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We characterized the potent in vitro antimalarial activity and biologic assessment of 13 phospholipid polar
head analogs on a comparative basis. There was a positive relationship between the abilities of the drugs to
inhibit parasite growth in culture and their abilities to specifically inhibit phosphatidylcholine biosynthesis of
Plasmodium falciparum-infected erythrocytes. Maximal activity of G25 was observed for the trophozoite stage
of the 48-h erythrocytic cycle (50% inhibitory concentration, 0.75 nM), whereas the schizont and ring stages
were 12- and 213-fold less susceptible. The compounds exerted a rapid nonreversible cytotoxic effect, with
complete clearance of parasitemia after 5 h of contact with the mature stages. The compounds were highly
specific against P. falciparum, with much lower toxicity against three other mammalian cell lines, and the in
vitro therapeutic indices ranged from 300 to 2,500,000. Finally, the monoquaternary ammonium E10 and two
bis-ammonium salts, G5 and G25, were similarly active against multiresistant strains and fresh isolates of P.
falciparum. This impressive selective in vitro toxicity against P. falciparum strongly highlights the clinical
potential of these quaternary ammonium salts for malarial chemotherapy.

The increasing polypharmacoresistance of Plasmodium fal-
ciparum to conventional antimalarials, combined with the re-
sistance of mosquitoes to pesticides, partially accounts for the
current dramatic resurgence of malaria (7, 16). Malaria has an
enormous impact on world health, thus justifying the intensive
research under way to design new therapeutic approaches to
this disease and to develop a new range of drugs with original
structures and modes of action (22, 37).

In the human host, the parasite undergoes cyclical develop-
ment within red blood cells (RBC), which accounts for the
clinical manifestations of this disease. The rate of multiplica-
tion within RBC, with 10 to 20 merozoites produced every
48 h, requires high metabolic activity, including a high mem-
brane formation level. Phospholipids (PL) are essential lipids
of Plasmodium membranes, and the erythrocyte PL content
increases by as much as 500% after malarial infection (17, 27).
Plasmodial PL biosynthesis, which is absent from normal ma-
ture human erythrocytes (29), was previously characterized as
an ideal potential target for antimalarial chemotherapy due to
its vital importance to the parasite (30, 32). Phosphatidylcho-
line (PC) is the major PL of infected erythrocytes, representing
about 45% of total PL, much of which is provided by parasite-
driven de novo biosynthesis from choline (4, 31). In the path-
way, parasitic cholinephosphate cytidylyltransferase (38) and
choline transport, which regulates the precursor supply, are a
limiting and likely regulatory step (4, 33).

More than 100 analogs of PL polar heads have been synthe-
sized and tested in vitro for their activity against the intraeryth-
rocytic stage of P. falciparum (2, 8, 9). More particularly, 36
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compounds which possess one (or two) quaternary ammonium
ions, such as choline and long lipophilic alkyl chains, were
found to be very potent against P. falciparum, with a 50%
inhibitory concentration (ICs,) within the micro- and picomo-
lar range (8). A recently synthesized radioactive derivative of
this class of compounds was shown to be specifically and highly
accumulated in infected RBC. This property likely accounts for
the potency and selectivity of the compounds (36). In the
present study, we characterized their mechanism of action and
in vitro biological activities by assessing the susceptibilities of
various multidrug-resistant P. falciparum strains and isolates,
their time- and concentration-dependent effects on parasite
growth, and their specificities compared to mammalian cells.

MATERIALS AND METHODS

Chemicals. The compounds were stock samples from LAPP (UMR 5810).
Their synthesis has been described previously (8). Chloroquine and quinine were
obtained from Sigma Chemical Co. (St. Louis, Mo.), mefloquine was from
Hoffmann La Roche (Basel, Switzerland), halofantrine was from Smith Kline
Beecham (Ware, Hertfordshire, United Kingdom), and artemether was from
Aventis  (Antony, France). G-[*H]hypoxanthine, [Me-*H]choline, and
[1-*H]ethan-1-0l-2-amine were purchased from Amersham Corp. (Les Ulis,
France), and [*H]thymidine was from ICN (Orsay, France). RPMI 1640 was
obtained from GIBCO (Eragny, France). All other reagents were of analytical
grade.

Biological materials. The susceptibility of P. falciparum strains and isolates to
ammonium compounds were tested by the following independent laboratories
according to methods published by each of them: UMR 5539 (H. Vial) (2);
London School of Hygiene and Tropical Medicine, London, United Kingdom
(D. Warhurst) (35); Pasteur Institute, Antananarivo, Madagascar (R. Jambou)
(18); Institut de Recherche pour le Développement, Yaoundé, Cameroon (P.
Ringwald) (25); Museum National d’Histoire Naturelle, Paris, France (J. Schre-
vel) (1); Centre National de Référence de la Chimiosensibilité du Paludisme,
Paris, France (J. Le Bras) (13); and Institut de Médecine Tropicale du Service de
Santé des Armées, Marseille, France (J. C. Doury) (24).

P. falciparum isolates were collected by venipuncture from outpatients pre-
senting at the Nlongkak dispensary (Yaoundé, Cameroon) with uncomplicated
malaria infection and monospecific parasitemia (25). Other African P. falciparum
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isolates from six different countries collected at the Institut de Médecine Tropi-
cale du Service de Santé des Armées were also used (J. C. Doury).

Parasites at 1 to 7% hematocrit were maintained in complete medium, which
consisted of RPMI 1640 medium supplemented with 25 mM HEPES buffer (pH
7.4) and 10% AB* serum from the local blood bank or Albumax (lipid-rich
bovine serum albumin) (GIBCO), by using the petri dish-candle jar method (19,
28) or under a 5% CO, and 5% O, atmosphere with an N, balance.

Splenectomized Macaca fascicularis monkeys (Centre de Recherches Prima-
tologiques, Mahebourg, Mauritius) were infected with the cryopreserved Plas-
modium knowlesi Washington strain, variant 1, as described previously (2).

Human Jurkat lymphoblasts and U937 macrophage cell lines were routinely
cultured at 37°C in RPMI 1640 medium complemented with 50 uM B-mercap-
toethanol, 1 mM fresh glutamine, and 10% fetal calf serum (GIBCO) (15).
Megakaryoblastic cells (MEG-01) were suspended and grown in RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf serum, 2 mM glu-
tamine, 1 mM sodium pyruvate, and 0.4% nonessential amino acids (21). They
were incubated at 37°C with a CO, incubator.

In vitro screen for intrinsic antimalarial activity. Drug effects on in vitro P.
falciparum growth were measured in microtiter plates according to Desjardins et
al. (11) with the following modifications. After blood collection for the isolates or
continuous culture for the strains, parasitized RBC were washed three times with
RPMI 1640. When parasitemia was over 0.5%, cultures were diluted with non-
parasitized RBC until 0.5% parasitemia. The final volume in each well was 200
wl, consisting of 50 pl of complete medium with or without (control) the drug
and 150 pl of P. falciparum-infected RBC suspension (1 to 2% final hematocrit
and 0.5% parasitemia). Generally, the compounds were water soluble, otherwise
they were dissolved in ethanol or dimethyl sulfoxide (final concentration,
=0.2%). After 48 h of incubation at 37°C, 30 pl of complete medium containing
0.8 wCi of [*H]hypoxanthine was added to each well and candle jar incubations
were continued for 12 to 18 h. Reactions were then stopped by cell filtration (2).
1Cs4s were evaluated from the plotted parasite growth (expressed as a percent-
age of the control) versus the log of the dose and are means of at least two
independent experiments conducted in triplicate, with different culture batches
and stock drug solutions. A nonparametric Mann-Whitney U test was used to
compare ICs, means, and the Spearman rank test was applied to determine
correlations.

Time course of in vitro parasite growth inhibition by choline analogs. One-
milliliter aliquots of suspensions of P. falciparum-infected RBC at 1% hematocrit
and 0.3 to 0.5% parasitemia were injected at time zero into 24-well plates; 500 .l
of complete medium without (control) or with the drug was added. After various
incubation times at 37°C, culture media were removed twice and replaced by
fresh medium without drug. Cell suspensions were then transferred to 96-well
plates (200 pljwell), and [*H]hypoxanthine (1.5 wCi/well) was added either
immediately after drug removal or at 52 h. Reactions were stopped by cell
filtration at 76 h.

In some experiments, P. falciparum-infected RBC were synchronized by three
successive treatments with 5% D-sorbitol (20) at —82, —43, and —1 h and then
incubated with the drug as above for various times starting at 0 h for the ring
stage, 24 h for the trophozoite stage, and 36 h for the schizont stage. At 52 h, cell
suspensions were transferred to 96-well plates and [*H]hypoxanthine was added.

Differential susceptibility of parasite development stages to the compounds.
At time zero, 1-ml aliquots of suspensions of synchronized infected RBC at 1.5%
hematocrit and 0.3% initial parasitemia (100% rings) were transferred to 24-well
plates and 500 pl of complete medium containing drug at various concentrations
was added when the parasites were in the ring (0 h), trophozoite (24 h), or
schizont (36 h) stage. After 4 h of incubation in the presence of the drug, media
were replaced twice by fresh complete medium and cell suspensions were further
cultured for 20 h at 37°C. At 24, 48, and 60 h for ring, trophozoite, and schizont
stages, respectively, cell suspensions were transferred to 96-well plates and
[*H]hypoxanthine was added. Incubations were finally stopped at 76 h. I1Cs,s
were evaluated for each stage.

Assay of PL biosynthesis in Plasmodium-infected erythrocytes. The effect of
drugs on the incorporation of 10 uM [*H]choline (1.5 p.Ci/well) or 2 uM [*H]eth-
anolamine (0.8 pCi/well) into PC or phosphatidylethanolamine (PE) or [*H]hy-
poxanthine (0.7 wCi/well) into nucleic acids of P. falciparum-infected RBC (4 X
10° infected cells/assay) was assessed after 4 h of incubation in RPMI 1640 at
37°C. Cells were subsequently collected on glass fiber filters with a cell harvester,
as described previously (2). The results are expressed as PL5, (PCs, or PEs;) and
NAjy, corresponding to the drug concentrations that reduce the amount of
synthesized PL (PC or PE) and nucleic acids by 50%, respectively.

In vitro toxicity against U937 macrophages, Jurkat lymphoblasts, or MEG-01
megakaryoblastic cells. The effect of the drugs on cell viability was measured in
microtiter plates following [*H]thymidine incorporation into DNA of the cell
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suspensions (6,000 cells/200 wl) as described previously (15). Cell suspensions
were exposed to various drug concentrations for 24 h at 37°C, then 30 pl of
[*H]thymidine (0.7 wCi/well) was added for an additional 6-h period, and the
reactions were stopped by cell filtration.

As for ICs determination, the results are expressed as the drug concentrations
resulting in 50% inhibition of cell growth and are means of at least two inde-
pendent experiments performed in triplicate with different stock drug solutions
and culture batches. Within each experiment, the standard deviation was always
lower than 20% of the mean (intraexperiment) and, when comparing the two
mean values for each experiment (interexperiment), they did not differ signifi-
cantly by the Student ¢ test). In the few cases for which the two means differed
by more than 50%, a third experiment was performed to ascertain the value.

RESULTS

Mono- and bis-quaternary ammonium salts have potent ac-
tivity against the intraerythrocytic stage of P. falciparum (8).
The ICs4s of 13 of the most active mono and bis-quaternary
ammonium salts are listed in Table 1. All compounds pos-
sessed high antimalarial activities, with ICs,s ranging from 0.8
uM to 33 nM for monoquaternary ammonium salts and 0.54
pwM to 3 pM for bis-quaternary ammonium salts. The present
study concerns a thorough characterization of this new class of
antimalarials with a comparative evaluation of their in vitro
antimalarial activities and mechanisms of action.

Specificity of mechanism of action against P. falciparum.
The effects of the test compounds on the de novo biosynthesis
of PC and PE and on the biosynthesis of nucleic acids were
compared to determine their specific effects (5). A compound
was considered to be a specific inhibitor of de novo PC bio-
synthesis when it affected its biosynthesis without any simulta-
neous effect on PE or nucleic acid synthesis, i.e., when the PCs,,
was at least 2.5-fold lower than PE, and NA,, (2). Figure 1
shows the typical dose-response curves obtained with the bis-
quaternary ammonium G25, which quite specifically inhibited
choline incorporation into PC (PCs, = 0.4 pM). Inhibition of
nucleic acid (NAs, = 1.2 uM) and PE biosynthesis (PE5, >
100 wM) occurred at significantly higher concentrations. For
two monoquaternary ammonium salts (E10 and F4) and all of
the bis-quaternary ammonium salts (Table 1), the PCy,s were
3- to >40-fold lower than the NA, indicating specificity with
respect to de novo PC biosynthesis. Figure 2 shows a significant
correlation between PC biosynthesis inhibition (PCs,) and par-
asite growth inhibition (ICs).

The effect of G25 on choline transport was also assessed as
described previously (2) with pure P. knowlesi-infected RBC
incubated in the presence of 9 uM choline, which corresponds
to the K- of choline carriers in infected RBC (3). The inhibi-
tion pattern was sigmoidal, occurring over 1 to 2 orders of
magnitude. The G25 concentration leading to 50% inhibition
of choline influx was 0.8 wM, which corresponds (assuming
that inhibition was competitive) to a calculated K; of 0.4 uM
(10), i.e., exactly the PCs, value (Table 1).

Time course of in vitro P. falciparum growth inhibition as a
function of parasite development. Compounds E10, G5, and
G25 were added at 5 to 16 times the ICs, for pulse-inhibitory
times to a nonsynchronized infected RBC suspension. Fifty
percent inhibition required 15 h of contact with the drug for
E10 but less than 5 h for G5 or G25, and after 24 h of contact,
the inhibition was complete. A similar inhibition pattern was
obtained whether [*H]hypoxanthine (used to monitor parasite
viability) was added immediately after drug removal or only
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TABLE 1. In vitro activities of mono- and bis-quaternary ammonium salts against P. falciparum (Nigerian strain) and their specificities against PC biosynthesis
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FIG. 1. Effect of G25 on [*H]choline, [*H]ethanolamine, and
[>H]hypoxanthine incorporation into PC, PE, and nucleic acids (NA)
of P. falciparum-infected erythrocytes. Infected RBC (3.4% hemato-
crit, 10% parasitemia, Nigerian strain) were incubated for 4 h at 37°C
in the absence (control) or presence of G25 and in the presence of 1.5
uCi of [*H]choline (at 10 uM) (@), 0.8 pCi of [?H]ethanolamine (2
uM) (m), and 1 pCi of [*H]hypoxanthine (trace concentration) (A).

during the 52- to 76-h period after parasite culture in the
absence of drug, which suggests a cytocidal rather than a cy-
tostatic effect (data not shown).

G25 was then added at 20 nM for pulse-inhibitory periods to
synchronized P. falciparum-infected RBC suspensions, at the
ring, trophozoite, or schizont stage (Fig. 3). Three successive
sorbitol treatments at 35- to 40-h intervals allowed a tight
synchronization window of around 5 h (20). After 3 h of incu-
bation in the presence of G25, parasite growth was inhibited by
92 and 79% for the trophozoite and schizont stages, respec-
tively, whereas the ring stage viability was only partly inhibited

-log[PLy, (M)]
w

2 3 4 5 6 7 8 9 10
-log[ICs, (M)]

FIG. 2. Correlation between the inhibition of PL biosynthesis and
the inhibition of parasite growth (m). PCs, and ICs, were from Table
1. Some values (<) considered for this correlation have already been
published (see text).
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FIG. 3. Time dependence of G25-induced growth arrest at the ring,
trophozoite, and schizont stages. Cells were synchronized with 5%
D-sorbitol at —82, —43, and —1 h (0.5% initial parasitemia, 1.5%
hematocrit, Nigerian strain). Ring, trophozoite, and schizont stage
parasites, which were obtained at time zero and 24 and 36 h, respec-
tively, were exposed to 20 nM G25 for the indicated period of time,
and then the drug was removed, as described in Materials and Meth-
ods. Parasites were labeled with [*H]hypoxanthine at 52 h (the para-
sitemia in control experiments was 2.2%) until 72 h. Hypoxanthine
incorporation is expressed as a percentage of the control (without
drug) for the ring (R), trophozoite (T), and schizont (S) stage para-
sites.

(by 40%). The time to completely kill mature parasites was less
than 5 to 10 h. The drug treatment was also efficient on young
ring forms but to lesser degree, with a longer incubation time
required to obtain just a partial toxic effect (around 10 h).
Beyond that time, a plateau was reached, indicating that a
fraction of the parasites was not affected by 20 nM G25.

Stage-specific susceptibility of P. falciparum to G25. The
partial inhibition obtained when G25 was incubated with ring
forms (Fig. 3, plateau) led us to investigate the susceptibility of
the parasite at different stages. Increasing drug concentrations
were applied to synchronized P. falciparum-infected RBC sus-
pensions for 4 h (Fig. 4). G25 was most efficient against the
trophozoite stage, with an 1Cs,, of 0.75 nM, i.e., more than 2
orders of magnitude lower than that against the ring stage
(ICs, of 160 nM). Against schizonts, G25 was also very effi-
cient, with an ICy, of 9 nM. Increasing the time of contact of
the parasites with the drug from 4 to 9 h slightly decreased the
ICs, for ring stages (160 £ 40 and 70 * 28 nM, respectively),
schizonts (from 9 = 1 to 2 = 0.3 nM) and trophozoites (from
0.75 = 0.05 to 0.28 = 0.02 nM).

IC,, as a function of the incubation conditions. We ob-
served that the ICsys reported by some independent investiga-
tors were higher than those obtained in our laboratory (Table
2). Distinct assay conditions could account for this difference,
e.g., times of drug contact with synchronized (young) parasite
populations, shorter incubations with the compounds before
hypoxanthine addition, and/or the initial parasitemia of the
infected RBC suspension.

In this context, the ICs,s of E10, G5, G25, and cycloguanil
(for comparison) were evaluated after contact with the syn-
chronized parasites only during the maturation of young tro-
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FIG. 4. G25 in vitro antimalarial activity as a function of the par-
asite stage. P. falciparum-infected RBC were synchronized with 5%
D-sorbitol as described in the legend to Fig. 3. Drug was added for 4 h
when the parasites were in the ring (@), trophozoite (A), or schizont
(m) stage. At the end of the incubation, media were replaced by fresh
complete medium, and the suspensions were further cultured for 20 h
before the addition of [*H]hypoxanthine.

phozoites and/or schizonts or after longer incubations to allow
schizogony to occur (data not shown). Regardless of the com-
pounds, ICsys were significantly higher (by 4- to 20-fold, de-
pending on the compound and the strain, L1 or FCR3) when
the drug was administered during the maturation period than
after a longer incubation. This was also observed, although to
a lesser degree (ICss differed by fourfold), with the antifolinic
agent cycloguanil, which is also a metabolic inhibitor.

The G25 antimalarial activity was also assayed after 12, 24,
and 48 h of contact of the drug with the unsynchronized in-
fected suspension before adding hypoxanthine. The respective
ICsps were 6.5 = 1.2,2.6 = 0.9, and 0.4 = 0.1 nM. By contrast,
the IC;,, of G25 remained unchanged irrespective of the initial
parasitemia (a range of 0.1 to 1.2% at 1.2% hematocrit) or of
the serum concentration (a range of 2 to 20%, at 1.5% hemat-
ocrit and 0.6% parasitemia).

Effect of G25 pretreatment of erythrocytes on ability to sup-
port parasite growth. Normal RBC were preincubated for 48 h
at 1.5% final hematocrit in complete medium in the absence
(control) or in the presence of 20 nM G25. After being washed
with fresh medium and then infected at 0.5% initial para-
sitemia with a highly parasitized suspension, they were further
cultured for 48 h. Parasite growth was finally monitored by the
incorporation of [*H]hypoxanthine over a 48- to 72-h period.
Compared to untreated RBC, no change in parasitemia was
observed, indicating that 48 h of pretreatment of RBC with a
lethal dose of G25 did not affect the ability of RBC to support
parasite growth.

Antimalarial activities against chemoresistant strains of P.
Jalciparum. The susceptibility of laboratory strains or clones
and of field isolates to this new class of compounds was studied
by independent laboratories with broad experience in malari-
ology by using representative compounds of both ammonium
series. Irrespective of the P. falciparum strains, the 1Cs, of the
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TABLE 2. In vitro activities of E10, G5, and G25 against various P. falciparum clones and strains”

Strain and‘/o.r place Laboratory 1G5, (nM)
of origin CcQ Qui MFQ Pyr or Cyc E10 G5 G25
Nigerian strain CNRS 5539 20 S S 64 4 0.64
3D7 CNRS 5539 6 0.2
L-16, Sierra Leone CNRCP S S 103 (R) 12.3% 9.5*
FCR3, The Gambia IMTSSA 820 (R) 1,680 (R) 65 (R) Cyc, 3,500 (R) 129 12.7 35
L1, Liberia IMTSSA 906 (R) 2,300 (R) 68 (R) Cyc, 3,015 (R) 77 5 1.4
FCB-1, Colombia MNHN 420 (R) 240 240* 22% 9.4*
Palo Alto, Calif. Pasteur Institute 50 4.9
F147, Nigeria LSHTM 19 23
H1, Honduras LSHTM 24 Pyr (R) 3.6
K1, Thailand LSHTM 288 (R) (R) M (R) Pyr (R) 153
T996, Thailand LSHTM 7 M (R) Pyr (R) 1.1
7G8, Brazil LSHTM 228 (R) M (S) 34
W2, Indochina OCEAC 510 (R) 4.5
WRAIR 191 (R) 203 13 Pyr, 212 (R) 42
D6, Sierra Leone WRAIR 9 37 20 53
TM90C3B, Thailand WRAIR 114 (R) 147 29 (R) 1.9

“ICs, were assessed after 48 h contact of infected RBC with the drug, except for cases in which the exposure time was 24 h (marked with an asterisk). S and R indicate
susceptibility and resistance to the drug. The threshold ICss for in vitro resistance to chloroquine (CQ), quinine (Qui), mefloquine (MFQ), pyrimethamine (Pyr), and
cycloguanil (Cyc) were estimated to be >100, >800, >20, and >500 nM, respectively.

monoquaternary E10 ranged from 64 to 240 nM and that of the
bis-quaternary G5 ranged from 4 to 22 nM (Table 2). There
was remarkably high activity of these compounds against the
L1 and FCR3 strains, which are highly polypharmacoresistant
to chloroquine, quinine, mefloquine, and cycloguanil. The an-
timalarial activity of the lead bis-quaternary compound, G25,
has been assessed by eight independent laboratories against 15
P. falciparum clones showing distinct susceptibilities to current
antimalarials and that are often multidrug-resistant (Table 2).
The G25 ICs, ranged from 0.2 to 15.3 nM.

Note that the highest ICsys obtained by some investigators
did not correspond to lower strain susceptibility to the com-
pounds but rather to distinct assay conditions, i.e., shorter
incubations or synchronized parasite (ring) populations (see
above). G25 had the same activity against the strains most
resistant to chloroquine and to other current antimalarials (L1,
FCR3, K1, and W2) as against some of the most susceptible
strains (F147, H1, D6, and 3D7). This is also clearly indicated
by the total absence of correlation between chloroquine and
G25 susceptibility (Fig. 5).

Antimalarial activity against P. falciparum field isolates.
The in vitro antimalarial activity of E10, G5 and G25 against
nine chloroquine-resistant P. falciparum isolates originating
from six distinct countries was determined after 24 h of incu-
bation with the drugs. Some of these isolates were also quinine
or cycloguanil resistant (Table 3). E10, G5, and G25 showed
antimalarial activity against all of the isolates. Irrespective of
the compounds, the ICs, varied to a minor extent between the
various isolates (by less than 3.5-fold). As already observed,
monoquaternary ammonium E10 was less active than the bis-
quaternary ammonium compounds G5 or G25, by 1 and 2
orders of magnitude, respectively. G25 was the most active,
with an ICs, ranging between 7.7 and 20 nM. There was no
correlation between the isolate’s susceptibility to quaternary
ammonium salts and its susceptibility to current antimalarials.

Finally, G25 was tested against a large number of P. falci-
parum isolates collected from patients at the Nlongkak dispen-
sary. The in vitro susceptibilities of 106 isolates were deter-

mined in comparison with chloroquine, quinine, mefloquine
halofantrine, and artemether (Table 4). According to the in
vitro resistance criteria, 40 isolates were susceptible to chloro-
quine and 66 were resistant (with an ICy, > 100 nM). Suscep-
tibility to G25 generally occurred within the same concentra-
tion range as susceptibility to mefloquine. The I1Cs, varied to a
minor extent between the different isolates, as reflected by the
95% confidence interval. The geometric mean of I1C;, for G25
did not differ significantly between chloroquine-resistant and
chloroquine-susceptible isolates. There was no cross-resistance
between G25 and the other drugs in vitro.

Differential effects of quaternary ammonium salts on three
mammalian cell lines. The toxicities of some of the most active
compounds, three monoquaternary ammonium salts (ES, E13,
and F4) and four bis-quaternary ammonium salts (G4, G12,
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FIG. 5. Susceptibility to G25 of 15 P. falciparum strains as a func-
tion of susceptibility to chloroquine. The results are replotted from
Table 2. The open diamonds correspond to susceptible strains, and the
filled squares correspond to multichemoresistant strains. The dotted
line indicates the chloroquine susceptibility threshold.
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TABLE 3. Effects of the selected compounds on pharmacoresistant P. falciparum isolates”

Patient’s country 1G5 (nM)

of origin co Qui Cyc E10 G5 G25
Comoros 147 (R) 123 24 41 7.7
Comoros 615 (R) 146 9
Senegal 165 (R) 193 36 785
Gabon 250 (R) 13,100 (R) 460 31
Cote d’'Ivoire 270 (R) 153 31,700 (R) 743 111 20
Cote d’'Ivoire 656 (R) 357 1,057
Cote d’'Ivoire 1,260 (R) 277 300
Guinea 725 (R) 1,250 (R) 729 66 12
Burkina Faso 730 (R) 300 3,083 (R) 1,530

“ Suspensions of P. falciparum isolates were incubated for 24 h at an initial parasitemia of 0.1 to 1% and at 2.5% hematocrit in the presence of the indicated drugs.

See footnote a to Table 2 for abbreviations.

G19, and HYS), were determined against three human cell lines,
U937 macrophages, Jurkat lymphoblasts, and MEG-01
megakaryoblasts which, like Plasmodium, have rapid cell divi-
sion. The in vitro inhibitory effects were expressed as the Mas,
Lyso, and Mgs,, i.e., concentrations leading to 50% inhibition
of macrophage, lymphoblast, and megakaryoblast growth, re-
spectively, as measured by thymidine incorporation.

For all of the compounds, the toxicity against mammalian
cell lines occurred in the micromolar range, with maximal
toxicity obtained for E13 and G19. Note also that each com-
pound had a very similar toxicity against the three mammalian
cell lines, since the Lys,, Mas,, and Mgs, differed by less than
fourfold (Table 5). By contrast, all compounds clearly inhibited
the intracellular growth of P. falciparum at concentrations sig-
nificantly lower than those required to inhibit mammalian cell
proliferation. The monoquaternary ammonium salts E§, E13,
and F4 exhibited the lowest toxicity differential between mam-
malian cells and Plasmodium, differing by roughly 1 order of
magnitude (4- to 36-fold for E13, depending on the cell type,
18-fold for ES, and 8-fold for F4). Bis-quaternary ammonium
compounds were much less toxic against mammalian cells than
against Plasmodium, with an activity differential ranging from
300 (G12 against macrophages) to as high as 2.5 X 10° (G19
against megakaryoblasts). This indicates a substantial differ-
ence in the respective susceptibility thresholds of both kinds of
cells and highlights the selectivity of these compounds against
Plasmodium-infected RBC.

DISCUSSION

Our extensive fundamental research on Plasmodium PL me-
tabolism revealed that choline is essential for the intraeryth-
rocytic parasite—this nutrient is required for its synthesis of
PC, the major Plasmodium PL. Choline entry in the parasite is
a rate-limiting step and a potential new target for chemother-
apeutic interference (30, 32). This pharmacological interfer-
ence was previously validated with the design and in vitro
screening of 77 molecules against P. falciparum (2, 9).

New compounds were then designed on the basis of a quan-
titative structure-activity relationship analysis and our targeted
chemical synthesis led to eight novel compounds whose 1Css
were lower than 10 nM (8). Some essential parameters, e.g.,
electronegativity and lipophilicity distribution on nitrogen sub-
stituents, required for polar head analogs to inhibit P. falcipa-
rum PL metabolism and growth were identified. The structural
requirements of mono- and bis-quaternary ammonium salts for
antimalarial activity were very similar, except that this activity
was dramatically increased by 2 orders of magnitude when
duplicating the quaternary ammonium, provided that the alkyl
chain between the two nitrogen atoms contained at least 12
methylene groups. Most of these duplicated molecules had an
activity of around 1 nM, and the most lipophilic compound,
i.e., G19 (21 methylene groups), exhibited an ICs, as low as 3
pM. These compounds are thus more active than most current
antifolic, antifolinic, or lysosomotropic antimalarials. Only

TABLE 4. Comparison of susceptibilities to chloroquine, quinine, mefloquine, halofantrine, artemether, and G25 of 40 P. falciparum
chloroquine-susceptible isolates and 66 chloroquine-resistant isolates”

ICs, (nM)
Drug Chloroquine-susceptible isolates (n = 40) Chloroquine-resistant isolates (n = 66) P
Geometric mean Confidence interval Geometric mean Confidence interval

Chloroquine 35 29.5-41.5 271.5 240.8-306.7 0.0001
Quinine 124.7 99.5-162.9 244.2 205.2-290.6 0.0001
Mefloquine 5.92 4.67-7.51 5.96 5.04-7.04 NS
Halofantrine 1.15 0.88-1.5 0.98 0.84-1.14 NS
Artemether 2.37 1.8-3.08 1.6 1.3-1.96 0.03
G25 7.25 5.83-9.02 6.11 5.11-7.29 NS

“ Suspensions of P. falciparum isolates were incubated at 1.5% hematocrit and 0.5% initial parasitemia in the presence of drugs as described in Materials and
Methods. The resistance threshold for chloroquine is 100 nM (25).
? Nonparametric Mann-Whitney U test was used for comparison of ICs,. NS, not significant.
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TABLE 5. Comparative effects of seven quaternary ammonium
compounds on the growth of P. falciparum (ICs,), and
lymphoblastoid cells (Lys,), macrophages (Mas), and

megakaryoblasts (Mgs)*

Compound ICs (M) Lyso (nM) Mas, (nM) Mgso (nM)
ES8 0.8 14%0 ND ND
E13 0.033 0.3 0.13 1.2
F4 0.48 3.7% ND ND
G4 0.09 950 ND ND
GI12 0.54 220 160 >300
G19 3x107° 0.5 0.7 15
H5 0.0049 20 10 19

“1Cs against P. falciparum-infected RBC are from Table 1. Lys,, Mas,, and
Mgs, were measured after 24 h of drug contact with 6,000 cells/well, as described
in Materials and Methods. ND, not determined.

® These values have already been reported in reference 2.

halofantrine and artemisinin analogs exhibit ICs,s in the low
nanomolar range (23, 26).

The present study demonstrated that the selected com-
pounds had a similar potent in vitro antimalarial effect on
different strains and fresh isolates of P. falciparum with various
degrees of multidrug resistance, which also indicates an origi-
nal mechanism of action. Representative compounds in the
monoammonium series (E10) and bis-ammonium series (G5
and G25) showed the same high activity against multidrug-
resistant strains as against susceptible strains. More specifi-
cally, G25 remained very potent (nanomolar range) against
various chloroquine-, quinine-, cycloguanil-, or mefloquine-
resistant strains and also against fresh human isolates with
various degrees of resistance. This indicates that these classes
of compounds (mono- or bis-ammonium salts) constitute
promising antimalarial candidates against multidrug-resistant
malaria.

The in vitro antimalarial activity of these highly potent com-
pounds was then characterized to determine the possible ef-
fects on host erythrocytes and the susceptibility of the different
parasite developmental stages to the compounds. The influ-
ence of parameters such as parasitemia and serum quantities
on their antimalarial activities was also investigated to assess
the potential in vivo antimalarial activity.

Quaternary ammonium salts had time- and concentration-
dependent effects, with a higher specificity of action against
mature parasites. Monoquaternary (E10) and bis-quaternary
(G5 and G25) ammonium salts had a clear cytocidal rather
than cytostatic effect. Bis-quaternary ammonium salts acted
more quickly than monoammonium salts, i.e., 50% growth
inhibition occurring after 5 or 15 h contact, respectively (Fig. 3
and data not shown).

Although these compounds showed broad stage-specific ac-
tion, they were found to be especially toxic against mature
intraerythrocytic Plasmodium stages. The trophozoite stage
was the most susceptible stage to G25 (ICs, = 0.75 nM), i.e.,
more than 200- and 10-fold-more susceptible than the ring and
schizont stages, respectively. This stage specificity is similar to
trends noted with many other antimalarials, especially antifo-
lates (12, 14).

A consequence of this distinct parasite stage susceptibility is
that the IC5,s depend on the assay conditions, e.g., whether
incubations are performed with synchronized parasite suspen-

ANTIMICROB. AGENTS CHEMOTHER.

sions, the duration of incubation with the drugs, and the time
of hypoxanthine addition. By contrast, the same 1Cs, was ob-
tained irrespective of the initial parasitemia or concentration
in serum, which suggests that the in vivo antimalarial activity
will be satisfactory even at high parasitemia (6, 36).

Quaternary ammonium salts with a long alkyl chain are
lipophilic molecules which could interact with membranes.
However, pretreatment of healthy RBC with parasite-lethal
concentrations of G25 did not change the susceptibility of RBC
to P. falciparum invasion and their ability to support parasite
growth, indicating that the G25 toxic effect did not occur at the
host cell level. In fact, potential modifications of the host
properties (if any) would be reversible after drug removal or
have no effect on parasite growth.

Bis-quaternary ammonium compounds likely interfere with
in vitro P. falciparum growth by affecting its essential de novo
PC biosynthesis. G25 impaired choline transport into infected
RBC, and most of the compounds selectively blocked de novo
PC biosynthesis (Table 1; Fig. 1). They were highly specific to
mature parasite stages (Fig. 4), which are the most metaboli-
cally active stages with respect to PL biosynthesis (34). There
was a close correlation between impairment of PL biosynthesis
and inhibition of in vitro malaria parasite growth (Fig. 2). By
contrast, the most active of these compounds showed a much
lower toxicity (by 3 to 5 orders of magnitude) against rapidly
dividing lymphoblastoid, macrophage, or megakaryoblastic
cells at concentrations affecting parasite viability as well as a
total absence of correlation between parasite growth inhibition
and the growth inhibition of other human cell lines (Table 5).
This selectivity might be explained by the inability of mamma-
lian cells to accumulate these compounds as noted for P. fal-
ciparum (36). The novelty of the target was also shown by the
fact that the structure activity relationships of these com-
pounds for antimalarial activity were not applicable for toxicity
against mammalian cells. Altogether, the specific antimalarial
effects of choline analogs are likely mediated by their alter-
ation of parasite PL metabolism, indicating that de novo PC
biosynthesis from choline is a very realistic target for new
malaria chemotherapy.

In summary, a suitable very high level of activity is now
reached in vitro against P. falciparum with these quaternary
ammonium salts that mimic choline structure (8, 32) and act by
inhibiting PC biosynthesis. We observed lower in vitro mam-
malian cell cytotoxicities and higher antiparasitic activities, i.e.,
the possible innocuousness for the animal of curative doses for
malaria, thus boosting our confidence in future in vivo thera-
peutic indices. The rapid activity of the compounds and their
different stage-specific profiles warrant further in vivo investi-
gation. Subsequent tests on their tolerance and activity in vivo
in the malaria-infected murine model also gave promising re-
sults since cures without recrudescence were obtained with a
satisfactory safety margin (6). The next step that we are cur-
rently investigating before preclinical studies is to optimize the
oral bioavailability of these very active antimalarial com-
pounds.
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