solubilities of compounds highlighted in bold are reflected in Table 1. Data are means from three independent
biological repeats performed in technical triplicates. ASB and LG data for precursor imidazopyridazines from
(van der Watt et al., 2018).

The 6 position methylsulfonylphenyl substituted near neighbour of MMV652103,
MMV672653 (ICs0s of 35.8 and 907 nM against asexual blood stage and late-stage
gametocytes, respectively (van der Watt et al., 2018)), is closely related to 1 that contains a
benzoic acid group at position 3 (Table 1). This change essentially shifts the activity profile
of the compound fully into having only asexual blood stage activity (ICso =104 nM) with
complete loss of gametocyte activity (ICso > 5 uM).

The remainder of the 3,6-diarylated imidazopyridazines formed individual clusters of either a
non-active cluster of substituted methylsulfonylanilines/methylsulfinylanilines (8, 6 and 7,
Table 1), where improved solubility (> 60 uM) was to the cost of activity, or an asexual blood
stage active cluster of substituted methylsulfinylphenyl and diethyl[(3-
fluorophenyl)methyl]amines (3, 13, 15, 14, 4 and 16, Table 1). Changes in the sulfone
position on the benzene in the 6 position, together with introduction of an additional amine on
the core imidazopyridazine is not tolerated at all (compounds 6, 7 and 8). Within the asexual
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blood stage active cluster, 15 and 16 contain the same 3 group substituents. However, they
differ at the 6 group with a biaryl group for 15 and an amine linker to the pyridazine for 16,
implying that the biaryl group for 15 is essential for activity. Despite compounds 15 and 16
showing significantly improved solubility (200 pM at pH 6.5, Table 1) the biaryl group on
compound 15 could be indicative of human toxicity as evidenced by decreased hERG activity
(0.59 +£0.02 uM) compared to the lead imidazopyridazine precursor, MMV 652103

(3.61 £0.62 uM) (Cheuka et al., 2018, Le Manach et al., 2014b) (Table 1) and marginal
HepG2 cytotoxicity (11.8% at 2 uM). Whereas, despite the significant loss in activity, the
pyridazine amine linker of compound 16 is more ideal, with improved hERG ICso
(7.83£1.21 uM, Table 1) activity and no HepG2 cytotoxicity (0% at 2 pM).

DISCUSSION

Current antimalarials provide chemotherapeutic protection by effectively clearing pathogenic
asexual blood stage parasites, classifying them as target candidate profile 1 (TCP1)
compounds. Although clearance of asexual blood stages is curative of the disease, the
remaining transmissible gametocyte reservoirs are responsible for the continuous spread of
the disease. Therefore, malaria elimination strategies have prioritised the development of
compounds that target the sexually differentiated gametocyte stages as a means to block
disease transmission (TCP5) (Burrows et al., 2017). Combining compounds with either
specific profiles associated with TCP1 or TCP5 can provide an all-encompassing solution to
effectively eliminate malaria, thereby not only being curative of the pathogenic stages and
blocking transmission, but also slowing down the rate of emergence of drug resistance.
However, the development of TCP5-selective compounds has raised a unique set of
pharmacokinetic (PK) challenges as compared to the development of TCP1 compounds only
(Birkholtz et al., 2016). Development of the PfP14 K inhibitors, pre-clinical candidate
aminopyrazine (UCT943) (Brunschwig et al., 2018) and the clinical candidate aminopyridine
(MMV390048) (Paquet et al., 2017), which have almost equipotent TCP1 and TCP5 activity,
validated kinase inhibitors as a novel class of potent dual-active compounds.

Of the 18 3,6-diarylated imidazopyridazines tested here, all the compounds showed sub- to
micromolar activities against asexual blood stages, similar to those previously reported
(Cheuka et al., 2018), and highlighting the potential of the series as TCP1 actives.
Imidazopyridazines have several favourable characteristics in relation to other kinase
inhibitors such as 2-aminopyridines including a more rapid speed of action (within 48 h)
against asexual blood stages, with some compounds even targeting early-stage gametocytes
within 24 h (van der Watt et al., 2018), compared to 2-aminopyridines with a slower speed of
action (Gonzalez Cabrera et al., 2018). Therefore, fast-acting imidazopyridazines at an
effective dose can ensure clearance of asexual blood stages prior to gametocytogenesis and in
this way still be effective without directly targeting gametocytes.

The majority of the compounds on average had more than 10x decrease in activity against
late-stage gametocytes. This is a profile that has been seen for several classes of compounds
(Plouffe et al., 2016, Coertzen et al., 2018), but is unlike that observed for the precursor
imidazopyridazine scaffolds (van der Watt et al., 2018) where several compounds retained
activity against late-stage gametocytes. Modifications made to solve solubility and
cardiotoxicity risks therefore were to the detriment of gametocytocidal activity, with only 2
compounds showing promise as dual-active candidates. Interestingly though, the 3,6-
diarylated imidazopyridazines showed a linear correlation in their activities across early- and
late-stage gametocytes, similar to precursor imidazopyradazines. This is in contrast to
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compounds from the 2-aminopyridine scaffold, which showed selectivity towards late-stage
gametocytes (van der Watt et al., 2018). This could point to differences in mode of action in
these series against gametocytes. Indeed, imidazopyridazines do target PfP14 K (Gonzalez
Cabrera et al., 2018), similarly to the 2-aminopyridines (Paquet et al., 2017). However,
imidazopyridazines also target additional kinases, such as P. falciparum calcium-dependent
protein kinase 1 (PfCDPK1) (Ansell et al., 2014) and P. falciparum guanosine
monophosphate (cGMP)-dependent protein kinase G (PfPKG) (Alam et al., 2015, Green et
al., 2016). Both of these kinases are expressed (van Biljon et al., 2019) and are functionally
important in gametocytes and other sexual stages (e.g. ookinetes) (Brochet et al., 2014),
which could explain the differentiation of this series and activity against both early- and late-
stage gametocytes. Interestingly, a recent study by Cheuka et al. (accepted to ACS Infectious
disease, manuscript ID: id-2020-004818.R2) showed that similar analogues to the 3,6-
diarylated compounds evaluated here, 3,6-diphenylated imidazopyridazine analogues, target
both PfPI4 K and PfPKG. It would therefore be interesting to validate the targets for the 3,6-
diarylated imidazopyridazines and the importance thereof for multiple life cycle stages in P.
falciparum.
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