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ARTICLE INFO ABSTRACT

Keywords: Malaria is caused by infection with Plasmodium parasites and results in significant health and economic impacts.
P. falal_’“”f”? Malaria eradication is hampered by parasite resistance to current drugs and the lack of a widely effective vaccine.
HDAG inhibitor Compounds that target epigenetic regulatory proteins, such as histone deacetylases (HDACs), may lead to new
Malaria . . . . . ‘1 . .

AR.42 therapeutic agents with a different mechanism of action, thereby avoiding resistance mechanisms to current

antimalarial drugs. The anticancer HDAC inhibitor AR-42, as its racemate (rac-AR-42), and 36 analogues were
investigated for in vitro activity against P. falciparum. Rac-AR-42 and selected compounds were assessed for
cytotoxicity against human cells, histone hyperacetylation, human HDACI1 inhibition and oral activity in a
murine malaria model. Rac-AR-42 was tested for ex vivo asexual and in vitro exoerythrocytic stage activity against
P. berghei murine malaria parasites. Rac-AR-42 and 13 achiral analogues were potent inhibitors of asexual
intraerythrocytic stage P. falciparum 3D7 growth in vitro (ICso 5-50 nM), with four of these compounds having
>50-fold selectivity for P. falciparum versus human cells (selectivity index 56-118). Rac-AR-42 induced in situ
hyperacetylation of P. falciparum histone H4, consistent with PfHDAC(s) inhibition. Furthermore, rac-AR-42
potently inhibited P. berghei infected erythrocyte growth ex vivo (ICso 40 nM) and P. berghei exoerythrocytic
forms in hepatocytes (ICso 1 nM). Oral administration of rac-AR-42 and two achiral analogues inhibited P. berghei
growth in mice, with rac-AR-42 (50 mg/kg/day single dose for four days) curing all infections. These findings
demonstrate curative properties for HDAC inhibitors in the oral treatment of experimental mouse malaria.

1. Introduction Growing evidence of the significance of epigenetics in P. falciparum
(Andrews et al., 2012a; Bechtsi and Waters, 2017; Bozdech et al., 2003;
Chaal et al., 2010; Coleman et al., 2014; Duraisingh et al., 2005; Frei-

tas-Junior et al., 2005; Lopez-Rubio et al., 2007) suggests that epigenetic

Malaria remains a leading cause of parasite-induced morbidity and
mortality worldwide. In 2019, an estimated 229 million malaria cases

and 409,000 malaria related deaths were reported, with most deaths
occurring in Sub-Saharan Africa due to infection with Plasmodium fal-
ciparum (World Health Organization, 2020). Although there are effec-
tive drugs available for malaria prevention and treatment, including the
gold standard artemisinin combination therapies (ACTs), parasite
resistance to all current therapies and the lack of a widely effective
vaccine are driving new antimalarial drug discovery efforts (Burrows
et al., 2017; Phillips et al., 2017).
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regulatory proteins may be promising drug targets for malaria (Andrews
etal., 2012b; Coetzee et al., 2020; Malmquist et al., 2012). Furthermore,
a potentially useful strategy in malaria drug discovery is to “piggy-back”
onto drug development programs for other diseases, either by exploiting
a common target or by using or improving upon validated inhibitors
(Andrews et al., 2014). Anticancer epigenetic inhibitors are being
investigated against malaria parasites, with histone deacetylase (HDAC)
inhibitors being the most extensively investigated to date (Andrews
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et al., 2009, 2012b; Chua et al., 2017; Engel et al., 2015; Malmquist
et al., 2012; Sumanadasa et al., 2012). Vorinostat (Zolinza®), romi-
depsin (Istodax®), belinostat (Beleodaq®) and panobinostat (Farydak®)
are broad spectrum HDAC inhibitors approved for treating human
cancers and have in vitro antiplasmodial activity (Chua et al., 2017;
Engel et al., 2015). Although these compounds have potent in vitro
antiplasmodial activity (ICsg 7-370 nM; Supplementary data, Table S1)
(Chua et al., 2017; Engel et al., 2015), they lack high selectivity for
Plasmodium over human cells (selectivity index (SI) < 1 (romidepsin);
7-21 (belinostat); Supplementary data, Table S1 (Chua et al., 2017;
Engel et al., 2015)). In vivo assessments of HDAC inhibitors in murine
malaria models have demonstrated limited effectiveness and not cured
infection when administered orally (Agbor-Enoh et al., 2009; Andrews
et al., 2000; Chua et al., 2017; Darkin-Rattray et al., 1996; Dow et al.,
2008; Sumanadasa et al., 2012).

We hypothesize that poor in vivo efficacy of HDAC inhibitors inves-
tigated to date is due, in part, to suboptimal pharmacokinetic profiles (e.
g. vorinostat, panobinostat; Supplementary data, Table S2) (Chua et al.,
2017). Like vorinostat and panobinostat, the phenylbutyrate analogue
AR-42 (Lu et al., 2004, 2005) targets multiple class I/II human HDACs
but has superior pharmacokinetic properties in mice and humans
(Supplementary data, Table S2). AR-42 is reportedly safe and well
tolerated (Sborov et al., 2017; Valencia et al., 2016) and is undergoing
clinical trials for different cancers (Chen et al., 2017; ClinicalTrials.gov,
2017a, b; Sborov et al., 2017). It has previously demonstrated in vitro
activity against asexual and gametocyte (stage I-II) P. falciparum para-
sites (>50% inhibition at 1 pM) (Vanheer et al., 2020). AR-42 is
(S)-N-hydroxy-4-(3-methyl-2-phenyl-butanamido)-benzamide), with a
single chiral centre prone to racemization and to chemical reactivity due
to its relatively acidic a-CH. It is 5-fold more potent as an inhibitor of
HDACs (ICsg 16 nM) than its R-enantiomer (ICso 84 nM). To avoid
racemization and minimise metabolism, a series of achiral analogues of
AR-42 were developed (Tng et al., 2020). They proved to be up to
35-fold more potent inhibitors of hHDAC1 and other class I HDACs than
rac-AR-42 (compound 1, Table 1) (Tng et al., 2020). Here, we investi-
gated in vitro antiplasmodial activity of 1 and 36 synthetic analogues
(including 31 achiral compounds; Table 1) and assessed in vivo activity
of 1 and four analogues in P. berghei infected mice.

2. Materials and methods
2.1. Synthesis of achiral analogues of AR-42

Most compounds were synthesized as described (Tng et al., 2020). A
small modification to the published protocol was used to synthesize new
compounds 34-37 (Supplementary data, Scheme S1).

2.2. Invitro P. falciparum growth inhibition assays

In vitro antiplasmodial activity was tested against P. falciparum over
48 h in a [*H]-hypoxanthine uptake isotopic microtest, as described
(Chua et al., 2017). Assays were performed starting with asynchronous
P. falciparum parasites (1% parasitemia; 1% haematocrit). Uninfected
erythrocyte background controls were included in all assays. Negative
controls containing P. falciparum infected erythrocytes treated with
DMSO vehicle were included on each plate (0.5%; Sigma-Aldrich, USA).
Percentage growth inhibition was calculated relative to negative DMSO
vehicle controls after background subtraction and 50% growth inhibi-
tion concentrations (ICsp) were calculated using linear interpolation of
dose response curves (Huber and Koella, 1993). At least three inde-
pendent assays were conducted, each in triplicate. Pearson correlation
analyses, to compare ICsy with cLog P values, were performed in
GraphPad Prism 6.
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2.3. Cell cytotoxicity assays

Cytotoxicity was assessed on human neonatal foreskin fibroblasts
(NFFs), as described (Trenholme et al., 2014). In each case, three in-
dependent experiments were performed, each in triplicate. Percentage
growth inhibition was calculated using DMSO vehicle treated cells as
100% growth and ICs values calculated using log linear interpolation
(Huber and Koella, 1993).

2.4. Invivo efficacy in a murine model of malaria

In vivo efficacy was evaluated in female BALB/c mice infected via
intraperitoneal injection with P. berghei QIMR or ANKA (Saul et al.,
1997) infected erythrocytes from a passage mouse (10° infected eryth-
rocytes/100 pL). Mice were treated via oral gavage with 100 pL/dose of
vehicle control (50% DMSO: 50% PBS) or test compounds for four
consecutive days, beginning 2 h post infection (p.i.). Chloroquine (10
mg/kg; single daily doses) or vorinostat (25 mg/kg; twice daily doses)
were used as positive controls. Mice were scored for symptoms and, from
day 4 p.i., via microscopic analysis of DiffQuik® (POCD Healthcare,
Australia) stained thin blood smears prepared via tail snip every 1-3
days. For each timepoint, parasites in at least 1000 erythrocytes were
counted and parasitemia determined as mean number of parasites/100
erythrocytes. Mice were euthanized when parasitemia reached
~15-25%, or when weight loss compared to the day of infection
exceeded ~15%, according to an approved Griffith University Animal
Ethics Committee project (ESK/02/17/AEC).

2.5. Protein hyperacetylation assays

Protein hyperacetylation assays were conducted by incubating
trophozoite stage P. falciparum 3D7 parasites (3-5% parasitemia; 5%
haematocrit) for 3 h with 5x ICsy AR-42, vorinostat (HDAC inhibitor
control) or chloroquine (negative control). Parasite infected erythrocyte
pellets were lysed with 0.15% saponin, washed with PBS, resuspended
in 1x SDS loading dye and heated at 94 °C for 3 min. Protein samples
were analysed by SDS-PAGE and Western blot. REVERT™ Total Protein
Stain (Li-Cor Biosciences, USA) was used to detect total protein. Anti-
(tetra)acetyl histone H4 antibody (1:2,000 dilution; Millipore; 06-866)
was used as a primary antibody and IRDye® 680RD goat anti-rabbit
(1:10,000 dilution; Li-Cor Biosciences, USA) as a secondary antibody.
Membranes were imaged using a Versadoc™ system (Li-Cor Biosciences,
USA) and densitometry analyses conducted using Image Studio Lite v5.2
software.

3. Results and discussion
3.1. Structure-activity relationships for antiplasmodial activity

AR-42 has a typical HDAC inhibitor structure, comprising a zinc-
binding group (hydroxamate) attached to a linker group (para-amino-
benzoic acid) joined to a capping group (3S-methyl-2-phenylbutyric acid)
via an amide bond. To remove the racemizable chiral centre, a series of
achiral analogues were synthesized (Supplementary data) with a
geminal dialkyl substituent or a symmetrical ring linked via a quater-
nary carbon atom instead of the isopropyl group of AR-42 (Tng et al.,
2020).

In vitro antiplasmodial activity of rac-AR-42 (1) and 36 analogues
was assessed against asexual intraerythrocytic stages of the drug-
sensitive P. falciparum 3D7 line (Pf3D7; Table 1). Compound 1 had
ICso 22 nM, consistent with a previous report (100% inhibition at 120
nM) (Vanheer et al., 2020), and well below Cpax of oral 1 in mice or
humans (Cpax 14.7 pM (single 50 mg/kg oral dose) or 0.38 pM (single
20 mg oral dose), respectively; Supplementary data, Table S2). The
N-methyl analogue 2 (ICsp 1.2 pM; Table 1) was 60-fold less potent than
1 (p < 0.0001), consistent with the amide NH creating a H-bond
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Table 1
Rac-AR-42 and 36 achiral analogues inhibit the proliferation of asexual blood-stage P. falciparum 3D7 malaria parasites and recombinant human HDAC1.
Entry Structure 1Cso (nM) Entry Structure 1Cso (nM)
Pf3D7 hHDAC1 Pf3D7 hHDAC1
1 (rac-AR-42) o 22+ 3 25+ 6 20 (JT83) % 5+3 14 £11
/©)L _OH cl Q)L _OH
o N o N
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2 DI $ jog
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SRR D8,
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N
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(continued on next page)
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Table 1 (continued)
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Entry Structure 1Cso (nM) Entry Structure 1Cs¢ (nM)
Pf3D7 hHDAC1 Pf3D7 hHDAC1
o
o QAN,OH
H
N
H
N
H
17 (JT92) % 6+1 24+0.5 36 o 104 + 24 73 £20
Br o /©)kN,OH o ; J W OH
H H
N N
H
o
o (o}
18 9 32+9 3+05 37 % 130 + 50 181 + 43
Br o /@)LN,OH o /Q)LN,OH
H H
N N
H
o
N
H
19 (JT21b) o 7+2 7+3

interaction with the conserved Asp97 in the catalytic site of PHDAC1.
This hypothesis is supported by the lower inhibitor potency when the
amide bond is reversed as in 3 (ICsg 3.6 pM; Table 1) relative to 1 (p =
0.0104), this arrangement removing the putative hydrogen bond. The
isopropyl group is an important component for inhibitor potency, since
the phenylacetamide analogue 4 (ICsog 314 nM; Table 1) was 16-fold less
effective than 1 (p = 0.0003). A phenyl ring was less preferred than the
isopropyl group, since benzhydryl compound 5 (ICs9 140 nM; Table 1)
was 7-fold less active than 1 (p = 0.0456). The 2-propylpentanamide 6
(ICs0 719 nM; Table 1) led to 36-fold less inhibition of parasite growth
than for 1, however this was not statistically significant (p = 0.104). The
phenyl terminus may be needed for a specific protein-ligand interaction,
or the flexible carbon chain was entropically disfavoured. A chlorine
atom at the ortho-position was not well tolerated, with a 55-fold
decrease in activity for 7 (ICsp 1.1 pM; p < 0.0001; Table 1). A chlo-
rine substituent at the meta-position was not tolerated (8, ICso > 10 pM;
Table 1). An isosteric pyridine (9, IC5¢p 230 nM; Table 1) showed a
12-fold reduction in inhibition compared to 1 (p = 0.001).

The simple dimethyl analogue 10 (ICso 212 nM; Table 1) was ~10-
fold less effective than 1 in killing P. falciparum (p < 0.0001). Intro-
ducing a cyclopropane ring at the benzylic position (11) was even more
disadvantageous (ICsp 769 nM; p = 0.0012; Table 1). Both the dimethyl
and cyclopropane may be too small to provide an effective hydrophobic
shield (Tng et al, 2020) over the amide NH:--OC to maximize
protein-ligand interaction. The larger but more flexible diethyl deriva-
tive 12 (ICsg 74 nM; Table 1) was 3-10 times more potent than 10 (p =
0.0002) and 11 (p = 0.0017). The cyclopentane ring in 13 (ICs 35 nM;
Table 1) conferred 2-fold higher potency than the diethyl group of 12 (p
= 0.0031), supporting the hypothesis that a larger ring could efficiently
shield the ligand-protein amide NH---OC Asp97 hydrogen bond, which
would otherwise be exposed to water at the enzyme surface (Tng et al.,
2020). This was further supported by cyclohexane-containing com-
pound 14 (ICso 14 nM; Table 1) inhibiting in vitro growth of P. falciparum
parasites 3-fold more strongly than 13 (p = 0.0256). These rings also
introduce some conformational rigidity. Similar to recombinant
hHDAC1 enzyme inhibitory activity (Tng et al., 2020), the greater
antiplasmodial activity of 14 might be attributed to a preferred
conformation that placed the phenyl ring at the equatorial position and
the amide axial in the cyclohexane chair conformation.

Unlike observations for inhibition of recombinant hHDAC1 (Tng
et al., 2020), incorporating a polar atom at the 4-position of the cyclo-
hexane ring to aid solvation decreased activity against P. falciparum.
Despite double-digit nM antiplasmodial activity, the tetrahydropyran 15
(ICsp 37 nM; Table 1) and piperidine 16 (ICso 86 nM; Table 1) were
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3-fold and 6-fold less effective than 14 (ICsp 14 nM; p = 0.0112 and p =
0.0209, respectively; Table 1) in attenuating P. falciparum growth in
vitro. One factor might be that 15 and 16 were not sufficiently hydro-
phobic (cLog P 2.2 and 2.0 respectively; ChemDraw Pro v19) for
membrane permeability compared to more hydrophobic 14 (cLog P
3.9). Introducing a bromine atom at the para-position of the phenyl
terminus increased cLog P to 3.0 and 2.8 for 17 (IC5o 6 nM; Table 1) and
18 (ICsp 32 nM; Table 1), respectively. Compounds 17 and 18 were more
potent antiplasmodial inhibitors by 6- and 3-fold over 15 and 16.
Similarly, in the cyclopentane series Br-, Cl- and F-substituted de-
rivatives 19-21 (cLog P 3.6-4.3) were 3-7 times more potent than
unsubstituted parent compound 13 (cLog P 3.5) in inhibiting parasite
proliferation. The halogens may block the most metabolically active
position, making compounds 17-21 more stable to metabolism in
Plasmodium-infected erythrocytes (Miiller, 2004). The more hydropho-
bic 3-fluoro-4-trifluoromethyl analogue 22 (cLog P 4.6) only had modest
activity (ICsp 233 nM). The 2-naphthalene tetrahydropyran derivative
23 (ICs0 32 nM, cLog P 3.2) was equipotent with 15. The second benzene
ring increased cLog P but a naphthyl group, known to be readily
metabolized by CYP450 enzymes in Plasmodium parasites (Ndifor et al.,
1990), caused 23 to be 4-fold less active than 17 (p = 0.0151). Replacing
tetrahydropyran in 23 with cyclopentane in 24 increased cLog P to 4.5,
reducing antiplasmodial activity 18-fold (ICso 591 nM; p = 0.0123). A
plot of Pf3D7 ICsq versus cLog P for representative compounds (Fig. 1)
showed that, excluding 22 and 24, there was a significant correlation of
a higher ICso with lower cLog P values (Pearson correlation coefficient, r
—0.7787, p = 0.0005). This is consistent with the need to become
sufficiently hydrophobic (cLog P 2.8-4.3) and membrane permeable to
inhibit the growth of malaria parasites.

The antiplasmodial activity of these compounds might be influenced
by other parameters, such as reduced ligand complementarity at the
binding pocket and reduced metabolic stability. For example, com-
pounds 25-27 only moderately inhibited Pf3D7 proliferation (ICsg
202-441 nM; Table 1). These compounds have a metabolically unstable
dimethylamine (Floyd et al., 1992), methylenedioxy moiety (Bertelsen
et al., 2003) or methoxy group (Kuperman et al., 2001) on the phenyl
terminus. Analogue 28 (ICsp 26 nM; Table 1) has a pyrazine NH that
might hydrogen bond to a key residue Gly27 near the protein surface
(Tng et al., 2020). If occupying the same space, the acetamido NH of 29
(ICs0 409 nM; Table 1) might also hydrogen bond to Gly27 and account
for 30 (IC5¢ 730 nM; Table 1) being 2-fold less potent, but this does not
explain why 31 (ICso 683 nM; Table 1) was less potent than 29. The
imidazole scaffold 32 (ICsg 19 nM; Table 1) was almost equipotent with
28. Compound 33 (ICsg 232 nM; Table 1) with thiazole instead of
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Fig. 1. Plot of P. falciparum 3D7 (Pf3D7) ICso (Log10 scale) versus calcu-
lated cLog P for selected compounds. The compounds are grouped based on
chemical structure; cyclopentane compounds 13 and 19-21 (black triangles);
N-hydroxy-4-(1-phenylcyclohexane-1-carboxamido)benzamide 14 (black star);
tetrahydropyran derivatives 15 and 17 (black squares), piperidine analogues 16
and 18 (black circles); 4-(1-(3-fluoro-4-(trifluoromethyl)phenyl)cyclopentane-
1-carboxamido)-N-hydroxybenzamide 22 (open square); and naphthalene
compounds 23 and 24 (open circles).

imidazole in 32 was 10-fold less active. The imidazole NH might be
important for conferring antiplasmodial activity in addition to facili-
tating solubility. SAR studies of compounds 34-37 (ICsp 21-130 nM;
Table 1) did not support an electron-withdrawing fluorine at the 3-posi-
tion neighbouring the hydroxamate increasing acidity of the amide to
make it a better H-bond donor. All four compounds were less effective
than their parent compounds 13, 15, 20 and 21 in killing malaria
parasites.

3.2. P. falciparum HDAC1 homology model and ligand docking

As there are no crystal structures of a P. falciparum HDAC, a Prime
knowledge-based homology model of PfHDACI (Fig. 2) was constructed
using the Maestro interface to Schrodinger Suite 2020-3 (Maestro,
2020). The model had 97% Ramachandran favoured residues, a Mol-
probity Score (Chen et al., 2010) of 2.99, and an overall QMEAN Z-score

A
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(Benkert et al., 2011) quality estimate of —0.65. The global fold of
PfHDACI structure is characterized by a canonical arginase fold con-
sisting of a single a/p domain, including eight p-sheets sandwiched be-
tween up to eight a-helices. Flexible loops connect the core a/p domain
and smaller non-core structural elements and help form parts of the
ligand binding surface (Fig. 2A). An important difference between
hHDAC1 (Tng et al., 2020) and PfHDACI near the entrance to the
ligand-binding site was the insertion of residues Ala95 and Thr96 pre-
ceding Asp97 (Fig. 2B). This insert makes the corresponding P/AHDAC1
loop longer and potentially more flexible than in hHDAC1 and may
contribute to the selectivity of some compounds in killing P. falciparum
versus human cells (Section 3.4; Table 2). However, differences in cell
permeability between infected erythrocytes and NFF cells may also play
arole. We docked two of the potent compounds from Table 1, namely 19
(ICs0 7 nM) and 20 (ICsp 5 nM), into the P/HDAC1 model (Fig. 3). Both
compounds show hydroxamate chelated to Zn?*, and three hydrox-
amate contacts with PfHDAC1 residues namely CO---HO-Tyr301,
NH---N-His139 and a water mediated hydrogen bond O---HOH---His138.
In addition, the ligand aromatic ring adjacent to the hydroxamate makes
n-interactions with Phe148 and Phe203. The para-amide substituent on

Table 2
In vitro human NFF cytotoxicity and selectivity indices versus P. falciparum for
rac-AR-42 and analogues.

Entry ICs (nM) Selectivity Index”
Pf3D7 NFF
1 (rac-AR-42) 22+3 775 + 169 35
4 314 + 37 14,932 £+ 1281 48
5 140 + 64 9478 £ 3278 68
6 719 + 583 20,180 + 3373 28
9 230 + 37 11,328 + 5601 49
15 37 £10 809 + 360 22
17 6+1 334 £ 170 56
19 7+2 532 + 342 76
20 5+3 501 £+ 120 100
23 32 +11 165 + 121 5
27 441 + 46 620 + 231 1
30 730 + 155 209 + 80 0.3
33 232+ 28 433 + 37 2
34 21 +10 2483 + 1242 118

@ Human NFF cell IC5o/P. falciparum 3D7 ICsy.

Fig. 2. (A) Homology model of PfHDACI overlayed with the human HDAC1 (5ICN.pdb) crystal structure. The backbones of the two structures are shown, with
identical residues coloured grey and non-identical hHDACI residues in orange. (B) PfHDAC1 homology model showing binding site for the inhibitor SAHA (green
sticks). PfHDACI residues within 6 A of the ligand SAHA are almost identical with hHDAC1, except for PfHDAC1 Vall75 which is Ile in hHDAC1 (orange sticks and
label), neither of these residues contact the ligand or the binding site surface. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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His139

n 2

Fig. 3. PfHDAC1 with Gold docked ligands 19 (JT21b, green) and 20
(JT83, cyan). PfHDACI is shown in grey. Binding site residues are shown as
sticks (carbon — grey, oxygen — red, nitrogen — blue). Ala95 and Thr96 are
highlighted in magenta. H-bonds to nearby residues are shown as yellow dotted
lines and interactions with Zn atom are shown as grey dotted lines. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

this ring makes an NH---O-Asp hydrogen bond. The cyclopentenyl group
creates a hinge in the ligand to project its terminal aromatic group back
towards the enzyme surface. All compounds in Table 1 are predicted to
bond in a similar way to PfHDACI.

3.3. Relationship between antiplasmodial activity and human HDAC-1
inhibition

A linear correlation was discovered (Fig. 4) between inhibition of
recombinant hHDAC1 and inhibition of P. falciparum 3D7 in vitro ac-
tivity (Pearson correlation coefficient, r = 0.55, p = 0.0005). This sug-
gests that the same features required to enhance hHDACI inhibitor
potency are likely used to improve antiplasmodial activity. This finding
is consistent with the high sequence and structural homology previously
reported for the inhibitor-binding sites of PAHDAC1 and hHDAC1 (82%
similarity in catalytic domain) (Melesina et al., 2015), although we
cannot conclude that these compounds only inhibit PfHDAC1 among the
three essential class I/II P/HDAC proteins (class I PfHDAC1; class II
PfHDA1 and PfHDA2) (Andrews et al., 2012b; Kanyal et al., 2018).
Recombinant P/HDAC enzymes are not currently available (PfHDACL is
commercially available but has low purity (Ontoria et al., 2016)) to
accurately investigate any direct inhibitory correlation between
hHDAC1 and PfHDACs.

Among outliers in this correlation was 34 (open square, Fig. 4),
which killed malaria parasites (ICso 21 nM) more effectively than
inhibiting hHDAC1 (ICsp 774 nM). On the other hand, 23 and 29 (open
triangle, Fig. 4), which were amongst the most potent inhibitors of
hHDAC1, had 45-435-fold reduced antiplasmodial activity. These dif-
ferences between parasite killing and hHDAC1 enzyme inhibition,
despite the high chemical similarity of structures in this series, suggest
that either PFHDAC1 has subtly different inhibitor binding requirements
compared to hHDACI or, more likely, that the antiplasmodial effects of
these outliers may not be exclusively through PfHDACI inhibition.
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Fig. 4. Plot of recombinant human HDAC]1 pICs, versus P. falciparum 3D7
(Pf3D7) pICso shows that potent human HDACI inhibitors were often
effective antiplasmodial agents in vitro. Pearson correlation coefficient, r =
0.5461 and p = 0.0005. Outliers include compound 34 (square), that killed
malaria parasites effectively (Pf3D7 ICso 21 nM; Table 1) but had modest
inhibitory activity against hHDAC1 (ICso 774 nM; Table 1) and compounds 23
and 29 (triangles) that were the most potent inhibitors of hHDAC1 (ICs 0.7 nM
and 0.9 nM, respectively; Table 1).

3.4. Parasite-specific selectivity of rac-AR-42 and its achiral analogues

Rac-AR-42 (1) and 13 other compounds were evaluated for anti-
proliferative activity against human neonatal foreskin fibroblasts
(NFFs), as a marker of cytotoxicity (Table 2). Rac-AR-42 displayed 35-
fold higher selectivity for killing P. falciparum (ICsp 22 nM) versus NFF
(ICs0 775 nM). Achiral analogues 23, 27, 30 and 33 had little or no
parasite-specific selectivity (SI < 5; Table 2). Compounds 6 and 15 had
more parasite-specific selectivity (SI: 22 and 28, respectively), but this
was lower than that for rac-AR-42. Compounds 4, 5, 9, 17, 19-20 and 34
demonstrated a higher selectivity index (SI: 48-118; Table 2) than rac-
AR-42, however this level of in vitro selectivity would need to be
improved if this chemotype were further developed for malaria.

3.5. In vivo efficacy of AR-42 and analogues in a murine model of
malaria

Rac-AR-42 and four analogues 17, 19, 20 and 34 (designated JT92,
JT21b, JT83 and JT94, respectively, for reference in future reports)
were assessed for antiplasmodial activity in vivo in a primary screening
strategy using pairs of BALB/c mice infected with P. berghei parasitized
erythrocytes (Fig. 5). Mice were dosed orally at 25 mg/kg twice daily for
four days. However, the final dose (day 3 p.i.) of 17 (both mice), 19
(both mice; Fig. 5B) or 20 (JT83; one mouse; Fig. 5D) was not given as
~10% weight loss was observed compared to day O (Supplementary
data, Figure S3). As no additional weight loss was recorded on day 4 p.i.
for mice treated with 19 or 20, these mice continued to be monitored
(Supplementary data, Figure S3; Fig. 5B and D). However, both mice in
the group treated with 17 were euthanized on day 4 p.i. due to ~15%
weight loss compared to day O (Supplementary data, Figure S3), as per
approved ethics requirements. Despite the reduced dosing, no parasites
were observed in the peripheral blood of mice treated with 19 or 20 up
until day 24 p.i. when the experiment was ceased (Fig. 5B and D). One of
two mice in the rac-AR-42 group developed a parasitemia on day 12 p.i.,
however no parasites were observed in peripheral blood smears of the
second mouse (Fig. 5A). Compound 34 was the least effective, with a
delayed onset of parasitemia compared to mice in the control group and
no cures (Fig. 5C). While the in vitro antiplasmodial potency of all five
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Fig. 5. In vivo activity of orally administered AR-42 and analogues in P. berghei infected mice. P. berghei infected BALB/c mice (two mice/group) were treated
orally with 25 mg/kg AR-42 (1), JT21b (19), JT94 (34), JT83 (20) (open circles; dashed lines; A-D, respectively), or vehicle only (black squares; solid lines), twice
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compounds was similar (Pf3D7 ICsg 5-22 nM; Table 1), unlike rac-AR-42
and the other analogues, 34 was the only compound with a fluorine
atom on the benzene ring next to the hydroxamate zinc-binding motif,
which may account for decreased in vivo activity.

Based on these results and the known in vivo pharmacokinetics and
safety profile (Cheng et al., 2016; Sborov et al., 2017; Valencia et al.,
2016), further in vivo studies were conducted on 1 as a model compound
representative of this chemotype. In an initial experiment (Fig. 6A-C),
groups of six mice were given 1 at 25 mg/kg once daily (q.d.; Fig. 6B) or
twice daily (b.i.d.; Fig. 6C) for four consecutive days, beginning 2 h post
infection (p.i.). While parasitemia was significantly attenuated from day
4-9 p.i. in the group receiving 1 q.d. compared to the vehicle control
group (p < 0.01; Fig. 6B), mice were not cured. This result was like the
HDAC inhibitor vorinostat at 25 mg/kg b.i.d. which was included as a
control in this experiment (Fig. 6A). In contrast, 1 administered b.i.d.
resulted in two mice developing a delayed parasitemia and required
euthanasia on day 18 p.i. (Fig. 6C). The four remaining mice did not
develop parasitemia for up 42 days p.i. and were considered cured
(Fig. 6C). In a second experiment (Fig. 6D-F), groups of mice received
oral 1 at 50 mg/kg q.d. or 25 mg/kg b.i.d. No mice developed peripheral
parasitemia for up to 42 days p.i. and were considered cured (Fig. 6E and
F). The difference between experiments for twice daily dosing with 25
mg/kg 1 (Fig. 6C and F) is likely due to incomplete parasite killing at this
dose in all mice. In each experiment, mice in vehicle control groups all
developed peripheral blood parasitemia from ~day 4 p.i. and were
euthanized from day 9-10 p.i. when parasitemia reached ~20-30%, as
per ethics requirements (Fig. 6).
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This is the first report of any HDAC inhibitor curing Plasmodium in-
fections in mice when administered orally as a monotherapy. Six HDAC
inhibitors have previously been assessed for oral activity in Plasmodium-
infected mice (Agbor-Enoh et al., 2009; Chua et al., 2017; Darkin-Rat-
tray et al., 1996; Potluri et al., 2020; Sumanadasa et al., 2012) and,
while some delayed onset of parasitemia and/or attenuated infection,
none resulted in cures as a monotherapy. We speculate that superior
pharmacokinetic properties of AR-42 contribute to its in vivo efficacy
described herein. In addition to having a half-life greater than 10 h in
mice following a 50 mg/kg oral single dose, the Cpax of AR-42 at this
dose (14.7 pM; Supplementary data, Table 52) (Cheng et al., 2016) is >
350-fold times higher than its potency against P. berghei ex vivo, deter-
mined in this study (ICsp 0.04 pM; Supplementary data, Figure S4). This
indicates that mice are likely exposed to high enough concentrations of 1
for long enough to exert antiplasmodial activity in vivo. Our data also
indicate that 1 has potent activity against P. berghei exo-erythrocytic
liver stage parasites (ICso 1.17 nM; Supplementary data, Figure S5),
with this dual-stage activity being of interest for further investigation.

3.6. Effect of rac-AR-42 on histone acetylation in P. falciparum

Rac-AR-42 (1) was assessed for effects on P. falciparum histone H4
acetylation by Western blot using anti-(tetra)acetyl-H4 antibody. Com-
pound 1, and a reference compound vorinostat, increased P. falciparum
histone H4 acetylation by > 2-fold compared to the vehicle control
(Fig. 7). This effect was quantified using densitometry using the single
~11 kDa band corresponding to the expected size of histone H4 (Fig. 7B,
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Fig. 7. Hyperacetylation of
P. falciparum histone H4. Protein ly-
sates were prepared from synchronous
trophozoite-stage P. falciparum 3D7
parasites treated for 3 h with vehicle
control (C-3; 0.1% DMSO), 5x ICsq
compound 1, 5x ICsq chloroquine (CQ;
negative control) or 5x ICso vorinostat
(HDAC inhibitor control), followed by
Western blot analysis. (A) Top panels
show membrane probed with anti-
(tetra)acetyl-H4  primary antibody
(1:2000 dilution) and anti-rabbit
IRDye® 680RD secondary antibody
(1:10,000 dilution) and imaged using
Odyssey® Fc Imaging System (Li-Cor
Biosciences). Bottom panels show the
same membranes stained  with
REVERT™ Total Protein Stain prior to
Western blot. (B) Bar graph showing
mean density (+SD) relative to the C-3
DMSO control (set to 1.0) of two inde-

pendent assays. Signal corresponding to H4 (~11 kDa) is shown in grey bars and total signal which includes H4 and cross-reactive bands corresponding to H2B/H2Bv

(~13-14 kDa) and H2A.Z (~16 kDa) is shown in black bars.

grey), or all detectable signals (Fig. 7B; black). The higher molecular
weight bands (~13-14 kDa and ~16 kDa) have been previously re-
ported as cross-reactivity of antibody to hyperacetylated forms of H2B/
H2Bv and H2A.Z, respectively (Chua et al., 2017; Engel et al., 2015;
Miao et al., 2006; Sumanadasa et al., 2012). These data are consistent
with 1 causing hyperacetylation of P. falciparum histone H4 and HDAC

inhibition in Plasmodium parasites. Whether PfHDAC1 and/or other
P. falciparum HDACs are the targets of AR-42 remains to be determined
given that pure recombinant P. falciparum HDACs or other molecular
tools (Engel et al., 2015) to ascertain this are not available.
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4. Conclusions

This study shows that inhibitors of human HDAC1 with anti-
plasmodial activity in vitro can have antimalarial activity in vivo. While
we found that AR-42 and two achiral analogues cured P. berghei in-
fections in mice, additional investigations would need to address the
modest in vitro selectivity indices obtained for these compounds. We
speculate that the improved mouse pharmacokinetic profile of AR-42
compared with clinically established HDAC inhibitors vorinostat and
panobinostat (Supplementary data, Table S2) contributes to the
improved activity of these compounds in vivo, providing proof of concept
that HDAC inhibitors with a suitable pharmacodynamic and pharma-
cokinetic profile may be identified as new drug leads for malaria.
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