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Inhibitors of malaria parasite cyclic nucleotide 
phosphodiesterases block asexual blood- stage 
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Cyclic nucleotide–dependent phosphodiesterases (PDEs) play essential roles in regulating the malaria parasite 
life cycle, suggesting that they may be promising antimalarial drug targets. PDE inhibitors are used safely to treat 
a range of noninfectious human disorders. Here, we report three subseries of fast- acting and potent Plasmodium 
falciparum PDEβ inhibitors that block asexual blood- stage parasite development and that are also active against
human clinical isolates. Two of the inhibitor subseries also have potent transmission- blocking activity by target-
ing PDEs expressed during sexual parasite development. In vitro drug selection experiments generated parasites 
with moderately reduced susceptibility to the inhibitors. Whole- genome sequencing of these parasites detected 
no mutations in PDEβ but rather mutations in downstream eectors: either the catalytic or regulatory subunits of 
cyclic adenosine monophosphate–dependent protein kinase (PKA) or in the 3- phosphoinositide- dependent pro-
tein kinase that is required for PKA activation. Several properties of these P. falciparum PDE inhibitor series make 
them attractive for further progression through the antimalarial drug discovery pipeline.

INTRODUCTION
ere were an estimated 249 million clinical cases of malaria world-
wide resulting in 608,000 deaths in 2022 (1). Between 2000 and 
2013, sharp decreases in malaria morbidity and mortality were 
achieved through increased use of eective mosquito control strate-
gies and the improved diagnosis and treatment of patients with 
artemisinin- based combination treatments. However, progress pla-
teaued aer 2013, partly due to increases in mosquito insecticide 
resistance and malaria parasite drug resistance. is was followed by 

increased malaria cases and deaths since 2020, associated with chal-
lenges imposed by the COVID- 19 pandemic (1). us, additional 
antimalarial drugs are needed urgently as components of new com-
bination treatments for malaria control and elimination. Several 
promising compound series have been identied either by high- 
throughput screening (2–4) or via chemistry programs that focus on 
inhibitors of individual targets within essential biochemical path-
ways (5, 6). However, the drug discovery pipeline needs to remain 
active because of the high attrition rate of compounds reaching 
the clinic.

e life cycle of the most lethal malaria parasite, Plasmodium 
falciparum, is complex, with phases in both the human host and mos-
quito vector. Malaria pathology is caused exclusively by the asexual 
blood- stage (ABS) parasites, which undergo multiple ~48- hour cy-
cles of replication within erythrocytes. A subpopulation of ABS 
parasites dierentiates into sexual precursors called gametocytes. 
Transmission occurs when an Anopheles mosquito ingests mature 
male and female gametocytes from an infected person during a 
blood meal. About 2 weeks of parasite development then occurs in 
the mosquito following gamete fertilization, and the cycle is contin-
ued when the infected mosquito bites a new human host, injecting 
sporozoites that invade liver cells. Parasites then multiply there for 
around 7 days before initiation of ABS infection.

We and others have previously shown that progression of all key 
stages of the malaria parasite life cycle is controlled by cyclic nucleo-
tide signaling, mediated by the intracellular messenger molecules 
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cyclic adenosine monophosphate (cAMP) and cyclic guanosine 
monophosphate (cGMP) (7, 8). Cellular levels of cyclic nucleotides 
are balanced by the opposing action of two classes of enzymes: syn-
thesis by cyclases and hydrolysis by phosphodiesterases (PDEs). On 
reaching threshold levels, cAMP and cGMP activate their respective 
cyclic nucleotide–dependent protein kinases, PKA and PKG, that 
phosphorylate numerous target proteins to mediate changes in cell 
function. We showed that cGMP signaling is essential for blood- stage 
merozoite egress from erythrocytes (9–12), whereas cAMP signaling 
is essential for erythrocyte invasion and early ring- stage development 
(13–16). We reasoned that selectively targeting the enzymatic compo-
nents of the cyclic nucleotide signaling pathway with drugs might be 
a viable strategy to prevent ABS replication and thereby cure disease 
with the additional possibility of targeting sexual- stage parasites to 
block transmission. In support of this approach, we previously report-
ed in vivo proof of concept for inhibiting the P. falciparum PKG by 
developing a highly potent inhibitor that blocks blood- stage egress, 
reduces infection to undetectable levels in a P. falciparum severe com-
bined immunodecient rodent model engraed with human red 
blood cells (RBCs), and blocks transmission to mosquitoes (5). In the 
present study, we focused on targeting the malaria parasite PDEs with 
small- molecule inhibitors, given the strong precedent for their safe 
and eective use in treating other human conditions. For example, the 
human PDE5 inhibitors, sildenal (Viagra) and tadalal are approved 
to treat disorders such as erectile dysfunction and pulmonary arterial 
hypertension (17).

e P. falciparum genome encodes four PDEs that are each ex-
pressed at dened stages of the life cycle (7). ese four isoforms all 
have six predicted transmembrane domains, and previous work has 
conrmed that the enzymes are membrane associated (18–21). 
PDEα is expressed in ABS parasites and mature gametocytes but can 
be deleted without apparent P. falciparum ABS (20) or Plasmodium 
berghei gametocyte phenotypes (22). In Plasmodium yoelii, PDEγ 
has been shown to play an essential role in the migration of sporo-
zoites to the mosquito salivary glands (23). PDEδ in P. falciparum 
and P. berghei is essential for sexual development and transmission 
to the mosquito (19, 22, 24). Although these three enzymes have 
been previously reported to hydrolyze only cGMP (19, 20, 22, 23), 
there is a recent report of dual activity for PDEδ in P. falciparum 
(25). We recently demonstrated using conditional knockout that the 
fourth enzyme, PDEβ, is the only isoform that is essential for 
P. falciparum ABS development. Furthermore, pull- down assays us-
ing an epitope- tagged form of PDEβ demonstrated that it is a dual- 
specic PDE that can hydrolyze both cAMP and cGMP (18).

Here, we report the antimalarial properties of newly synthesized 
derivatives of three chemical series based on compounds originally 
designed by Pzer as part of drug discovery programs targeting hu-
man PDEs. ese compounds have potent activity against P. falciparum 
ABS development with a fast/moderate killing rate. e compounds 
are also active against a multidrug- resistant laboratory line [Dd2 
(26, 27)] and clinical isolates from Africa and South America. Ana-
logs of two of these series also have potent activity in cell- based 
transmission- blocking assays, where we measured the eects on ga-
metocyte viability, gamete formation, and mosquito infection. Some 
of the new compounds showed >100-fold selectivity against human
PDE5 and/or PDE6, which are the most relevant to our human PDE5 
inhibitor–derived structures. In vitro drug selection experiments 
combined with whole- genome sequencing revealed that mutations in 
one of three downstream effectors of cAMP signaling reduced 

susceptibility to inhibitors in ABS parasites, adding further strong 
evidence that their target in ABS parasites is PDEβ. In summary, these 
new P. falciparum PDE inhibitors are attractive candidates for further 
development with the potential for inclusion in future antimalarial 
combination treatments or chemoprevention.

RESULTS
Three chemical series have potent activity against early ABS 
development and against cAMP hydrolysis by PDEβ
We identied three PDE inhibitor chemical series generated by Pzer, 
with structures in the public domain, which have activity against 
malaria parasites (see the “Chemistry strategy summary” section). 
ese series were originally designed to inhibit human PDEs and 
were chosen as chemistry start points to optimize activity against 
malaria parasites. More than 400 new analogs were generated (full 
details of their properties will be reported in a separate paper, in 
preparation) through iterative rounds of synthesis and testing. e 
chemistry start points for each of the series were SAL- 0010042 
(5- benzyl), SAL- 0010043 (5- aryl), and SAL- 0010034 (2- alkyl) (see 
Materials and Methods and g. S1A). Chemical structures of the 
15 compounds on which this study is focused are shown in g. S2. 
Analytical data for these compounds are provided in data S1. All 
newly synthesized compounds were tested for inhibition of native 
cAMP- PDE activity in mature schizont crude membrane prepara-
tions and inhibition of P. falciparum ABS growth. Examples of 
curves used to generate median inhibitory concentration (IC50) data 
for each subseries are shown in g. S3A. We previously showed, us-
ing conditional gene knockout, that PDEβ is the only enzyme that 
can hydrolyze cAMP in P. falciparum ABS parasites; therefore, mea-
surement of inhibition of cAMP hydrolysis at this life cycle stage is a 
measurement of inhibition of PDEβ activity in the schizont extract. 
To conrm this, we tested the eects of the compounds for inhibi-
tion of immunoprecipitated hemagglutinin (HA)–tagged PDEβ and 
found them to be very similar to results of assays using parasite 
extracts (examples shown in g. S3B). All three series (example 
structures shown in Fig. 1A) showed potent activity against cAMP 
hydrolysis in schizont extracts, with IC50 values down to single- digit 
nanomolar concentrations (Table 1). e 5- aryl series had the most 
potent activity against ABS parasites [median eective concentra-
tion (EC50) values down to 21 nM]. e best EC50 value for the 
2- alkyl series was 67 nM, whereas the 5- benzyl series had somewhat 
lower potency against ABS parasites, with a best EC50 value of 
142 nM. Figure 1B shows the strong correlation between ABS growth 
inhibition (expressed as a free concentration, i.e., corrected for pro-
tein binding in the assay to which AlbuMAX is added) and inhibi-
tion of cAMP hydrolysis by PDEβ across all three chemical series, 
consistent with the mode of action of the compounds being through 
inhibition of PDEβ activity. e unbound EC50 values for the com-
pounds in the parasite growth inhibition assay were consistently 
calculated to be sevenfold higher than the IC50 values in the bio-
chemical assay. Given that PDEβ is dual specic (i.e., can hydrolyze 
both cAMP and cGMP), we also determined IC50 values for cGMP 
hydrolysis. However, PDEα also hydrolyzes cGMP; therefore, IC50 
values encompass inhibition of both enzymes. e IC50 values mea-
sured for cGMP hydrolysis in blood- stage schizonts were generally 
similar to those for cAMP hydrolysis (Table 1). e simplest inter-
pretation is that the compounds have additional activity against 
PDEα. Our previous alignment of the catalytic domains of the four 
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Fig. 1. Structures and activity of the PDE inhibitor series against ABS parasites in biochemical and cell- based assays. (A) Structure of an example of the 2- alkyl, 5- 
aryl, and 5- benzyl PD inhibitor subseries. (B) Plot showing the correlation between 50 values for inhibition of cAMP hydrolysis by PDβ in P. falciparum schizont lysates 
and 50 values for inhibition of P. falciparum ABS growth for all three subseries. Green, 5- benzyl; red, 5- aryl; blue, 2- alkyl. ircles correspond to the main compounds in 
this study, and squares indicate compounds tested but not further described herein. Pearson’s correlation coecient, r = 0.841. (C) Bar charts showing the fold change in 
elevated cAMP levels in rings (n = 9) and elevated cGMP levels in schizonts (n = 6) [measured by enzyme- linked immunosorbent assay (SA)] following treatment with 
a 5- benzyl compound (SA- 0010042) compared to dimethyl sulfoxide (DMSO) treatment. rror bars show the means ± SD with individual replicate measurements shown 
as black dots. (D) Bar chart showing the eects of a 5- benzyl compound (SA- 0010042) on schizont formation (assessed by measuring DA content by ow cytometry) 
when added to ring- stage parasites at four dierent time windows after erythrocyte invasion. (E) Plot showing the P. falciparum ABS killing proles for representatives of 
the three subseries generated using parasite reduction ratio (PRR) assays. he reduction in the numbers of viable parasites measured is shown for each test compound 
(colored lines), over time compared to control antimalarials (colored hatched lines). All compounds were used at a concentration of 10× 50.
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P. falciparum PDEs (PfPDEs) (18) shows the high levels of identity 
in binding pocket residues.

Further conrmation of the mechanism of action was obtained 
by showing that addition of a PDE inhibitor to P. falciparum ABS 
parasites leads to elevated cAMP and cGMP levels that were most 
reproducibly detected in rings and schizonts, respectively (Fig. 1C). 
is is consistent with the known role of cAMP in RBC invasion/
early ring- stage development and cGMP in egress and likely reects 
the distinct peaks of cAMP and cGMP hydrolysis at those stages.

We previously showed, using conditional gene knockout in 
P. falciparum, that the absence of PDEβ blocks ABS development. 
e PDEβ null phenotype comprises a ~70% reduction in RBC in-
vasion. e remaining ~30% of merozoites can invade but then de-
generate and do not progress beyond early ring stage (18).

To examine the eects of the PDEβ inhibitors on ring- stage 
development, we added the 5- benzyl chemistry start point, SAL- 
0010042 (1 μM), to highly synchronized P. falciparum cultures at 
four dierent time points aer invasion. We then measured the 
numbers of schizonts that formed the next day. is experiment 
showed that PDEβ inhibitors have the most pronounced eect on 
the development of ring stages into schizonts when added up to 
10 hours aer invasion, but they still have a marked eect when 
added 22 to 24 hours aer invasion (Fig. 1D). ese results are con-
sistent with the phenotype of the PDEβ conditional knockout and 
suggest that ABS parasites are susceptible to PDE inhibitors for ap-
proximately half of the ABS cycle.

PDE inhibitors display a fast/moderate speed of kill against 
P. falciparum ABSs
Artemisinin derivatives kill ABS parasites very rapidly, leading to 
quick recovery times in patients and reduced chances of recrudes-
cence. is is a desirable characteristic for new antimalarial drugs; 

thus, the speed of kill is usually tested early in a drug discovery 
project. Examples of each subseries, SAL- 0010301 (2- aryl), SAL- 
0010031 (2- alkyl), and SAL- 0010003 (5- benzyl), were therefore 
tested in the gold standard parasite reduction ratio (PRR) assays to 
obtain killing proles for the three distinct chemical series. e test 
compounds displayed a fast/moderate killing prole that is faster 
than pyrimethamine and slower than chloroquine (Fig. 1E and g. 
S4). Most of the parasite population was cleared aer 96 hours of 
treatment. Unlike pyrimethamine and atovaquone, the PDE inhibi-
tors did not have a delayed eect (lag phase). Table 2 shows the log 
PRR and PCT99.9% (the number of hours taken to kill 99.9% of the 
parasites) values for the test compounds.

Two of the chemical series also had potent activity against 
cGMP hydrolysis in mature P. falciparum gametocytes and in 
transmission blocking assays
cGMP signaling is known to play an essential role in gametogenesis 
in Plasmodium (19,  20,  28). We therefore tested the eects of all 
newly synthesized analogs for their ability to inhibit cGMP hydroly-
sis in crude gametocyte membrane preparations. e 5- benzyl se-
ries generally had the best potency in these assays with IC50 values 
as low as 48.9 nM. e 5- aryl series also had good levels of activity 
with IC50 values down to 77.2 nM, whereas the 2- alkyl series was 
markedly less active with IC50 values of >3.7 μM (Table 1). Exam-
ples of dose- response curves for cGMP- PDE activity in gametocyte 
extracts are shown in g. S5A. ese ndings were also consistent 
with our enzyme- linked immunosorbent assay (ELISA)–based mea-
surement of elevated cGMP levels in gametocytes following incuba-
tion with an example of each subseries (Fig. 2A). e elevated levels 
of cGMP measured aer adding either a 5- benzyl or 5- aryl com-
pound (10× IC50 for inhibition of PDE activity in gametocyte 
lysates; Table 1) were similar to those obtained by adding 100 μM 

Table 1. Key activity data for the three main chemical subseries against ABS parasites, parasite fractions, and HepG2 cells. D, not determined; ×/÷ is 
the geometric mean with geometric SD.

Compound name Subseries 3D7 EC50 blood 
stage (nM)

Dd2 EC50 blood 
stage (nM)

Schizont IC50 
cAMP hydroly-

sis (nM)

Schizont IC50 
cGMP hydroly-

sis (nM)

Gametocyte 
IC50 cGMP 

hydrolysis (nM)

HepG2 EC50 
(nM) (selectivity 

index)

 SA- 0010042 5- benzyl 142 ×/÷ 1.0 218 ×/÷ 1.6 10.8 ×/÷ 4.3 13.1 ×/÷ 1.4 48.9 ×/÷ 2.3 D

 SA- 0010003 5- benzyl 327 ×/÷ 1.3 D 17.3 ×/÷ 1.6 10.6 ×/÷ 4.9 85.1 ×/÷ 2.1 >25,000 (77)

 SA- 0010007 5- benzyl 191 ×/÷ 1.3 D 20.6 ×/÷ 1.2 29.5 ×/÷ 1.2 333 ×/÷ 1.4 D

 SA- 0010028 2- alkyl 144 ×/÷ 2.3 D 1.9 ×/÷ 5.8 164 ×/÷ 172 >3,680 ×/÷ 7.4 D

 SA- 0010039 2- alkyl 131 ×/÷ 1.1 D 2.9 ×/÷ 1.4 < 0.7 ×/÷ 1.7 >10,000 ×/÷ 1.0 D

 SA- 0010255 2- alkyl 114 ×/÷ 1.2 126 (n = 1) 8.3 ×/÷ 1.9 < 8.9 ×/÷ 12.0 >5,880 ± 2.5 D

 SA- 0010031 2- alkyl 175 ×/÷ 1.1 D 7.8 ×/÷ 1.2 < 14.3 ×/÷ 72.2 >10,000 ×/÷ 1.0 >25,000 (143)

 SA- 0010419 2- alkyl 66.5 ×/÷ 1.2 D 15.9 ×/÷ 3.1 28.7 ×/÷ 4.8 >10,000 ± 1.0 D

 SA- 0010243 5- aryl 39.6 ×/÷ 1.0 D 8.1 ×/÷ 3.1 16.8 ×/÷ 2.4 444 ×/÷ 4.5 D

 SA- 0010203 5- aryl 260 ×/÷ 1.5 D 2.4 ×/÷ 9.3 < 1.9 ×/÷ 9.8 >2,350 ×/÷ 3.6 D

 SA- 0010283 5- aryl 58.6 ×/÷ 1.8 D 21.6 ×/÷ 2.9 41.4 ×/÷ 1.2 >3,009 ×/÷ 10.5 D

 SA- 0010284 5- aryl 58.8 ×/÷ 1.1 28.9 ×/÷ 1.0 36.1 ×/÷ 5.5 85.8 ×/÷ 11.4 >2,520 ×/÷ 10.9 D

 SA- 0010301 5- aryl 90.2 ×/÷ 1.3 D 9.8 ×/÷ 1.7 < 4.6 ×/÷ 7.0 92.5 ×/÷ 1.5 >25,000 (277)

 SA- 0010355 5- aryl 21.1 ×/÷ 1.0 41.4 ×/÷ 1.2 11.5 ×/÷ 2.1 5.2 ×/÷ 3.6 1,200 ×/÷ 5.3 >25,000 (1,185)

 SA- 0010333 5- aryl 34.4 ×/÷ 1.1 46.9 ×/÷ 1.3 8.89 ×/÷ 1.9 77.4 ×/÷ 43.0 77.2 ± 1.8 >25,000 (727)
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xanthurenic acid (XA) (a tryptophan derivative that stimulates ga-
metogenesis in the mosquito), whereas the elevated cGMP levels 
were lower on addition of a 2- alkly compound (Fig. 2A). e levels 
of cAMP detected in gametocytes were similar in dimethyl sulfoxide 
(DMSO)–, XA- , and inhibitor- treated samples, and we could detect 
little or no cAMP hydrolysis in mature gametocytes (g. S5B).

Both PDEα and PDEδ are expressed in gametocytes, can both hy-
drolyze cGMP, and are, therefore, potential targets for our compounds 
(g. S5C). Selectivity for cGMP has previously been shown for PDEα, 
but there are conicting data regarding whether PDEδ is selective for 
cGMP or is dual specic. To investigate this further, we immunopre-
cipitated HA- tagged PDEδ from a transgenic line and showed that it 
could only hydrolyze cGMP (g. S6A). Immunoprecipitation of HA- 
tagged PDEβ from a transgenic line assayed in parallel was able to 
hydrolyze both cAMP and cGMP as previously reported (g. S6A).

Because gametogenesis is stimulated by elevated cGMP levels 
and activation of PKG, we next tested whether two of the 5- benzyl 
series could stimulate this process. e short- term eects of SAL- 
0010042 and SAL- 0010003 on gamete induction were measured 
over time (15, 30, and 60 min). Both compounds stimulated mature 
stage V gametocytes (>90%) to undergo gametogenesis within 
15 min (Fig. 2B), with the eect pronounced for male gamete for-
mation (P < 0.01) for both compounds. is induction was stimu-
lated without addition of XA or a reduction in temperature (factors 
that are normally required to trigger gametogenesis in the mosquito 
midgut). e eects of SAL- 0010042 on mature gametocytes were 
comparable to triggering male gamete exagellation with XA (Fig. 2, 
C and D), and its eects were reversed in the presence of a PKG 
inhibitor, compound 2 (g. S6B). Together, these ndings are con-
sistent with the hypothesis that the compounds trigger elevated 
cGMP levels and PKG activation, which, in turn, leads to gamete 
formation.

We then tested examples of each subseries for their ability to 
inhibit male and female gamete formation following prolonged 
exposure to inhibitors. Consistent with the trends observed with 
inhibition of cGMP- PDE activity in gametocyte lysates, the 5- benzyl 
and 5- aryl series generally showed the highest levels of inhibition of 
male and female gamete formation (90 to 100% inhibition when 
tested at a single concentration of 2 μM) with relatively low activity 
observed with the 2- alkyl series (6 to 66% at 2 μM). e IC50 values 
for two 5- benzyl compounds were determined. With SAL- 0010003, 

the IC50 values for inhibition of male and female gamete formation 
were 404 and 273 nM, respectively. For SAL- 0010042, these values 
were 386 and 238 nM (g. S7).

To determine whether the compounds have any eect on game-
tocyte development before gamete formation, we tested examples of 
each of the three inhibitor subseries in a P. falciparum lactate dehy-
drogenase (LDH)–based stage IV to V gametocyte viability assay at 
15 μM. High levels of inhibition of gametocyte viability were ob-
tained with the 5- benzyl and 5- aryl series, but markedly less inhibi-
tion was measured with the 2- alkyl series (Table 3), which is in 
agreement with the results of the inhibition of PDE activity in game-
tocyte lysates. ese data indicate that the PDE inhibitors have in-
hibitory activity not only on gamete formation in the mosquito but 
also on gametocytes themselves in the human host.

Last, we tested two of the 5- benzyl compounds (SAL- 0010003 
and SAL- 0010042) in a standard membrane- feeding assay (SMFA), 
which is the gold standard for evaluation of transmission blocking 
activity of drugs and antibodies (29). Both compounds were initially 
tested at three concentrations, with a proportion of the mosquitoes 
examined for oocyst formation and a proportion examined 4 days 
later for sporozoite formation. In the absence of inhibitor (DMSO 
vehicle), the infection prevalence (the proportion of mosquitoes in-
fected) and infection intensity were relatively high. Few or no oo-
cysts or sporozoites were seen at the two higher concentrations (0.5 
and 1 μM). At the lowest concentration (100 nM), the infection 
prevalence and intensity were reduced with SAL- 0010003 (g. S8).

A full dose response assay was then carried out for oocyst forma-
tion, and the IC50 value for SAL- 0010003 was 116 nM for transmis-
sion prevalence (Fig. 2E) and 67 nM for transmission intensity (Fig. 2F). 
Parallel control experiments were carried out in which mosquitoes 
were fed either with 0.1% DMSO (negative control) or 10 μM dihy-
droartemisinin (DHA) (positive control), yielding high and low lev-
els of transmission prevalence and intensity, respectively (Fig. 2, E 
and F). Overall, the results demonstrate the transmission blocking 
potential of PDE inhibitors. e SMFA results were consistent with 
the IC50 of SAL- 0010003 in the cGMP hydrolysis (PDE) inhibition 
assay using gametocyte extracts, providing further evidence that the 
compounds also specically target PDE activity in sexual- stage par-
asites. Together, the results show that the activity of the compounds 
against gametocytes and gamete formation is mediated by inhibi-
tion of cGMP hydrolysis.

Table 2. PPR data derived from killing prole experiments carried out with an example of each of the three subseries and four antimalarial controls. 
he lag phase is the time needed to observe the maximal killing eect of the drug being tested, R2 is the coecient of determination, and P99.9% is the 
number of hours taken to kill 99.9% of the parasites. A, not applicable.

Compound Dose (μM) Lag phase (hours) Slope R2 Log PRR PCT99.9% (hours)

 SA- 0010003 2.012 0 −0.0647 ± 0.0047 0.95 3.11 47.1

 SA- 0010031 1.148 0 −0.0579 ± 0.0058 0.909 2.78 51.2

 SA- 0010301 0.599 0 −0.0532 ± 0.0042 0.942 2.55 55.1

Controls

 Pyrimethamine 0.27 24 −0.0667 ± 0.0059 0.928 3.2 63.1

 Artesunate 0.223 0 A A >8 <24

 hloroquine 0.224 0 −0.0717 ± 0.0037 0.974 3.44 39.0

 Atovaquone 0.005 48 −0.0470 ± 0.0042 0.927 2.26 73.0
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Fig. 2. Activity of the inhibitors against sexual- stage parasites. (A) Bar chart showing the fold change in elevated cGMP levels (measured by SA) in stage  to  
gametocytes following treatment with representatives of the three subseries or with XA compared to DMSO treatment. xperiments were carried out three times in du-
plicate. rror bars show the means ± SD. ompounds subseries are indicated by the following colors: green, 5- benzyl; red, 5- aryl; blue, 2- alkyl. (B) Bar charts showing the 
ability of representatives of each subseries to stimulate gametogenesis following three dierent treatment durations. he proportions of the treated cultures that were 
stage  gametocytes, stage  gametocytes, and male and female gametes, indicated by the color of the bars, were identied by examination of parasite morphology in 
Giemsa- stained blood lms. *P < 0.05 and **P < 0.01 using an unpaired Student’s t test. (C) mages of Giemsa- stained blood lms containing stage  gametocytes or 
“rounded- up” gametocytes/gametes following treatment with DMSO, the 5- benzyl compound SA- 0010042, or XA. Scale bar, 7 μm. (D) mages of Giemsa- stained blood 
lms containing exagellating male gametocytes/gametes following treatment with the 5- benzyl compound SA- 0010042. Scale bar, 7 μm. (E and F) Plots showing infec-
tion prevalence and intensity, respectively, for test and control compounds. xperiments were carried out with stage  gametocytes of the P. falciparum F54 G re-
porter strain following incubation with the 5- benzyl compound SA- 0010003 for 48 hours before feeding to A. stephensi mosquitoes. ight days after feeding, infection 
status was assessed by luminescence analysis of individual mosquitoes. All conditions were tested in duplicate feeders (respective intensities distinguished by blue or 
black dots) with 24 mosquitoes analyzed per feeder. Plots showing the results of SMFA data for SA- 0010003 compared to dihydroartemisinin (DA) and DMSO controls. 
50 values for both the prevalence and intensity of infection are indicated. RU, relative light units.
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The PDE inhibitors were active against ex vivo P. falciparum 
cultures from Uganda and Brazil and also against a 
multidrug- resistant laboratory isolate
To explore their potential therapeutic relevance in malaria- endemic 
regions, we tested representative compounds from the three sub-
series against P. falciparum isolates either from eastern Uganda or 
from Porto Velho, Rondônia in the Brazilian Amazon. SAL- 0010255 
(2- alkyl) was tested for activity against eight Brazilian clinical iso-
lates and had a median EC50 value of 157 nM with a range of 39 to 
321 nM in the individual isolates. For the 3D7 clone, the EC50 value 
was 89 nM, which was comparable to the patient isolates (Fig. 3A, 
g. S9, and table S1A). Artesunate and chloroquine were assayed in 
parallel and had median EC50 values of 0.6 and 1202 nM, respec-
tively. ese isolates all exhibited very high levels of chloroquine 
resistance because the IC50 with chloroquine- sensitive clone 3D7 
was 12 nM (Fig. 3A and g. S9).

SAL- 0010042 (5- benzyl) and SAL- 0010333 (5- aryl) and two 
control antimalarials were tested for activity against 47 Ugandan 
clinical isolates (Fig. 3B and table S1B). SAL- 0010042 had a geomet-
ric mean EC50 value of 204 nM (range 94 to 499 nM), and SAL- 
0010333 had a geometric mean EC50 value of 167 nM (range 25 to 
1072 nM). Although the mean values were comparable to data ob-
tained with the 3D7 clone, with the latter compound, there was evi-
dence of solubility or stability problems as indicated by the range 
and temporal clustering of high EC50 values that likely reected de-
creased compound stability or solubility over time. All of the 47 
clinical isolates evaluated were pyrimethamine resistant (table S1B), 
and none appeared chloroquine resistant.

Selected compounds were also tested for activity against the 
multidrug- resistant laboratory isolate Dd2 [originally derived from 
isolate W2 (27)], which is resistant to chloroquine, quinine, meo-
quine, pyrimethamine, and sulfadoxine. All showed EC50 values 

similar to those obtained with 3D7 (Table 1), conrming that the 
underlying multidrug- resistant genotype of Dd2 does not confer 
cross- resistance to the PDE inhibitors and is consistent with the 
ndings with the Ugandan isolates (table S1B).

Two of the subseries have good selectivity against human 
PDE5 and PDE6
Since our chemical start points were originally designed to inhibit 
human PDE5, we tested all newly synthesized compounds against 
recombinant human PDE5 and the related human PDE6 to monitor 
the extent of selectivity (Table 3). e catalytic domain of PDEβ 
(Tyr846- Phe1055) has 27.6% identity (and 23.3% similarity) to human 
PDE5 and 26.7% identity (and 23.8% similarity) to human PDE6. 
Compounds in the 2- alkyl series had the best selectivity window 
when comparing activity against native PDEβ and recombinant hu-
man PDE5 or PDE6 (Table 3). For example, SAL- 0010028 had the 
best selectivity against human PDE5 (773- fold), and SAL- 0010039 
had the best selectivity against human PDE6 (338- fold). Some com-
pounds in the 5- benzyl series also had good levels of selectivity 
against human PDE5 (59-  to 110- fold) but generally much poorer 
against PDE6 (3.5-  to 10.8- fold). Most of the compounds in the 5- 
aryl series had poor selectivity against PDE5 and PDE6, and some 
were more potent against human PDE6 than against PDEβ; there-
fore, selectivity presents a major issue with this subseries (Table 3).

Despite many attempts by several groups, there are no high- 
resolution protein crystal structures of Plasmodium PDE enzymes. 
However, homology with PDEs from other species is at a level where 
structural models can be generated with high condence. Models of 
malarial PDEs constructed from crystal structures of human PDE5, 
PDE6, and PDE9 all place the analogous active site residues in the 
same regions of the active site. While we believe that the homology 
models produced are not accurate enough for quantitative prediction 

Table 3. Key activity data for the three main chemical subseries against human PDEs and sexual- stage parasites. ompounds tested in other key assays 
are indicated.

Compound 
name

IC50 human 
PDE5A activ-

ity (nM)

IC50 human 
PDE6C activity 

(nM)

% inhibition 
gametocyte 
viability at 

15 μM

% inhibition 
of exagella-
tion at 2 μM

% inhibition
of female 
gamete 

formation at 
2 μM

Parasites 
selected 

under drug 
pressure

Clinical iso-
lates tested

PRR value 
generated

SA- 0010042 632 ×/÷ 1.7 73 ×/÷ 1.4 99.6 ± 1.3 95.4 ± 18.0 97.7 ± 0.4  Yes  

SA- 0010003 793 ×/÷ 1.6 60.6 ×/÷ 1.4 65.4 ± 20.3 88.4 ± 17 71.3 ± 1.5 Yes  Yes

 SA- 0010007 2,270 ×/÷ 1.6 223 ×/÷ 2.5 100 ± 0 100 ± 0 50.6 ± 1.9    

 SA- 0010028 1,470 ×/÷ 2.4 237 ×/÷ 4.2 57.1 ± 27.0 18.6 ± 15.8 6.9 ± 2.6    

 SA- 0010039 121 ×/÷ 1.9 981 ×/÷ 3.6 0 0 20.7 ± 2.3    

 SA- 0010255 374 ×/÷ 1.6 93.6 ×/÷ 1.2 40.4 ± 3.1 48.8 ± 25.3 66.7 ± 1.8  Yes  

 SA- 0010031 92.8 ×/÷ 1.2 448 ×/÷ 1.3 D D D   Yes

 SA- 0010419 326 ×/÷ 2.6 74.6 ×/÷ 1.1 D D D Yes   

 SA- 0010243 37.2 ×/÷ 1.3 34.7 ×/÷ 2.5 100 ± 0 95.4 ± 12.3 80.5 ± 0.9    

 SA- 0010203 42.5 ×/÷ 1.7 3.28 ×/÷ 2.2 0 76.7 ± 13.6 44.8 ± 1.7    

 SA- 0010283 7.5 ×/÷ 1.0 < 45.9 ×/÷ 4.6 100 ± 0 72.1 ± 26.0 44.8 ± 2.5    

 SA- 0010284 59.6 ×/÷ 8.6 < 47.0 ×/÷ 4.5 100 ± 0 60.5 ± 18.0 58.6 ± 2.1    

 SA- 0010301 <6.75 ×/÷ 1.5 <7.78 ×/÷ 1.8 D D D   Yes

 SA- 0010355 10.1 ×/÷ 1.2 0.777 ×/÷ 1.8 D D D Yes   

 SA- 0010333 <1.76 ×/÷ 5.8 < 0.016 ×/÷ 5.1 D D D  Yes  
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Fig. 3. Activity of the inhibitor series against clinical isolates and selectivity against human PDE isoforms. (A) SA- 0010255 (2- alkyl) was tested for ex vivo activity 
against eight P. falciparum clinical isolates from Porto elho, Rondônia in the Brazilian Amazon (black dots) and against the P. falciparum 3D7 control line (green dots). 
hloroquine and artesunate were also tested in parallel. Red bars indicate the geometric mean 50 values, and the error bars depict the 95% condence interval for the 
clinical isolates. he values of the geometric means are shown for each compound. (B) SA- 0010042 (5- benzyl) and SA- 0010333 (5- aryl) and two control antimalarials 
were tested for activity against 47 clinical isolates from the ororo and Busia Districts of Uganda. Black dots represent individual isolate 50 values of the clinical isolates; 
enlarged blue dots indicate mean Dd2 control 50 values; enlarged green dots indicate mean 3D7 control 50 values. he red bars indicate the geometric mean, and the 
error bars depict the 95% condence interval. he values of the geometric means are shown for each compound. (C) n light blue (top), a high- resolution crystal structure 
of the catalytic site of human PD5 (66) (code 1BF) is shown bound to sildenal. des- Me sildenal is visualized assuming the same coordinates as for sildenal in 1BF. he 
atoms of sildenal and the side chain of Ala767 are shown with ball and stick. Other atoms are depicted as stick or cartoon. n beige (middle), the sequence of PDβ has 
been modeled onto 1BF using Phyre2 (67). he structures of sildenal and des- Me sildenal are shown in the bottom panels.
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of binding energy, qualitative assessments of structure- activity rela-
tionship (SAR) and hypotheses driving design can be made. A simple 
but startling example of this is illustrated in Fig. 3C. While many key 
residues in the binding pockets of human PDE5 and P. falciparum 
PDEβ are identical, an example of a dierence is highlighted. In the 
human PDE5 crystal structure, the N- methyl group of sildenal at-
tached to the pyrazole ring points almost directly at the methyl group 
of Ala767 (Fig. 3C) [as numbered previously (30)]. In PDEβ, this resi-
due is replaced with His. Not surprisingly, the much larger His1011 
residue aects the binding of ligands to PDEβ. It is a remarkable ob-
servation that removing this N- methyl group from sildenal changes 
the compound from essentially inactive against PDEβ (IC50 > 10 μM) 
to a compound with an IC50 of 36.7 nM and a dierence of >250- fold. 
is translates to respective EC50 values against ABS parasites of 
>25 μM for sildenal and 415 nM for desmethyl (des- Me) sildenal 
and a dierence of >60- fold. Together, these ndings suggest that it 
should be feasible to deliver a selective Plasmodium PDE inhibitor.

In vitro resistance selections yielded parasites with 
mutations in protein kinases that operate downstream of 
PDEβ to mediate cAMP signaling
To determine whether resistant parasites could be selected under 
drug pressure, we incubated a representative of each of the three 
inhibitor subseries with 2 × 105 ABS parasites (Dd2- B2 clone) per 
well ×96 wells, at a concentration of 3× EC90 for 60 days. Cultures 
were checked for recrudescent parasites three times per week by 
ow cytometry. Parasites rst appeared on days 13 to 17, and shis 
in EC50 values of between 4.8-  and 9.2- fold were measured (Table 4, 
g. S10A, and table S2A).

ree examples of an additional compound series developed in-
dependently [NPD- 2958, NPD- 3518 (31), and NPD- 3738; g. S1B] 
were also tested for in vitro resistance generation by incubating each 
compound with 2.5 × 106 and 3 × 107 ABS parasites at a concentra-
tion of 3× IC90 for 60 days. In these experiments, parasites rst ap-
peared on days 15 to 25, and shis in EC50 values of between 6.9-  and 
14.7- fold were measured (Table 4, g. S10B, and table S2B).

To identify the genetic loci underlying these changes in inhibitor 
susceptibility, we carried out whole- genome sequencing of samples us-
ing Illumina MiSeq. For both the 5- aryl (SAL- 0010355) and 2- alkyl 
(SAL- 0010419) compounds, a single- nucleotide change (Cca/Tca) in 
the gene encoding the catalytic subunit of the cAMP- dependent pro-
tein kinase (PKAc; PF3D7_0934800) was identied (table S3, A and B). 
is mutation introduced a proline- to- serine substitution at position 

305; the N- terminal proline within a PxxP motif, conserved among 
protein kinases, and is critical for interlobe movement of the N-  and 
C- lobes of the catalytic domain (g. S11, top). For the 5- benzyl com-
pound (SAL- 0010003), a single- nucleotide change (aAt/aTt) in the 
gene encoding the 3- phosphoinositide–dependent protein kinase 1 
(PDK1; PF3D7_1121900) was detected (table S3C). is introduced an 
asparagine- to- isoleucine substitution at position 324, which is imme-
diately downstream of the activation loop. is loop contains a highly 
conserved threonine residue that is phosphorylated to allow activation 
of the kinase. In PDK1, this process is thought to be an autophosphor-
ylation event, whereas in other mammalian AGC kinases, this threo-
nine is phosphorylated by PDK1 itself. Figure S11 (middle) shows two 
conserved motifs within the activation loop, the activation loop threo-
nine, and an unusual ~120–amino acid insert in this region that occurs 
in Plasmodium parasite PDK1 orthologs. It has recently been con-
rmed that PDK1 is required for activation of PKA in P. falciparum. In 
that study, ve mutations in PDK1 were selected in transgenic clones 
that survived the lethal eects of PKAc overexpression (14).

Two mutations in both the PKAc and PDK1 loci were also se-
lected in parasites with the NPD series (table S4 and g. S1B). In 
PKAc, these were A198S (Gct/Tct) that is within the canonical APE 
motif at the N terminus of the activation loop and V304L (Gtt/Ctt) 
that is immediately adjacent to the P305S mutation (within the PxxP 
motif) selected with the 2- alkyl and 5- aryl series, respectively (g. 
S11, top). In PDK1, the substitutions were P314T (Cct/Act) and 
N315Y (Aat/Tat), which are just upstream of the C- terminal bound-
ary of the activation loop (g. S11, middle).

Interestingly, two single- nucleotide changes in the gene encod-
ing the regulatory subunit of PKA (PKAr; PF3D7_1223100) were 
also selected with the NPD series. ese introduced a phenylalanine- 
to- isoleucine substitution at position 375 (Ttt/Att) or a glycine- to- 
valine substitution at position 376 (gGa/gTa). ese residues are at 
the N terminus of a critical signature motif within one of the two 
predicted cAMP- binding domains of PKAr (g. S11, bottom).

We therefore hypothesize that the mutations (in PKAc, PKAr, or 
PDK1) selected under drug pressure reduce the activity of PKA to 
counteract the eects of elevated cellular cAMP levels caused by in-
hibition of PDEβ (Fig. 4). Table 4 summarizes the mutations select-
ed with all compound series.

ese experiments provide strong additional evidence that the 
target of the three subseries in ABSs is PDEβ and that ABS parasite 
killing results from elevated cAMP levels and PKA hyperactivation. 
e results suggest that mutations in the target itself (PDEβ) cannot 

Table 4. A summary of the amino acid substitutions selected in vitro with the six PDEβ inhibitors used in these studies. he mean fold shift in 50 values
(±SD) of the selected parasite lines compared to the Dd2- B2 parental line are also shown (see table S6).

Compound Substitutions selected in vitro Mean fold change in EC50

PKAc PKAr PDK1

 SA- 0010355 P305S   6.1 ± 0.7

 SA- 0010419 P305S   5.4 ± 0.6

 SA- 0010003   324 7.6 ± 2.0

 PD- 2958  F375 P314; 315Y 8.5 ± 1.4

 PD- 3518 304 G376 P314; 315Y 12.2 ± 0.7

 PD- 3738 A198S   11.3 ± 3.7
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readily be selected in vitro. Analysis of a database containing the 
available whole- genome sequences from 6769 P. falciparum isolates 
(mainly from the MalariaGEN Pf3k project) showed that there were
only 10 nonsynonymous single- nucleotide polymorphisms in the 
PDEβ catalytic domain (comprising 215 amino acids). None of 
these were at positions highly conserved between PDE enzymes, 
and the frequency of these changes was quite low. is analysis indi-
cates that the integrity of the catalytic domain is important and sup-
ports the notion that mutations in PDEβ may be dicult to select 
under drug pressure.

Analysis of the MalariaGEN database also revealed that there are 
no preexisting mutations in the available >6000 P. falciparum ge-
nomes that correspond to those selected in PKAc and PDK1 using 
PDE inhibitors, implying that parasite populations now circulating 
would be fully susceptible to PDEβ inhibitors.

Analysis of transgenic parasites engineered to express the 
selected mutations in PKAc and PDK1 conrmed their causal 
role in mediating resistance
Although whole- genome sequencing strongly implicated mutations 
in PKAc and PDK1 in the resistance phenotype, it was important to 
rule out a possible contribution of additional genetic changes in the 
selected parasites. To address this, we generated transgenic parasites 
expressing the selected PKAc Cca/Tca (P305S) or PDK1 aAt/aTt 
(N324I) mutations using CRISPR- Cas9 gene editing in the parental 
Dd2 background. Plasmid maps and oligonucleotides used to gen-
erate these transgenic lines are shown in g. S12 and table S5. Deter-
mination of EC50 values for the three subseries using cloned edited 
parasite lines conrmed that resistance was caused by either of these 
mutations. Fold increases in EC50 values observed in these reverse 
genetic clones, compared to parental Dd2 parasites, were similar to 
or higher than those of the forward genetic cloned lines originally 
selected under drug pressure (g. S13A). ese experiments also 
demonstrated that either of these PKAc and PDK1 mutations could 
mediate cross- resistance between the three PDE inhibitor series. For 
example, the PDK1 mutation selected by the 5- benzyl compound 
(SAL- 0010003) also mediated resistance to the 5- aryl and 2- alkyl 
compounds. Similarly, the PKAc mutations selected by the 5- aryl 

(SAL- 0010355) and 2- alkyl (SAL- 0010419) compounds also medi-
ated resistance to the 5- benzyl compound (g. S13A). Consistent 
with these results, the PKAc (P305S) and PDK1 (N324I) mutations 
in the edited parasites also mediated cross- resistance to the inde-
pendently developed NPD inhibitor series, with similar EC50 shis 
(g. S13A). e converse experiments showed that mutations in the 
resistant clones selected with the NPD series mediated cross- 
resistance to the 2- alkyl, 5- aryl, and 5- benzyl series (g. S13B). 
Table S6 summarizes the changes in inhibitor susceptibility of lines 
selected under drug pressure compared to the parental line. Together, 
these data strongly support our hypothesis that the selected muta-
tions in PKAc, PKAr, or PDK1 can compensate for elevated cAMP 
levels stimulated by inhibition of PDEβ.

DISCUSSION
Here, we report three chemical subseries that target P. falciparum 
PDEs and have potent activity against both ABS and sexual- stage 
parasites. e compounds have a fast to moderate speed of kill 
against ABS parasites where their mechanism of action is through 
inhibition of cAMP and cGMP hydrolysis. In mature gametocytes, 
their mechanism of action is through inhibition of cGMP hydrolysis 
only. We found that many of our compounds had good levels of se-
lectivity against human PDE5 and PDE6, the human PDE isoforms 
most relevant to our structures. Representative compounds are also 
active against drug- resistant P. falciparum clinical isolates from Af-
rica and South America and against Dd2, a multidrug- resistant 
laboratory isolate, indicating that cross- resistance in existing para-
site populations should not be an issue with this novel mechanism 
of action. In vitro resistance selection studies yielded parasites with
reduced susceptibility (~5-  to 15- fold) to these PDE inhibitor series. 
Whole- genome sequencing found no mutations in PDEβ but, in-
stead, revealed mutations in three genes involved in cAMP signal-
ing, providing additional strong evidence that PDEβ, the only PDE 
isoform expressed in ABS parasites that can hydrolyze cAMP, is the 
target of our compounds. ese data suggest that ABS killing may 
rely more heavily on inhibition of cAMP hydrolysis (causing ele-
vated cAMP levels and hyperactivation of PKA) than on inhibition 
of cGMP hydrolysis. Future work will investigate this further.

PDEs as antimalarial drug targets
ere is a strong precedent for targeting PDEs safely to treat multi-
ple human health conditions. For instance, the human PDE5 inhibi-
tors, sildenal and tadalal, are available “over- the- counter” drugs 
for noninfectious conditions (17). Human PDE4 inhibitors are also 
approved for human use (32); roumilast is used to treat chronic 
obstructive pulmonary disease (33), and apremilast is used to treat 
psoriatic arthritis and plaque psoriasis (34). Inhibitors of several of 
the 11 human PDE subfamilies are in clinical trials to treat a range 
of diseases (35, 36).

Reverse genetics studies have revealed the essential nature of three 
of the four Plasmodium PDEs. PDEβ is essential for ABS develop-
ment (18), PDEδ is essential for sexual development (19, 22, 24), and 
PDEγ is essential for sporozoite motility that is necessary for trans-
mission from mosquitos to humans (23). us, Plasmodium PDEs are 
interesting targets for antimalarial drug discovery. It has been known 
for some time that several human PDE inhibitors (such as caeine, 
3- isobutyl- 1- methylxanthine, rolipram, and theophylline) are inac-
tive against malaria parasites and with IC50 values of >100 μM 

Adenylyl cyclase 
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Phosphodiesterase 
              (PDE )

cAMP

cAMP-dependent protein kinase
                         (PKA)

Catalytic subunit     +
          (PKAc)

Regulatory subunit
           (PKAr)

Phosporylation of multiple proteins

       Erythrocyte invasion
and ring-stage development

Phosphoinositide
   -dependent
 protein kinase 1
        (PDK1)
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Fig. 4. In vitro selection of parasites with mutations in three eectors of cAMP 
signaling that operate downstream of PDEβ. Schematic showing the key players 
in the P. falciparum cAMP signaling pathway with red indicating pathway compo-
nents that had mutations selected under drug pressure.
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(21, 37) against PDE activity in cell extracts. e human PDE5 in-
hibitors sildenal and tadalal also have poor activity against malaria 
parasites, with IC50 values in the mid- to- high micromolar range 
(37, 38). Another human PDE5/PDE6 inhibitor, zaprinast, has more 
potent activity against malaria parasites and Plasmodium PDEs and 
has served as a valuable research tool to investigate apicomplexan bi-
ology. e reported median eective dose value for zaprinast in a 
P. falciparum ABS growth inhibition assay was 35 μM (21).

A previous homology modeling approach determined that 
P. falciparum PDEs were the most similar to human PDE1 and 
PDE9. is led to the nding that human PDE1/PDE9 inhibitors 
have better potency against malaria parasites than zaprinast. at 
work identified a compound, 5- benzyl- 3- isopropyl- 1H- pyrazolo
[4,3- d]pyrimidin- 7(6H)- one (BIPPO) (39,  40), not only with an 
EC50 value in a P. falciparum ABS growth inhibition assay of 400 nM 
but also with high potency against recombinant human PDE9 (30 
nM). is molecule has also proved to be an important research tool 
to investigate the role of cyclic nucleotide signaling in apicomplexan 
parasites. Both zaprinast and BIPPO have been shown to have activ-
ity against PDEα (20, 21, 39), and we have measured an IC50 of 9 nM 
for BIPPO against PDEβ. A human PDE inhibitor repurposing proj-
ect found that a tadalal analog had an EC50 of 500 nM against 
P. falciparum ABS growth (41). ese analogs retained high levels of 
activity against human PDE5, but the situation was improved fol-
lowing additional synthesis (42). Before our study, BIPPO and the 
tadalal analogs were the reported PDE inhibitors with the most 
potency against malaria parasites, although a very recent medicinal 
chemistry study has generated more potent analogs of BIPPO (31) 
that are also likely to be PDE inhibitors.

The mechanism of action of the compounds in ABS parasites 
is through inhibition of PDEβ
In vitro drug pressure experiments performed with PDE inhibitors 
did not select parasites with mutations in PDEβ, and so it is possible 
that mutations in the inhibitor- binding pocket, which is also the cy-
clic nucleotide–binding pocket, cannot be tolerated. However, our 
in vitro experiments were able to select parasites with ~5-  to 15- fold 
reduced susceptibility to the PDE inhibitors. Whole- genome se-
quence analysis identied mutations in three genes encoding pro-
teins known to be involved in cAMP signaling: PKAc, PKAr, and 
PDK1. is leads to the hypotheses that elevated cAMP levels, 
caused by inhibition of PDEβ and consequent hyperactivation of 
PKA, are responsible for ABS parasite killing and that mutations 
in any of these three genes compensate for the eects of the inhibi-
tors in vitro. This hypothesis is supported by a recent study on 
P. falciparum PDK1, which showed that overexpression of PKAc led 
to selection of parasites with mutations in PDK1 (14). is and tar-
geted mutagenesis identied PDK1 as a critical regulator of PKA 
activation, through phosphorylation of the activation loop threo-
nine (r189) of PKAc, a known mechanism for PKA regulation in 
higher eukaryotes (43). ese ndings also demonstrated that at-
tenuating mutations (close to the adenosine triphosphate–binding 
pocket) in PDK1 reduced the lethal eects of PKA overexpression 
(14), allowing survival. e lethal eects of PDE inhibitors are 
therefore similar to those of PKAc overexpression.

Whether the mutations selected under PDE inhibitor pressure 
confer a tness cost in ABS parasites and whether parasites with 
these mutations can form gametocytes and transmit to mosquitoes 
will be the subject of future work to further evaluate the likelihood 

of these mutations being selected in a clinical setting. Note that ga-
metocytes expressing the selected PKA mutations (which confer 
reduced susceptibility to PDEβ inhibitors in ABS parasites) are pre-
dicted to remain fully susceptible to PDE inhibitors additionally tar-
geting PDEδ because killing at this life cycle stage is through 
elevated cGMP levels and premature PKG activation. e distinct
mode of action of PDE inhibitors in ABS parasites and gametocytes 
has important implications for the potential spread of resistance.

In vitro drug selection experiments have been previously used 
successfully to identify the targets of novel P. falciparum ABS inhibi-
tor series (2–4). is raises the question of why PDEβ mutants were 
not selected in these experiments if PDEβ is the target of the inhibi-
tors. One explanation, as mentioned above, is that these mutants 
cannot be readily selected because of the necessity of maintaining the 
integrity of the highly conserved cyclic nucleotide–binding pocket 
for ABS parasite survival. e three genes (PKAr, PKAc, and PDK1) 
in which mutations were selected in the presence of PDE inhibitors 
are not the targets of the inhibitors as the observed eects on cyclic 
nucleotides are upstream of the cognate proteins. Rather, they en-
code downstream eectors of cAMP signaling and carry mutations 
that likely partly compensate for PDEβ inhibition. ere is a prece-
dent for an in vitro drug selection experiment that was unable to 
generate parasites with a mutation in the compound target, PKG 
(44). In that study, a mutation in a distinct protein (TKL3) mediated 
low- level resistance but was not itself a target of the inhibitor. Pre-
sumably, the selected mutation partly compensates for the eects of 
the PKG inhibitor. It has also been reported that in vitro drug pres-
sure with Hesperadin, which inhibits the human aurora kinase Ark1, 
led to selection of a mutation in a nontarget kinase, Nek1 (45).

Inhibition of cGMP hydrolysis is also likely to contribute to 
the mechanism of action
e strong correlation observed for the three chemical series be-
tween activity against ABS parasites and against cAMP hydrolysis 
by PDEβ in schizont extracts, along with the selection of parasites 
harboring mutations in downstream eectors of cAMP signaling 
under drug pressure, demonstrates that PDEβ is the primary target 
of the inhibitors. However, since PDEβ can hydrolyze both cAMP 
and cGMP, this leaves unanswered the question of what the contri-
bution of inhibition of cGMP hydrolysis is to ABS parasite killing. 
No mutations were selected under drug pressure in downstream ef-
fectors of cGMP signaling. It is very likely that interfering with 
cGMP signaling contributes to the ABS killing mechanism of PDE 
inhibitors, but this may be secondary to the eects of interfering 
with cAMP signaling. We have shown that conditional knockout of 
PDEβ leads to a 70% reduction of P. falciparum blood- stage merozo-
ite invasion, and those parasites that could invade were found to die 
at the early ring stage (18). Chemical genetics and conditional 
knockout of PKG, on the other hand, lead to a block in ABS egress 
(10, 11). Furthermore, the potent eects of PKG inhibitors on ABS 
egress are also well documented (5, 10, 12, 44). It cannot be ruled 
out, however, that compensatory mutations in PKG, the only known 
downstream eector of cGMP signaling, cannot be tolerated by the 
parasite and that inhibition of cGMP hydrolysis makes an important 
contribution to ABS parasite killing. In support of this possibility, it 
has been reported that it is relatively dicult to generate parasites 
that are resistant to PKG inhibitors in vitro (5, 44). While the eects 
of PDE inhibitors on cAMP signaling can easily be attributed to in-
hibition of PDEβ (as it is the only ABS PDE that can hydrolyze 
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cAMP), the situation regarding the eects of PDE inhibitors on 
cGMP signaling is more complicated. is is not only because PDEβ 
can hydrolyze both cAMP and cGMP but also because a second en-
zyme, PDEα that is expressed in ABS parasites, can also hydrolyze 
cGMP. IC50 values for our compounds for inhibition of cAMP and 
cGMP hydrolysis in ABS parasite extracts were generally similar, 
suggesting that they inhibit both PDEβ and PDEα. is conclusion 
is supported by our measurement of elevated levels of both cAMP 
and cGMP in inhibitor- treated ABS parasites. PDEα has previously 
been shown to be dispensable for P. falciparum ABSs (20), presum-
ably due to the presence of PDEβ in the mutant parasites. In sum-
mary, it is likely that the eects of PDE inhibitors on ABS parasites 
are mediated by interference with both cAMP and cGMP hydroly-
sis, although the relative contributions are dicult to dissect.

In gametocytes, our data indicate the mechanism of action being 
through inhibition of cGMP hydrolysis. First, elevated cGMP levels 
can be measured in inhibitor- treated gametocytes with no change in 
the levels of cAMP. In addition, previous transcriptome data have
shown that PDEδ and PDEα are the only isoforms expressed in ga-
metocytes (https://plasmodb.org), and published work using re-
combinant expression of PDEα and knockout of PDEα and PDEδ 
have pointed to them both being cGMP specic (19–22, 24). A re-
cent paper, however, reported that the catalytic domain of the 
P. falciparum PDEδ expressed in Escherichia coli was able to hydro-
lyze both cAMP and cGMP (25). Currently, we do not know the 
explanation for the dierence in ndings on the cyclic nucleotide 
specicity of PDEδ between the studies. It is possible that when the 
catalytic domain of PDEδ is expressed in E. coli in the absence of its 
N- terminal regulatory domain, it is able to hydrolyze cAMP, al-
though we have found no evidence that the full- length protein in its 
cellular context can do this. Another possibility is that the levels 
of cAMP in mature gametocytes are low and dicult to detect. 
However, using immunoprecipitated HA- tagged PDEδ, we provide 
strong evidence suggesting that PDEδ can only hydrolyze cGMP.

In addition to the eects on gamete formation, the PDE inhibi-
tors also aect the development of stage IV and V gametocytes. A 
drug would have a far greater likelihood of transmission blocking 
activity if it kills gametocytes in the human bloodstream, rather 
than only acting against gamete formation in the mosquito. Demon-
stration of activity of the 5- benzyl and 5- aryl series in gametocyte 
viability assays indicates that PDE activity is required in stage IV 
and V gametocytes to regulate cGMP levels to prevent premature 
activation of PKG and stimulation of gamete formation when 
gametocytes are still in the human host. is is supported by our 
nding that PDE inhibitors not only lead to elevated cGMP levels 
but also stimulate gametogenesis in a PKG- dependent manner, in 
the absence of the other known stimulators XA and reduced tem-
perature. e addition of PDE inhibitors eectively bypasses the 
requirement for these environmental stimulants. For transmission 
to be successful, gamete formation must occur only aer the game-
tocytes enter the mosquito during a blood meal, and so it is likely 
that PDE inhibitors would disrupt the role of PDEδ/α as the “o 
switch” that prevents PKG activation in the human host to keep 
gametocytes “dormant.”

Selectivity against human PDE5 and PDE6 has been 
improved by chemical synthesis
e chemical start points in our study were derived from Pzer 
chemistry programs aiming to optimize activity against human 

cGMP- specic PDEs. It was therefore expected that they would have 
high levels of activity against their intended target. Unexpectedly, 
some of the initial human PDE5 inhibitors that we tested were more 
potent inhibitors of malaria parasite PDEβ activity than the human 
PDE isoform against which they were designed. is, combined 
with the marked amino acid sequence dierences between human 
and parasite PDE isoforms at key positions in the catalytic domain 
(18), gave optimism that good levels of selectivity might be achiev-
able. Some of the compounds developed during this study have a 
selectivity window of >100 over human PDE5 and/or PDE6. Two 
over- the- counter drugs (sildenal and tadalal) that target human 
PDE5 have considerable o- target activity against PDE6 (<10- fold 
selectivity) and PDE11 (~5- fold selectivity), respectively (46).

In summary, we report on compounds with potent activity 
against P. falciparum ABS and sexual- stage parasites, mediated by 
inhibition of stage- specic PDE enzymes. Some of the compounds 
exhibit excellent levels of selectivity against human PDE isoforms 
with the promise of a good safety prole. In vitro selections yielded 
parasites with mutations in protein kinases that operate downstream 
of PDEβ to mediate cAMP signaling, but parasites with mutations in 
PDEβ itself, the target in ABS, were not selected. Future work will 
aim to further improve the properties of our hit compounds to 
progress a PDE inhibitor further along the drug discovery pipeline.

MATERIALS AND METHODS
Chemistry strategy summary
Before this study, a high- throughput screen of a diverse subset of 
Pzer’s compound collection of approximately 150,000 was carried 
out using a blood- stage P. falciparum growth inhibition assay at the 
Eskitis Institute for Drug Discovery, Grith University, Nathan, 
QLD 4111, Australia. Counterscreening of activities was carried out 
in human embryonic kidney–293 cells. Some of the hits were known 
human PDE inhibitors or had similar structures to known human 
PDE inhibitors. Some analogs were synthesized to improve potency 
against P. falciparum and improve other drug- like properties. Fol-
lowing on from this initial work, we demonstrated that the series 
and a diverse set of structural analogs from Pzer’s compound col-
lection had activity against P. falciparum PDEβ. Of the large number 
of dierent human PDE inhibitor chemotypes screened, only three 
subseries had marked activity against P. falciparum PDEs. e most 
promising hits were then used as the start points for the present study.

e chemistry start points for this work were SAL- 0010042 (ex-
ample 76 in WO2003037899, 5- benzyl), SAL- 0010043 (CAS 155879- 
55- 3, 5- aryl), and SAL- 0010034 (CAS 335076- 55- 6, 2- alkyl) (g. S1A). 
Full details of the medicinal chemistry will be published in a separate 
paper (in preparation). Some characteristics of an ideal P. falciparum 
PDE inhibitor would include potent activity against PfPDEβ and 
PfPDEδ, excellent selectivity over human PDEs, and properties com-
mensurate with a single low human therapeutic dose cure of malaria 
such as good solubility, absorption, and metabolic stability.

The addition of a para- F to SAL- 0010042 (5- benzyl series) 
gave SAL- 001003 (Table 1 and g. S2), a compound with very simi-
lar properties and the potential for improved metabolic stability 
through (putative) metabolism blocking. A more substantial struc-
tural change is present in SAL- 0010007 where the conformation of 
the 5- benzyl substituent has been constrained by cyclization. e 
activity of this analog is similar in the schizont cAMP hydrolysis 
inhibition assay and 3D7 ABS growth inhibition assay. It also shows 
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markedly increased selectivity over human PDE6 compared to the 
uncyclized analogs. Activity in the gametocyte cGMP hydrolysis in-
hibition assay is reduced.

e starting point for the 5- aryl series (the name we give for 2H, 
5- aryl compounds) is a pyridopyrimidinone. However, from other 
SAR, we knew that the pyridyl ring could be exchanged for the pyr-
azole ring present in the other leads with benets in synthetic ease 
and metabolic stability, so we focused on that ring system. des- Me 
sildenal contains that ring switch and demonstrates equal activity 
in the 3D7 growth inhibition assay. e compounds containing larg-
er alkoxy chains present in SAL- 0010203 and SAL- 0010243 demon-
strate improved potency against the enzyme and parasite. e 5- aryl 
ring can be phenyl or pyridyl (α to the alkoxy substituent) and toler-
ates a range of substitution para to the alkoxy substituent (sulfon-
amides, amides of various lengths, and bromine). Unfortunately, 
these changes do not confer any substantial level of selectivity over 
human PDE5 or PDE6. is series is less active against PfPDEδ/
PfPDEα in gametocytes, being approximately 10- fold less active, or 
weaker, than against PfPDEβ in schizonts.

With similar substituents at the 5- aryl position, substitution at 
the 2- position decreases activity slightly against PfPDEβ and in the 
3D7 ABS parasite growth inhibition assay (compare, for example, 
the pairs SAL- 0010203 5- aryl with SAL- 0010039 2- alkyl and SAL- 
0010301 5- aryl with SAL- 0010031 2- alkyl) (Table 1 and g. S2). 
However, the 2- alkyl series show pronounced selectivity over hu-
man PDE5 and PDE6 (and very little activity against PfPDEδ/
PfPDEα in gametocytes). Analytical data are shown in data S1.

EC50 determination for growth inhibition of P. falciparum 
using an LDH- based assay
P. falciparum isolates (3D7/Dd2) were obtained from BEI Resources 
and were cultured using standard procedures as described elsewhere 
(47). Briey, P. falciparum was grown in RPMI 1640 medium (10.3 g/
liter) supplemented with - glutamine (2 mM), hypoxanthine (150 μM), 
Hepes (25 mM), - glucose (12 mM), sodium bicarbonate (25.7 mM), 
AlbuMAX II (0.5% or 5 g/liter) (pH 7.4), and 2% RBC (type O+, 
freshly prepared). Cultures were replenished with fresh medium 
and RBCs every other day. For RBC preparation, whole blood 
was centrifuged at 415g at room temperature for 12 min. Aer that, 
the plasma and buy coat were removed, and packed RBCs were 
washed three times with 3 vol of RPMI 1640. Last, RBCs were resus-
pended in 1:1 vol of complete RPMI 1640 medium (containing 0.5%
AlbuMAX II).

e P. falciparum 3D7 and Dd2 LDH growth inhibition assay 
was carried out as described elsewhere (48) with minor modica-
tion of the parasitological conditions (10 to 15% parasitemia with 
≥80% rings). Data were normalized to percent growth inhibition 
with respect to positive (0.2% DMSO as 0% inhibition) and negative 
(for 3D7, a mixture of 100 nM chloroquine and 100 nM atovaquone 
as 100% inhibition; for Dd2, a mixture of 200 nM DHA and 200 nM 
atovaquone as 100% inhibition) controls.

Cyclic nucleotide hydrolysis assay
e cyclic nucleotide hydrolytic activity of membrane- associated 
parasite PDE enzymes was measured by a scintillation proximity as-
say (SPA) (18) using lysates of mature P. falciparum schizonts or stage 
IV/V gametocytes. Briey, P. falciparum 3D7 schizonts or stage IV/V 
3D7/GDV1 (49) gametocytes in culture were collected by purication 
in 70% Percoll, followed by saponin lysis, resuspension in 5 mM 

tris- HCl (with EDTA- free protease inhibitors), and centrifugation at 
16,000g for 10 min at 4°C to remove the RBCs until the supernatant 
was clear. e pellets were then resuspended in 250 μl of PDE lysis 
buer [10 mM tris- HCl (pH 7.5), 150 nM NaCl, 0.5% NP- 40, and 
EDTA- free protease inhibitors] per 50 μl of sample and incubated on 
ice for 30 min with occasional mixing. Supernatants containing the 
membrane lysates were collected aer 20 min of centrifugation at 
16,000g at 4°C and diluted in PDE assay buer [10 mM tris- HCl 
(pH 7.4), 10 mM MgCl2, bovine serum albumin (0.1 mg/ml), and 0.05% 
Tween 20]. For the PDE SPA assay, a dilution of the lysate sucient to 
obtain the 30% of the maximum hydrolytic activity was used. e IC50 
values for the compounds were determined using threefold serial di-
lutions in duplicate. e assays were carried out in exible 96- well 
plates (PerkinElmer, 1450- 401) by incubating lysates and compounds 
with 5 μl of 200 nM cNMP dilution [[3H]- cNMP tracer (PerkinElmer, 
cAMP- NET275250UC and cGMP- NET337250UC) in PDE assay 
buer] for 1 hour at 37°C to a total volume of 50 μl. e reactions were 
terminated by addition of 25 μl of PDE SPA beads (PerkinElmer, 
RPNQ0150), and aer 20 min of incubation at room temperature, 
scintillation was measured using a Wallac 1450 Microbeta Counter 
(PerkinElmer) for 30 s. Dose- response curves were tted in a four- 
parameter logistic regression model to obtain the IC50 values for 
each compound.

Immunoprecipitation of PDEβ- HA
A transgenic PDEβ- HA tag line of P. falciparum 3D7 generated pre-
viously (18) was used to pull- down PDEβ- HA using anti- HA ani-
ty beads (Pierce Anti- HA Magnetic Beads, 88836). Briey, schizont 
pellets were obtained, and membrane lysates were prepared as de-
scribe above. A total of 25 μl of anti- HA anity beads were washed 
with PDE lysis buer to equilibrate them. e lysate was added to 
the equilibrated anti- HA anity beads and incubated for 2 hours in 
a rotor at room temperature. Aer incubation, the samples were 
placed on a magnet to remove the supernatant and washed three 
times with ice- cold dilution buer. Last, the beads were resuspended 
in 500 μl of PDE assay buer and used for the PDE assay.

Measurement of intracellular cyclic nucleotide levels
cGMP and cAMP levels in P. falciparum 3D7 ring stages, mature 
schizonts, and gametocytes were measured using an ELISA- based 
high- sensitivity direct cGMP and cAMP colorimetric assay kits 
(Enzo Life Sciences). Mature schizonts were Percoll puried from 
synchronous P. falciparum 3D7 cultures, followed by resuspension 
and lysis in 0.1 M HCl solution. All samples were pelleted at 10,000g, 
and the supernatant was collected and stored at −80°C until re-
quired. For ring- stage measurements, mature schizonts were Percoll 
puried and returned to culture asks containing fresh erythrocytes 
in complete medium with continuous shaking for 4 hours to allow 
for reinvasion. Newly formed ring stages were puried by saponin 
lysis, and the phosphate- buered saline–washed pellets were lysed 
and stored similarly to schizonts. P. falciparum 3D7/GDV1 parasites 
were used for gametocyte production (49). GDV1 expression in 
ring- stage parasites were induced with Shield- 1, and aer reinvasion, 
cultures were treated with 50 mM N- acetyl- - glucosamine for 8 days 
to eliminate asexual parasites. On day 14, late stage IV/V gameto-
cytes were treated for 15 min with 10× IC50 of one compound from 
each subseries or 100 μM XA. Gametocytes were then harvested and 
Percoll purified, followed by saponin lysis to eliminate the 
RBC. Pellets were resuspended and lysed in 0.1 M HCl solution. To 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversidade de S

ao P
aulo on D

ecem
ber 09, 2024



Gomez-Gonzalez et al., Sci. Adv. 10, eadq1383 (2024)     6 December 2024

S       A D A  S  |  R  S A R   A R     

14 of 19

perform the ELISA, samples and standards were acetylated to im-
prove detection sensitivity according to the manufacturer’s instruc-
tions. Standards and samples were run in triplicate on the same plate 
and absorbance measured at 405- nm read with a SpectraMax iD5 
plate reader. e standard was tted to a sigmoidal curve and used to 
determine cyclic nucleotide concentrations in parasite samples.

Determination of the eects of SAL- 0010042 on P. 
falciparum ABS parasite growth
P. falciparum 3D7 ring- stage parasites synchronized to a 2- hour inva-
sion window were adjusted to a 1% parasitemia and 1% hematocrit 
suspension and dispensed in triplicate into a 24- well plate for each of 
the ve treatment conditions. Wells were treated with 0.1 μM SAL- 
0010042 in triplicate at the specied time points, and triplicate wells 
were also treated with the equivalent volume of DMSO at 2 hours af-
ter invasion. Samples of 100 μl were collected from wells at 44 hours 
aer invasion and xed with 4% formaldehyde 0.2% glutaraldehyde 
in phosphate- buered saline. Fixed samples were stained with SYBR 
green (ermo Fisher Scientic) and analyzed by ow cytometry on 
an Attune NxT ow cytometer (ermo Fisher Scientic). Schizont 
parasitemia was determined by gating high- signal SYBR- positive cells.

PRR assay
e in vitro killing prole of compounds was determined by moni-
toring the ability of parasites to recover following treatment with a 
compound of interest using a previously reported approach (50), 
which allowed calculation of the PRR (51). EC50 values for the com-
pounds were rst determined using a P. falciparum 72- hour LDH as-
say as previously described (50). P. falciparum (clone 3D7) cultures 
were then incubated with an example of the three PDE inhibitor sub-
series (5- benzyl, SAL- 0010003; 2- alkyl, SAL- 0010031; 5- aryl, SAL- 
0010301) at 10× EC50 for 120 days. Fresh compound was added daily; 
parasite samples were taken aer 0, 24, 48, 72, 96, and 120 hours; and 
aer washing out the compound, the samples were cultured in 96- 
well plates with fresh human RBCs, in the absence of compound. To 
quantify the number of viable parasites following treatment, four in-
dependent sets of threefold serial dilutions were performed on each 
sample, which were assayed for the presence or absence of parasites 
aer 28 days using the LDH assay, and the number of viable parasites 
was determined by the number of wells showing growth. PRR and 
PCT99.9% were calculated as previously reported (50).

Induction of gametogenesis
Mature (>90% stage V) gametocytes were exposed to short- term 
treatment with two of the 5- benzyl series compounds, SAL- 0010042 
and SAL- 0010003. In the absence of any other stressors (drop in 
temperature, pH increase, and XA), mature gametocytes were treat-
ed at 1× IC50 of either compound, and samples were taken at 15, 30, 
and 60 min. Giemsa- stained slides were prepared at these time 
points, and the parasite populations were evaluated morphological-
ly using light microscopy. Male and female gametes were identied 
or distinguished on the basis of rounding up, shape, and size. Statis-
tical evaluation was performed with paired, two- tailed t test (Graph-
Pad Prism 6.0).

Exagellation inhibition assay
e exagellation inhibition assay was performed by capturing move-
ment of exagellation centers over time by video microscopy [adapted 
from a reported protocol (52)]. For this carry- over format, mature 

stage V gametocytes were treated with 2 μM of each compound for 
48 hours before induction of exagellation in the presence of compound. 
To evaluate compound dose response, gametocytes were treated simi-
larly at a set of concentrations representing a fourfold serial dilution. 
Mature gametocyte cultures (>95% stage V; 500 μl) were centrifuged 
at 3500 rpm for 30 s, and the pellet was resuspended in 30 μl of ooki-
nete medium [RPMI 1640 medium containing - glutamine (Sigma- 
Aldrich, R6504), gentamycin (0.024 mg/ml; HyClone, SV30080.01), 
202 μM hypoxanthine (Sigma- Aldrich, H9636), 25 mM Hepes 
(Sigma- Aldrich, H4034), 0.2% glucose (Sigma- Aldrich, G6152), and 
0.5% (w/v) AlbuMAX II (Invitrogen, Paisley, UK), supplemented with 
100 μM XA and 20% human serum]. e activated culture (10 μl) was 
introduced into a Neubauer chamber and placed on the microscope 
platform to settle homogenously. Time was noted as time zero (T0), 
and the chamber was incubated at room temperature. Movement was 
recorded by video microscopy using a Carl Zeiss NT 6V/10W Stab 
microscope, tted with a MicroCapture camera at 10× magnication, 
and then quantied by a semiautomated method, a modication of 
the method described previously (53). A series of 15 videos of 8 to 10 s 
each were captured at random locations between 15 and 22.5 min 
aer incubation. Each video was analyzed using Icy bioimage analysis 
soware to quantify the number of exagellating centers. Compound 
IC50 values were determined with nonlinear curve tting (GraphPad 
Prism 6), normalized to maximum and minimum inhibition.

Female gamete formation inhibition assay
Mature gametocytes (>95% stage V) were treated with compounds 
(2 μM) for 48 hours before stimulating female gamete formation. To 
evaluate compound dose response, gametocytes were treated simi-
larly at set concentrations representing a fourfold serial dilution. 
Female gamete activation was induced by both a temperature drop 
and the addition of 100 μM XA. Monoclonal anti- Pfs25 antibody 
(BEI Resources, catalog number MRA- 28; 1:1000 dilution) conju-
gated to uorescein isothiocyanate was used to detect female gam-
etes. Image acquisition was performed using a Zeiss Axio Lab.A1 
epiuorescence microscope with a 100/1.4 numerical aperture oil 
immersion objective and a Zeiss Axiocam 202 mono digital camera. 
Using a 100× objective, 30 images were taken per sample and ana-
lyzed manually. e number, size, roundness, and intensity of uo-
rescence of activated female gametocytes were evaluated. Compound 
IC50 values were determined with nonlinear curve tting (GraphPad 
Prism 6), normalized to maximum and minimum inhibition.

LDH- based gametocyte viability assay
e pLDH assay was performed on late (>95% stage IV/V) gameto-
cytes. Compound dilutions were placed in triplicate in 96- well plates 
in a nal volume of 100 μl per well. DHA and MMV048 were used 
as positive drug controls. e gametocyte cultures (100 μl per well) 
were added to the 96- well plates to achieve a nal gametocytemia 
and hematocrit of 2 and 1%, respectively, in a total incubation vol-
ume of 200 μl. Plates were incubated at 37°C for 72 hours, followed 
by the replacement of spent medium with drug- free culture medi-
um (75% medium change) (54, 55). Plates were then incubated for a 
further 72 hours before assessing viability by measuring pLDH ac-
tivity. Gametocyte viability was determined spectrophotometrically 
by measuring the activity of pLDH, according to a modied version 
of a published protocol (56). Briey, 100 μl of Malstat reagent [0.21% 
(v/v) Triton X- 100, 222 mM - (+)- lactic acid, 54.5 mM tris, 
0.166 mM APAD (Sigma- Aldrich, A5251), adjusted to pH 9 with 1 M 
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NaOH] was transferred into a clean 96- well plate. A xed volume of 
20 μl of parasite suspension per well was added to the Malstat plate, 
followed by the addition of 25 μl of PES/NBT (0.239 mM phenazine 
ethosulfate and 1.96 mM nitro blue tetrazolium chloride). Absor-
bance was measured with a Multiskan Ascent 354 multiplate scanner 
(ermo LabSystems, Finland) at 620 nm.

Initial SMFA and sporozoite production
P. falciparum NF54 gametocytes were prepared for blood- feeding to 
mosquitoes according to the method described (57), with some slight 
modications. Briey, gametocyte cultures seeded at 2% overall para-
sitemia and 4% hematocrit were maintained at 37°C for 16 days with 
daily medium changes. Gametocyte functional viability was assessed 
by an exagellation assay at day 14 aer induction, observed by light 
microscopy. Anopheles stephensi (SD500 strain) were reared as de-
scribed (58). Gametocyte aliquots from a single NF54 culture, pro-
duced as above, were incubated either with SAL- 0010003 or 
SAL- 0010042 in two separate experiments at 100 nM, 500 nM or 1 μM, 
1 μM methylene blue (full- block control), or culture medium only (no- 
drug control) from day 14 to day 16 when SMFA was carried out. Fresh 
drug- containing medium was provided each day during this exposure. 
Pots containing 70 to 80 female A. stephensi mosquitoes, aged 2 to 
5 days old, were allowed to feed on 500 μl of the respective culture plus 
drug mixture, presented to each pot in a preheated three- dimensional 
printed water channel membrane feeder (59), until fully fed. Mosqui-
toes were placed in an incubator at standard conditions. Seven to 
8 days aer the feed, 10 to 15 mosquitoes were removed and kept 
under standard conditions for salivary gland dissection on day 14 aer 
feeding. e remaining mosquito midguts were dissected on day 9 or 
day 7, respectively, aer the feed in 0.25% mercurochrome stain to 
determine oocyst counts by light microscopy. Salivary gland dissec-
tions were conducted on day 14 aer the feed, and the presence of 
sporozoites was noted for each dissected mosquito by light microscopy.

SMFA dose response
Compounds were diluted in DMSO and then in culture medium 
(RPMI 1640 supplemented with 367 μM hypoxanthine, 25 mM 
Hepes, 25 mM sodium bicarbonate, and 10% human type A se-
rum) to achieve a nal DMSO concentration of 0.1%. Compounds 
were incubated with stage V gametocytes from the P. falciparum 
NF54- HGL reporter strain (60) for 48 hours at 37°C in Eppendorf 
tubes. Subsequently, parasites were pelleted by centrifugation (20 s 
at 20,000g) and resuspended in human type A serum containing di-
luted compound (nal DMSO concentration of 0.1%) and human 
type O RBCs to achieve a hematocrit of 50%. is blood meal was 
then fed to 3-  to 5- day- old A. stephensi mosquitoes [Sind- Kasur 
Nijmegen strain (61)] for 10 min. Following feeding, unfed mosqui-
toes were removed, and mosquitoes were maintained at 26°C and 70 
to 80% relative humidity. Eight days aer feeding, oocyst intensity 
and prevalence were assessed by luminescence measurement of in-
dividual mosquitoes as described (60). All conditions were tested in 
duplicate, and for each replicate, a total of 24 mosquitoes were ana-
lyzed. IC50 values were estimated by tting a four- parameter Hill 
model to the data using least squares to nd the best t. Controls 
included vehicle (0.1% DMSO) and 10 μM DHA.

Ex vivo isolates from Tororo, Uganda
is study received approval from UCSF- CHR (16- 19084), SBS- REC 
(SBS- 341), and UNCST (HS 2018) dated 23 March 2016; isolate 

collection dates were October 2020 to January 2021. Clinical isolates 
were from the Tororo District of Uganda, located in the central- eastern 
part of the county near the Kenya border. Tororo and surrounding ar-
eas have high- intensity, year- round malaria transmission. Parasite sam-
ples were obtained from individuals aged 6 months or older presenting 
to the Tororo District Hospital in the Tororo District (or Masafu Hospi-
tal in the Busia District), with clinical symptoms suggestive of malaria 
and a positive Giemsa- stained blood lm for P. falciparum. Patients re-
porting use of antimalarial treatment within the previous 30 days or 
with evidence of an infection with other Plasmodium species were ex-
cluded. Informed consent was obtained from patients and/or primary 
care givers (depending on age); children aged 8 to 17 years provided 
assent. Two to 5 ml of blood was collected by venipuncture in a heparin 
tube. Samples were delivered to the adjacent IDRC laboratory at Tororo 
District Hospital or transported by car from Masafu Hospital on the 
day of collections for storage of blood spots on lter paper (for isolation 
of nucleic acids) and initiation of ex vivo culture of malaria parasites. 
Treatment involved a standard therapeutic regimen for uncomplicated 
falciparum malaria, which was a 3- day course of the artemisinin- based 
combination therapy (ACT), artemether- lumefantrine. In Uganda, at 
the time of sampling, there was widespread resistance to the antifolate 
drugs due to mutant pfdhfr/pfdhps alleles. SAL- 0010042 and SAL- 
0010333 were tested for ex vivo potency against fresh clinical 
P. falciparum isolates using a standard 72- hour microplate assay, along-
side the two standard antimalarial compounds supplied by Medicines 
for Malaria Venture (MMV): Pyrimethamine was prepared as a 50 mM 
stock in DMSO. Chloroquine was prepared at 10 mM in water. Stock 
solutions were stored at −20°C. Working solutions were freshly pre-
pared from a single aliquot within 4 hours of the susceptibility test and 
stored at 4°C.

Ex vivo drug susceptibility assay
Ugandan clinical isolates with a P. falciparum ABS parasitemia of 
≥0.3% were evaluated for drug susceptibility in an ex vivo 72- hour 
microplate IC50 assay using SYBR Green detection. Samples were 
delivered to the adjacent IDRC laboratory at Tororo District Hos-
pital or transported by car from Masafu Hospital on the day of 
collection for storage of blood spots on lter paper (for isolation 
of nucleic acids) and initiation of ex vivo culture of malaria para-
sites. Blood was washed three times by centrifugation at 2000 rpm 
for 10 min with RPMI 1640 medium (Thermo Fisher Scientific) 
at 37°C. Plasma and buy coat were removed, and the erythrocyte 
pellet was resuspended in complete medium consisting of RPMI 
1640 supplemented with 25 mM Hepes, 24 mM NaHCO3, 0.1 mM 
hypoxanthine, gentamicin (10 μg/ml), and 0.5% AlbuMAX II (ermo 
Fisher Scientific) to produce a hematocrit of 50%. Before assay, 
10 mM antimalarial stock compounds were diluted as necessary in 
DMSO and stored at −20°C. On the day of the assay, 2 μl of DMSO 
stock drugs were diluted in 498 μl of complete RPMI 1640 medium. 
Diluted compounds were not stored for more than 24 hours. Com-
pounds were serially diluted threefold in a 96-well assay plate in 
complete medium to a nal volume of 50 μl, in columns 1 to 10, with 
concentrations optimized to capture full dose- response curves. 
Column 11 contained compound- free controls, while column 12 
contained uninfected human RBC controls. Parasite culture (150 μl) 
was added to columns 1 to 11 of the assay plate with a nal volume 
of 200 μl per well, 0.2% parasitemia, and 2% hematocrit. Plates were 
incubated for 72 hours in a humidied modular incubator (Billups- 
Rothenberg) under a blood gas mixture (95% N2, 3% CO2, and 2% 
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O2) at 37°C. Aer 72 hours, plates were removed and frozen. awed 
plates were incubated with SYBR Green lysis buer for 1 hour in the 
dark as previously reported (62). Fluorescence was quantied using 
a BMG Fluostar Optima plate reader at an excitation of 485 nm and 
an emission of 530 nm, and data were plotted using GraphPad Prism 
7. e data were curve t with a variable slope function to estimate 
IC50 values. For each isolate, a Z′ factor to assess assay quality was 
calculated from positive controls (eight drug- free wells) and nega-
tive controls (eight parasite- free, red cell control wells). Z′ values 
over 0.5 were considered good assays, but each curve was also exam-
ined by eye for suitability. Some assays with Z′ below 0.5 may be 
considered valid depending on factors such as the SE of the curve- t 
IC50. Laboratory control P. falciparum Dd2 (MRA- 156) and 3D7 
(MRA- 102) strains (BEI Resources) were maintained in culture, 
synchronized with a magnetic column (Miltenyi Biotec), and as-
sayed (beginning at the ring stage) once a month.

Ex vivo isolates from Porto Velho, Brazil
is study was approved by the Centro de Pesquisa em Medicina Tropical 
(CEPEM) Rondônia ethics committee (CAAE 58738416.1.0000.0011). 
All participants signed a written informed consent before blood collec-
tion by a trained nurse.

P. falciparum clinical isolates were collected on March and April 2021 
from patients recruited at the Centre of Malaria Control (CEPEM) in 
the city of Porto Velho, state of Rondônia, in the Brazilian Western 
Amazon. Only monoinfected patients with P. falciparum with para-
sitemia between 2000 and 80,000 parasites/μl and with at least 70% 
of ring- stage parasites were recruited. Patients who had used an an-
timalarial in the previous month and/or presented with symptoms of 
severe malaria were excluded from the study. e study cohort com-
prised 24 patients living in this highly endemic area. A peripheral 
venous blood sample (5 ml) was collected from each individual by 
venipuncture in heparin- containing tubes and immediately used in 
the ex vivo drug susceptibility assay using preprepared plates con-
taining diluted antimalarial compounds. e 2- alkyl test compound 
(SAL- 0010255) and the control drugs (artesunate and chloroquine) 
were prepared from a stock solutions in DMSO at 2 mM (made by 
dilution of solution A). Next, the compounds were diluted in assay 
medium, 20,000-  and 40- fold, to prepare the initial drug solution of 
0.1 μM artesunate and 50 μM chloroquine and SAL- 0010255, and 
then a twofold serial dilution was made in assay medium from this 
stock. Last, 20 μl of each dilution was transferred into the ex vivo 
assay plate and diluted 10- fold into the nal assay medium contain-
ing parasites. For the infected blood preparation, 5 ml of whole 
blood was centrifuged at 800g for 10 min, and the plasma and buy 
coat were removed. e RBC pellet was then washed with culture 
medium (RPMI 1640 medium) and diluted 1× (50% hematocrit) 
before ltration through a CF11 cellulose column (63). Aer the 
CF11 cellulose column step, the blood was centrifuged, and the 
packed RBCs with the parasites [infected red blood cells (iRBC)] 
were diluted to a 2% hematocrit, using complete medium RPMI 
1640 medium plus 20% human serum. Control assays on a 3D7 
laboratory isolate were performed with medium supplemented with 
human serum (20%). e iRBC (180 μl per well) were distributed in 
the predosed drug plate. For the maturation of parasites, from rings to 
schizonts, the plates were maintained in a hypoxia incubator chamber 
(containing 5% O2, 5% CO2, and 90% N2) at 37°C, as described, 
for 40 to 47 hours. Control wells containing drug- free iRBCs were 
cultured with complete medium. e parasite- drug incubation was 

terminated when 40% of the ring stages reached the schizont stage 
(at least three distinct nuclei per parasite) in the drug- free control 
wells. ick blood lms were then made from each well, dried, 
stained with 5% Giemsa solution for 30 min, and examined micro-
scopically. e number of schizonts per 200 asexual- stage parasites 
was determined for each drug concentration and then normalized 
by comparing with the schizont number in the drug- free control 
wells [considered as 100% (64)]. e half- maximal drug inhibitory 
response (EC50) was estimated by curve tting using soware from 
the OriginLab Corporation, Northampton, MA, USA and compar-
ing with parasite growth in the drug- free controls.

Human PDE5 and PDE6 selectivity assays
e selectivity of the compounds on the parasite PDEs over the two 
human isoforms PDE5A1 and PDE6C was measured through a dose- 
response assay of their hydrolytic activity in presence of the com-
pounds. Similarly to the parasite lysates, an SPA was carried out with 
the recombinant puried human glutathione S- transferase–tagged 
PDE5A1 or PDE6C (BPS Bioscience, BPS- 60050 and BPS- 60062) 
prepared in PDE assay buer [10 mM tris- HCl (pH 7.4), 10 mM 
MgCl2, bovine serum albumin (0.1 mg/ml), and 0.05% Tween 20] at a 
concentration of 648 pg of enzyme per 50 μl of total volume per well. 
To determine the IC50 of the compounds, threefold serial dilutions in 
duplicate were performed. Briey, the assays were carried out in ex-
ible 96- well plates (PerkinElmer, 1450- 401) by incubating the enzyme 
with the compounds and 5 μl of 200 nM cGMP dilution [[3H]- cNMP 
tracer (PerkinElmer, cGMP- NET337250UC) in PDE assay buer] to 
a total volume of 50 μl for 45 min at 37°C. e reactions were termi-
nated by addition of 25 μl of PDE SPA beads (PerkinElmer, 
RPNQ0150), and aer 20 min of incubation at room temperature, 
scintillation was measured using a Wallac 1450 Microbeta Counter 
(PerkinElmer) for 30 s. Dose- response curves were tted in a four- 
parameter logistic regression model to obtain the IC50 values for each 
compound. e selectivity of the compounds was expressed as the 
fold change in the IC50 obtained for PDE5A1 or PDE6C and the IC50 
for the P. falciparum PDEβ schizont lysates.

In vitro selection of drug- resistant parasites
Stocks of SAL- 0010003 (5- benzyl), SAL- 0010355 (5- aryl), and SAL- 
0010419 (2- alkyl) were made at 10 and 1 mM in DMSO. Aliquots in 
use were stored at −20°C, and long- term storage was at −80°C. All in 
vitro studies were done such that the nal DMSO concentration was 
<0.5%. P. falciparum ABS parasites were cultured at 3% hematocrit in 
human O+ RBCs in RPMI 1640 medium, supplemented with 25 mM 
Hepes, 50 mg - hypoxanthine, 2 mM - glutamine, 0.225% sodium 
bicarbonate, 0.5% (w/v) AlbuMAX II (Invitrogen) and gentamycin 
(10 μg/ml), in modular incubator chambers (Billups- Rothenberg) at 
5% O2, 5% CO2, and 90% N2 at 37°C. Dd2- B2 (obtained from 
T. Wellems, National Institute of Allergy and Infectious Diseases, Na-
tional Institutes of Health) is a genetically homogenous line that was 
cloned from Dd2 by limiting dilution. To dene the EC50 and EC90 
values of ABS parasites, Dd2- B2 ring- stage cultures at 0.2% parasit-
emia and 1% hematocrit were exposed for 72 hours to a range of 10 
drug concentrations that were twofold serially diluted in duplicates 
along with drug- free controls. Parasite survival was assessed by ow 
cytometry on an iQue ow cytometer (Sartorius) using SYBR Green 
and MitoTracker Deep Red FM (Life Technologies) as nuclear stain 
and vital dyes, respectively. Aer determination of the EC50 and EC90 
values for the three compounds with the P. falciparum Dd2- B2 clone, 
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one single- step selection was set up using 2 × 105 parasites in each 
well of a 96- well plate at a starting concentration of 3× EC90. Parasites 
were cleared from the culture rapidly, and cultures were screened 
three times weekly by ow cytometry and counted as positive for re-
crudescence when the overall parasitemia reached 0.3% and the par-
asites were visible on a blood smear. DNA was extracted from 
recrudescent lines using a QIAGEN QIAamp Blood Mini Kit, and li-
braries were prepared with the Illumina DNA Prep kit for whole- 
genome sequencing on the Illumina MiSeq using a V3 2 × 300–base 
pair ow cell.

Generation and analysis of CRISPR- Cas9–based mutant lines
To test whether the PKAc (PF3D7_0934800) P305S mutation was 
driving resistance to SAL- 0010355 (5- aryl) and SAL- 0010419 (2- alkyl), 
CRISPR- Cas9 was used to introduce this mutation into the Dd2 pa-
rental line (65) to create the Dd2PKAc_P305S parasite line. e parental 
Dd2, expressing the endogenous allele, was used as a control line. 
Similarly, the contribution of the PDK1 (PF3D7_1121900) N324I 
mutation in driving resistance to SAL- 0010003 (5- benzyl) was tested 
by creating the Dd2PDK1_N324 parasite line. e Dd2 parental line, as 
well as two clones for each of the Dd2PKAc_P305S and Dd2PDK1_N324 
parasite lines, was tested for susceptibility to the three compounds to 
determine whether they conferred resistance and/or cross- resistance. 
Both Dd2PKAc_P305S and Dd2PDK1_N324I parasites were also proled 
against a second independent series of predicted PDE inhibitors 
(NPD3518 and NPD3738) to assess for cross- resistance. e con-
verse set of experiments was also carried out, whereby parasites con-
taining mutations in PKAc, PDK1, and PKAr (PF3D7_1223100) 
selected using NPD3515 and NPD3738, were proled for cross- 
resistance against the three original PDE inhibitors (SAL- 0010355, 
SAL- 0010419, and SAL- 0010003).

Supplementary Materials
This PDF le includes:
Figs. S1 to S13
ables S1 to S6
Data S1
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