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Objectives: We sought to improve upon the usefulness of artemisinins as anti-Toxoplasma agents by
synthesizing new unsaturated, carba derivatives and then testing them for in vitro efficacy against
three steps of the lytic cycle of Toxoplasma gondii tachyzoites.

Methods: Novel derivatives of ART were synthesized and then tested for in vitro antiparasitic activity
using T. gondii tachyzoites constitutively expressing p-galactosidase and human fibroblast host cells.
Compounds were evaluated for parasite growth inhibition and cytotoxicity, inhibition of replication and
inhibition of parasite invasion of host cells.

Results: Five of the seven new derivatives, 3a—c, 3e and 3f, effectively inhibited T. gondii growth
(IC50 = 1.0-4.4 pM); however, only three of these proved to be relatively non-cytotoxic (TDso > 200 M).
The same five derivatives also inhibited tachyzoite replication, and attachment to and invasion of host
cells as effectively as or better than the parent compound ART. In addition, one of the derivatives
incapable of inhibiting growth, deoxy-3a, was found to inhibit parasite invasion.

Conclusions: These new artemisinin derivatives have the ability to inhibit multiple steps of T. gondii's
lytic cycle. Synthetic unsaturated, carba derivatives of ART have potential as therapeutic agents for the

prevention and treatment of toxoplasmosis in humans.

Keywords: parasite, toxoplasmosis, treatment, in vitro inhibition, antiparasitic drugs

Introduction

Toxoplasma gondii is a ubiquitous intracellular protozoan
parasite known to infect approximately one-third of the world’s
human population.l Infections are often asymptomatic in
immunocompetent hosts, but severe toxoplasmosis can result
from infection of immunocompromised hosts and foetuses.'
Approved medications for the prevention and treatment of
toxoplasmosis are limited in efficacy and can have serious side
effects.® Artemisinin (ART) and several of its derivatives
display in vitro efficacy against 7. gondii.4’5 However, ART and
some C-10 saturated acetal (oxo-linked) analogues have shown
evidence of neurotoxicity in animal models, presumably due to

rapid metabolism by P450 in the liver to the neurotoxic dihy-
droartemisinin (DHA). The C-10-carba-linked derivatives of
ART are designed to be much less susceptible to P450
oxidation thereby minimizing possible neurotoxicity due
to DHA.°

A principal goal of our research is to design and synthesize
ART derivatives that are highly efficacious, well-tolerated by the
patient and resistant to liver P450 metabolism to DHA. We have
reported on the efficacy of novel, C-10 saturated, non-acetal
ART derivatives against the in vitro growth of T. gondii.” Now
we report on novel C-10 unsaturated, carba-linked derivatives
and their effects on several steps in the in vitro lytic cycle of
Toxoplasma.

*Corresponding author. Tel: +1-410-614-0730; Fax: +1-410-955-3723; E-mail: Ibrando @jhmi.edu
tPresent address. Division of Chemistry, Alfred University, Meyers Hall 219, Alfred, NY 14802, USA.
tThese authors contributed equally to this work.

146
© The Author 2008. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.

For Permissions, please e-mail: journals.permissions @oxfordjournals.org



Artemisinins and Toxoplasma gondii

Materials and methods

Materials and reagents

ART was obtained from Bright Chemicals (Shanghai, China) and
Holley Pharmaceuticals (CA, USA). Artemether was a gift from
XiaoLli Hu (Kunming, China). New ART derivatives (Figure la)
were synthesized by conventional methods as described previously.’
All reagents and control compounds for the growth inhibition assay
were obtained as previously outlined.” The 7. gondii strain 2F tachy-
zoites (ATCC 50839), derived from strain RH, constitutively express
cytoplasmic (3-galactosidase ([3-gal) and are routinely grown in our
laboratory in human fibroblasts (HFF; ATCC CRL-2088).

Five day growth inhibition assay

Compounds were tested for in vitro Toxoplasma growth inhibition
using published methods.” Test and control drugs were added to
HFF cells plated in 96-well plates. Beginning with 320 mg/L, the
drugs were serially diluted across the plate by dilutions of 0.5 logig
ending with 0.032 mg/L. Following this, 50 7. gondii 2F tachyzoites
were added to six of the eight wells in each column. Plates were
incubated at 37°C/5% CO, for 4 days after which time CPRG, the
[3-gal substrate, was added to Toxoplasma wells and the plates incu-
bated for another 1 day. The cell viability reagent, CellTiter 96®
AQueous One Solution Reagent (Promega Corp., WI, USA) was
then added to the remaining two of the eight wells in each column
and allowed to react for 3 h. Colour reactions in the wells were read
in a Vmax microplate reader (Molecular Devices, CA, USA). The
50% inhibitory concentration (ICsy) and the 50% cytotoxic dose
(TDsy) were calculated by applying the Reed and Muench®
formula. The therapeutic index (TI) was calculated by the formula
TI = TD5¢/ICs. Data are compiled from results from three indepen-
dent experiments.

Replication assay

A modification of an established procedure’ was employed. HFF
monolayers in 8-well chamber slides (Nalge Nunc International,
NY, USA) were inoculated with 1.6 x 107 tachyzoites/well and then
incubated for 2 h. Afterwards, compounds were added to each well
to final concentrations of 10 mg/L. Parasite replication was allowed
to proceed for 26 h. The monolayers were then fixed, permeabilized
and immunolabelled with Rb anti-p30 (SAG1) (AbD Serotec,
Oxfordshire, UK) followed by goat anti-rabbit Alexa Fluoro 594
(red) (Invitrogen, CA, USA). DAPI (Invitrogen) for visualizing host
cell nuclei was added to the anti-p30. The slides were visualized
by phase contrast and epifluorescence using a Nikon Eclipse ES800
equipped with an RT spot slider CCD camera. Data were compiled
from three independent experiments, each from 10 random fields per
well. The numbers of vacuoles containing 1, 2, 4, 8 or 16 parasites/
vacuole were enumerated. Data are expressed as the average number
of parasite doublings per vacuole.

Invasion assay

The red/green invasion assay was performed using modified pub-
lished methods.'® Briefly, 5 x 10° 2F tachyzoites were mixed with
each compound to final concentrations ranging from 0.32 to
320 mg/L or with DMSO and allowed to sit at room temperature for
20 min before being added to HFF monolayers in 8-well chamber
slides. After 1 h (37°C, 5% CO,) the chamber was removed, the
slide was rinsed with PBS to remove unattached parasites and then
fixed. Attached/extracellular parasites were detected using Rb

anti-p30 followed by Alexa Fluoro 594 (red). After permeabiliza-
tion, penetrated/intracellular parasites were stained with MAb 9ell
anti-SAG1 (Argene Inc., NY, USA) followed by goat anti-mouse
Alexa Fluoro 488 (green) (Invitrogen). DAPI was added to the
secondary antibody. Slides were visualized as described earlier.
Numbers of green and red tachyzoites per host cell nucleus were
counted.

Results

All of the newly synthesized compounds, except the non-
peroxidic deoxy-3a, inhibited the growth of Toxoplasma during
the course of the 5 day growth inhibition assay with varying
degrees of efficacy (ICsp = 1-40.3 uM) (Table 1) producing
sigmoidal inhibition curves over the concentration range tested
[see Figure S1 available as Supplementary data at JAC Online
(http:/jac.oxfordjournals.org/)]. The lowest ICsy value (1 pM)
was seen in 3¢ and 3b. However, due to drug cytotoxicity, the
corresponding TIs were relatively low. The highest TI values,
975 and 210, were seen in 3a and 3e, respectively. When
compared with the ICsps of trimethoprim (19 wM) and ART
(8 pLM)s, only 3d required a higher concentration to achieve
50% inhibition. Three of the derivatives, 3a, 3d and deoxy-3a,
had no measurable cytotoxic effects at the highest concentration
tested (TDsg > 900 wM).

We next tested the derivatives for efficacy in a replication
assay wherein Toxoplasma is allowed to establish an infection
before drugs are added. ART and artemether served as controls
for the parent compound and C-10 derivatives, respectively. The
results are shown in Figure 1(b) with the derivatives listed in
the same order as in Table 1. At a concentration of 10 mg/L
(25-33.5 uM), all of the compounds inhibited Toxoplasma
replication with the same relative efficacy as in the 5 day growth
inhibition assay (Figure 1b and Table 1). It is of note that
neither ART nor artemether proved as effective at inhibiting
replication in this assay as they were in the 5 day growth inhi-
bition assay [ICso = 2.3 mg/L (8 puM) and 0.2 mg/L (0.7 uM),
respectively].” Fluorescence images representative of those from
which the numerical data for Figure 1(b) were generated can be
viewed in Figure S2 [available as Supplementary data at JAC
Online (http:/jac.oxfordjournals.org/)].

Invasion of host cells by T. gondii is the first step in the lytic
growth cycle of the tachyzoite in the intermediate host’ and is
initiated by attachment of the tachyzoite to the host cell followed
by active penetration. Using the red/green invasion assay (shown
as grey/black, respectively), we tested the ability of the deriva-
tives to inhibit the attachment and penetration steps of cell inva-
sion. BAPTA-AM (20 pM) and cytochalasin D (2 uM) were
added as controls for defects in attachment and penetration,
respectively. As shown in Figure 1(c) for treatment at 10 mg/L,
two compounds, 3b and artemether, caused significant (single
asterisk) reductions in the number of penetrated parasites.
Treatment with 3¢, 3a and 3e also resulted in a >50% reduction
of penetration. Of note, deoxy-3a, virtually inactive in growth
inhibition assays, caused a reduction of penetrated parasites
approximately equal to that of the highly effective derivative 3¢
(Table 1 and Figure 1c). Conversely, ART showed little or no
effect on the invasion process. A decrease in the combined
numbers of attached and penetrated parasites relative to control
is highly indicative of a direct effect on the parasite’s ability to
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Table 1. Growth inhibition of T. gondii by ART derivatives

ICso TDso

Compound® mg/L (SEM)> pM  mgL pM  TI

3c (aldehyde)
3b (benzothiazole)

0.3 (0.02) 1.0 26 89 92
0.4 (0.12) 1.0 9 23 28

3a (2-thiazole) 0.6 (0.09) 1.7 >320° 916 975
3e (methyl ester) 0.9 (0.15) 2.9 177 545 210
3f (ethyl amide) 1.5 (0.32) 44 72 215 52
3d (carboxylic acid) 12.5 (3.60) 403 >320° 1031 60
Deoxy-3a 280.6 841.5 >320° 960 2
Trimethoprim 5.5 19 60 207 11

“C-10 unsaturated ART derivatives are listed in decreasing order of efficacy
according to concentrations in mg/L. Chemical nature of derivative shown in
Earentheses.

Data were compiled from the results of three independent experiments; stan-
dard error of the mean (SEM) is shown in parentheses.
“Toxicity endpoint was not reached; a value 1/4 log,o greater than the con-
centration tested was used to compute the TI.

attach to host cells."' Seven ART derivatives showed a moderate
(3a, 3c, 3d, deoxy-3a) to significant (3b, 3e, artemether)
(double asterisk) inhibitory effect on tachyzoite attachment to
the cells relative to DMSO-treated tachyzoites (Figure Ic).
Fluorescence images representative of those from which the
numerical data for Figure 1(c) were generated can be viewed in
Figure S3 [available as Supplementary data at JAC Online
(http:/jac.oxfordjournals.org/)].

We investigated the dose—response relationship of the deriva-
tives on invasion by treating parasites with varying concen-
trations (0.32-320 mg/L) of ART or derivatives and then
evaluating the inhibition using the red/green invasion assay. The
total number of cell-associated tachyzoites, attached, penetrating
and penetrated per cell nuclei were normalized to that of the
DMSO-treated control (that being 100%). Artemether and 3b
showed nearly identical profiles of inhibition, effectively inhibit-
ing invasion over the entire range of concentrations, never allow-
ing more than 40% relative attachment/penetration (Figure 1d).
We observed a gradual decrease in the number of attached/
penetrated parasites as the concentration increased with most of
the other derivatives and ART (50% inhibition reached between
7 and 32 mg/L) with the exception of 3f, which did not inhibit
more than 20% of the invading tachyzoites at any concentration
tested.

Discussion

We have demonstrated that C-10 unsaturated, carba-linked
derivatives of ART can be effective in the inhibition of infection
by T. gondii. Furthermore, this inhibition occurs at more than
one step in the parasite’s lytic cycle.

In the 5 day growth inhibition assay, all of the new deriva-
tives except deoxy-3a demonstrated higher TIs than trimetho-
prim, a drug used for the treatment of Toxoplasma infections.
In addition, these same compounds, with the exception of 3d,
displayed lower ICsps relative to ART. Treatment with 3a
resulted in the highest TI, 975, which compares favourably with
other C-10 ART derivatives that we have synthesized and tested,
as well as to artemether, one of the medications used for the
treatment of human malaria.” The virtual lack of growth inhibi-
tory activity of deoxy-3a indicates that the peroxide bridge of
ART is required for this inhibitory property of the derivatives.

The 5 day growth inhibition assay tests for activity against
extracellular and intracellular parasites. Conversely, the replica-
tion assay tests for activity only against intracellular parasites.
All of the new derivatives effectively inhibited the intracellular
parasites, again except deoxy-3a. Interestingly, both ART and
artemether, which are highly effective in our growth inhibition
assay, were not as effective in the replication assay even at con-
centrations of 4 x and 50 x, respectively, higher than their estab-
lished ICsps (Figure 1b).> These results are somewhat different
from those of Ou-Yang et al.* who reported that both ART and
artemether, when added to an established infection, successfully
inhibited the formation of 7. gondii plaques. The reason for this
difference could be related to a combination of factors. Ou-Yang
et al.* added drugs to previously infected cells, similar to our
replication assay, but then unlike our assay, allowed the infec-
tion/treatment to proceed for 5 days before plaque quantification.
Thus by design, the tachyzoites were allowed to undergo at least
5x the number of doublings as in our replication assay and con-
sequently they were exposed to the drugs 5x longer. This
longer exposure in vitro might be required for ART and arte-
mether to show efficacy. Such delayed onset of action has been
described for the anti-Toxoplasma drug clindamycin.12

We have also documented that treatment of extracellular
tachyzoites with these new derivatives results in an inhibition of
parasite invasion (Figure 1c and d), 3f being the only exception.
Deoxy-3a, essentially inactive in growth inhibition assays,
demonstrated efficient inhibition of tachyzoite invasion with an
1C50 = 10 mg/L. This inhibitory effect shown by the majority of
the derivatives might be due to a mobilization of intracellular
calcium within the parasites [Ca®");. Such an increase in [Ca®'];
results in a premature secretion of the parasite’s microneme

Figure 1. ART derivatives can inhibit replication of intracellular parasites as well as invasion. (a) Structures of ART and novel derivatives. Substitutions at R
are as shown. (b) Replication assay (performed as described in the Materials and methods section). Compounds were tested at 10 mg/L (range 25-34 pM).
All data are compiled from three independent experiments. Mn = mean. (c¢) Quantification of invasion inhibition using red/green assay (here shown as grey/
black) performed as described in the Materials and methods section. Black (green) bars represent penetrated/intracellular parasites. Grey (red) bars depict
attached/extracellular parasites. Compounds were tested at 10 mg/L (range 25-34 uM). BAPTA-AM (20 uM) and cytochalasin D (Cyt D, 2 pM) were
included as positive controls for inhibition of attachment or penetration, respectively. Data are mean values + SEM of three independent experiments,
counting 10 random fields for each sample. A single asterisk indicates that tachyzoite penetration was significantly lower (P < 0.05, two-tailed Student’s
t-test) than the control. A double asterisk indicates a significant effect (P < 0.05, one-tailed Student’s #-test) on parasite attachment relative to the control. (d)
Dose—response effect of ART derivative treatment on 7. gondii invasion. Cell-associated parasites (penetrated and attached) per host nuclei were counted and
normalized as a percentage of untreated control parasites. Colour versions of Figure 1(c and d) are available as Supplementary data at JAC Online (http:/jac.

oxfordjournals.org/).
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protein MIC2, a protein essential for efficient invasion of host
cells.'” This effect on [Ca®"]; has recently been reported for
ART.”

Our results indicate that C-10 unsaturated, carba-linked
derivatives of ART have anti-Toxoplasma activity and that these
derivatives affect the proliferation of 7. gondii at several steps in
the life cycle of the tachyzoite. In addition, our data show that
inhibition of one step is not necessarily linked to inhibition of
another step. Furthermore, even though these derivatives did not
have higher TIs than artemether (TI = 1100)5, three, 3a—c, were
more efficient at inhibition of replication and 3b was comparable
in invasion inhibition. Most importantly, these derivatives, due
to a carbon linkage rather than an oxygen linkage at C-10 as in
ART and artemether, are resistant to the oxidation by cyto-
chrome P450 to the reportedly neurotoxic DHA® and thus repre-
sent promising compounds for development. Further studies will
be performed to define the molecular mechanisms of the
Toxoplasma inhibitory activity of the different compounds and
to design additional active compounds.

The availability of compounds with selective activity at
different steps of the tachyzoite life cycle could lead to new
pharmacological methods for the prevention and treatment of
Toxoplasma infection in humans on a worldwide basis. This
potential for global use will depend upon the safety and efficacy
of the compounds as well as on the possible effects of these
compounds on concomitant anti-malaria programmes that
employ similar compounds.
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