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Pentamidine is a second-line agent in the treatment of leishmaniasis whose mode of action and resistance
mechanism are not well understood. In this work, we show that the intracellular ABC protein PRP1 (pentam-
idine resistance protein 1) (ABCC7) can confer resistance to pentamidine in Leishmania sp. parasites in the

intracellular stage.

Leishmaniasis is a significant cause of morbidity and mor-
tality in several countries, and its clinical manifestation de-
pends on species, host genetic factors, and immune response
(19). Treatment depends on chemotherapy, where pentavalent
antimonials are still the mainstay against all Leishmania spe-
cies (12, 19). Antimonial drug resistance has increased the use
of second-line drugs, including miltefosine, amphotericin B,
and pentamidine, despite their associated adverse reactions (6,
19). The mechanism of action of pentamidine in Leishmania is
unclear; however, the mitochondrion appears to be an impor-
tant target of this drug (1, 5, 6). Different pentamidine-resis-
tant Leishmania species exhibited reduced accumulations of
the drug both in the mitochondrion and in the cytosol (1, 16).
In the case of Leishmania mexicana, it was proposed that
pentamidine would be excluded from the cell by an ATP-
binding cassette (ABC) transporter (1), although the situation
appears to be different for Leishmania donovani (16). The
protein responsible for decreased accumulation in mitochon-
dria is still unknown.

Several ABC proteins contain two transmembrane do-
mains and two conserved nucleotide binding domains with
three characteristic motifs: the Walker A and B motifs and
the signature C motif of the ABC transporters (13). Eight
different subfamilies of ABC transporters (ABCA to
ABCH) have been described for eukaryotic cells (7), and
representatives of all subfamilies are also present in Leish-
mania (15). Some members of ABC transporter subfamilies
were characterized and shown to be associated with drug
resistance in Leishmania. A homologue of the human P
glycoprotein was found to confer resistance to a number of
drugs, including miltefosine (reviewed in reference 20). The
ABC transporter PRP1 (pentamidine resistance protein 1)
(ABCCT7) was shown to confer pentamidine resistance in the
promastigote form of Leishmania major (3). This ABC
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transporter is specific to the genus Leishmania since no
orthologues were found in the genome of the related para-
sites Trypanosoma cruzi and Trypanosoma brucei (15). PRP1
is part of the Leishmania ABCC subfamily, which also in-
cludes MRPA (ABCC3), a protein involved in antimony
resistance in Leishmania (8, 14). PRP1 and MRPA are in-
tracellular proteins and are possibly associated with the
tubulovesicular element that is linked to exo- and endocy-
tosis pathways (4, 11, 18). We hypothesized that PRP1
would transport pentamidine into an intracellular organelle
that would be exocytosed by the cell throughout the flagellar
pocket (4). These data are derived from work with promas-
tigotes, and in this study, we have tested whether PRP1 can
confer resistance to pentamidine in the more relevant amas-
tigote stage of the parasite.

We first transfected the PRPI gene (3) in Leishmania
infantum  (MHOM/MA/67/ITMAP-263) promastigotes,
which by growth of cells at 37°C and an acidic pH can
differentiate easily in axenic amastigotes (24). The PRP1
transfectants were ~3-fold more resistant to pentamidine
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FIG. 1. PRP1 confers pentamidine resistance in Leishmania infan-
tum (Li) axenic amastigotes. A growth curve is shown for L. infantum
axenic amastigotes in MAA/20 medium (24) in the presence of pent-
amidine. Promastigote parasites were transfected with the plasmids
indicated (the control plasmid, pSNBR [22]; PRP1 [pSNBR/8kb
Smal-A] [3]; and PRP1-GFP [4]) and induced for differentiation to
axenic amastigotes (24). Experiments were done in triplicate.
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FIG. 2. Cellular localization of the construct PRP1-GFP. The fusion protein was studied by fluorescence microscopy with L. infantum axenic
amastigotes. Transfectant parasites were immobilized in 1% (wt/vol) low-melting-point agarose in phosphate-buffered saline and observed with a
Nikon Eclipse TE300 microscope (100X objective) using appropriate GFP excitation/emission filters (HYQ filter cube; Nikon). A, phase contrast;

B, GFP fluorescence; C, panels A and B merged.

when grown as axenic amastigotes (Fig. 1). The amastigote
nature of our cell culture was confirmed by monitoring the
expression of the amastin gene that is known to be specifi-
cally expressed in amastigotes (27). Indeed, the expression
of amastin was increased 20 times in L. infantum axenic
amastigotes, as determined using established quantitative
real-time reverse transcription-PCR protocols (10, 17) (data
not shown). A PRP1-green fluorescent protein (GFP) fusion
has allowed the localization of this fusion protein to an
intracellular organelle in the promastigote stage of the par-
asite (4). Transfection of PRP1-GFP in L. infantum and
differentiation of the parasite in amastigotes have permitted
a demonstration that this fusion protein confers pentami-
dine resistance (Fig. 1) and is also located intracellularly
(Fig. 2).

PRP1 can confer pentamidine resistance in axenic amas-
tigotes. We then attempted to show its role in resistance in
intracellular parasites by using the THP-1 infection model
and luciferase-expressing parasites (21, 26). This was not
possible with the L. infantum strain used, possibly due to its
higher intrinsic resistance to pentamidine inside macro-
phages (Table 1). It is salient that the same L. infantum
strain was also not useful for monitoring the role of MRPA
in pentavalent antimony resistance inside macrophages (8).

The PRP1 construct was then transfected in the promas-
tigotes of Leishmania (Leishmania) amazonensis (MHOM/
BR/1973/M2269) and L. (L.) major LV39 strains. These
PRP1 transfectant promastigote cells were more resistant to
pentamidine (data not shown). Recombinant promastigotes
were used for infecting the human monocyte cell line
THP-1. The transfectants of these two species transfected

with PRP1 were three times more resistant to pentamidine
than those of the control transfected line containing pPSNBR
(Fig. 3).

The calcium channel blocker verapamil, known to reverse
multidrug resistance in mammalian cells (2, 23), was also
shown to modulate the activities of Leishmania efflux ABC
transporters (9). Pentamidine resistance could be reversed
by the use of nontoxic concentrations of verapamil in L.
mexicana promastigotes (1), although no reversal of resis-
tance was observed in pentamidine-resistant L. mexicana
axenic amastigotes treated with verapamil (25). Nontoxic
concentrations of verapamil were able to increase the in-
trinsic pentamidine susceptibilities in the intracellular forms
of three Leishmania species (Table 1). This prompted us to
test whether verapamil had the ability to reverse PRP1-mediated
pentamidine resistance. The use of subtoxic concentrations of
verapamil has not, however, reversed PRP1-mediated resistance
(results not shown).

This study has shown that the Leishmania ABC trans-
porter PRP1 (ABCC7) can confer resistance to pentamidine
in the amastigote stage and in intracellular parasites. It
remains to be seen whether overexpression of PRP1, as
recently shown for MRPA in an antimony-resistant field
isolate (17), is observed in patients for whom pentamidine
treatment has failed.

We thank J. J. Shaw for the L. amazonensis strain.
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TABLE 1. Sensitivities to pentamidine, verapamil, and a combination of the two drugs verified for wild-type Leishmania amastigote parasites”

Sensitivity (50% inhibitory concentration) for:

Species P
PEN (pg/ml) VER (pM) PEN-VER combination®
L. major 51*+15 40.3 = 10.1 32 % 0.3 pg/ml, 15 pM <0.05
L. amazonensis 6.8+ 1.2 19.1 =39 2.8 = 0.3 pg/ml, 15 uM <0.05
L. infantum 10.0 £ 1.7 432 +17.1 4.7 £ 1.7 pg/ml, 20 pM <0.05

“ Promastigote parasites were transfected with the plasmid pSP1.2LUCaHYGa (21) and used to infect THP-1 cells (26). The 50% inhibitory concentrations were
determined by luciferase activity (percent relative light units). The means =+ standard deviations for at least three independent experiments done in triplicate are given.
P values significantly different from those for the parasites treated with nontoxic concentrations of verapamil are given. PEN, pentamidine; VER, verapamil.

b Values are 50% inhibitory concentrations for pentamidine followed by those for verapamil.
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FIG. 3. PRP1 mediates pentamidine resistance in intracellular Leishmania amastigotes. Luciferase-expressing amastigotes of Leishmania spp.

were grown in a human leukemia monocyte cell line (THP-1 cells) as described previously (26). THP-1 cells were infected with stationary-phase
L. amazonensis (La) and L. major (Lm) promastigotes in 24-microwell plates at a parasite/macrophage ratio of 15:1. Noninternalized parasites were
removed by three washes, and pentamidine was added to the infected macrophages. After 4 days of infection with the drug, cells were washed and
the luciferase activities of the luciferase gene-expressing recombinant parasites were determined as described elsewhere (21). Promastigote
parasites were cotransfected with the plasmid pSNBR (22) or PRP1 (pSNBR/8kb Smal-A) (3) and with the vector pSP1.2LUCaHYGa (27) to
quantify intracellular parasites (21, 26). Experiments were done at least three times in triplicate. Values are represented as numbers of relative
light units (RLU).
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