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Cell-Penetrating Peptide TP10 Shows Broad-Spectrum Activity against
both Plasmodium falciparum and Trypanosoma brucei brucei’
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Malaria and trypanosomiasis are diseases which afflict millions and for which novel therapies are urgently
required. We have tested two well-characterized cell-penetrating peptides (CPPs) for antiparasitic activity. One
CPP, designated TP10, has broad-spectrum antiparasitic activity against Plasmodium falciparum, both blood
and mosquito stages, and against blood-stage Trypanosoma brucei brucei.

Vector-borne protozoan diseases are responsible for high
levels of human morbidity and mortality (13), with malaria in
particular resulting in 1 to 3 million deaths a year (30). There
is an urgent need to identify and develop novel compounds to
treat infection or prevent transmission from the mosquito vec-
tor. Antimicrobial peptides (AMPs) have been put forward as
one potential class of novel antimalarials (1, 7, 8). The mos-
quito innate immune response includes the production of sev-
eral AMPs (21), although the effectiveness of such effector
molecules in vivo is unclear (4). Cell-penetrating peptides
(CPPs), on the other hand, are molecules which can translo-
cate into cells without causing membrane damage, leading to
their proposed use as vectors for delivering therapeutic cargo
to treat various conditions and diseases. Unlike AMPs, CPPs
are either derived from protein transduction domains or de-
signed to mimic the structure and sequence of such domains
(36). However, AMPs and CPPs show significant similarities in
charge, structure, and initial membrane interactions (12). Two
of the best-characterized CPPs are pVEC (9) and TP10 (32),
which can successfully translocate into various cell types (22,
26, 27) and demonstrate antimicrobial activity (24, 26). Our
aim was to investigate whether pVEC and TP10 are capable of
exerting antiparasitic effects against Plasmodium falciparum,
the most deadly of the species that cause human malaria. In
addition, we tested Trypanosoma brucei brucei, of which other
subspecies of the T. brucei genus (gambiense and rhodesiense)
are the causative agents of human African trypanosomiasis (2).

P. falciparum assays. pVEC and TP10 (Table 1) were syn-
thesized as described previously (18) and dissolved in NANO-
pure water prior to use. Using P. falciparum clone HB3 cul-
tured from 1% parasitemia with malaria culture medium and
10% serum (34), we used the Malstat assay to measure parasite
lactate dehydrogenase as an indirect measure of growth (14).
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Following a screen of peptide concentration (1, 10, and 30 uM)
and incubation period (3, 6, and 24 h), only TP10 was found to
reduce parasitemia, at 30 wM after 24-h incubation. TP10
treatment led to a significant reduction of parasitemia by
~99% (one-way analysis of variance; P < 0.0001) (Fig. 1A). In
contrast, pVEC had no effect against the parasite. This activity
was confirmed microscopically for each experiment using acri-
dine orange fluorescence (data not shown). Monitoring TP10
activity every 3 h up to 24 h posttreatment (Fig. 1B) revealed
an arrest in growth at 15 h (Student’s ¢ test; P = 0.071). By 18 h,
the parasitemia began to fall (Student’s ¢ test; P = 0.007), and
by 21 h, most of the parasites had died (Student’s ¢ test; P <
0.0001 and P = 0.03, respectively). Since the cultures were
asynchronous, this indicates that TP10 is active against all
blood-stage forms. One unusual observation in the TP10-
treated cultures was that the medium changed to a rust color
18 h after treatment. If this is due to TP10 disrupting hemozoin
formation, leading to a buildup of free oxidized heme, then
that in turn could kill the parasite (20). It is also possible that
TP10 acts in an indirect manner. A recent study demonstrated
that phospholipase A, hydrolysis of human serum lipoproteins
in parasite culture medium generates toxic antiplasmodial lipid
by-products (11). While the main route of TP10 uptake is
believed to be via the endocytic pathway (25), it has recently
been suggested that perturbation of the lipid bilayer is required
to maximize TP10 uptake (35). However, uptake does not
necessarily translate into toxicity, as two newly designed CPPs
are reported to accumulate in P. falciparum-infected red blood
cells (RBCs) without killing the parasite but never enter non-
infected RBCs (10). This may be related to the changes in
erythrocyte membrane composition due to the formation of
new permeability pathways (19). In order to determine
whether hemolysis played a role in TP10 toxicity against the
parasites, the CPP was incubated with uninfected RBCs and
the lytic activity measured at 650 nm. RBC lysis peaked at 5%
within 20 min at 30 uM (Fig. 1C). Hemolysis is unlikely to
contribute significantly to TP10’s antiparasitic effects, since a
drop in parasitemia was not detected until 15 h posttreatment.
Gametocytes of P. falciparum clone 3D7 were cultured as de-
scribed elsewhere (6) and used in membrane feeding experi-
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TABLE 1. Amino acid sequences and predicted peptide properties®

Net  Hydrophobicity

Name® Sequence® charge ratio (%) Length

pVEC LLIILRRRIRKQAHAHSK  +8 44 18

TP10 AGYLLGKINLKALAALA +4 61 21
KKIL

“ As predicted using the Antimicrobial Peptide Database website (aps.unmc.edu
/AP/main.html).

® See references 9 (pVEC) and 32 (TP10).

¢ Amidated at the C terminus.

ments to infect Anopheles gambiae Keele strain mosquitoes
(17) as described previously (6). Fifty to 100 female mosqui-
toes (5 to 7 days old) were offered infectious blood meals
supplemented with 30 uM TP10, pVEC, or phosphate-buft-
ered saline (control). Ten days after feeding, midguts were
dissected, and the prevalence (percent infection) and intensity
(number of oocysts seen on a whole mosquito midgut) were
noted. TP10 consistently reduced the prevalence of oocyst in-
fection compared to that for the control by 35 to 45%, with
statistical significance in experiment 1 (P < 0.0001) and exper-
iment 3 (P = 0.014) (Table 2) as determined using Fisher’s
exact test. Experiment 2 just failed to reach significance, which
could be due to the low infectivity in the control feed (P =
0.07). In terms of infection intensity, TP10 reduced the number
of oocysts in infected mosquitoes in all feeds, although this
only reached statistical significance in experiment 1 (P <
0.0001) as determined using the Genmod procedure compar-
ing oocyst distribution fitted to negative binomials (3). It is
worth noting that infection prevalence and intensity in exper-
imental feeds are much higher than those observed in the field
with P. falciparum. Therefore, a 50% reduction in prevalence
could be enough to push the oocyst numbers to zero in an
applied field study. As exflagellation was observed for all in-
fective blood meals, TP10 is likely to act against the zygotes or
ookinetes. Our conclusion is that TP10 is highly active against
both blood-stage and vector-stage malaria parasites.
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TABLE 2. Effects of CPPs on the establishment of P. falciparum
(3D7 clone) sporogonic development in the mosquito vector
A. gambiae following a gametocyte membrane feeding

No. of oocyst-positive

mosquitoes/total Median no. of

Expt CPP treatment no. dissected oocysts/ mfected
no. mosquito
(% prevalence of
oocyst infection) (range)
1 TP10 21/42 (50)¢ 2 (1-6)°
pVEC 25/40 (63)* 2 (1-23)
Control (no CPP) 37/40 (93) 4 (1-11)
2 TP10 13/43 (30) 1(1-3)
pVEC 19/43 (44) 2 (1-5)
Control (no CPP) 23/47 (49) 1(1-5)
3 TP10 17/34 (50)° 4 (1-43)
pVEC 24/35 (69) 4 (1-24)
Control (no CPP) 31/40 (78) 4 (1-29)

“ Significantly different (P of <0.0001, P equals 0.0013, and P equals 0.01 for
TP10 [experiment 1], pVEC [experiment 1], and TP10 [experiment 2], respec-
tively) from the value of control mosquitoes infected, as calculated using chi-
squared or Fisher’s exact tests.

b Significantly different (P of <0.0001 for TP10 [experiment 1]) from the value
of oocyst densities, as calculated using the Genmod procedure.

T. b. brucei assays. CPP activity was investigated against
another protozoan parasite, bloodstream forms (BSFs) of 7. b.
brucei strain 427 (15). Trypanocidal activity was measured us-
ing a modification of the Alamar Blue assay (29), adapted as
described previously (33), with no drug as a control. TP10
showed strong activity, with a mean ICs, (the concentration
inhibiting growth by 50%) of 2.7 uM, as calculated using the
GraFit 5.0 data analysis software (Erithacus). In contrast,
pVEC was ineffective (Fig. 2A). In order to determine whether
TP10 was lysing the parasites, BSFs were incubated at a start-
ing density of 2 X 10° cells in HMI-9 medium in the presence
of TP10 at its ICs;, (2.7 M) and 2X ICs, (5.4 pM). Treatments
were monitored for the presence/absence of parasites by mi-
croscopy every hour for 6 h (Fig. 2B). The lysis half-time at 5.4
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FIG. 1. CPP activity against asynchronous blood-stage P. falciparum cultures. (A-C) Following 24-h incubation with 30 uM pVEC or TP10 at
2% hematocrit, antiparasitic activity was measured using the lactate dehydrogenase assay (A). Background absorbance obtained with uninfected
RBCs was subtracted from the other readings. Bars with different letters are significantly different (one-way analysis of variance; P < 0.0001).
(B) The time course of TP10 activity was monitored every 3 h over the 24-h incubation period and compared to control cultures (i.e.,
phosphate-buffered saline [PBS] added instead of a CPP) to determine the time course of its antimalarial activity. *, indicates a significant
difference (P < 0.05) using Student’s ¢ test (pairwise comparison). (C) The hemolytic activity of TP10 against human RBCs was analyzed over three
different concentrations (1, 10, and 30 wM) and compared to a Triton X-100 positive control, where lysis was assumed to be 100%. Error bars in
all figures represent the standard errors of the means (n = 3).
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FIG. 2. CPP activity against blood-stage 7. b. brucei. (A) The
Alamar Blue assay was carried out using pVEC and TP10 to monitor
parasite metabolic function over double dilution concentrations of
CPP, starting from 25 pM, to determine the ICs, for each peptide.
(B) The lysis assay was used to determine whether TP10 treatment at
ICs, or 2X ICs, leads to morphological changes and/or lysis of the
blood-stage trypanosomes. Error bars represent the standard errors of
the means (n = 3).

wM against BSFs was around 1.5 h. These data show that TP10
is also active against blood-stage trypanosomes.

The predicted structure of TP10 (according to the Advanced
Micro Devices predictor program) is one with very high hy-
drophobicity and potential to form helices in membranes, sug-
gesting that the mechanism of activity is similar to that utilized
by AMPs (5; the literature is abundant with data on AMPs
active against individual parasitic protozoa [16, 23, 31]). It will
be interesting to see whether TP10 is active against a broader
range of parasitic protozoa, such as Leishmania, Toxoplasma,
and Giardia. Finally, in a practical use of CPPs, one must also
consider the possible development of parasite resistance. In
bacteria, mechanisms to destroy or prevent AMPs from cross-
ing the lipid bilayer have been described previously (28), al-
though there is no evidence to suggest that any bacteria have
developed complete resistance to attack by multiple AMPs.
This may be due to variability in size and amino acid compo-
sition. It is feasible that parasites would share a similar prop-
erty of evolution against CPPs. Therefore, there is reason to
believe that TP10, and any additional CPPs which demonstrate
antiprotozoan activity, could be utilized in long-term parasite
control strategies including transgenic or paratransgenic mos-
quitoes in the field or as human therapeutics.
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