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Treatment failure and parasite drug susceptibility in dermal leishmaniasis caused by Leishmania (Viannia) species are poorly
understood. Prospective evaluation of drug susceptibility of strains isolated from individual patients before drug exposure and
at clinical failure allows intrinsic and acquired differences in susceptibility to be discerned and analyzed. To determine whether
intrinsic susceptibility or loss of susceptibility to miltefosine contributed to treatment failure, we evaluated the miltefosine sus-
ceptibility of intracellular amastigotes and promastigotes of six Leishmania (Viannia) braziliensis and six Leishmania (Viannia)
panamensis strains isolated sequentially, at diagnosis and treatment failure, from two children and four adults >55 years old
with concurrent conditions. Four patients presented only cutaneous lesions, one had mucosal disease, and one had disseminated
mucocutaneous disease. Expression of the Leishmania drug transporter genes abca2, abca3, abcc2, abcc3, abcg4, abcg6, and
LbMT was evaluated by quantitative reverse transcription-PCR (qRT-PCR). Intracellular amastigotes (median 50% effective
concentration [EC50], 10.7 �mol/liter) were more susceptible to miltefosine than promastigotes (median EC50, 55.3 �mol/liter)
(P < 0.0001). Loss of susceptibility at failure, demonstrated by a miltefosine EC50 of >32 �mol/liter (the upper limit of intracel-
lular amastigote assay), occurred in L. panamensis infection in a child and in L. braziliensis infection in an adult and was accom-
panied by decreased expression of the miltefosine transporter LbMT (LbMT/�-tubulin, 0.42- to 0.26-fold [P � 0.039] and 0.70-
to 0.57-fold [P � 0.009], respectively). LbMT gene polymorphisms were not associated with susceptibility phenotype. Leishma-
nia ABCA3 transporter expression was inversely correlated with miltefosine susceptibility (r � �0.605; P � 0.037). Loss of sus-
ceptibility is one of multiple factors involved in failure of miltefosine treatment in dermal leishmaniasis.

Miltefosine, an alkylphosphocholine originally developed as
an anticancer drug, is the first oral drug with proven efficacy

for treatment of visceral leishmaniasis (VL) within the Indian sub-
continent and cutaneous leishmaniasis (CL) caused by species of
the Viannia subgenus of Leishmania in South America (1). Milte-
fosine was approved for treatment of cutaneous leishmaniasis in
Colombia in 2004 after demonstrating efficacy comparable to that
of pentavalent antimonials against disease caused by Leishmania
panamensis (2). Although miltefosine has not been widely used in
Latin America, treatment failures and relapses have been observed
in randomized controlled clinical trials (3, 4). The efficacy and
advantages of this oral drug, particularly for treatment of cutane-
ous leishmaniasis in children (4) and patients having contraindi-
cations for antimonial treatment, warrant measures to prolong its
therapeutic life span.

Selective pressure exerted by antimicrobial therapy is influ-
enced by the immune status of the host, susceptibility of the in-
fecting microbial population, drug pharmacokinetics, adherence
to treatment, dosing regimen, and use of monotherapy (5). The
long half-life (150 to 200 h) and low therapeutic index of milte-
fosine result in exposure of surviving parasites to subtherapeutic
drug concentrations that may persist in plasma up to 6 months
after completion of treatment and thereby promote the emer-
gence of resistance (1, 5, 6). Several studies have provided evi-
dence of inter- and intraspecies differences in the susceptibility of
Leishmania to antileishmanial drugs, including miltefosine (7, 8).
Intrinsic differences in drug susceptibility of parasites transmitted
in different geographic areas and foci of transmission are likely to
influence the response to treatment and the selection of resistant
populations.

Single-nucleotide changes in the transporter protein LdMT

have been shown to confer resistance to miltefosine (9). More-
over, such mutations are readily selected by incremental in vitro
exposure of promastigotes to miltefosine and confer the resistant
phenotype on the amastigote stage (9). Leishmania braziliensis
strains evaluated in vitro for susceptibility to miltefosine have gen-
erally demonstrated lower susceptibility than L. donovani; this dif-
ference has been attributed to lower expression of the miltefosine
transporter complex, LbMT/LbRos3, in the plasma membrane of
L. braziliensis (8). The expression of this transporter in other spe-
cies and populations of Leishmania, and the participation of this
or other transporters in the response to treatment is unknown.

In vitro susceptibility to antimicrobial agents, including antil-
eishmanial drugs, does not necessarily correlate with treatment
outcome (10). Nevertheless, the frequency of treatment failure
increases as drug tolerance and resistance increase: infections
caused by organisms that are susceptible have a higher rate of
response to treatment than infections with drug-resistant organ-
isms (11, 12). Moreover, drug resistance defined by in vitro sus-
ceptibility tests is generally an independent risk factor for treat-
ment failure (10). The multifactorial basis of therapeutic response
and the intraspecies diversity of Leishmania confound attempts to
correlate clinical outcome with in vitro drug susceptibility. Fur-
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thermore, investigation of the relationship between in vitro sus-
ceptibility and clinical response is severely limited by the inability
of health systems to monitor adherence to treatment or clinical
response to treatment of cutaneous leishmaniasis. Therefore, the
prospective detection of treatment failure is uncommon, and the
availability of infecting Leishmania isolated at the time of diagno-
sis and at treatment failure is rare. Such clinical strains offer in-
sight into host and parasite determinants of therapeutic response.

We examined treatment failure and loss of susceptibility to
miltefosine based on clinical response, in vitro susceptibility to
miltefosine, and transporter gene expression in L. panamensis and
L. braziliensis strains isolated from six dermal leishmaniasis pa-
tients before treatment with miltefosine and at clinical failure.

MATERIALS AND METHODS
Study population. Six dermal leishmaniasis patients who experienced
clinical failure after treatment with miltefosine were included in the study
(Table 1). Four patients presented 1 to 6 active cutaneous lesions of 1 to 4
months’ duration. One patient presented disseminated mucocutaneous
disease of 1 month’s evolution, and another presented active mucosal
disease of 96 months’ duration and scarred cutaneous lesions that had
occurred 25 years before consultation. Diagnosis and treatment were con-
ducted by health personnel of the Centro Internacional de Entrenamiento
e Investigaciones Médicas (CIDEIM). All patients completed treatment
with miltefosine at 1.4 to 2.5 mg/kg/day for 28 days.

Two of the six patients were children who received directly observed
treatment of cutaneous leishmaniasis as participants in a randomized
clinical trial (4). They were clinically evaluated at the end of treatment, 13
and 26 weeks after initiation of treatment. Treatment failure in these chil-
dren was diagnosed by the absence of healing at week 13 in accordance
with the study protocol (4). The four adult patients were 55 to 72 years of
age, presented concurrent conditions (Table 1), and received miltefosine
on an ambulatory basis. Two adults had previously experienced failed
treatment with meglumine antimoniate (Glucantime). Failure of milte-
fosine treatment in these patients occurred at or before 26 weeks following
initiation of treatment. In one case, the primary lesion had worsened and
new lesions had appeared (six in total) at end of treatment; one had not
healed at week 26, and the other two experienced reactivation of cutane-
ous lesions (10 of the initial 50) or mucosal lesions.

The study protocol was approved by the CIDEIM Ethical Review
Board for studies involving human subjects and conducted in accordance
with national and international guidelines for Good Clinical Practice.
Signed informed consent was obtained from each participant, and for
those �18 years of age, consent was also provided by a parent.

Clinical strains of Leishmania. Leishmania strains were isolated by
culture of tissue fluid aspirated from lesion borders at diagnosis before
treatment and at clinical failure. Posttreatment strains were isolated from
lesions that failed to heal or reactivated or, in one case, from a new lesion
that occurred during treatment. The latter patient did not return to an
area where the disease is endemic during treatment and hence was not
reexposed to transmission. Species identification was achieved using
monoclonal antibodies and isoenzyme electrophoresis as previously de-
scribed (13). The profile of monoclonal antibody reactivity was identical
for the pre- and posttreatment strains isolated from each patient. Strains
were stored in liquid nitrogen until evaluation of drug susceptibility. In
vitro susceptibility to miltefosine (hexadecylphosphocholine [HePC])
was evaluated within four passages from isolation.

Control strains. Internal controls included a wild-type (WT) milte-
fosine-sensitive cloned strain of L. panamensis transfected with the lucif-
erase reporter gene (luc), MHOM/COL/03/3594/LUC001, as previously
described (14), and a line derived from this strain by exposure of promas-
tigotes to incremental concentrations of HePC (Cayman Chemical Co.,
Ann Arbor, MI), MHOM/COL/86/1166-LUC056 (15). The latter strain is
resistant to 60 �mol HePC/liter as promastigotes. These controls were

T
A

B
LE

1
C

lin
icalch

aracteristics
an

d
m

iltefosin
e

su
sceptibility

ofpaired
strain

s
isolated

from
patien

ts
treated

for
cu

tan
eou

s
leish

m
an

iasis
w

ith
m

iltefosin
e

w
h

o
experien

ced
clin

icaltreatm
en

t
failu

re
a

P
atien

t
G

en
der

A
ge

(yrs)
C

on
cu

rren
t

con
dition

(s)
T

ype
oflesion

s
N

o.of
lesion

s
D

u
ration

of
lesion

s
(m

on
th

s)
P

reviou
s

treatm
en

t
(n

o.ofcou
rses)

Species

E
C

5
0

(�
m

olH
eP

C
/liter)

P
arasite

su
rvivalat

16
�

m
olH

eP
C

/liter
(%

)

B
efore

R
x

A
t

R
x

failu
re

B
efore

R
x

A
t

R
x

failu
re

1
M

8
N

on
e

C
u

tan
eou

s
5

1
N

on
e

L.panam
ensis

2.1
�

0.7
2.9

�
2.2

12.0
�

2.0
12.0

�
5.0

2
F

10
N

on
e

C
u

tan
eou

s
3

1
N

on
e

L.panam
ensis

10.0
�

3.7
�

32.0
33.0

�
6.0

69.0
�

3.0
3

M
55

U
n

con
trolled

arterial
h

yperten
sion

M
u

cocu
tan

eou
s

�
50

1
N

on
e

L.panam
ensis

15.9
�

3.2
N

D
52.0

�
5.0

40.0
�

10

4
F

64
B

reast
aden

ocarcin
om

a
C

u
tan

eou
s

1
4

G
lu

can
tim

e
(2

in
com

plete)
L.braziliensis

10.5
�

4.1
8.7

�
2.5

35.0
�

8.0
38.0

�
9.0

5
M

64
H

eart
failu

re,u
n

con
trolled

arterialh
yperten

sion
C

u
tan

eou
s

6
2

N
on

e
L.braziliensis

20.3
�

2.5
�

32.0
61.0

�
8.0

116
�

28

6
M

72
P

h
arm

acological
im

m
u

n
osu

ppression
M

u
cosal

2
96

G
lu

can
tim

e
(1

com
plete)

L.braziliensis
10.7

�
3.0

12.0
�

5.2
46.0

�
1.0

55.0
�

5.0

a
Su

sceptibility
assays

w
ere

con
du

cted
w

ith
in

tracellu
lar

am
astigote

stage.D
ata

are
m

ean
s

�
stan

dard
deviation

s
for

at
least

tw
o

experim
en

talreplicates
for

clin
icalisolates.N

D
,n

ot
determ

in
ed,as

data
for

th
e

dose
respon

se
cu

rve
for

2/3
in

depen
den

t
experim

en
ts

did
n

ot
allow

calcu
lation

ofcon
fi

den
ce

in
tervals.R

x,treatm
en

t.

Miltefosine Resistance in Leishmania (Viannia) Species

January 2014 Volume 58 Number 1 aac.asm.org 145

http://aac.asm.org


included in each assay of drug susceptibility of clinical strains. Control
parasites were maintained in RPMI 1640 medium (Sigma-Aldrich) con-
taining 10% heat-inactivated fetal bovine serum (HIFBS; Gibco), 1% pen-
icillin-streptomycin solution (10,000 U/ml penicillin G plus 10,000 �g/ml
streptomycin; Gibco BRL) and 80 �g/ml Geneticin G418 (Sigma-Al-
drich). The miltefosine-resistant line was propagated and maintained in
the presence of 60 �mol HePC/liter throughout the study.

In vitro amastigote infection and drug susceptibility assays. In vitro
susceptibility to miltefosine was evaluated in intracellular amastigotes and
promastigotes. Drug susceptibility of intracellular amastigotes of clinical
strains was evaluated as described by Fernandez et al. (15). Briefly, U-937
macrophages (ATCC CRL-159.3) were cocultured with stationary-phase
promastigotes during 2 h at 34°C and a 5:1 parasite to cell ratio, washed
with PBS, and incubated for 24 h at 34°C. Miltefosine susceptibility was
defined as the 50% effective concentration (EC50), using a concentration
range of 0.5 to 32 �mol HePC/liter (0.20 to 13 �g/ml), and as percent
parasite survival at the single discriminatory concentration of 16 �mol
HePC/liter (6.5 �g/ml) (15) after 48 h of drug exposure. Infection was
blindly evaluated by microscopy in 300 macrophages (100 cells per trip-
licate well) for each drug concentration, and the number of parasites in
each infected cell was determined. Percent parasite survival was estimated
based on infection of macrophages without drug.

Promastigote susceptibility to miltefosine. Susceptibility of promas-
tigotes was evaluated during logarithmic growth phase in complete RPMI
medium containing 10% HIFBS. Parasites were dispensed at 3 � 105

promastigotes/well in 96-well plates (Becton, Dickinson); four replicates
for each drug concentration were evaluated following culture at 26°C for
72 h. The concentration range of 35 �mol/liter (14.3 �g/ml) to 80 �mol/
liter (32.6 �g/ml) HePC was employed for promastigotes of clinical
strains and extended to 120 �mol/liter (48.9 �g/ml) for the WT and
miltefosine-resistant lines. Parasite viability was determined based on acid
phosphatase activity (16). Plates were evaluated at 405 nm using an en-
zyme-linked immunosorbent assay (ELISA) reader (MRX Revelation;
Dynex Technologies).

Evaluation of gene expression of LbMT and ABC transporters by
RT-PCR. In order to explore the relationship between in vitro susceptibil-
ity to miltefosine and drug transporters potentially involved in miltefos-
ine transport and multidrug resistance, we evaluated the gene expression
profile of the miltefosine transporter LbMT, the multidrug resistance
transporters ABCC2 and ABCC3, and the lipid transporters ABCA2,
ABCA3, ABCG4, and ABCG6 based on the biochemical homology of
miltefosine and phosphatidylcholine and evidence that ABCG4 (17) and
ABCG6 (18) are involved in experimentally derived miltefosine resis-
tance.

Gene expression of abca2 (TriTrypDB accession no. LbrM.11.1020),
abca3 (LbrM.11.1000), abcc2 (LbrM.23.0230), abcc3 (LbrM.23.0280),
abcg4 (LbrM.15.0930), abcg6 (LbrM.35.3110), and LbMT (GenBank ac-
cession no. XM_001563228) was evaluated by qRT-PCR. Total RNA was
extracted from log-phase promastigotes with TRIzol reagent (Invitrogen),
followed by reverse transcription with a high-capacity cDNA reverse tran-
scription kit (Applied Biosystems). Primer pairs were as follows: for abca2,
ABCA2-F (5=ACCCTGGCGCGTGAGCTTTC3=) and ABCA2-R (5=AGCG
CCTCCACCTCCTCCAG3=); for abca3, ABCA3-F (5=GCGAAGTGGGCGA
GGTGCTT3=) and ABCA3-R (5=GTCTGTGACGTGCAGCCGCT3=); for
abcc2, ABCC2-F (5=CGAACGAGTAGCGTTGTGAA3=) and ABCC2-R (5=C
GAGAAACTCGACACGAACA3=); for abcc3, ABCC3-F (5=CAGAGCGCAC
TGGTACCAC3=) and ABCC3-R (5=GCAGCTCTGGGTCAGGCTGG3=);
for abcg4, ABCG4-F (5=CTCATCACGAACCCCTTTGT3=) and ABCG4-R
(5=CCAGTAGCAGCAGATCGTCA3=); for abcg6, ABCG6-F (5=ACGACGC
TGCTCGATATCTT3=) and ABCG6-R (5=CTAGTTCCTCGGTCGAGA
CG3=); for LbMT, LbMT-F (5=GGTGACGTCAGTTGTGCCGC3=) and
LbMT-R (5=GACGACATCGGCACGCACCT3=); and for the �-tubulin
gene (LbrM.21.2150), �TUB-F (5=CGTGCAGAACAAGAACTCCA3=) and
�TUB-R-F (5=CTCGGTGAACTCCATCTCGT3=). qPCR was performed
using Sybr green PCR master mix (Applied Biosystems) and a Bio-Rad

CFX-96 real-time PCR detection system. Gene expression was quantified
based on standard curves for each gene and normalized to �-tubulin gene
expression.

SNP genotyping of the LbMT gene. The presence of C1259A (T420N)
and T2567C (L856P) polymorphisms in the LbMT gene, previously re-
ported to be associated with experimentally derived miltefosine resistance
(9), and G630A (W210*) analyzed in VL and post-kala-azar dermal leish-
maniasis (PKDL) strains of L. donovani (19) were characterized by se-
quence analysis of PCR products. Total DNA was extracted from logarith-
mic-phase promastigotes using a DNeasy blood and tissue kit (Qiagen).
PCR was carried out using primer sets W210*-F (5=-AGGCGTTCATTG
ACACATGC-3=) and W210*-R (5=-TACAGGAACTGGTTCAGCGAC-
3=); T420N-F (5=-TGGAGTACATGAACAACCGCT-3=) and T420N-R (5=-
CTCTTCCTCCTTGCGCAGTC-3=), and L856P-F (5=-TCATTGGGCTGG
AAGGTTCA-3=) and L856P-R (5=-GTGTTAGTCCCGAGAAGCCA-3=).
Primers were designed using Primer-BLAST based on the L. braziliensis ref-
erence sequence XM_001563228. PCR products of approximately 200 bp
were extracted from the gel and purified for the sequencing reaction. Se-
quence analyses, single-nucleotide polymorphism (SNP) identification, and
ClustalW multiple sequence alignment were performed using BioEdit v7.2.0.
The L. braziliensis LbMT reference sequence LbrM.13.1380 was used as the
reference for sequence alignment.

Statistical analyses. The EC50 was determined using the Probit pro-
gram of SPSS (version 20). Interstage differences in clinical strains were
analyzed using the Mann-Whitney nonparametric test. Area under the
dose-response curve (AUC) was used to determine differences in milte-
fosine susceptibility of clinical strains isolated before treatment and at
treatment failure and between sensitive and resistant controls. LbMT gene
expression of strains isolated before and after treatment from patients 2
and 5 was analyzed with the Wilcoxon signed-rank test or paired test
according to the distribution of the data. The Spearman correlation test
was employed to evaluate the association of miltefosine transporter gene
expression and susceptibility of clinical strains to miltefosine. The statis-
tical analyses were conducted using GraphPad Prism version 5.0 for Win-
dows. Significance was defined as a P value of �0.05. Principal component
analyses (PCA) were performed with quantitative transporter gene ex-
pression data using Tanagra software (20).

RESULTS
In vitro susceptibility of promastigote and amastigote stages. (i)
WT and the experimentally selected resistant strain of L. pana-
mensis. Selection of miltefosine-resistant L. panamensis by expo-
sure of promastigotes to increasing concentrations of miltefosine
also resulted in loss of miltefosine susceptibility of intracellular
amastigotes. The corresponding dose-response survival curves
markedly diverged from that for the WT strain over the range of
HePC concentrations evaluated (Fig. 1A and B). The mean EC50

for promastigotes nearly doubled, from 56.1 �mol HePC/liter �
8.1 (22.9 �g/ml) in the WT strain to 99.4 �mol/liter � 2.4 (40.5
�g/ml) in the resistant strain (P 	 0.05); for amastigotes, the EC50

increased by a factor of 10, from 2.9 � 1.8 �mol/liter (1.2 �g/ml)
to �32 �mol/liter (�13.0 �g/ml) (P 	 0.011) in the experimen-
tally selected line. Notably, 32 �mol HePC/liter is the maximum
usable dose for in vitro intracellular assays because of the toxicity
of higher concentrations for host macrophages, whether primary
cells or established cell lines. The difference is further substanti-
ated by analysis of the areas under the curve (AUC) for promasti-
gotes (P 	 0.02) and amastigotes (P � 0.001) (Fig. 1).

(ii) Clinical strains of L. panamensis and L. braziliensis. Eval-
uation of susceptibility of promastigotes and amastigotes of 12
clinical strains, six L. panamensis and six L. braziliensis, isolated
before treatment with miltefosine and at treatment failure corrob-
orated the higher in vitro susceptibility of intracellular amastigotes
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(median EC50, 10.7 �mol HePC/liter [4.4 �g/ml]) than promas-
tigotes (median EC50, 55.3 �mol/liter [22.5 �g/ml]) (Fig. 2) (P �
0.0001). The greater susceptibility to miltefosine of intracellular
amastigotes of strains belonging to two species of the subgenus
Viannia allowed detection of significant changes in susceptibility
of parasites isolated at the time of clinical failure.

Susceptibility to miltefosine following in vivo exposure and
failure of treatment. In two of six patients, one child (patient 2)
and one elderly adult (patient 5), treatment with miltefosine led to
emergence of drug-tolerant populations of L. panamensis and L.
braziliensis, respectively. Loss of susceptibility was substantiated
by the significant increase in survival of intracellular amastigotes
at 16 �mol HePC/liter, a concentration previously shown to dis-
criminate between the WT and the experimentally selected toler-
ant/resistant strain (15). Survival of the L. panamensis strains iso-
lated from patient 2 increased from 33% before treatment to 69%
at failure. Similarly, the survival of L. braziliensis strains from pa-
tient 5 increased from 61% before treatment to 116% at failure
(Table 1). The increased survival of intracellular parasites exposed
to incremental concentrations of HePC and the higher EC50 of
miltefosine for the strains isolated at failure corroborated their
diminished susceptibility compared with the strains isolated be-
fore treatment (Table 1; Fig. 3A and B). The EC50 of miltefosine

for strains isolated from patients 2 and 5 at treatment failure was
�32 �mol/liter, the upper limit of the intracellular assay. Addi-
tionally, the dose-response profile of these strains was similar to
that of the experimentally derived miltefosine-resistant strain
(Fig. 1B). The change in AUC was significant for strains from
patient 2 (P � 0.001). The EC50s, dose response curves, and sur-
vival of intracellular amastigotes exposed to 16 �mol HePC/liter
did not significantly differ for strains isolated before treatment
and at failure from the other four patients (Table 1 and Fig. 3).

Although the magnitude of change in susceptibility of promas-
tigotes to miltefosine was less marked and not statistically signif-
icant, the diminished susceptibility of promastigotes of strains
isolated from patients 2 and 5 after treatment, concurred with
results obtained with intracellular amastigotes. Whereas pro-
mastigotes of strains from patient 2 presented an increase in
EC50 from 41.5 � 4.1 �mol HePC/liter before treatment to
52.0 � 12.3 �mol/liter at failure, and the EC50 of strains from
patient 5 increased from 56.9 � 20.7 �mol/liter to 68.6 � 19.8
�mol/liter, the EC50 had not changed in the other four strain
pairs (data not shown).

ABC transporter and LbMT expression profile of miltefos-
ine-susceptible and -tolerant/resistant clinical strains. Miltefos-
ine-sensitive strains exhibited significantly higher expression of
abca3 than strains having tolerance/low susceptibility to the drug
(P 	 0.037) (Fig. 4A). Furthermore, correlation analyses revealed
a significant inverse relationship (P 	 0.037) between abca3 ex-
pression and intracellular parasite survival (Fig. 4B). In contrast,
expression of abca2, abcg4, abcg6, abcc2, and abcc3 was similar,
irrespective of the level of drug susceptibility (data not shown).
Gene expression of the miltefosine transporter LbMT did not cor-
relate with the degree of susceptibility to miltefosine of these clin-
ical strains (Fig. 4C). However, significantly decreased expres-
sion of this transporter was observed in the strains isolated
from patients 2 and 5, which developed tolerance to HePC
following treatment of the corresponding patients with milte-
fosine (strain from patient 2, P 	 0.039; strain from patient 5,
P 	 0.009) (Fig. 4D). Sequence analysis of the LbMT gene at

FIG 1 Miltefosine susceptibility of the WT and an experimentally selected
resistant strain of L. panamensis. The dose response to HePC of WT and ex-
perimentally selected miltefosine-resistant controls are presented (means and
standard errors of the means [SEM] from three independent experiments) for
promastigotes and amastigotes. Survival is presented as the percent survival of
promastigotes or intracellular amastigotes compared to drug-free control at
each drug concentration. S, sensitive; R, resistant.

FIG 2 Susceptibility of clinical strains of L. panamensis and L. braziliensis to
miltefosine as intracellular amastigotes and promastigotes. Values are median
EC50s of clinical strains, evaluated as intracellular amastigotes (n 	 11) in at
least two independent experiments and as promastigotes (n 	 12) in three
independent experiments. The EC50 of the strain from patient 3 isolated at
treatment failure was not determined; data for the dose-response curve for 2/3
independent experiments did not allow calculation of confidence intervals.
Data were analyzed using the Mann-Whitney nonparametric test.
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positions 1259 and 2567, previously reported to be associated
with LbMT loss of function (9), and at position 630 analyzed in
L. donovani strains isolated from patients with VL and PKDL who
relapsed after treatment with miltefosine (19) revealed no associ-
ation between these SNPs and the resistance phenotype of the
clinical strains in our study or genetic variations between strains
isolated before treatment and at treatment failure from the same
patient (Fig. 5). Interestingly, the SNPs A615G, G691A, T699G,
and G1348A were species specific, differentiating L. panamensis
from L. braziliensis.

Principal component analysis distinctly grouped strains of L.
panamensis and L. braziliensis in relation to principal component
1 (PC1) and PC2 (Fig. 6). Examination of the variables contribut-
ing to the different components showed that PC1 comprised
abca2, abca3, abcc3, abcg4, and abcg6 transporter genes, while PC2
was dominated by abcc2 and LbMT. These analyses revealed
higher levels of PC2 and a trend of increased PC1 for L. panamen-
sis compared to L. braziliensis. PC1 accounted for 61% of gene
expression variability and PC2 for 17%.

DISCUSSION

Prospective evaluation of therapeutic response and miltefosine
susceptibility before and after in vivo drug exposure during treat-
ment provides a unique opportunity to discern acquired and in-
trinsic differences in susceptibility. This study of patients with
infections that failed to respond to miltefosine treatment yielded
evidence of both intrinsic and acquired differences in drug suscep-
tibility. In one case, resistance emerged from infection with a
susceptible strain of L. panamensis, and in another, resistance
followed infection with an intrinsically tolerant strain of L.
braziliensis. These two cases of loss of susceptibility to milte-
fosine provide direct evidence that miltefosine administered as
monotherapy for cutaneous leishmaniasis can select drug-re-
sistant parasites.

Diminished clinical efficacy of miltefosine after a decade of
unregulated use in India had been suspected but has now been
documented (21). Strains of L. donovani isolated from visceral
leishmaniasis and PKDL patients who relapsed following milte-

FIG 3 Dose response of intracellular amastigotes of clinical strains isolated from patients before treatment with miltefosine and at failure. The susceptibilities of
strains isolated from each of the six patients (means and SEM from three independent evaluations) are shown. Response is presented as the percent survival of
intracellular amastigotes compared to drug-free controls at each drug concentration.

Obonaga et al.

148 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


fosine treatment were significantly more tolerant to miltefosine
than the corresponding pretreatment strains (19). The selective
potential of miltefosine treatment in visceral leishmaniasis was
also substantiated by the incremental increase in tolerance of se-
quential isolates of Leishmania infantum obtained at relapse from
an HIV-coinfected patient who received maintenance treatment
with miltefosine for several years (22). The emergence of tolerant/
resistant Leishmania populations in different clinical, epidemio-
logical, and geographic circumstances underscores the need for
measures to protect the effective life of this drug.

Age-associated pharmacokinetic differences, parasite drug
susceptibility, and concurrent conditions that alter immune com-
petence evidently contributed to the unfavorable outcome of
miltefosine treatment in this group of patients. The 10-year-old
child from whom the resistant strain of L. panamensis was isolated
at week 13 of follow-up presented no clinical evidence of immune
deficiency or comorbidities that might have influenced the failure
to heal. However, pharmacokinetic analyses reported by Dorlo
and collaborators showing a body size-associated decrease in
miltefosine exposure when the body weight dosage used in adults
is applied in children (23) support the plausibility of the idea that
lower exposure to miltefosine promoted outgrowth of resistant
parasites and unsuccessful treatment in this patient. The 8-year-
old child with an infection that failed to respond to miltefosine
despite the susceptibility of the infecting strain presented a lesion
on the ear, a cartilaginous site recognized to be therapeutically
challenging (24). Concurrent conditions, including altered renal
function, immunosuppression, and hypertension (25), in the el-

derly adult patients are likely to have contributed to the poor
clinical response to miltefosine treatment, independently of the
susceptibility of the infecting Leishmania strain to miltefosine.
Therefore, even when resistance does emerge, it is unlikely to be
the singular cause of treatment failure. Host factors that allow
surviving parasites to proliferate may both promote clinical failure
and emergence of resistance.

Significantly greater susceptibility of intracellular amastigotes
to miltefosine than promastigotes was consistently demonstrated
both for clinical strains of L. braziliensis and L. panamensis and for
the WT and experimentally selected miltefosine-resistant strain of
L. panamensis. Importantly, the susceptibility phenotype was de-
tectable in both life stages. Comparative data on the susceptibility
of intracellular amastigotes and promastigotes to miltefosine are
limited and generally based on secondary observations of in vitro
susceptibility of different Leishmania species/strains, host cells,
culture conditions, and assay and readout parameters (26), all of
which influence the estimation of effective drug concentrations
(15). A detailed comparative study using a single strain of L. don-
ovani suggested that promastigotes and intracellular amastigotes
within peritoneal mouse macrophages were comparably suscepti-
ble to miltefosine, with a trend toward greater susceptibility of
intracellular amastigotes (27). The greater susceptibility of amas-
tigotes may be attributable to increased cytotoxicity within the
macrophage, conferred by alkyl-lysophospholipids promoting the
death of intracellular parasites either by direct action of the drug
or as a secondary effect on host cells as oxidative burst or produc-
tion of reactive-oxygen metabolites (28). In contrast to other stud-

FIG 4 Correlation of ABCA3 and LbMT expression with miltefosine susceptibility of clinical strains of L. panamensis and L. braziliensis. (A) Strains with low
miltefosine susceptibility (n 	 5) exhibited significantly lower ABCA3 transporter gene expression than sensitive (n 	 7) strains. (B) Expression of ABCA3 was
inversely correlated with the susceptibility of clinical strains (n 	 12) as intracellular parasite survival at 16 �mol/liter of miltefosine. (C) LbMT expression was
not correlated with miltefosine susceptibility in clinical strains of L. panamensis and L. braziliensis. The data are from three independent evaluations of 12 clinical
strains of L. panamensis and L. braziliensis. (D) Significant reduction of LbMT gene expression was observed in strains of L. panamensis and L. braziliensis
exhibiting diminished susceptibility to miltefosine at treatment failure. Data are means and SEM from seven independent experiments.
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ies, our study included miltefosine-susceptible and -resistant con-
trols that provided internal references for the interpretation of
effective concentrations and reduction of parasite burden. Intra-
cellular amastigotes, which approximate the natural therapeutic
target, including host cell-dependent mechanisms of action, are
considered the gold standard for drug susceptibility assessment
(27).

Investigations of laboratory-derived miltefosine-resistant
strains showed that differential drug transport contributed to
changes in drug susceptibility. Reduced expression of the translo-
case complex LbMT/LbRos3 conferred the resistant phenotype in
L. braziliensis strains through decreased drug uptake (8). Single-
nucleotide polymorphisms (SNP) have been associated with func-
tional variations of the LdMT/LdRos3 complex in L. donovani (9).
However, our results and those of studies evaluating the relation-
ship of these polymorphisms to drug susceptibility profiles of clin-
ical strains have either not demonstrated an association or not
provided consistent evidence thus far (19), substantiating the ra-

FIG 5 Sequence analysis of the LbMT gene. PCR products of the LbMT gene from the 6 pairs of strains (12 strains) isolated before treatment and at treatment
failure were sequenced. The presence of G630A, C1259A, and T2567C SNPs (shading) were analyzed in relation to the susceptibility phenotype of each strain,
showing no association between these SNPs and susceptibility to miltefosine. *, Numbering refers to the number assigned to the patient from which the strain was
isolated. **, L. braziliensis; ***, L. panamensis. Sequences were aligned to the reference L. braziliensis sequence LbrM.13.1380.

FIG 6 Principal component (PC) analysis score plot of transporter gene ex-
pression in L. panamensis and L. braziliensis promastigotes. Each point repre-
sents an individual strain. PC1 reflects expression of abca2, abca3, abcc3, abcg4,
and abcg6 transporter genes, and PC2 reflects expression of abcc2 and LbMT.
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tionale for analysis of drug susceptibility as a function of trans-
porter gene expression for clinical strains, rather than SNP profil-
ing. Although LbMT expression was not correlated with intrinsic
susceptibility to miltefosine in clinical strains of L. braziliensis and
L. panamensis (Fig. 4C), decreased expression of LbMT, but not of
ABC transporters, occurred in strains that demonstrated loss of
susceptibility to miltefosine at treatment failure (Fig. 4D). This
suggests that in vivo exposure to miltefosine could promote the
selection of less susceptible parasite populations having reduced
expression of LbMT. Individual gene expression profiling of
ABCA and ABCG lipid transporters revealed an inverse correla-
tion between abca3 and intracellular parasite survival following in
vitro exposure to miltefosine (Fig. 4B) supporting the possibility
that the level of ABCA3 expression may contribute to intrinsic
variations in susceptibility of Leishmania strains to miltefosine.
Interestingly, ABCA3 has been shown to localize to intracellular
membranes, where it promotes accumulation and storage of
phosphatidylcholine (29). Hence, upregulation of Leishmania
ABCA3 could promote increased drug accumulation through
storage in intracellular vesicles, thereby contributing to a drug-
susceptible phenotype. Nevertheless, functional confirmation of
the participation and role of ABCA3 in miltefosine susceptibility is
necessary.

Finally, the grouping of L. panamensis and L. braziliensis
through principal component analysis of transporter gene expres-
sion substantiates a species-related profile of expression of these
drug transporters. Together, our findings support the operation of
multiple and different mechanisms among intrinsic and acquired
phenotypes of miltefosine resistance in Leishmania strains and
species.

This prospective analysis of strains from patients with dermal
leishmaniasis that failed to respond to treatment with miltefosine
provides the first direct evidence of the emergence of resistance to
miltefosine during treatment of dermal leishmaniasis caused by
species of the Leishmania subgenus Viannia. Miltefosine is a sec-
ond-line treatment in Colombia and has not been widely admin-
istered. Rather, it is reserved for patients with contraindications or
intolerance for meglumine antimoniate. Understanding and
management of risk factors for treatment failure together with
implementation of measures to ensure appropriate use and adher-
ence to treatment may prevent the loss of susceptibility to this
valuable drug.
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