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ABSTRACT Malaria accounts for millions of cases and thousands of deaths every year.
In the absence of an effective vaccine, drugs are still the most important tool in the fight
against the disease. Plasmodium parasites developed resistance to all classes of known
antimalarial drugs. Thus, the search for antimalarial drugs with novel mechanisms of
action is compelling. The human GTPase Rac1 plays a role in parasite invasion of the host
cell in many intracellular pathogens. Also, in Plasmodium falciparum, the involve-
ment of Rac1 during both the invasion process and parasite intracellular develop-
ment was suggested. The aim of this work is to test a panel of Rac1 inhibitors as
potential antimalarial drugs. Fourteen commercially available or newly synthesized
inhibitors of Rac1 were tested for antimalarial activity. Among these, EHop-016 was
the most effective against P. falciparum in vitro, with nanomolar 50% inhibitory con-
centrations (IC50s) (138.8 6 16.0 nM on the chloroquine-sensitive D10 strain and
321.5 6 28.5 nM on the chloroquine-resistant W2 strain) and a selectivity index of
37.8. EHop-016 did not inhibit parasite invasion of red blood cells but affected parasite
growth inside them. Among the tested Rac1 inhibitors, EHop-016 showed promising activity
that raises attention to this class of molecules as potential antimalarials and deserves further
investigation.
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Malaria is a vector-borne parasitic disease, which accounts for more than 200 million cases
in tropical and subtropical regions. In 2019, an estimated 409,000 deaths occurred, 67%

of which were in children under 5 years of age (1). The etiological agent is a protozoan
parasite belonging to the genus Plasmodium. Among the five species infecting humans,
Plasmodium falciparum is the most lethal.

Malaria infection starts when an infected mosquito injects infective stages called
sporozoites into the circulating blood. After a single replicative cycle in hepatocytes,
Plasmodium parasites invade erythrocytes and develop inside red blood cells (RBCs)
through two developmental stages, named trophozoites and schizonts. When schizonts are
mature, the RBC membrane ruptures, and daughter merozoites are released in the blood-
stream, ready to infect new RBCs. The synchronous rupture of infected erythrocytes causes
the release of parasite products, responsible for fever and other malaria symptoms. Some of
the parasites inside RBCs develop into sexual forms called gametocytes, which can start rep-
lication in the mosquito vector.
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The only registered vaccine for malaria (RTS,S/AS01) has relatively low efficacy and
is not recommended for routine use (2), leaving antimalarial drugs as one of the key
tools for malaria control. Unfortunately, Plasmodium has developed resistance to all classes
of known antimalarial compounds (3–6). Thus, the search for new classes of antimalarials is
a relevant field of research.

The human protein Rac1 (Ras-related C3 botulinum toxin substrate 1) is a GTPase involved
in several biological processes requiring actin cytoskeleton regulation (7). Interestingly, Rac1
was shown to play an important role in infection by many intracellular pathogens (8–15),
including Toxoplasma gondii, which belongs to the same phylum as Plasmodium parasites
(16). Recently, we investigated the possible involvement of Rac1 also in Plasmodium infection
of RBCs (17). We showed that Rac1 is recruited in proximity to the site of parasite entry during
the invasion process and that it subsequently localizes to the parasitophorous vacuole mem-
brane, the membrane surrounding the parasite during its whole intraerythrocytic life. By
using two specific Rac1-inhibitory compounds, EHT1864 and 1A116, we demonstrated
that the GTPase plays a role both in the invasion process and in parasite intracellular de-
velopment (17).

Rac1 acts as a switch by cycling between an active (GTP-bound) and an inactive
(GDP-bound) conformation in response to chemical or physical stimuli. The protein is acti-
vated by a class of regulatory proteins called guanine nucleotide exchange factors (GEFs),
which promote the exchange of GDP for GTP. Rac1 GEFs are of two different types: the so-
called “canonical” GEFs, belonging to the Dbl family, and the “atypical” GEFs, belonging to
the DOCK family (18). On the other side, the GTPase-activating proteins (GAPs) negatively
regulate Rho-mediated signals by binding to activated forms of Rho GTPases and stimulat-
ing GTP hydrolysis.

Because of its role in the spread of many tumors, Rac1 has been widely studied, and
several Rac1 inhibitors have been developed and are commercially available. Rac1 inhibitors
may target different functions of the protein, such as its interaction with GEFs and GAPs, its nu-
cleotide exchange activity, protein localization, its stability, and its downstream effectors (19).

Among the inhibitors targeting the interaction between Rac1 and GEFs (Table 1),
NSC23766 binds to the region containing the Trp56 residue, which is critical for the interaction
with the GEF T-lymphoma invasion and metastasis-inducing protein 1 (Tiam1) and triple func-
tional domain protein (Trio) (20). Based on NSC23766, several other Rac1 inhibitors binding to
the same region of the protein were designed, such as EHop-016 and Aza-1 (21, 22). In particu-
lar, EHop-016 blocks Rac1 interaction with the GEF Vav guanine nucleotide exchange factor 2
(Vav2) (21).

Other chemical inhibitors affecting Rac1 binding to GEFs were developed by virtual
screening of molecules from the ZINC database and then tested in vitro for their inhibitory
activity (23). Among them, Rac1 inhibitor II inhibits binding to the GEF Tiam1 (24), whereas
compounds 3 and 4 (see Materials and Methods) inhibit binding to the GEFs Trio, Tiam1,

TABLE 1 Rac1 chemical inhibitorsa

Rac1 inhibitor (reference) Specificity(ies) IC50 (mM) Activity in cell type
NSC23766 (20) Tiam1, Trio/Rac1 20–50 Rac1 activity in PDGF-stimulated NIH 3T3 fibroblasts
EHop-016 (21) Vav2/Rac1 1.1 Rac1 activity in MDA-MB-435 melanoma cells
Aza-1 (22) GEFs 5–20 Rac1 activity in 22Rv1 human prostate cancer cells
Rac1 inhibitor II (24) Tiam1/Rac1 12.2 Rac1 activity in human smooth muscle cells
Compound 3 (25) GEFs 16.4 Rac1 activity in human smooth muscle cells
Compound 4 (25) Tiam1, Vav2/Rac1 8.7 Rac1 activity in human smooth muscle cells
ZINC69391 (26) Tiam1, Dock180/Rac1 61 F3II mammary carcinoma cell proliferation
1A116 (26) Tiam1, Dock180, P-Rex1/Rac1 4 F3II mammary carcinoma cell proliferation
ITX3 (27) Trio/Rac1 50–100 Actin stress fiber formation in REF-52 rat embryo fibroblasts
W56 (28) Tiam1/Trio 100–150 Rac-GEF interaction in vitro
EHT1864 (29) Nucleotide binding 10–50 Rac1 activity in U87MG glioma cells
MLS000532223 (30) Nucleotide binding ;10 Rac1 activity in Swiss 3T3 embryonic mouse fibroblasts
ML141 (31) Nucleotide binding ;10 Rac1 activity in EGF-stimulated NIH 3T3 fibroblasts
aFor each Rac1 inhibitor, the inhibitory specificities and the IC50 values on different cell types reported in the literature are summarized. PDGF, platelet-derived growth
factor; EGF, epidermal growth factor.
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and Vav2 (25). Also, ZINC69391 and its derivative 1A116 inhibit Rac1 binding to the GEF
Tiam1 but also to the dedicator of cytokinesis (Dock180), an atypical GEF from the DOCK
family. 1A116 also inhibits Rac1 binding to the GEF phosphatidylinositol-3,4,5-trisphosphate-
dependent Rac exchange factor 1 (P-Rex1) (26). ITX3 specifically inhibits the bond to the
GEF Trio although with rather low efficiency (27). W56 is a peptide derived from the Rac1
GEF-binding region that reduces Rac1-GEF interactions by competing with the endogenous
Rac1 protein, with specificity against the GEFs Tiam1 and Trio (28) but with low efficacy
(Table 1).

Preventing Rac1 binding to nucleotides, rather than its activation by GEFs, is an alter-
native inhibitory strategy. EHT1864 displaces guanine nucleotides from the catalytic site,
keeping Rac1 in an inactive, inert state (29); MLS000532223 and ML141 also inhibit nucle-
otide binding (30, 31).

The aim of the present work was to test a series of Rac1 inhibitors for potential anti-
malarial activity.

RESULTS
Antimalarial activity of Rac1 inhibitors. Three different inhibitors of Rac1 guano-

sine nucleotide exchange activity and 11 inhibitors of the interaction between Rac1 and its
GEFs were tested against asexual parasites of the chloroquine (CQ)-sensitive D10 and CQ-re-
sistant W2 strains. Results are reported in Table 2. Three inhibitors had a 50% inhibitory con-
centration (IC50),1mM, and two were inactive (IC50 . 50mM), whereas the remaining inhibi-
tors showed intermediate IC50s on both strains. Even if structurally unrelated, the three most
active compounds (EHop-016, Aza-1, and compound 3) (Fig. 1) were inhibitors of Rac1 interac-
tion with GEFs. Interestingly, compounds 3 and 4 were previously reported to be similarly
potent when tested on smooth muscle cells as Rac1 inhibitors (25). Conversely, when eval-
uated on P. falciparum strains, they behaved differently, with the former compound being
much more effective (11- and 48-fold on the D10 and W2 strains, respectively). Compound 39,
which is an isomer of compound 3 (Fig. 1) never reported previously, showed intermediate ef-
ficacy between compounds 3 and 4, with IC50s of 2.76 6 0.12 and 1.24 6 0.13 mM on the
D10 and W2 strains, respectively. Since compounds 3 and 39 have a stereocenter at C-3 on
the piperidine ring, we also prepared and evaluated the pure (S)-enantiomer for both com-
pounds. However, activity data on the D10 and W2 strains were superimposable with those
obtained by the racemate (see Table S1 in the supplemental material).

We previously showed that Rac1 is the only Rac GTPase present in mature erythrocytes
(17). ML141 and Aza-1 also inhibit the closely related Rho GTPase CDC42 (22, 31). To exclude

TABLE 2 Activity of Rac1 inhibitors against P. falciparum asexual parasites and gametocytesa

Inhibitor

Mean IC50 (mM)± SD

D10 W2 3D7 immature gametocytes 3D7 mature gametocytes
ML141 10.706 0.29 17.266 1.84
EHT1864b 3.886 0.74 7.756 1.82 .50.00 32.596 0.92
1A116b 3.216 1.17 6.896 1.41 78.136 17.68 56.646 21.34
NSC23766 5.026 1.47 4.056 0.50 15.336 3.70 30.836 3.09
Rac1 inhibitor II 11.896 7.37 37.476 8.67
EHop-016 0.146 0.02 0.326 0.03 0.746 0.20 4.656 0.52
ZINC69391 17.506 4.64 12.566 5.25
W56 .50.00 .50.00
Aza-1 0.256 0.03 0.766 0.27 1.256 0.48 7.236 2.12
MLS000532223 6.896 0.73 9.516 1.66
ITX3 .50.00 .50.00
Compound 3 0.666 0.05 0.526 0.02 2.266 0.22 21.856 2.71
Compound 4 7.146 0.41 25.426 3.98
Compound 39 2.766 0.12 1.246 0.13 2.136 0.43 26.586 3.70
Methylene blue 0.036 0.01 0.126 0.03
Chloroquine 0.026 0.003 0.426 0.08
aData are the means6 standard deviations from at least 3 independent experiments in duplicate.
bData for EHT1864 and 1A116 were reported previously (17).
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the possible involvement of this GTPase in Plasmodium infection, we tested two inhibitors
specific for CDC42 (ZCL278 and MLS57315) on P. falciparum cultures (30, 32). These com-
pounds were not active against malaria parasites (Table S2), at neither sexual nor asexual
stages, excluding that the antimalarial activity of the Rac1 inhibitors is due to off-target
effects on CDC42.

The compounds with IC50s ,5 mM (on at least one strain) were also tested for activ-
ity against immature and mature gametocytes. All the molecules had lower activity on
gametocytes than on asexual parasites, in particular on the mature stages. This was
not surprising because mature gametocytes are usually less sensitive to drugs (33, 34).

EHop-016 was the most active against all the malaria parasite stages.
CQ (35) and methylene blue (MB) (36) were used as positive controls for asexual

stages and gametocytes, respectively. EHT1864 and 1A116 had previously been tested on
asexual parasites, and the resulting IC50s are reported in Table 2, for comparison (17).

Rac1 inhibitors show moderately good selectivity indices. Inhibitors with IC50s
,5 mM (on at least one strain) were tested for cytotoxicity against HMEC-1 human mi-
crovascular endothelial cells (Table 3). The highest selectivity indices (SIs) were obtained
with EHop-016, Aza-1, and 1A116.

Effect of EHop-016 on P. falciparum invasion and intraerythrocytic growth. The
Rac1 inhibitors previously used to investigate the role of Rac1 in malaria infection,
EHT1864 and 1A116, were selected for their ability to inhibit Rac1 activity regardless of
its molecular environment (17). EHT1864 inhibits Rac1 by directly binding to its cata-
lytic site (29), and 1A116 inhibits Rac1 interactions with both “canonical” and “atypical”
GEFs (26). Proteomic analysis of human erythrocytes did not identify any canonical
GEFs, while some atypical ones were identified (37, 38), leading to the idea that Rac1 in
erythrocytes may be activated by an atypical GEF.

For this reason, we found it surprising that the most effective among the Rac1
inhibitors was EHop-016, which specifically inhibits Rac1 interaction with the canonical

FIG 1 The most effective Rac1 inhibitors (EHop-016, Aza-1, and compound 3) on P. falciparum and
comparison between the structures of compound 3 and compound 39.

TABLE 3 Cytotoxicity against HMEC-1 cells and selectivity indicesa

Rac1 inhibitor Mean HMEC-1 IC50 (mM)± SD SI
EHop-016 5.226 1.07 37.8
EHT1864 48.476 1.23 12.5
Aza-1 12.326 6.11 48.9
1A116 131.506 37.26 41.1
NSC23766 153.776 38.51 30.6
Compound 39 16.006 0.44 5.8
Compound 3 10.596 1.19 16.1
aSI, selectivity index, calculated as the ratio between the IC50 against HMEC-1 cells and the IC50 against D10
asexual parasites.
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GEF Vav2 and was not supposed to inhibit Rac1 in erythrocytes. We thus decided to
characterize in more detail its effects on specific stages of the parasite life cycle.

We performed invasion assays using EHop-016 at a dose of 2.5 mM (about 20 times the
IC50 assessed for asexual parasites of the D10 strain). As expected, this inhibitor did not
reduce the RBC invasion efficiency (Fig. 2A). We then investigated the Rac1 activation state
in erythrocytes treated with 2.5 mM EHop-016 and in the untreated control by G-LISA, a
commercial kit specifically designed to measure the amount of active Rac1. This showed
that EHop-016 does not inhibit Rac1 in noninfected erythrocytes (Fig. 2B), supporting the hy-
pothesis that Rac1 may be activated by an atypical GEF in erythrocytes.

We then investigated the effect of EHop-016 on parasite intraerythrocytic growth and sur-
vival. Synchronous parasites were cultured in the presence of the inhibitor at a 1.4mM concen-
tration (about 10 times the IC50 assessed for D10 strain asexual parasites, below the concentra-
tion used in invasion assays). Blood smears were taken at 20, 27, and 39 h post-invasion (hpi),
when parasites were almost mature but none of them had yet released daughter merozoites.
Parasitemia was assessed by counting parasites on Giemsa-stained smears. EHop-016 caused
a significant, time-dependent reduction in parasitemia, resulting in a dramatic drop in the final
number of vital parasites at 39 hpi, compared to the control (Fig. 2C). Moreover, parasites
treated with EHop-016 showed a complete block of the developmental process. None of the
treated parasites developed into the trophozoite stage, as indicated by the absence of hemo-
zoin, the product of hemoglobin catabolism, which is a distinctive feature of the trophozoite
stage. At 39 hpi, dotty forms are visible inside erythrocytes, presumably representing parasite
residues after death by shrinkage (Fig. S3A). These results showed that EHop-016 is highly effi-
cient and selective in blocking parasite intraerythrocytic development.

FIG 2 Effect of EHop-016 on P. falciparum invasion and intraerythrocytic growth. (A) P. falciparum invasion rates in the presence of 2.5 mM EHop-016
compared to the untreated control. (B) Levels of active Rac1 in uninfected erythrocytes treated with 2.5 mM EHop-016 compared to the untreated control.
(C) Parasitemia of infected erythrocytes treated with 1.4 mM EHop-016 expressed as a percentage of the untreated control, at 20, 27, and 39 hpi. *,
P , 0.02; **, P , 0.001; ***, P , 0.01 (by Student's t test). (D) Levels of active Rac1 in 1.4 mM EHop-016-treated parasites at 20 hpi, expressed as a
percentage of the untreated control. *, P , 0.001 (by Student's t test).
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We thus decided to investigate the Rac1 activation state in infected erythrocytes
treated with EHop-016 and in the untreated control. To do this, we applied a methodology
that allows us to specifically measure Rac1 activation levels on the parasitophorous vacuole.
Freshly invaded erythrocytes were thus exposed to 1.4 mM EHop-016 treatment for 20 h and
then smeared and analyzed by an immunofluorescence assay (IFA) with an antibody that spe-
cifically recognizes Rac1 in its active form (anti-Rac1/GTP). The resulting fluorescence signal
was measured both in the EHop-016-treated sample and in the untreated control.

When comparing the fluorescence intensities of parasitophorous vacuoles, the sig-
nal was significantly lower in the EHop-016-treated sample than in the untreated con-
trol (Fig. S3B), indicating that, unexpectedly, EHop-016 can efficiently inhibit Rac1 on
the parasitophorous vacuole. This result is suggestive that in this location, the GTPase
may be activated by a parasite protein mimicking a human canonical GEF.

Association of EHop-016 and 1A116 on P. falciparum asexual parasite growth.
Since EHop-016 and 1A116 have different specificities for GEFs, IC50s against asexual
parasites ,5 mM (on at least one strain), and high selectivity indices, they were tested in
combination studies using W2 parasites. These experiments indicated that EHop-016 had an
additive effect with 1A116 (fractional inhibitory concentration [FIC] of ,2), as shown by iso-
bologram analysis (Fig. 3).

DISCUSSION

A panel of Rac1 inhibitors, including modulators of nucleotide binding and inhibitors of
the interaction between Rac1 and its GEFs, was tested for antimalarial activity against asexual
and sexual P. falciparum parasites. Twelve compounds, with different chemical structures and
different inhibition mechanisms, showed antimalarial activity. Two of them had no effect (ITX3
and W56). This is not surprising since these two compounds also showed low efficacy on
different cell types (19). EHop-016, Aza-1, and compound 3 were the most active against
all stages of malaria parasites, with IC50s below 1mM on asexual stages.

Two compounds inhibiting the closely related Rho GTPase CDC42 were not active
against malaria parasites, thus excluding possible off-target effects on this GTPase.

Interestingly, the structurally related compounds 3 and 4, which were previously
reported to be similarly potent when tested on smooth muscle cells, behaved rather
differently on P. falciparum cultures, with compound 3 being between 10 and 50 times
more potent than compound 4, depending on the evaluated parasite strain. This is surprising
since they differ only by a methyl group on the piperidine ring (Fig. 1). The newly synthesized
compound 39, an isomer of compound 3 bearing ameta substitution pattern at the sulfonyla-
nilino group, was also shown to be more effective than compound 4 but less effective than
compound 3. Given that the para-sulfonylanilino group is the preferred scaffold for this class
of compounds, the substitution at the piperidine ring seems to play an important role in ac-
tivity and will be the subject of future structure-activity relationship studies.

EHop-016 was chosen for deeper investigation because its IC50 was the lowest on
both asexual and sexual stages. We showed that EHop-016 does not inhibit Rac1 in uninfected
erythrocytes, but it affects the GTPase very efficiently when it is internalized by the parasite.

FIG 3 Isobologram analysis of the antimalarial activity of EHop-016 in combination with 1A116. The
two compounds showed additive activity. Results are the means from three independent experiments.
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Consistently, it does not affect erythrocyte invasion but strongly affects parasite intraerythro-
cytic growth and development. Although we cannot exclude that the phenotypes observed
are due to off-target effects on other proteins, in both the human host and the parasite, the
correlation of EHop-016 detrimental effects on parasites with its inhibitory activity on Rac1
supports the hypothesis that the GTPase may be necessary for parasite survival.

An interesting result is that EHop-016 was shown to be highly efficient in inhibiting
Rac1, even though no canonical GEFs are known to be expressed in mature erythrocytes.
This result suggests that when internalized into the parasitophorous vacuole, Rac1 may be
activated by a parasite protein mimicking a human canonical GEF. This mechanism has pre-
viously been reported for several intracellular pathogens, producing factors that mimic host
components to modulate Rac1 activity (39). As EHop-016 was the most effective compound
and given its selectivity against the GEF Vav2 (21), it is possible that Plasmodium parasites
activate Rac1 by a GEF-like protein possibly similar to Vav2. Identifying such a parasite pro-
tein would be invaluable not only for the basic knowledge of Plasmodium biology but also
for targeted and specific drug design.

As EHop-016 has been extensively tested as an antitumor agent, data on toxicity and phar-
macokinetics in animal models are available (40, 41). EHop-016 does not affect the viability of
human mammary epithelial cells at concentrations lower than 5 mM. When administered
orally to mice at 25 mg/kg of body weight three times a week for 55 days, it did not cause
any significant changes in weight or behavior. The EHop-016 maximum plasma concentration,
after the administration of 10, 20, and 40 mg/kg, ranged between 163 and 834 ng/mL, with
an elimination half-life ranging from 3.8 to 5.7 h (40, 41). Our data on human endothelial cells
confirm the low in vitro toxicity of EHop-016. Moreover, thinking of EHop-016 as a future possi-
ble antimalarial drug, one of the strategies to reduce toxicity but also drug resistance insur-
gence is to associate it with another compound with different properties, such as different
mechanisms of actions and pharmacokinetics. This has been largely adopted in antimalarial
treatment, as testified by the case of artemisinins (42). We tested the association of EHop-016
with 1A116, and the two molecules had an additive effect. This result is compatible with the
fact that the two compounds inhibit different stages of parasite development. This additivity
may allow the use of lower doses of compounds in a potential future therapeutic regimen.

Targeting host molecules that pathogens exploit to enter or develop inside the host cell
is a novel strategy to limit the insurgence of drug resistance. Host-targeted compounds are
less likely to generate drug resistance than conventional antimicrobial therapies since the
pathogen needs to redirect its entire infection strategy to compensate for a missing interac-
tion with a host molecule. In fact, the majority of mutations that confer resistance to known
antimalarial drugs are point mutations in parasite genes encoding membrane molecular
pumps and channels. These mutations increase the efflux of antimalarial compounds from
the parasite cytoplasm, thus decreasing their efficacy (43). Such an evolutionary strategy
cannot be applied to drugs targeting host molecules. Host-targeted molecules have already
been proven to be effective against different intracellular pathogens such as Mycobacterium
tuberculosis (44), Helicobacter pylori (45), hepatitis C virus (46), and dengue virus (47), and
two are already in clinical use for hepatitis C and AIDS treatment (48–50). For malaria, an
example is conoidin A, an irreversible inhibitor of the host peroxidase Prx2 that impairs DNA
synthesis and hemozoin production, disrupts nuclear integrity, and prevents the growth of
P. falciparum, making it more sensitive to chloroquine (51). The host-targeting approach also
has the advantage of being effective against different parasite strains and possibly also
against different parasite species (52–55).

Altogether, these data support the importance of human Rac1 as a potential drug
target for the development of antimalarial drugs. Although the mechanisms of action
of EHop-016 are still to be clarified, its activity against malaria parasites is promising
and worth further investigation.

MATERIALS ANDMETHODS
Inhibitors of Rac1 activity. The structures of all inhibitors are reported in Fig. 1 and Fig. S1 in the

supplemental material. Commercially available inhibitors of Rac1 guanosine nucleotide exchange activity or
inhibitors of the interaction between Rac1 and its GEFs were purchased from Aobious (ZINC69391), Focus
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Biomolecules (MLS000532223), EMD Millipore (Aza-1), Tocris (NSC23766), Merck (EHop-016, ML141, and Rac1
inhibitor II), and Enamine (compound 4). Compounds 3 and 39 were synthesized by adapting protocols
reported in the literature (56, 57), as described in Fig. S2 in the supplemental material.

Parasite cultures. Chloroquine (CQ)-sensitive (D10, wild-type 3D7, or transgenic 3D7elo1-pfs16-
CBG99) and CQ-resistant (W2) strains of P. falciparum were cultured as described previously (58), with
slight modifications, as detailed in the supplemental material.

Drug susceptibility assays on P. falciparum. The Rac1 inhibitors and the reference drugs (CQ and
methylene blue [MB]) were dissolved in either water, complete medium, or dimethyl sulfoxide (DMSO)
to a concentration of 5 or 10 mg/mL, depending on compound solubility. Inhibitors were serially diluted
in 96-well flat-bottom microplates (starting from 50 mM; the final DMSO concentration was #1%, a con-
centration not toxic to parasites). Asynchronous asexual parasites or gametocytes (immature or mature
stages) were added to the plates (1 to 1.5% parasitemia and 1% final hematocrit) and incubated for 72 h
at 37°C. Asexual parasite growth was determined spectrophotometrically (optical density at 650 nm [OD650]) by
measuring the activity of parasite lactate dehydrogenase (pLDH), according to a modified version of the
method of Makler et al. (59). Gametocyte viability was measured by a luminescence method described previ-
ously (60). Details for the two methods are reported in the supplemental material. From either the OD or ALU
(arbitrary luminescence units), the percentages of viability were calculated according to the formula 100 �
(treated sample signal 2 blank signal)/(untreated control signal2 blank signal). The blank for the pLDH assay
was uninfected RBCs at the same hematocrit as that of parasitized RBCs, and the blank for the luminescence
assay was parasites treated with a high dose of methylene blue. Antimalarial activity was determined as the
concentration of drugs inducing 50% growth inhibition (IC50).

Cell cytotoxicity assays. Cytotoxicity was evaluated on human microvascular endothelial cells
(HMEC-1) as detailed in the supplemental material. Cell proliferation was evaluated by an MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (61) after 72 h at 37°C with 5% CO2. Plates
were then read on a microplate reader (Synergy 4; BioTek) at a wavelength of 550 nm (reference,
650 nm). Results are expressed as the IC50, the dose necessary to inhibit cell growth by 50%. All tests
were performed in duplicate at least three times.

The selectivity index (SI) is the ratio between the cytotoxic IC50 value against HMEC-1 cells and the
parasitic IC50 value against the D10 strain and indicates the compound selectivity for the parasite.

G-LISAs. Whole blood collected from 7 donors was washed in RPMI 1640 four times to remove
plasma, platelets, and leukocytes. The number of erythrocytes was determined by using a cell counting
chamber. Erythrocytes were incubated for 2 h at 37°C with or without 2.5 mM EHop-016 and then
washed. In each sample, the Rac1 activation state was measured with the G-LISA Rac1 activation assay
luminescence-based biochemical kit (Cytoskeleton). Luminescence intensity was assessed with a BioTek
Synergy HT plate reader. These experiments were performed in three biological replicates.

Association experiments. The effect of 1A116 on the IC50 of EHop-016 was determined by potentia-
tion tests as previously described (62). Isobolograms were created by plotting a pair of fractional IC50s
for each combination of EHop-016 and 1A116. The EHop-016 fractional IC50 was calculated by dividing
the IC50 of EHop-016 combined with 1A116 by the IC50 of EHop-016 alone, and these data were plotted
on the horizontal axis. The corresponding 1A116 fractional IC50s were calculated by dividing each fixed
concentration by the IC50 of 1A116 alone and plotted on the vertical axis. If the isobologram is close to
the diagonal, an additive effect between the two drugs is demonstrated. Curves significantly above or
below the diagonal indicate antagonistic or synergic effects, respectively.

Evaluation of parasite invasion efficiency. Invasion assays were performed as previously described
(17). Invasion rates were calculated by subtracting the number of schizonts at the end of the assay (6 h
postinvasion [hpi]) from the number of schizonts in the time zero (T0) sample, obtaining the number of
merozoite-releasing schizonts. The number of new infections was normalized to the number of mero-
zoite-releasing schizonts to obtain the parasitized erythrocyte multiplication rate (PEMR). This value was
normalized to the control sample, obtaining the invasion rate value. The results are the means from
three independent biological replicates, each performed in triplicate.

Evaluation of parasite intraerythrocytic growth. A culture of erythrocytes freshly invaded by P. fal-
ciparum parasites was set up as previously described (17). Parasites were exposed to 1.4 mM EHop-016,
and an untreated control was set up. Blood smears were taken at 20, 27, and 39 hpi, corresponding to
late ring, trophozoite, and schizont stages, and then Giemsa stained and counted by optical microscopy
in order to assess parasitemia. Pictures of the blood smears were taken with a Leica ICC50W camera.
These experiments were performed in three biological replicates.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.1 MB.

ACKNOWLEDGMENTS
We thank Pietro Alano and his group at ISS (Rome, Italy) for kindly providing the

strain 3D7elo1-pfs16-CBG99. We thank the Department of Transfusional Medicine, Sapienza
University of Rome (Rome, Italy), and the Transfusion Medicine Service, Department of
Laboratory Medicine, ASST Grande Ospedale Metropolitano Niguarda (Milan), for providing

Parapini et al. Antimicrobial Agents and Chemotherapy

January 2022 Volume 66 Issue 1 e01498-21 aac.asm.org 8

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
28

 J
an

ua
ry

 2
02

2 
by

 5
.1

71
.2

14
.4

4.

https://aac.asm.org


us fresh blood from donors for P. falciparum cultures. We also thank David Modiano and
Fabrizio Lombardo for allowing us to use the BioTek Synergy HT plate reader.

This work was supported by the Italian Ministry of Health (GR-2011-02347202) and
Regione Lazio (A0375-2020-36527), awarded to Anna Olivieri, and by the Fondazione
Cariplo (grant number 2017-0846), awarded to Sarah D’Alessandro.

We have no conflicts of interest to declare.

REFERENCES
1. WHO. 2020. World malaria report 2020. WHO, Geneva, Switzerland.
2. Schuerman L. 2019. RTS,S malaria vaccine could provide major public health

benefits. Lancet 394:735–736. https://doi.org/10.1016/S0140-6736(19)31567-3.
3. Trape JF, Pison G, Preziosi MP, Enel C, Desgrées Du Loû A, Delaunay V,

Samb B, Lagarde E, Molez JF, Simondon F. 1998. Impact of chloroquine re-
sistance on malaria mortality. C R Acad Sci III 321:689–697. https://doi
.org/10.1016/S0764-4469(98)80009-7.

4. Dondorp AM, Nosten F, Yi P, Das D, Phyo AP, Tarning J, Lwin KM, Ariey F,
Hanpithakpong W, Lee SJ, Ringwald P, Silamut K, Imwong M, Chotivanich
K, Lim P, Herdman T, An SS, Yeung S, Singhasivanon P, Day NPJ,
Lindegardh N, Socheat D, White NJ. 2009. Artemisinin resistance in Plas-
modium falciparum malaria. N Engl J Med 361:455–467. https://doi.org/
10.1056/NEJMoa0808859.

5. Plowe CV, Cortese JF, Djimde A, Nwanyanwu OC, Watkins WM, Winstanley PA,
Estrada-Franco JG, Mollinedo RE, Avila JC, Cespedes JL, Carter D, Doumbo OK.
1997. Mutations in Plasmodium falciparum dihydrofolate reductase and dihy-
dropteroate synthase and epidemiologic patterns of pyrimethamine-sulfadox-
ine use and resistance. J Infect Dis 176:1590–1596. https://doi.org/10.1086/
514159.

6. Rout S, Mahapatra RK. 2019. Plasmodium falciparum: multidrug resistance.
Chem Biol Drug Des 93:737–759. https://doi.org/10.1111/cbdd.13484.

7. Payapilly A, Malliri A. 2018. Compartmentalisation of RAC1 signalling. Curr
Opin Cell Biol 54:50–56. https://doi.org/10.1016/j.ceb.2018.04.009.

8. Boehm M, Krause-Gruszczynska M, Rohde M, Tegtmeyer N, Takahashi S,
Oyarzabal OA, Backert S. 2011. Major host factors involved in epithelial
cell invasion of Campylobacter jejuni: role of fibronectin, integrin beta1,
FAK, Tiam-1, and DOCK180 in activating Rho GTPase Rac1. Front Cell
Infect Microbiol 1:17. https://doi.org/10.3389/fcimb.2011.00017.

9. Billker O, Popp A, Brinkmann V, Wenig G, Schneider J, Caron E, Meyer TF.
2002. Distinct mechanisms of internalization of Neisseria gonorrhoeae by
members of the CEACAM receptor family involving Rac1- and Cdc42-de-
pendent and -independent pathways. EMBO J 21:560–571. https://doi
.org/10.1093/emboj/21.4.560.

10. Sayedyahossein S, Xu SX, Rudkouskaya A, McGavin MJ, McCormick JK,
Dagnino L. 2015. Staphylococcus aureus keratinocyte invasion is medi-
ated by integrin-linked kinase and Rac1. FASEB J 29:711–723. https://doi
.org/10.1096/fj.14-262774.

11. Ohya K, Handa Y, Ogawa M, Suzuki M, Sasakawa C. 2005. IpgB1 is a novel
Shigella effector protein involved in bacterial invasion of host cells. Its ac-
tivity to promote membrane ruffling via Rac1 and Cdc42 activation. J Biol
Chem 280:24022–24034. https://doi.org/10.1074/jbc.M502509200.

12. Kim H, White CD, Li Z, Sacks DB. 2011. Salmonella enterica serotype Typhi-
murium usurps the scaffold protein IQGAP1 to manipulate Rac1 and MAPK
signalling. Biochem J 440:309–318. https://doi.org/10.1042/BJ20110419.

13. Zoughlami Y, Voermans C, Brussen K, van Dort KA, Kootstra NA, Maussang D,
Smit MJ, Hordijk PL, van Hennik PB. 2012. Regulation of CXCR4 conformation
by the small GTPase Rac1: implications for HIV infection. Blood 119:2024–2032.
https://doi.org/10.1182/blood-2011-06-364828.

14. Lodge R, Descoteaux A. 2006. Phagocytosis of Leishmania donovani
amastigotes is Rac1 dependent and occurs in the absence of NADPH oxi-
dase activation. Eur J Immunol 36:2735–2744. https://doi.org/10.1002/eji
.200636089.

15. Dutra JMF, Bonilha VL, De Souza W, Carvalho TMU. 2005. Role of small
GTPases in Trypanosoma cruzi invasion in MDCK cell lines. Parasitol Res
96:171–177. https://doi.org/10.1007/s00436-005-1333-7.

16. Na R-H, Zhu G-H, Luo J-X, Meng X-J, Cui L, Peng H-J, Chen X-G, Gomez-
Cambronero J. 2013. Enzymatically active Rho and Rac small-GTPases are
involved in the establishment of the vacuolar membrane after Toxo-
plasma gondii invasion of host cells. BMC Microbiol 13:125. https://doi
.org/10.1186/1471-2180-13-125.

17. Paone S, D’Alessandro S, Parapini S, Celani F, Tirelli V, Pourshaban M,
Olivieri A. 2020. Characterization of the erythrocyte GTPase Rac1 in relation to

Plasmodium falciparum invasion. Sci Rep 10:22054. https://doi.org/10.1038/
s41598-020-79052-0.

18. Aspenström P, Ruusala A, Pacholsky D. 2007. Taking Rho GTPases to the
next level: the cellular functions of atypical Rho GTPases. Exp Cell Res
313:3673–3679. https://doi.org/10.1016/j.yexcr.2007.07.022.

19. Maldonado MDM, Dharmawardhane S. 2018. Targeting Rac and Cdc42
GTPases in cancer. Cancer Res 78:3101–3111. https://doi.org/10.1158/
0008-5472.CAN-18-0619.

20. Gao Y, Dickerson JB, Guo F, Zheng J, Zheng Y. 2004. Rational design and
characterization of a Rac GTPase-specific small molecule inhibitor. Proc Natl
Acad Sci U S A 101:7618–7623. https://doi.org/10.1073/pnas.0307512101.

21. Montalvo-Ortiz BL, Castillo-Pichardo L, Hernández E, Humphries-Bickley T,
De La Mota-Peynado A, Cubano LA, Vlaar CP, Dharmawardhane S. 2012. Char-
acterization of EHop-016, novel small molecule inhibitor of Rac GTPase. J Biol
Chem 287:13228–13238. https://doi.org/10.1074/jbc.M111.334524.

22. Zins K, Lucas T, Reichl P, Abraham D, Aharinejad S. 2013. A Rac1/Cdc42
GTPase-specific small molecule inhibitor suppresses growth of primary
human prostate cancer xenografts and prolongs survival in mice. PLoS
One 8:e74924. https://doi.org/10.1371/journal.pone.0074924.

23. Irwin JJ, Shoichet BK. 2005. ZINC—a free database of commercially avail-
able compounds for virtual screening. J Chem Inf Model 45:177–182.
https://doi.org/10.1021/ci0497141.

24. Ferri N, Corsini A, Bottino P, Clerici F, Contini A. 2009. Virtual screening
approach for the identification of new Rac1 inhibitors. J Med Chem 52:
4087–4090. https://doi.org/10.1021/jm8015987.

25. Ferri N, Bernini SK, Corsini A, Clerici F, Erba E, Stragliotto S, Contini A. 2013.
3-Aryl-N-aminoylsulfonylphenyl-1H-pyrazole-5-carboxamides: a new class
of selective Rac inhibitors. Med Chem Commun (Camb) 4:537–541. https://
doi.org/10.1039/c2md20328f.

26. Cardama GA, Comin MJ, Hornos L, Gonzalez N, Defelipe L, Turjanski AG,
Alonso DF, Gomez DE, Menna PL. 2014. Preclinical development of novel
Rac1-GEF signaling inhibitors using a rational design approach in highly
aggressive breast cancer cell lines. Anticancer Agents Med Chem 14:
840–851. https://doi.org/10.2174/18715206113136660334.

27. Bouquier N, Vignal E, Charrasse S, Weill M, Schmidt S, Léonetti J-P, Blangy
A, Fort P. 2009. A cell active chemical GEF inhibitor selectively targets the
Trio/RhoG/Rac1 signaling pathway. Chem Biol 16:657–666. https://doi
.org/10.1016/j.chembiol.2009.04.012.

28. Gao Y, Xing J, Streuli M, Leto TL, Zheng Y. 2001. Trp(56) of rac1 specifies
interaction with a subset of guanine nucleotide exchange factors. J Biol
Chem 276:47530–47541. https://doi.org/10.1074/jbc.M108865200.

29. Shutes A, Onesto C, Picard V, Leblond B, Schweighoffer F, Der CJ. 2007.
Specificity and mechanism of action of EHT 1864, a novel small molecule
inhibitor of Rac family small GTPases. J Biol Chem 282:35666–35678.
https://doi.org/10.1074/jbc.M703571200.

30. Surviladze Z, Waller A, Wu Y, Romero E, Edwards BS, Wandinger-Ness A,
Sklar LA. 2010. Identification of a small GTPase inhibitor using a high-
throughput flow cytometry bead-based multiplex assay. J Biomol Screen
15:10–20. https://doi.org/10.1177/1087057109352240.

31. National Center for Biotechnology Information. 2010. Probe reports from
the NIH Molecular Libraries Program. National Center for Biotechnology
Information, Bethesda, MD.

32. Friesland A, Zhao Y, Chen Y-H, Wang L, Zhou H, Lu Q. 2013. Small mole-
cule targeting Cdc42-intersectin interaction disrupts Golgi organization
and suppresses cell motility. Proc Natl Acad Sci U S A 110:1261–1266.
https://doi.org/10.1073/pnas.1116051110.

33. Bousema T, Drakeley C. 2011. Epidemiology and infectivity of Plasmo-
dium falciparum and Plasmodium vivax gametocytes in relation to
malaria control and elimination. Clin Microbiol Rev 24:377–410. https://
doi.org/10.1128/CMR.00051-10.

34. Plouffe DM, Wree M, Du AY, Meister S, Li F, Patra K, Lubar A, Okitsu SL,
Flannery EL, Kato N, Tanaseichuk O, Comer E, Zhou B, Kuhen K, Zhou Y,

Rac1 Inhibitors as Antimalarials Antimicrobial Agents and Chemotherapy

January 2022 Volume 66 Issue 1 e01498-21 aac.asm.org 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
28

 J
an

ua
ry

 2
02

2 
by

 5
.1

71
.2

14
.4

4.

https://doi.org/10.1016/S0140-6736(19)31567-3
https://doi.org/10.1016/S0764-4469(98)80009-7
https://doi.org/10.1016/S0764-4469(98)80009-7
https://doi.org/10.1056/NEJMoa0808859
https://doi.org/10.1056/NEJMoa0808859
https://doi.org/10.1086/514159
https://doi.org/10.1086/514159
https://doi.org/10.1111/cbdd.13484
https://doi.org/10.1016/j.ceb.2018.04.009
https://doi.org/10.3389/fcimb.2011.00017
https://doi.org/10.1093/emboj/21.4.560
https://doi.org/10.1093/emboj/21.4.560
https://doi.org/10.1096/fj.14-262774
https://doi.org/10.1096/fj.14-262774
https://doi.org/10.1074/jbc.M502509200
https://doi.org/10.1042/BJ20110419
https://doi.org/10.1182/blood-2011-06-364828
https://doi.org/10.1002/eji.200636089
https://doi.org/10.1002/eji.200636089
https://doi.org/10.1007/s00436-005-1333-7
https://doi.org/10.1186/1471-2180-13-125
https://doi.org/10.1186/1471-2180-13-125
https://doi.org/10.1038/s41598-020-79052-0
https://doi.org/10.1038/s41598-020-79052-0
https://doi.org/10.1016/j.yexcr.2007.07.022
https://doi.org/10.1158/0008-5472.CAN-18-0619
https://doi.org/10.1158/0008-5472.CAN-18-0619
https://doi.org/10.1073/pnas.0307512101
https://doi.org/10.1074/jbc.M111.334524
https://doi.org/10.1371/journal.pone.0074924
https://doi.org/10.1021/ci049714&hx002B;
https://doi.org/10.1021/jm8015987
https://doi.org/10.1039/c2md20328f
https://doi.org/10.1039/c2md20328f
https://doi.org/10.2174/18715206113136660334
https://doi.org/10.1016/j.chembiol.2009.04.012
https://doi.org/10.1016/j.chembiol.2009.04.012
https://doi.org/10.1074/jbc.M108865200
https://doi.org/10.1074/jbc.M703571200
https://doi.org/10.1177/1087057109352240
https://doi.org/10.1073/pnas.1116051110
https://doi.org/10.1128/CMR.00051-10
https://doi.org/10.1128/CMR.00051-10
https://aac.asm.org


Leroy D, Schreiber SL, Scherer CA, Vinetz J, Winzeler EA. 2016. High-
throughput assay and discovery of small molecules that interrupt malaria
transmission. Cell Host Microbe 19:114–126. https://doi.org/10.1016/j
.chom.2015.12.001.

35. Loeb F, Clark WM, Coatney GR, Coggeshall LT, Dieuaide FR, Dochez AR,
Hakansson EG, Marshall EK, Jr, Marvel CS, McCoy OR, Sapero JJ, Sebrell
WH, Shannon JA, Carden GA, Jr. 1946. Activity of a new antimalarial agent,
chloroquine (SN 7618): statement approved by the Board for Coordina-
tion of Malarial Studies. J Am Med Assoc 130:1069–1070. https://doi.org/
10.1001/jama.1946.02870160015006.

36. Adjalley SH, Johnston GL, Li T, Eastman RT, Ekland EH, Eappen AG,
Richman A, Sim BKL, Lee MCS, Hoffman SL, Fidock DA. 2011. Quantitative
assessment of Plasmodium falciparum sexual development reveals
potent transmission-blocking activity by methylene blue. Proc Natl Acad
Sci U S A 108:E1214–E1223. https://doi.org/10.1073/pnas.1112037108.

37. Bryk AH, Wi�sniewski JR. 2017. Quantitative analysis of human red blood
cell proteome. J Proteome Res 16:2752–2761. https://doi.org/10.1021/acs
.jproteome.7b00025.

38. Wilson MC, Trakarnsanga K, Heesom KJ, Cogan N, Green C, Toye AM,
Parsons SF, Anstee DJ, Frayne J. 2016. Comparison of the proteome of
adult and cord erythroid cells, and changes in the proteome following re-
ticulocyte maturation. Mol Cell Proteomics 15:1938–1946. https://doi.org/
10.1074/mcp.M115.057315.

39. Stebbins CE, Galán JE. 2000. Modulation of host signaling by a bacterial
mimic: structure of the Salmonella effector SptP bound to Rac1. Mol Cell
6:1449–1460. https://doi.org/10.1016/S1097-2765(00)00141-6.

40. Castillo-Pichardo L, Humphries-Bickley T, De La Parra C, Forestier-Roman
I, Martinez-Ferrer M, Hernandez E, Vlaar C, Ferrer-Acosta Y, Washington
AV, Cubano LA, Rodriguez-Orengo J, Dharmawardhane S. 2014. The Rac
inhibitor EHop-016 inhibits mammary tumor growth and metastasis in a
nude mouse model. Transl Oncol 7:546–555. https://doi.org/10.1016/j
.tranon.2014.07.004.

41. Humphries-Bickley T, Castillo-Pichardo L, Corujo-Carro F, Duconge J,
Hernandez-O’Farrill E, Vlaar C, Rodriguez-Orengo JF, Cubano L, Dharmawardhane
S. 2015. Pharmacokinetics of Rac inhibitor EHop-016 inmice by ultra-performance
liquid chromatography tandem mass spectrometry. J Chromatogr B Analyt
Technol Biomed Life Sci 981–982:19–26. https://doi.org/10.1016/j.jchromb
.2014.12.021.

42. WHO. 2015. Guidelines for the treatment of malaria. WHO, Geneva,
Switzerland.

43. Hiasindh AA, Parija SC. 2016. Antimalarial drug resistance: an overview.
Trop Parasitol 6:30–41. https://doi.org/10.4103/2229-5070.175081.

44. Stanley SA, Barczak AK, Silvis MR, Luo SS, Sogi K, Vokes M, Bray M-A,
Carpenter AE, Moore CB, Siddiqi N, Rubin EJ, Hung DT. 2014. Identification
of host-targeted small molecules that restrict intracellular Mycobacterium
tuberculosis growth. PLoS Pathog 10:e1003946. https://doi.org/10.1371/
journal.ppat.1003946.

45. Guo L, Chen W, Zhu H, Chen Y, Wan X, Yang N, Xu S, Yu C, Chen L. 2014.
Helicobacter pylori induces increased expression of the vitamin D recep-
tor in immune responses. Helicobacter 19:37–47. https://doi.org/10.1111/
hel.12102.

46. Ottosen S, Parsley TB, Yang L, Zeh K, van Doorn L-J, van der Veer E, Raney
AK, Hodges MR, Patick AK. 2015. In vitro antiviral activity and preclinical
and clinical resistance profile of miravirsen, a novel anti-hepatitis C virus
therapeutic targeting the human factor miR-122. Antimicrob Agents Che-
mother 59:599–608. https://doi.org/10.1128/AAC.04220-14.

47. de Wispelaere M, LaCroix AJ, Yang PL. 2013. The small molecules
AZD0530 and dasatinib inhibit dengue virus RNA replication via Fyn ki-
nase. J Virol 87:7367–7381. https://doi.org/10.1128/JVI.00632-13.

48. Durantel D. 2009. Celgosivir, an alpha-glucosidase I inhibitor for the
potential treatment of HCV infection. Curr Opin Investig Drugs 10:860–870.

49. Dorr P, Westby M, Dobbs S, Griffin P, Irvine B, Macartney M, Mori J, Rickett
G, Smith-Burchnell C, Napier C, Webster R, Armour D, Price D, Stammen B,
Wood A, Perros M. 2005. Maraviroc (UK-427,857), a potent, orally bioavail-
able, and selective small-molecule inhibitor of chemokine receptor CCR5
with broad-spectrum anti-human immunodeficiency virus type 1 activity.
Antimicrob Agents Chemother 49:4721–4732. https://doi.org/10.1128/
AAC.49.11.4721-4732.2005.

50. Gallay PA, Lin K. 2013. Profile of alisporivir and its potential in the treat-
ment of hepatitis C. Drug Des Devel Ther 7:105–115. https://doi.org/10
.2147/DDDT.S30946.

51. Brizuela M, Huang HM, Smith C, Burgio G, Foote SJ, McMorran BJ. 2014.
Treatment of erythrocytes with the 2-Cys peroxiredoxin inhibitor, conoi-
din A, prevents the growth of Plasmodium falciparum and enhances par-
asite sensitivity to chloroquine. PLoS One 9:e92411. https://doi.org/10
.1371/journal.pone.0092411.

52. Prudêncio M, Mota MM. 2013. Targeting host factors to circumvent anti-
malarial drug resistance. Curr Pharm Des 19:290–299. https://doi.org/10
.2174/138161213804070276.

53. Schwegmann A, Brombacher F. 2008. Host-directed drug targeting of factors
hijacked by pathogens. Sci Signal 1:re8. https://doi.org/10.1126/scisignal.129re8.

54. Chiang C-Y, Uzoma I, Moore RT, Gilbert M, Duplantier AJ, Panchal RG.
2018. Mitigating the impact of antibacterial drug resistance through
host-directed therapies: current progress, outlook, and challenges. mBio
9:e01932-17. https://doi.org/10.1128/mBio.01932-17.

55. Glennon EKK, Dankwa S, Smith JD, Kaushansky A. 2018. Opportunities for
host-targeted therapies for malaria. Trends Parasitol 34:843–860. https://
doi.org/10.1016/j.pt.2018.07.011.

56. Zagni C, Citarella A, Oussama M, Rescifina A, Maugeri A, Navarra M, Scala
A, Piperno A, Micale N. 2019. Hydroxamic acid-based histone deacetylase
(HDAC) inhibitors bearing a pyrazole scaffold and a cinnamoyl linker. Int J
Mol Sci 20:945. https://doi.org/10.3390/ijms20040945.

57. Barbey S, Goossens L, Taverne T, Cornet J, Choesmel V, Rouaud C,
Gimeno G, Yannic-Arnoult S, Michaux C, Charlier C, Houssin R, Hénichart
JP. 2002. Synthesis and activity of a new methoxytetrahydropyran deriva-
tive as dual cyclooxygenase-2/5-lipoxygenase inhibitor. Bioorg Med
Chem Lett 12:779–782. https://doi.org/10.1016/S0960-894X(02)00013-6.

58. Trager W, Jensen JB. 1976. Human malaria parasites in continuous cul-
ture. Science 193:673–675. https://doi.org/10.1126/science.781840.

59. Makler MT, Ries JM, Williams JA, Bancroft JE, Piper RC, Gibbins BL, Hinrichs
DJ. 1993. Parasite lactate dehydrogenase as an assay for Plasmodium fal-
ciparum drug sensitivity. Am J Trop Med Hyg 48:739–741. https://doi.org/
10.4269/ajtmh.1993.48.739.

60. D’Alessandro S, Camarda G, Corbett Y, Siciliano G, Parapini S, Cevenini L,
Michelini E, Roda A, Leroy D, Taramelli D, Alano P. 2016. A chemical sus-
ceptibility profile of the Plasmodium falciparum transmission stages by
complementary cell-based gametocyte assays. J Antimicrob Chemother
71:1148–1158. https://doi.org/10.1093/jac/dkv493.

61. D’Alessandro S, Gelati M, Basilico N, Parati EA, Haynes RK, Taramelli D.
2007. Differential effects on angiogenesis of two antimalarial compounds,
dihydroartemisinin and artemisone: implications for embryotoxicity. Toxi-
cology 241:66–74. https://doi.org/10.1016/j.tox.2007.08.084.

62. Benoit-Vical F, Robert A, Meunier B. 2000. In vitro and in vivo potentiation
of artemisinin and synthetic endoperoxide antimalarial drugs by metallo-
porphyrins. Antimicrob Agents Chemother 44:2836–2841. https://doi
.org/10.1128/AAC.44.10.2836-2841.2000.

Parapini et al. Antimicrobial Agents and Chemotherapy

January 2022 Volume 66 Issue 1 e01498-21 aac.asm.org 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
28

 J
an

ua
ry

 2
02

2 
by

 5
.1

71
.2

14
.4

4.

https://doi.org/10.1016/j.chom.2015.12.001
https://doi.org/10.1016/j.chom.2015.12.001
https://doi.org/10.1001/jama.1946.02870160015006
https://doi.org/10.1001/jama.1946.02870160015006
https://doi.org/10.1073/pnas.1112037108
https://doi.org/10.1021/acs.jproteome.7b00025
https://doi.org/10.1021/acs.jproteome.7b00025
https://doi.org/10.1074/mcp.M115.057315
https://doi.org/10.1074/mcp.M115.057315
https://doi.org/10.1016/S1097-2765(00)00141-6
https://doi.org/10.1016/j.tranon.2014.07.004
https://doi.org/10.1016/j.tranon.2014.07.004
https://doi.org/10.1016/j.jchromb.2014.12.021
https://doi.org/10.1016/j.jchromb.2014.12.021
https://doi.org/10.4103/2229-5070.175081
https://doi.org/10.1371/journal.ppat.1003946
https://doi.org/10.1371/journal.ppat.1003946
https://doi.org/10.1111/hel.12102
https://doi.org/10.1111/hel.12102
https://doi.org/10.1128/AAC.04220-14
https://doi.org/10.1128/JVI.00632-13
https://doi.org/10.1128/AAC.49.11.4721-4732.2005
https://doi.org/10.1128/AAC.49.11.4721-4732.2005
https://doi.org/10.2147/DDDT.S30946
https://doi.org/10.2147/DDDT.S30946
https://doi.org/10.1371/journal.pone.0092411
https://doi.org/10.1371/journal.pone.0092411
https://doi.org/10.2174/138161213804070276
https://doi.org/10.2174/138161213804070276
https://doi.org/10.1126/scisignal.129re8
https://doi.org/10.1128/mBio.01932-17
https://doi.org/10.1016/j.pt.2018.07.011
https://doi.org/10.1016/j.pt.2018.07.011
https://doi.org/10.3390/ijms20040945
https://doi.org/10.1016/S0960-894X(02)00013-6
https://doi.org/10.1126/science.781840
https://doi.org/10.4269/ajtmh.1993.48.739
https://doi.org/10.4269/ajtmh.1993.48.739
https://doi.org/10.1093/jac/dkv493
https://doi.org/10.1016/j.tox.2007.08.084
https://doi.org/10.1128/AAC.44.10.2836-2841.2000
https://doi.org/10.1128/AAC.44.10.2836-2841.2000
https://aac.asm.org

	RESULTS
	Antimalarial activity of Rac1 inhibitors.
	Rac1 inhibitors show moderately good selectivity indices.
	Effect of EHop-016 on P. falciparum invasion and intraerythrocytic growth.
	Association of EHop-016 and 1A116 on P. falciparum asexual parasite growth.

	DISCUSSION
	MATERIALS AND METHODS
	Inhibitors of Rac1 activity.
	Parasite cultures.
	Drug susceptibility assays on P. falciparum.
	Cell cytotoxicity assays.
	G-LISAs.
	Association experiments.
	Evaluation of parasite invasion efficiency.
	Evaluation of parasite intraerythrocytic growth.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

