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Abstract

Leishmania, a parasitic protozoan, infects human macrophages, often causing severe morbidity and mortality. The pathogenic form of
this parasite, the amastigote, lives inside the acidic phagolysosomes of infected macrophages. In our attempt to develop anti-miniexon
phosphorothioate oligodeoxyribonucleotides (S-oligos) as an alternative chemotherapy againstLeishmania,we found that intracellular as
well as ‘axenic’ amastigotes were more susceptible to these S-oligos than were the cultured promastigotes. Lower pH (4.5) and elevated
temperature (35°) of the medium were among the direct enhancing factors for killing. Addition of the cationic polypeptide poly-l-lysine
(PLL) to the growth medium further enhanced the killing effect of the S-oligo at pH 4.5. The enhancement of specific ablation of mRNA
expression was directly correlated to the increased leishmanicidal activity of the S-oligo. This was shown by the increased inhibition of
luciferase activity expressed in transgenicLeishmania amazonensispromastigotes by anti-miniexon S-oligo or anti-luciferase S-oligo at
acidic pHs and in the presence of PLL. The leishmanicidal effects of S-oligos at acidic pH and in the presence of PLL were related to
increased uptake of the S-oligos under these conditions. The rate of S-oligo uptake was enhanced up to 15-fold at pH 4.5. The addition of
PLL to the assay medium at acidic pH further enhanced the uptake of S-oligo up to 80-fold. RNase H is known to accentuate the antisense
action of S-oligos. We found that at an elevated temperature RNase H activity inLeishmaniacell extracts increased about 5-fold. Thus,
enhanced uptake of S-oligos at the acidic pH of macrophage phagolysosomes and activation of RNase H may explain the efficient killing
of the parasite in macrophages, both in tissue culture and in the animal model, by antisense miniexon oligonucleotide/PLL, when targeted
directly to the parasite-containing phagolysosomes. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

The etiological agent for leishmaniasis, a human para-
sitic disease, is the protozoon of the genusLeishmania.
Leishmaniasis currently affects some 12 million people in

88 countries, all but 16 of which are in the developing
world. The disease is transmitted by sandflies (e.g.Phle-
botomusspp.), small biting insects that breed in moist soil,
forest areas, caves, or the burrows of rodents and feed from
soft plant tissues or animal reservoir hosts including hu-
mans. According to the latest epidemiological data from the
World Health Organization [http://www.who.int/emc/dis-
eases/leish/leis.html], the global annual incidence of leish-
maniasis is 1.5 to 2 million new cases per year. During its
life cycle, Leishmaniaalternates between the insect vector
and a vertebrate host. The parasite lives as a motile, flag-
ellated promastigote in the gut of various sandfly vectors,
characterized by its elongated shape and a single long an-
terior flagellum [1]. When delivered into the mammalian
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body by the bite of an infected sandfly, the promastigotes
are engulfed by the macrophages by a receptor-mediated
process [1]. The promastigotes end up in the phagolyso-
somes of macrophages where they transform into non-mo-
tile, intracellular amastigotes [1]. Both the promastigotes
and the amastigotes may be grown in axenic culture media
[2,3]. Presently, there is no effective vaccine available for
prophylactic purposes against leishmaniasis [http://www.
cdc.gov/travel/diseases/leishmaniasis.html]. The Center for
Disease Control recommends sodium stibogluconate or meglu-
mine antimoniate as drugs of choice against leishmaniasis
[http://www.cdc.gov/travel/diseases/leishmaniasis.html]. Also
recommended are amphotericin B (including its lipid-encap-
sulated form), pentamidine isethionate, or paramomycin as
alternatives. Other useful antileishmanial chemotherapeutic
agents include ketoconazole and its derivatives [4]. The fre-
quent toxic side-effects of these drugs and the potential of
Leishmaniato develop resistance to these drugs [5] suggest the
need for more rational alternative chemotherapeutic agents
against leishmaniasis.

Recently, we and others [6–10] have become interested
in exploring the possibility of using antisense S-oligo as an
alternative chemotherapy against leishmaniasis and as an
alternative tool for targeted gene knockout of mRNAs in
this and other similar cells. Using S-oligos, Ramazeilleset
al. [6] targeted the miniexon sequence present at the 59-end
of every mRNA ofLeishmania amazonensis.The comple-
mentary 16-mer (16PS) was able to kill amastigotes in
murine macrophages in culture. Using 16PS linked to a
palmitate chain, which enabled it to complex with low-
density lipoproteins, improved the leishmanicidal efficiency
on intracellular amastigotes, probably due to increased en-
docytosis [7]. The targeted miniexon segment of the mR-
NAs folds into a hairpin, and the antisense disrupts the stem
region of this hairpin [8,9]. We targeted a 17-mer S-oligo
antisense (ASM) to the 39-end of the miniexon ofLeishma-
nia to the phagolysosomes of cultured murine macrophages
infected withL. amazonensisusing the macrophage scav-
enger receptor-mediated modality [10]. ASM was encapsu-
lated into liposomes coated with MBSA, the artificial ligand
for macrophage scavenger receptors. MBSA-coating of the
liposomes allowed specific binding of the liposomes to the
macrophages, their receptor-mediated uptake, and subse-
quent degradation inside the phagolysosomes to release the
ASM [10]. When incubated withLeishmania-infected mac-
rophages, MBSA-liposome-encapsulated ASM (10mM)
was able to kill .90% of the parasites within 5 hr as
compared with 20% killing within this time period by free
ASM. Similar anti-miniexon S-oligo encapsulated in cat-
ionic liposomes has also been shown to specifically reduce
the amastigote burden within cultured macrophages [11].

We found that the phagolysosomal amastigotes ofL.
amazonensisare killed more efficiently by ASM than are
the cultured promastigotes. To understand the underlying
mechanism of this difference, we examined axenically
grown amastigotes and found the same to be true. Thus,

enhanced leishmanicidal efficacy of ASM against amasti-
gotes may be macrophage-independent. Here, we report that
the acidic pH of the amastigote growth medium allows them
to efficiently pinocytose ASM and other oligos, resulting in
enhanced ablation of target mRNA functions. Activation of
RNase H at a higher temperature may aid in the enhance-
ment of antileishmanial activity of ASM in amastigotes.

2. Materials and methods

2.1. Materials

L. amazonensis(MHOM/BR/72/LV79), L. donovani
(MHOM/IN/80/DD8), L. major (MHOM/IL/80/FRIEDLIN),
and mouse macrophage cells, J774G8, were obtained from
Prof. K. P. Chang of the Chicago Medical School. Cell
culture media and antibiotics were purchased from Life
Technologies, Inc. S-oligos were custom synthesized,
HPLC-purified, and analyzed by Trilink Biotechnology.
35S-oligos also were synthesized and purified by Trilink
Biotechnology. Other radiolabeled compounds were pur-
chased from Amersham Pharmacia Biotech. Some of the
S-oligos were synthesized in-house in a Beckman 1000M
Oligo Synthesizer, using a 1000 nmol scale Beckman col-
umn. Post-synthesis, the S-oligos were purified using RP-
HPLC (Beckman Ultrasphere) C-18 columns. Oligos for
polymerase chain reaction were custom made by Life Tech-
nologies, Inc. PLL (MW 30,000–70,000), BSA, DMPC,
DMPE, cholesterol, dicetyl phosphate, maleic anhydride,
dibutyl phthalate, dextran sulfate, phytic acid, wortmannin,
dioleoyl glycerol, dipalmitoyl glycerol, and phorbol myris-
tate acetate were purchased from the Sigma Chemical Co.
Fetal bovine serum was purchased from Atlanta Biologi-
cals. T4 DNA ligase was purchased from Promega. Other
molecular biology reagents were procured from Life Tech-
nologies, Inc. TheLeishmania/Escherichia colishuttle vec-
tor was obtained from Prof. S. Beverley of Washington
University. Plasmid isolation reagents were obtained from
Qiagen. Nucleotide sequencing reagents were from PE Bio-
systems. All other chemicals were purchased from the
Sigma Chemical Co.

2.2. Cell culture

Leishmaniapromastigotes were grown at 25° in Medium
M199 or in Schneider’sDrosophila medium with 10%
HIFBS [12]. The amastigotes ofL. amazonensisand L.
major were obtained from tail-base lesions of infected
Balb/C mice [13]. The amastigotes were also isolated from
infected, cultured macrophages [13]. Axenic amastigotes of
all theseLeishmaniaspecies were grown in cell-free me-
dium at pH 4.5 and at 33–37° [2,3]. Amastigotes were
allowed to transform into promastigotes at 25° in Medium
M199 containing 10% HIFBS [13]. J774G8 cells were cul-
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tured in medium RPMI 1640 with 20% HIFBS at 35° [10].
J774G8 cells were infected with amastigotes following the
standard protocol [14].

2.3. Oligonucleotides used

The following S-oligos were used in this study: anti-
miniexon antisense oligo ASM, 59-CTGATACTTATAT
AGCG-39 [10], the corresponding sense oligo SSM, 59-
CGCTATATAAGTATCAG-39 [10], anti-luciferase anti-
sense oligo LUAS, 59-ATGCCCATACTGTTGAG-39, and
the corresponding sense oligo LUS, 59-CTCAACAGTAT-
GGGCAT-39. Phosphorothioate oligos were radiolabeled
either with35S at the 2nd bond from the 59-end during their
chemical synthesis or uniformly with3H after synthesis by
an exchange reaction protocol [15]. The sense and antisense
primers were designed using MacVector software (Oxford
Molecular). Phosphorothioate derivatives of the oligonucle-
otides were used because these molecules are known to
mediate their action in an RNase H-dependent manner as
opposed to other types of chemical modifications, e.g. mor-
pholino antisense oligomers, which mediate their actions
via RNase H-independent mechanisms. The specificity of
the antisense S-oligos used in this study has been docu-
mented using appropriate control S-oligos, which did not
have any significant target ablation effects in our studies.
We have previously documented the specificity of ASM
against Leishmaniacell growth using additional control
oligonucleotides [10].

2.4. Preparation of MBSA-coated liposomes

BSA (Fraction V, Sigma) was maleylated with maleic
anhydride [16]. Dipalmitoyl phosphatidylethanolamine
(Sigma) (100 mg, dissolved in 0.15 M NaCl by ultrasoni-
cation) was coupled to MBSA (30 mg) by a 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (100 mg)-mediated re-
action [16,17] in a total volume of 3 mL. DMPC was used
to prepare liposomes for encapsulation of ASM or other
oligonucleotides [16,17]. Briefly, DMPC (10 mg) was made
into vesicles with cholesterol (9mmol) and dicetyl phos-
phate (1.2mmol) in 1 mL HBS (HEPES buffer, 25 mM;
NaCl, 0.15 M; sometimes contained oligonucleotide, 50
mmol/mL). Typically by this procedure, 0.1 to 0.2mmol
ASM became trapped in 1 mg of liposomal phospholipids.
The amount of phospholipids in each liposome preparation
was assayed by estimating its phosphate content [10]. For
coating the liposomes with phospholipid-tailed MBSA
(which binds via the phospholipid moiety), 200mg of the
protein was incubated with 1 mg of liposomes in HBS for
20 hr at 4°. Bound MBSA was separated from unbound
molecules by centrifugation at 100,000g for 1 hr at 4°, as
described [10].

2.5. Assay ofleishmanicidalactivity of ASM

To assay the leishmanicidal activities of ASM against
promastigotes and axenic amastigotes, cells in mid-log
phase were aliquoted (1 mL) into 24-well plates. SSM or
ASM and the effector (if any) were added from 100x solu-
tions. The plates were incubated in a humidified incubator
on a rocker platform for 20 hr before counting the cells
microscopically, using a hemocytometer [10]. To evaluate
their effects on amastigotes inside the phagolysosomes of
J774G8 cells, monolayers of J774G8 cells in 24-well plastic
tissue culture plates were incubated at 37° withL. ama-
zonensispromastigotes in medium RPMI 1640, with 20%
heat-inactivated fetal bovine serum and a parasite-to-mac-
rophage ratio of 10:1 [10]. The infected macrophages were
incubated for 48 hr in the growth medium at 35° at which
time the growth medium was replaced with fresh medium to
which the test compound was added. After incubation of the
parasite-laden macrophages at 35° for 16 hr, the number of
amastigotes per 100–200 macrophages was counted micro-
scopically, as described [10].

2.6. Development of stable transfectant ofL. amazonensis

We constructed a plasmid for the permanent expression
of firefly luciferase inL. amazonensispromastigotes. The
firefly luciferase gene was cut out from pGL3-basic plasmid
(Promega) withBglII and BamHI and subcloned into the
BamHI site of pX63-NEO [18]. The recombinant clone,
having the luciferase gene in the same orientation as theNeo
gene, as was selected byBamHI/XbaI digestion of the plas-
mid, gave us the construct, pXNeo-Luci. The orientation of
the luciferase gene insert was also confirmed by nucleotide
sequencing with T3 primer using Big Dye Terminator re-
agents (PE Biosystem) and a 310 Genetic Analyzer (PE
Biosystem). Plasmid DNA was isolated from recombinant
cells using Qiagen midiprep reagents. Late-log phase pro-
mastigotes (43 107) of L. amazonensiswere electroporated
[19,20] with 25mg of pXNeo-Luci, and stable transfectants
were maintained at a G418 concentration of 500mg/mL.

2.7. Assay for luciferase activity

The luciferase assay was performed using the Luciferase
Reporter Assay System (Promega). Cells were incubated
with the given concentrations of the anti-miniexon or anti-
luciferase oligonucleotides overnight (16 hr) at pH 7.5/4.5
with or without PLL at 10mg/mL. Cells were washed with
ice-cold PBS and lysed with Passive Lysis Buffer (Promega,
100 mL/107 cells) at room temperature for 15 min on a
rocker platform. Lysate was centrifuged at 16,000g for 10
min at 22°. An aliquot (20mL) of the supernatant was added
to substrate LARII (Promega, 100mL) and mixed by tritu-
ration, and luminescence was assayed for 10 sec in a Turner
Designs model 20/20 Luminometer [21].
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2.8. Assay for S-oligo uptake byLeishmania

The uptake of35S- or 3H-labeled phosphorothioate S-
oligos (ASM, SSM, LUAS, and LUS) was assayed follow-
ing a protocol described by Seyfanget al. [22]. Late-log
phase promastigotes were suspended (53 107/mL) in se-
rum-free culture medium. The pH of the culture medium
was adjusted with 1 M HCl. The radiolabeled S-oligo was
dissolved in the same medium as the cells. Uptake was
measured at 25 or 37° by incubating 100mL of cell sus-
pension with 100mL of S-oligo solution (0–20mM) for up
to 2 hr on a cushion of 100mL dibutyl phthalate [22].
Incubation was carried out for the required time intervals,
and cells were pelleted by centrifugation (12,000g) for 2
min at room temperature. Microfuge tubes were snap-frozen
in liquid N2. The tip of the tube containing the pellet was
chopped off, and the contents were dissolved in 250mL of
1% SDS solution [22]. Liquid scintillation fluid (2 mL,
ScintiSafe Gel, Fisher Scientific) was added to the SDS
solution, and the radioactivity of the solution was assessed
by liquid scintillation counting. The uptake of oligo was
computed from the cell-associated radioactivity and was
expressed as picomoles of radioactive oligo associated with
106 Leishmaniaper hour.

2.9. Assay for RNase H activity inLeishmaniacell
extracts

[32P]Poly (rA):poly(dT) was used as the substrate of
RNase H [23,24].E. coli RNA polymerase (6mL, 10 U/mL,
Amersham Pharmacia Biotech) was added to a mixture
containing 5 A260 units poly(dT), 5% glycerol, 50 mM
Tris–HCl (pH 8.0), 5 mM MgCl2, 1 mM MnCl2, 4 mM
dithiothreitol, 30mM ATP, and 100mCi [a-32P]ATP (3000
Ci/mmol, Amersham) in a total volume of 3 mL [23,24].
The reaction mixture was extracted twice with an equal
volume of water-saturated phenol (GIBCO-BRL). The
pooled phenol phases were extracted with an equal volume
of 50 mM Tris–HCl (pH 8.0). The pooled aqueous extracts
then were extracted with an equal volume of chloroform:
isoamyl alcohol (24:1). Absolute ethanol was added to the
aqueous phase to a final concentration of 35%, and the
resulting solution was loaded onto a 2-mL column of cel-
lulose (CF11, Sigma). The column was pre-equilibrated
with a 35:65 mixture of ethanol:‘buffer A’ [50 mM Tris–
HCl (pH 7.5)/0.1 M NaCl, 50 mM EDTA]. After sample
loading, the column was washed extensively with this eth-
anol:‘buffer A’ mixture (;50 mL) until all unbound radio-
activity was removed (,1000 cpm/10mL wash). The bound
nucleic acid polymer was then eluted from the column with
5 mL of buffer A, and 500-mL fractions were collected in
microfuge tubes. Fractions with high radioactivity (gener-
ally tubes 3–7) were pooled, and radioactivity was measured
by scintillation counting [25]. A typical preparation usually
gave;125,000 cpm/10mL. The hybrid solution was ali-
quoted, and stored at –20° for later use. Washed (in PBS)

Leishmaniapromastigotes or amastigotes were lysed in Pas-
sive lysis buffer (Promega, 108 cells/mL) for 15 min in ice,
and cleared by centrifugation at 4° for 10 min at 16,000g;
the supernatant was assayed for RNase H activity. Proteins
in Leishmaniacell extracts were determined colorimetri-
cally using Bradford’s reagent and BSA as a standard [21].
For the RNase H solution assay, cell lysate (1mg protein)
was incubated at 37° for 30 min in 10 mM Tris–HCl (pH
8.0), 10 mM MgCl2, 50 mM KCl, and 0.1 mM dithiothreitol
with the substrate (5mL) in a total volume of 25mL. The
reaction was terminated by the addition of 50 mM (final
concentration) EDTA and glycogen (1mg/mL, final concen-
tration). The unreacted substrates and proteins were precip-
itated by the addition of trichloroacetic acid (5%, final
concentration for 10 min at 4°) followed by centrifugation at
16,000g for 10 min at 4°. The radioactivity in the super-
natant was determined by liquid scintillation counting [25],
and RNase H activity was expressed as nanograms of the
radiolabeled substrate degraded into acid-soluble fragments
per microgram protein per hour. Bovine pancreatic RNase A
(Type 1A, Sigma Chemical Co.) andE. coli RNase H (Life
Technologies, Inc.) were used as negative and positive con-
trols, respectively, to verify the efficacy and specificity of
the substrate. WhileE. coli RNase H cleaved the substrate
into acid-soluble radioactive products, RNase A did not
cleave the substrate under the conditions described. The
specific presence of RNase H activity in an;64-kDa pro-
tein molecule inLeishmaniacell extract was further docu-
mented by zymogram analysis using this substrate (Bennett
JR and Chaudhuri G, unpublished data), as described [23,
24].

2.10. Treatment of mouse tail-base lesions of
L. amazonensiswith MBSA-liposome encapsulated
S-oligo and PLL

Balb/C mice (6- to 8-weeks-old) were infected at the tail
base withL. amazonensis(LV78, clone 12–1) orL. major
(Friedlin) amastigotes from donor mice tail bases. After 8
weeks, the mice were injected intramuscularly (100mL)
near the lesion with MBSA-liposome-encapsulated S-oligo
(SSM or ASM, 10mmol/kg) with PLL (10 mg/kg) on days
1–4 [17]. Control animals received the same volume of
MBSA-liposome without any S-oligo or PLL. The size of
the lesion was measured with a dial caliper [17]. The vol-
ume of the lesion before injection on day 1 was taken as
100% (2066 20 mm3).

2.11. Statistical procedures

Each data set is presented as means6 SEM (N 5 5 or
more). Statistical significance of a difference between two
series of data was tested by determining theP value [26]. If
the P value was less than 0.05, the difference was consid-
ered to be significant [26].
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3. Results

3.1. Enhanced susceptibility of axenic amastigotes to
ASM-mediated killing compared with that of
promastigotes

We previously found thatL. amazonensisamastigotes
inside macrophage phagolysosomes are more susceptible to
ASM-mediated killing than are the cultured promastigotes
[10]. We did not know whether some macrophage factor
was contributing to that susceptibility or whether the
physico-chemical environment of the phagolysosomes was
enhancing the effect of ASM. We cultured the amastigotes
of L. amazonensis, L. major,and L. donovaniaxenically
without macrophages at 35°, pH 4.5, and tested the efficacy

of ASM against them. These axenic amastigotes showed
higher susceptibility to ASM-mediated killing in the growth
medium than the promastigotes cultured in the same me-
dium but at 25°, pH 7.5 (Fig. 1). This effect was concen-
tration- and time-dependent (data not shown). These data
suggested that besides the potential contributing factors in
the amastigotes, pH and temperature of the growth medium
may be determining factors for the enhancement.

3.2. Enhanced killing ofLeishmaniapromastigotes by
ASM at acidic pH and/or elevated temperature and in the
presence of PLL

Promastigotes grow at neutral to alkaline pHs. We tested
whether the pH of the growth medium had any effect on the

Fig. 1. Antileishmanial activity of ASM against axenic amastigotes and promastigotes ofL. amazonensis, L. donovani,andL. major. Growing cultures of
the cells (;5 3 106 cells/mL) were incubated with 20mM SSM (control) or ASM for 20 hr at 25°, pH 7.5 (promastigotes) or at 35°, pH 4.5 (axenic
amastigotes). SSM had less than a 2% effect on the growth of the cells at this concentration. Results are means6 SEM (N 5 6). The differences of the
antisense activities of ASM between the promastigotes and the amastigotes for each species were statistically significant (P , 0.01).
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efficiency of killing of the promastigotes by ASM. Our data
(Fig. 2) show that, indeed, the medium pH had a significant
effect on the efficacy of ASM to kill the parasite cells. More
L. amazonensispromastigotes were killed by ASM at pH
4.5 than at pH 7.5 (Fig. 2). The inability of SSM to kill the
parasite cells indicates that the antileishmanial effect of
ASM is sequence specific, as reported previously [10]. In
accordance with the enhancing effects of lowered pH, ele-
vation of the temperature of the medium from 25 to 35° also
had a significant effect on the killing of the parasites by
ASM (Fig. 2). Lowering of the pH of the medium and/or
elevation of the temperature for up to 20 hr was not lethal to
the promastigotes. Although the morphology of the cells
became stumpy and their motility was reduced, they were
able to revert to motile promastigotes when re-incubated at
25° and pH 7.5. We tested the effects of several cationic and
anionic macromolecules such as PLL, MBSA, dextran sul-
fate, and phytic acid on the efficacy of ASM to inhibit the
growth of L. amazonensis.As shown in Fig. 2, addition of
PLL to the growth medium enhanced the effect on the
killing of the parasite cells by ASM at pH 4.5. PLL alone
had no significant effect on the growth of the promastigotes
at the concentrations tested (data not shown). In contrast to
PLL, identical concentrations of polyanions such as dextran
sulfate, MBSA, or phytic acid had no effect on the effi-
ciency of killing of L. amazonensispromastigotes by ASM
(data not shown). Classical pinocytosis effectors like wort-
mannin, dioleoyl glycerol, dipalmitoyl glycerol and phorbol
myristate acetate had neither a significant effect on the
growth of the promastigotes, nor an effect on the efficacy of
ASM at acidic or neutral pHs, with or without PLL (data not
shown).

3.3. Efficient killing of axenic amastigotes ofLeishmania
by ASM in the presence of PLL

Axenic amastigotes were grownin vitro in axenic culture
medium at 35°, pH 4.5 (see “Materials and methods”). We
found that PLL also had an enhancing effect in the killing of
axenic amastigotes by ASM in the growth medium (Fig. 3). As
with the promastigotes, PLL alone had no effect on the growth
of axenic amastigotes. Likewise, as with promastigotes, polya-
nions or the classical pinocytic effectors mentioned above had
no effect on the inhibition of growth of axenic amastigotes.

3.4. Enhanced killing ofL. amazonensisamastigotes
inside macrophage phagolysosomes by ASM in the
presence of PLL

We previously described the killing ofL. amazonensis
amastigotes inside the macrophage phagolysosomes by
ASM when targeted via a scavenger receptor packaged
inside MBSA-coated liposomes [10]. We employed a sim-
ilar strategy to test whether the cationic peptide PLL can
enhance the leishmanicidal effect of ASM inside the acidic
phagolysosomes ofL. amazonensis-infected macrophages. We
encapsulated PLL inside DMPC-liposomes, with SSM or
ASM, and then coated the liposomes with phosphatidylethano-
lamine-tagged MBSA, which is the ligand for the scavenger
receptor on macrophages. These coated liposomes were then
added to the growth medium ofLeishmania-infected cultured
macrophages. The leishmanicidal effect of ASM against the
amastigotes was enhanced when PLL was included (Fig. 4),
whereas PLL (10mg/mL) alone did not have any significant
effect on the viability of amastigotes.

Fig. 2. Effects of changes in the pH and/or temperature of the growth
medium on the leishmanicidal activity of ASM against promastigotes.
Growing cultures of theL. amazonensispromastigotes (;1 3 107 cells/
mL) were incubated with 20mM SSM or ASM for 20 hr at 25° or at 35°,
pH 7.5 or 4.5, with or without PLL (10mg/mL). Results are means6 SEM
(N 5 6). Similar results were obtained withL. major and L. donovani
promastigotes. PLL alone at 10mg/mL had a marginal effect on growth at
pH 7.5. The differences of antileishmanial activities between ASM and
SSM were statistically significant (P , 0.05 at pH 7.5 andP , 0.01 at pH
4.5).

Fig. 3. Enhancement of leishmanicidal activity of ASM by PLL in axenic
amastigotes. Growing cultures of the axenic amastigotes (;5 3 106 cells/
mL) were incubated with 10mM SSM or ASM for 20 hr with or without
PLL (10 mg/mL). Results are means6 SEM (N 5 6). In the presence of
PLL (10 mg/mL), 20 mM ASM completely lysed the amastigotes of all
three species. The differences between SSM and ASM, between SSM and
ASM 1 PLL, and between ASM and ASM1 PLL were statistically
significant (P , 0.01).
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3.5. Enhanced inhibition of luciferase expression by ASM
and anti-luciferase S-oligo in stably transfected
Leishmaniapromastigotes at acidic pH and in the
presence of PLL

To evaluate whether the observed enhancement of leish-
manicidal activity of antisense phosphorothioate oligos at

acidic pH and in the presence of PLL is due to enhanced
inhibition of target gene expression, we developed a model
system. We constructed a plasmid (pXNeo-Luci) that has
the G418-resistance-conferring gene and the firefly lucif-
erase gene behind leishmanial transplicing signals ( [18,19];
see “Materials and methods”). This plasmid was introduced
inside Leishmaniapromastigotes by electroporation, and
recombinants were selected with G418. Recombinant
G418-resistantL. amazonensispromastigotes expressed
high levels of luciferase activities. The expression of lucif-
erase activity in these cells was inhibited by ASM (Fig. 5A),
as well as by anti-luciferase antisense phosphorothioate
oligo (LUAS) (Fig. 5B). Inhibition of luciferase expression
by ASM and LUAS was enhanced significantly when the
pH of the medium was lowered from 7.5 to 4.5 (Fig. 5, A
and B). Addition of PLL further enhanced the effect of
LUAS on the luciferase expression by the recombinantL.
amazonensispromastigotes at pH 4.5 and 35° (Fig. 5, A and
B). We also tested the polyanions or the classical pinocytic
effectors, mentioned above, on LUAS-mediated inhibition
of luciferase activity of recombinantL. amazonensis.Those
compounds had no significant effect on this process, as
expected (data not shown). LUAS or PLL had no significant
effect on the enzymatic activity of luciferase when directly
added to the cell extract during the assay, suggesting that the
inhibition is at the level of luciferase mRNA activity.

3.6. Enhanced uptake of phosphorothioate oligos by
Leishmaniapromastigotes at acidic pHs and in the
presence of PLL

One of the possible mechanisms of enhancement of the
efficacy of antisense phosphorothioate oligos inLeishmania
at acidic pHs and with PLL is enhancement of the uptake of
S-oligos under those conditions. We used3H- or 35S-labeled
S-oligos for the uptake study withL. amazonensispromas-
tigotes. We incubated the cells with 0–20mM radiolabeled
S-oligo for 0–120 min and assayed for cell-bound radioac-
tivity as the amount of S-oligo taken up by these cells under

Fig. 4. Enhancement of leishmanicidal activity of ASM by PLL inL.
amazonensis-infected macrophages.L. amazonensis-infected J77G8 cells
were exposed to MBSA-coated liposomes containing the S-oligo with or
without PLL (10mg/mL) at 35° for 16 hr, and the number of the amasti-
gotes per 100–200 macrophages was counted microscopically [12]. The
final concentrations of the S-oligo in the medium are plotted on the x-axis.
Results are means6 SEM (N 5 5). The differences between ASM and
ASM 1 PLL were statistically significant (P , 0.01).

Fig. 5. Effects of S-oligos on the expression of luciferase activity in stably transfectedLeishmaniapromastigotes at different pHs and in the presence of PLL.
(A) Effect of SSM and ASM on luciferase expression. (B) Effect of LUS and LUAS on luciferase expression. LUAS: anti-luciferase S-oligo; LUS: S-oligo
complementary and anti-parallel to LUAS. The control luciferase activities varied from 43216 187 (N5 8) to 41556 241 (N5 8) light units per 106 cells
depending upon the treatment. Results are means6 SEM (N 5 8). The influence of acidic pH and/or PLL on the inhibitory effects of ASM or LUAS on
the luciferase activity in the cell extracts was statistically significant (P , 0.05).
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the specified conditions (see “Materials and methods” for
details). Uptake of S-oligos byL. amazonensispromastig-
otes was enhanced at acidic pHs and with PLL, irrespective
of temperature (Fig. 6A). The uptake was up to 15-fold
higher at pH 4.5 than at pH 7.5, and this pattern was true for
L. amazonensis, L. major,and L. donovanipromastigotes
(Fig. 6A). Addition of PLL to the assay medium at acidic
pH further enhanced the uptake of S-oligo up to 80-fold
(Fig. 6A). Similar observations with PLL were made with
the axenic amastigotes (Fig. 6B). The uptake of ASM by
any of these cells was not affected by polyanions or the
classical pinocytic effectors mentioned above (data not
shown).

3.7. Increased RNase H activity in amastigote
cell extracts

RNase H is known to mediate the action of antisense
phosphorothioates in other cells [27]. Although likely,
RNase H activity inLeishmaniacell extracts has not been
documented. Here, we report the detection of strong RNase
H activity in the cell extracts ofL. amazonensisamastigotes
and promastigotes. One of the mechanisms of the enhanced
effect of ASM againstLeishmaniacould involve the acti-
vation of RNase H under specific environmental physico-
chemical conditions. Therefore, we studied RNase H activ-
ity in soluble cell extracts ofL. amazonensisamastigotes
and promastigotes. RNase H activity in the promastigotes
exposed to acidic pH with or without PLL treatment was not
altered significantly. RNase H in the promastigote or amas-
tigote extracts was optimally active at 37° (Fig. 7A). Thus,
at the elevated temperature, the RNase H inLeishmania
worked ;5-fold faster than at 25°. In addition, there was
about a 3-fold increase in the level of RNase H activity in
the cell extracts from axenic amastigotes when assayed at
37° (Fig. 7B).

3.8. Leishmanolytic activity of MBSA-liposome
encapsulated ASM/PLL in infected mice

We encapsulated SSM or ASM with or without PLL
inside MBSA-coated liposomes and injected them intramus-
cularly near the mouse tail-base lesion (see “Materials and
methods” for details). Liposomes with ASM, but not those
with SSM, significantly inhibited the progression of the
tail-base lesion inL. amazonensis-infected Balb/C mice
(Fig. 8). The effect of ASM alone was 40–50% less than
when both ASM and PLL were used together. SSM or PLL
alone did not have any significant effect on the progression
of the mouse tail-base lesion. There was no visual sign of
gross toxicity or change in behavior of the animal after the
drug treatment. We did not perform any biochemical or
toxicological analyses to evaluate toxicity at the fine level.

4. Discussion

Leishmaniais an intracellular parasite of mammalian
macrophages. The overall goal of our study was to under-
stand, optimize, and evaluate the feasibility of the antisense
approach against the expression of leishmanial genes and to
employ this technology in therapeutic as well as in inves-
tigative research applications withLeishmaniaand other
related protozoa. We developed a targeted delivery modal-
ity for the delivery of oligonucleotides to macrophage
phagolysosomes [10] whereLeishmanialives and prolifer-
ates. Delivered this way, ASM seems to be far more effec-
tive in killing the phagolysosomal amastigotes than promas-
tigotes culturedin vitro [10]. This observation was puzzling
because although the targeting modality will raise the S-
oligo concentration inside the phagolysosomes quickly,
there is no apparent mechanism to keep the S-oligos inside
the phagolysosomes. Our hypothesis was that the S-oligos
under the physico-chemical conditions of macrophage

Fig. 6. Effects of PLL (10mg/mL) on the level of cell-associated S-oligo in the promastigotes (A) and the axenic amastigotes (B) ofL. amazonensiswhen
incubated with radioactive S-oligos (10mM). The level of S-oligos in the cells is expressed as picomoles of radioactive S-oligos associated with 106

Leishmaniaper hour. Results are means6 SEM (N 5 6). Similar data were obtained withL. major andL. donovanipromastigotes and axenic amastigotes
(not shown). The influence of acidic pH and/or PLL was statistically significant (P , 0.01).
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phagolysosomes are taken up by the amastigotes quickly,
and some cellular factor aids in the mode of action of the
antisense S-oligo molecules to accentuate their activity.

S-oligos are negatively charged molecules at pH 7.5.

Such polyanionic molecules do not cross cell membranes
easily [27–30]. Thus, the transport of these molecules
through the negatively charged membrane ofLeishmaniais
slow. Lowering of the pH of the medium to 4.5 will almost

Fig. 7. RNase H activity in the cell extracts ofL. amazonensisamastigotes and promastigotes. (A) Effects of temperature on RNase H activity in promastigote
cell extract. (B) Comparison of the specific activities (nanograms of substrate degraded to acid-soluble fragments per microgram protein per hour) of RNase
H in amastigote and promastigote cell extracts. Results are the means from five independent assays for each point. Similar observations were made with
extracts fromL. major andL. donovanipromastigote and axenic amastigote extracts.

Fig. 8. Treatment of mouse tail-base lesions ofL. amazonensiswith MBSA-liposome (ML)/PLL, ML/SSM/PLL, ML/ASM/PLL, or simply PBS. Results are
expressed as a mean percentage of lesion volume6 SEM (with PBS alone) for six animals per group. The effect of ASM/PLL/MBSA-liposome was
statistically significant except for the 1-day post-treatment (P , 0.01).

577M. Mishra et al. / Biochemical Pharmacology 62 (2001) 569–580



neutralize S-oligo molecules, thus making them more per-
meable through the membrane by fluid-phase or adsorptive
endocytosis [30]. Chemical modification in the oligonucle-
otide backbone structure to neutralize the molecules (e.g.
methylphosphonate, morpholino) was found to enhance
their uptake by mammalian cells [30]. Elevated temperature
may also boost the uptake of the neutral oligo molecules
[30], although we did not observe this increase withLeish-
maniapromastigotes or amastigotes. In addition, neutraliza-
tion of the negative charge of the phospholipid membrane
with cationic molecules such as PLL was shown to be
beneficial in enhancing the uptake of neutral oligonucleo-
tide molecules [30]. Acceleration of S-oligo uptake by
Leishmaniaamastigotes or promastigotes by inclusion of
PLL at acidic pH may testify to that hypothesis. Classical
pinocytosis effectors like wortmannin, dioleoyl glycerol,
dipalmitoyl glycerol and phorbol myristate acetate [31] had
neither a significant effect on the growth of the promastig-
otes nor an effect on the efficacy of antileishmanial activity
of ASM at acidic or neutral pHs, with or without PLL. In
Leishmania,vesicular transport appears to occur solely
through the flagellar pocket membrane [32]. Whether the
pinocytic effectors used in this study also work in the
flagellar pocket membrane inLeishmaniais not known.

To understand whether the accelerated killing ofLeish-
maniaby ASM at pH 4.5 in the presence of PLL is due to
some unknown non-antisense effects of the test S-oligo
molecules inside the cells or whether the ablation of target
mRNA function is also accelerated, we studied the effect of
ASM or anti-luciferase phosphorothioate S-oligo (LUAS)
under these conditions on the expression of luciferase ac-
tivity in a transgenicLeishmania.Our data suggested that
the acceleration was due to the increased inhibition of target
function and may not be due to non-antisense action, as
respective control S-oligos had no significant effect. One
interesting point is that although LUAS and ASM were
taken up byLeishmaniaat a very similar rate, the inhibition
of luciferase activity by LUAS seemed to be higher than
that with ASM. One explanation could be that LUAS binds
with higher affinity to the target than the ASM (predicted
from the Tm). A second possibility is that there are numer-
ous ASM targets because all mRNAs have the miniexon
sequence, and, thus, the binding of ASM to luciferase
mRNA is competed out by other mRNAs. Other possibili-
ties include greater accessibility of the LUAS binding site
than the ASM binding site in the luciferase mRNA (deter-
mined by possible secondary structures in the mRNA) or
perhaps not all translated luciferase mRNAs are transpliced,
thus lacking an ASM binding site. We checked the last
possibility by reverse transcription–polymerase chain reac-
tion and could not detect any unspliced luciferase mRNA in
the cell (data not shown). Luciferase pre-mRNA transcribed
from pXNeo-Luci plasmid should have a strong transplicing
signal (a long polypyrimidine stretch followed by numerous
AG sequences before the translation start codon), and thus
all these pre-mRNAs should be transpliced with miniexon.

Although elevating the temperature of incubation accel-
erated growth inhibition and luciferase expression by the
antisense S-oligos used, this factor had only a marginal
effect on the uptake of the S-oligos byLeishmaniacells.
One explanation could be the stimulation of the mechanism
of antisense action insideLeishmaniaat a higher tempera-
ture. This enhancement of luciferase inhibition at 35° did
not happen when an equivalent concentration of a meth-
ylphosphonate derivative of LUAS was used instead of the
phosphorothioate derivative (Bennett JR, Mishra M, and
Chaudhuri G, unpublished data), indicating that RNase H
may have a role in this process because the methylphospho-
nate derivative of S-oligo does not activate this enzyme
[30]. Indeed, we found that there is a correlation between
the activation of RNase H inLeishmaniapromastigotes
treated at 35° and the efficacy of phosphorothioate S-oligos
in the cells. Thus, notwithstanding many other possibilities,
a simple explanation of the increased efficacy of ASM
againstLeishmaniaamastigotes is increased permeability of
the S-oligo at pH 4.5 and enhanced degradation of the target
mRNA after binding with the S-oligo due to stimulated
RNase H activity inside the amastigotes. Although assayed
in crude extract, the degradation of the RNA/DNA duplex
substrate was RNase H-specific. The higher RNase H ac-
tivity of the crude cell lysates at elevated temperatures was
not due to denaturation of the substrate and its degradation
by an RNase, as was verified using RNase A under similar
conditions. RNase H has long been implicated as a mediator
of the mode of action of antisense phosphorothioate oligo-
nucleotides [33].

Antisense oligonucleotides show great promise as se-
quence specific agents and are able to down-regulate the
expression of targeted genes [34–37]. In this capacity, they
have advanced not only to clinical trials but also to clinical
practice [38–41]. They also have been proven to be very
useful as research tools [34]. Antisense oligonucleotides of
different chemistries and conjugations have been tried both
in vitro and in vivo, and each presented varying degrees of
advantages and disadvantages over the others [34,42]. Here,
we used S-oligos because these molecules are known to
mediate their action in an RNase H-dependent manner as
opposed to other types of chemical modifications, e.g. mor-
pholino antisense oligomers, which mediate their actions
via RNase H-independent mechanisms [43,44]. The speci-
ficity of the antisense S-oligos used in this study has been
documented using appropriate control S-oligos that did not
have any significant target ablation effects in our studies.
We have previously documented the specificity of ASM
against Leishmaniacell growth using additional control
oligonucleotides [10].

Finally, we employed the ASM transport-promoting ef-
fect of PLL in killing the amastigotes ofL. amazonensisin
the tail-base lesions of mice. PLL alone may have cytotoxic
effects. However, under the conditions of the assay, the
concentration of PLL used did not show any visible toxicity.
The combination of PLL with the control S-oligo (SSM) did
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not show the antileishmanial effect shown by the PLL/ASM
combination, strongly suggesting that the anti-parasitic ef-
fect was due to the antisense effect of ASM and to the
potential toxicity of PLL. PLL may have many other effects
in a mouse system; thus, whether this combination can be
used for actual chemotherapy is far from clear. Testing other
positively charged macromolecules such as histones [45]
and/or a pinocytic enhancer such as suramin [46] along with
the S-oligo may be more effective. Identification of an
antisense S-oligo with high affinity for its target, which is
essential for parasite growth, will bring much improvement
to the antisense approach against leishmaniasis.
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