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Cutaneous leishmaniasis is a neglected tropical disease that causes painful lesions and severe disfigurement. Modern treatment
relies on a few chemotherapeutics with serious limitations, and there is a need for more effective alternatives. This study de-
scribes the selective targeting of zinc(II)-dipicolylamine (ZnDPA) coordination complexes toward Leishmania major, one of the
species responsible for cutaneous leishmaniasis. Fluorescence microscopy of L. major promastigotes treated with a fluorescently
labeled ZnDPA probe indicated rapid accumulation of the probe within the axenic promastigote cytosol. The antileishmanial
activities of eight ZnDPA complexes were measured using an in vitro assay. All tested complexes exhibited selective toxicity
against L. major axenic promastigotes, with 50% effective concentration values in the range of 12.7 to 0.3 pM. Similar toxicity
was observed against intracellular amastigotes, but there was almost no effect on the viability of mammalian cells, including
mouse peritoneal macrophages. In vivo treatment efficacy studies used fluorescence imaging to noninvasively monitor changes
in the red fluorescence produced by an infection of mCherry-L. major in a mouse model. A ZnDPA treatment regimen reduced
the parasite burden nearly as well as the reference care agent, potassium antimony(III) tartrate, and with less necrosis in the lo-
cal host tissue. The results demonstrate that ZnDPA coordination complexes are a promising new class of antileishmanial agents

with potential for clinical translation.

Leishmaniasis is a parasite infection transmitted to mammals by
the bites of infected female phlebotomine sandflies. It is en-
demic in more than 70 countries worldwide, with approximately
12 million people infected and 310 million at risk of infection (1).
The disease is associated with impoverished areas of the Middle
East, Southeast Asia, and South America. Different Leishmania
species are responsible for the two main disease manifestations:
visceral and cutaneous. The visceral form mainly targets the liver
and spleen resulting in high-grade fever and organ failure. It is the
most lethal form and the second greatest parasitic killer in the
world (2). The cutaneous form is an infection of the dermis which
produces inflamed lesions that heal slowly, leaving scars, or that
can evolve into mucosal infections which cause oral, nasal, and
pharyngeal tissue damage (3). Consequently, patients can suffer
devastating facial disfigurement and aesthetic trauma.

Modern treatment regimens for cutaneous infections involve
local application of antimonial drugs, such as meglumine antimo-
niate and sodium stibogluconate (4). Antimonial based therapies
have been the primary treatment option since their development
in the early 1930s (5). These drugs are notable as pioneering ther-
apeutics, but they exhibit numerous drawbacks. Antimonials are
generally expensive, nonspecific, and toxic to internal organs.
Routine doses cause painful side effects such as vomiting, swelling,
and myalgia (5). Additionally, antimonial therapy is prohibited in
many patient populations such as women during pregnancy,
young children, and patients suffering from chronic conditions
such as kidney disease or heart failure (6). Antifungal- and antibi-
otic-based drugs such as amphotericin B, paromomycin, and pen-
tamidine isethionate are second-line treatments, but severe side
effects and high cost limit their use (4, 7). Anticancer agents such
as miltefosine are promising but relatively expensive, potentially
teratogenic, and prone to result in infection relapse after treat-
ment (8). Taken together, the weaknesses of existing remedies
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highlight the need for new classes of effective, nontoxic, and inex-
pensive antileishmanial chemotherapeutics.

Cationic molecules are attractive starting points for Leishma-
nia drug discovery because they can distinguish the anionic sur-
face charge of the parasites from the near-neutral membrane sur-
face charge of healthy mammalian host cells. Leishmania parasites
are negatively charged due to (i) a thick coating of the anionic
polysaccharide lipophosphoglycan, which covers ~60% of the
parasite surface, and (ii) a high fraction of anionic polar lipids
within the plasma membrane (9-13). Certain classes of cationic
peptides and cationic liposomes bearing sterylamine are toxic to
Leishmania (14-16). In addition, aromatic dicationic compounds
structurally related to pentamidine are active against L. infantum
(17), and the positively charged small molecule sitamaquine has
undergone phase II clinical trials for treatment of visceral infec-
tions (18). The toxic mechanisms of these treatments are not well
understood, but they appear to occur through a combination of
factors, including membrane depolarization, mitochondrial dis-
ruption, or DNA damage.

The present study evaluates a series of cationic zinc(II)-dipico-
lylamine (ZnDPA) coordination complexes for ability to selec-
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FIG 1 Association of ZnDPA coordination complexes with phosphorylated
amphiphiles on the cell surface.

tively target and kill Leishmania parasites. ZnDPA complexes are
known to selectively recognize anionic cell surfaces due to a com-
bination of general electrostatic attraction and specific coordina-
tion of the zinc cations with the phosphate and carboxylate groups
on the polar lipids in the cell membrane (Fig. 1). Fluorescent
ZnDPA probes are effective imaging agents for dead and dying
mammalian cells (which expose anionic phosphatidylserine) in a
range of cell culture systems and small animal models of disease
(19-26). ZnDPA probes also target the anionic surfaces of bacte-
ria, and they have been used for imaging infection in animal mod-
els (27-33). Some ZnDPA complexes are known to have antibiotic
activity due to their capacity to disrupt bacterial membranes (31).

The objective of this study was to determine whether ZnDPA
complexes can selectively target L. major, a common species re-
sponsible for most cutaneous leishmaniasis infections in the Mid-
dle East and North Africa (34). A fluorescently labeled ZnDPA
probe was used for promastigote staining experiments, and a li-
brary of eight ZnDPA complexes was evaluated for in vitro toxicity
against L. major promastigotes, amastigotes, and mammalian
cells. A chemotherapeutic candidate was chosen for further activ-
ity testing against intracellular amastigotes, murine macrophages,
and a mouse model of cutaneous leishmaniasis. To facilitate mea-
surements of in vivo efficacy, a fluorescence imaging method was
developed using a genetically modified L. major strain that ex-
pressed the red fluorescent protein mCherry. A mouse footpad
infection model enabled direct comparison of treatment efficacy
for a ZnDPA complex and a standard antimonial chemotherapeu-
tic agent.

MATERIALS AND METHODS

Materials. The targeted fluorescent ZnDPA probe mSeek, nontargeted
fluorescent Control Dye, and all ZnDPA complexes tested were synthe-
sized as previously reported (22, 33). Microscopy slides and coverslips
were purchased from Thermo Scientific. Unless otherwise stated, all re-
agents and solvents were purchased from Sigma-Aldrich.

Leishmania culture conditions. Leishmania major axenic promasti-
gotes (MHOMY/JL/80/Friedlin), a fluorescent transgenic L. major strain
constitutively expressing mCherry (mCherry-L. major), and a fluorescent
transgenic strain of mCherry-L. donovani axenic amastigotes were main-
tained at 27°C in M199 medium supplemented with 10% fetal bovine
serum (FBS; Atlanta Biolabs) (35).

In vitro toxicity assay and EC,, calculation. Toxicity against L. major
promastigotes and intracellular amastigotes was assessed using the fluo-
rometric resazurin-based method CellTiter-Blue (Promega) as previously
described (35). For promastigotes, 10° cells/ml were seeded in a 96-well
plate and incubated in the presence of increasing concentrations of
ZnDPA complex for 72 h at 27°C, along with the appropriate solvent
controls. Afterward, 20 .l of Cell Titer-Blue reagent was added to 100 pl of
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the cell culture, followed by a 4-h incubation period at 37°C, and the
fluorescence was measured (excitation, 555 nm; emission, 580 nm) using
a Typhoon FLA 9500 laser scanner (GE Healthcare) and analyzed with
ImageQuant TL software (GE Healthcare). The output fluorescence val-
ues were background subtracted from wells containing medium alone and
normalized to wells containing untreated L. major. Normalized fluores-
cence values were plotted against the ZnDPA complex concentration us-
ing GraphPad Prism 5 software and fitted to the following curve to deter-
mine the 50% effective concentration (ECy):

L L 1
YO (20 =

where a is the estimated bottom of the curve, b is the estimated top of the
curve, ¢ is the 50% effective concentration (EC,,), and d is the Hill coef-
ficient.

L. major intracellular amastigote viability was evaluated using a back-
differentiation method with RAW264.7 murine macrophages and infec-
tive-stage mCherry parasites (36). Briefly, 10° metacyclic promasti-
gotes/ml were added to wells in a 96-well plate seeded with 10°
macrophages/ml. The infection was performed over 8 h in RPMI 1640
medium at a multiplicity of infection of 10 metacyclic parasites per mac-
rophage (10:1). Free parasites were removed by one wash with RPMI 1640
medium. At 24 h postinfection, ZnDPA compound 7 was added in in-
creasing concentrations and incubated for 48 h at 37°C, followed by a 12 h
of incubation at 26°C to facilitate back differentiation from viable amas-
tigotes to promastigotes. To detect the remaining viable parasites, 30 wl of
CellTiter-Blue reagent were incubated for 4 h with 200 ul of culture at
37°C, followed by a fluorescence measurement and sample analysis as
described above. Each assay was performed in triplicate.

Mammalian cell culture and toxicity. CHO-K1 (Chinese hamster
ovary) cells, purchased from the American Type Culture Collection
(CCL-61), were spread into 96-microwell plates and grown to confluence
of 85% in RPMI or F-12K media supplemented with 10% FBS and 1%
streptavidin L-glutamate at 37°C and 5% CO,. CHO cell viability was
measured by using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) cell viability assay. The number of living cells is
directly correlated to the amount of reduced MTT, which is monitored by
absorbance at 570 nm. Only active reductase enzymes in viable cells can
perform the reduction reaction. A Vybrant MTT cell proliferation assay
(Invitrogen, Eugene, OR) was performed according to the manufacturer’s
protocol. The CHO cells were treated with incremental concentrations of
a ZnDPA complex (0 to 50 wM) and incubated for 24 h at 37°C. The
medium was replaced with 100 pl of F-12K medium containing MTT (1.2
mM) and incubated at 37°C and 5% CO, for an additional 4 h. An SDS-
HCI detergent solution was added, and the absorbance of each well was
read at 570 nm and normalized to wells containing cells but no added
ZnDPA complex (n = 3).

Host cell viability was tested using macrophages isolated from the
intraperitoneal cavities of three BALB/c mice. Using an insulin syringe
with a 24-gauge needle, 5-ml aliquots of Dulbecco modified Eagle me-
dium (DMEM,; Life Technologies) supplemented with 10% FBS were in-
jected and then extracted from the peritoneal cavities of euthanized mice.
The fluid was centrifuged, and the supernatant was discarded. The pel-
leted macrophage cells were used to seed 10° macrophage/ml in a 96-well
plate and incubated in the presence of increasing concentrations of
ZnDPA compound 7 for 48 h at 37°C in the presence of 5% CO,. Viability
was measured with the Cell-Titer Blue assay as described above.

Promastigote and amastigote fluorescence microscopy. Samples of
mCherry-L. major axenic promastigotes and mCherry-L. donovani axenic
amastigotes (107/ml) were fixed with 1% formalin in 1.5-ml microcentri-
fuge tubes, followed by centrifugation (3,000 rpm, 5 min). The fixed par-
asites were resuspended in 1 ml of sterile phosphate-buffered saline (145
mM NaCl [pH 7.4]) and treated for 15 min with green-emitting fluores-
cent ZnDPA probe mSeek (5 to 10 wM) and two drops of NucBlue Fixed
Cell ReadyProbes reagent (Thermo Fisher). The samples were washed
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twice with fresh buffer to reduce background fluorescence, dispersed into
solution, and then placed on slides coated with r-lysine. Preliminary mi-
crographs of promastigotes were acquired using a Nikon Eclipse
TE2000-U epifluorescence microscope with a 60X objective and a Pho-
tometrics Cascade 512B CCD. Fluorescence images were captured using
UV (excitation, 340/80 nm; emission, 435/85 nm), GFP (450/90, 500/50),
and Cy3 (535/50, 610/75) filter sets. Micrographs of amastigotes were
acquired using an Applied Precision DeltaVision OMX epifluorescence
microscope with a 63X objective and similar filter sets.

Confocal scanning laser microscopy of mCherry-L. major promasti-
gotes was performed using a Nikon A1R confocal microscope to examine
the cellular localization of mSeek. Cell staining was carried out using the
procedure above. Twenty sequential planar images were taken over a
2-pm Z-scan range (0.1 pm apart) using a 60 X microscope objective and
blue, red, and green wavelength filters. The internalization of mSeek
within macrophages was evaluated using RAW264.7 murine macro-
phages. Briefly, mSeek (10 uM) was added to a single well in a six-well
plate seeded with 10° macrophages/ml, followed by incubation for 24 h at
37°C. Fluorescence microscopy was performed using a Nikon Eclipse
TE2000-U epifluorescence microscope with a 40X objective and a Pho-
tometrics Cascade 512B CCD. Fluorescence images were captured using
the GFP (450/90, 500/50) and Cy3 (535/50, 610/75) filter sets.

Promastigote flow cytometry. Fixed L. major axenic promastigotes
were stained with Control Dye or mSeek (5 uM final concentration) sus-
pended in sterile phosphate-buffered saline for 10 min at 25°C, followed
by three additional wash steps. The samples were injected into a Beckman
FC-500 flow cytometer equipped with a Biosense flow cell and a 6-W
argon ion laser. The excitation laser was tuned for an 480-nm emission
(500 mW), and the emission light was measured using a 530-nm pass
absorbance filter. Histograms were generated using FlowJo IX software
and represent a total of 50,000 to 100,000 events each. Fluorescence and
count data were normalized to “polychromatic” calibration beads.

Fluorescence imaging of cutaneous leishmaniasis in mouse footpad.
All animal experiments used protocols that were approved by the Notre
Dame Institutional Animal Care and Use Committee (IACUC no. 15-10-
2708). Stationary mCherry-L. major promastigotes were resuspended in
fresh M199 media. Cohorts of BALB/c mice (female, 4 weeks old, Charles
River Laboratories) were transferred to a sterile hood. Each mouse was
anesthetized with isoflurane, followed by skin sterilization with 70% eth-
anol and a subcutaneous injection of 10® parasites into the left hind foot-
pad. Two weeks later, the mice were anesthetized and subjected to planar
fluorescence imaging using an IVIS Lumina (Xenogen) equipped with a
150-W quartz tungsten halogen 21-V bulb for excitation with the follow-
ing fluorescence acquisition parameters: DsRed fluorescence (excitation,
500 to 550 nm; emission, 575 to 650 nm); acquisition time, 3 s; binning,
2X2; F-stop, 2; and field-of-view, 10 by 10 cm. After imaging, footpad
thickness (lesion size) was measured using a Vernier caliper, and the in-
fected footpad was photographed using a Canon PowerShot 12.1 MP
digital camera. The 16-bit TIFF images of each living mouse at the differ-
ent time points were sequentially opened using the Image] 1.40g software.
The images were cropped to focus only on the infected footpad and then
converted to an image stack using the “convert images to stack” software
command. The stack of images was background subtracted using the roll-
ing ball algorithm (radius, 250 pixels). Next, the image stack was set to the
“Fire” fluorescence intensity scale (under the “Lookup Tables” menu)
which color-codes the fluorescence counts contained in each pixel. The
stack of images was converted into a montage using the “Convert Stack to
Montage” command. A calibration bar was added to the montage using
the “Calibration Bar” command, and the resulting image was saved as a
TIFF file. Infection burden was quantified by the measuring the mean
pixel intensity within a region of interest drawn around each infected
footpad. After each time point, a cohort of mice (n = 4) were sacrificed,
and the infected footpads were harvested to measure parasite burden us-
ing the limiting dilution method.
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Quantification of parasite burden in mouse footpad. The following
procedure was adapted a previously published method (37). Infected
footpads were removed by severing the mouse ankle just above the bridge
of the foot with surgical scissors. Severed footpads were sterilized with
70% ethanol and placed in a Falcon tube submerged in ice water contain-
ing 5 ml of chilled DMEM. The footpads were taken to a sterile culture
hood, sliced into small pieces using a disposable scalpel within a sterile
petri dish, and homogenized in the original DMEM buffer using a glass/
Teflon homogenizer (Thomas Scientific). A 500-ul aliquot of the homog-
enized footpad solution was serially diluted in a 12-well plate with eight
wells containing 4.5 ml of M199 medium per well. Finally, 100 wl from
each 12-well plate was dispensed into a separate marked row of a 96-well
plate and placed into a 27°C incubator for 5 to 10 days (n = 3). After
cloudiness developed within the wells, indicating parasite growth, a mi-
croscopic evaluation using an Amscope B10 binocular biological micro-
scope was performed to determine the numbers of Leishmania-positive
and Leishmania-negative wells. The parasite load in the mouse footpad
was determined from serial dilution calculations.

Treatment of cutaneous leishmaniasis in mouse footpad. Sixteen
BALB/c mice were inoculated with mCherry-L. major as described above
and allowed to form an infection over a 14-day period. After infection, the
mice were separated into cohorts of four and administered one of the
following treatment regimens: saline (150 mM NaCl, five doses/week),
antimonial [5.5 mM potassium antimony(III) tartrate, five doses/week],
or ZnDPA compound 7 (see Fig. 3, 80 uM) at a frequency of two or five
doses per week. All treatments were 30- .l intralesional injections of agent
dissolved in sterile saline (pH 7.4) and administered after the skin was
sterilized with a 70% ethanol wipe. The injections were administered at
different sites around the lesion to reduce injury from the needle puncture
and to spread treatment throughout the infected footpad. Planar fluores-
cence imaging of each cohort was performed periodically throughout the
12-day treatment period using the following acquisition parameters:
DsRed fluorescence (excitation, 500 to 550 nm; emission, 575 to 650 nm);
acquisition time, 4 s; binning, 2X2; F-stop, 2; and field-of-view, 10 by 10
cm. After treatment, the mice were sacrificed, and the infected footpads
were harvested to measure parasite burden using the limiting dilution
method described above (7 = 3, one mouse was euthanized before the
treatment ended).

Histology. Separate cohorts of uninfected BALB/c (n = 3) were given
intradermal footpad injections of saline or ZnDPA compound 7 at a fre-
quency of five doses per week for 2 weeks as described above. After the
treatment period, the mice were euthanized, and the treated footpads
were excised, fixed, and then embedded and flash frozen in OCT (Tissue-
Tek). Footpad tissue was sliced (8-pm thickness) at —17°C, and the slices
adhered to Unifrost microscope slides (Azer Scientific, USA); they were
then fixed with chilled acetone for 10 min and air dried for an additional
20 min. Tissue sections were stained with hematoxylin-eosin and imaged
using a Nikon 90i upright/widefield equipped with a X40 objective lens
and color camera.

RESULTS

Fluorescence microscopy studies. Selective targeting of a ZnDPA
complex to axenic promastigotes and amastigotes was assessed
using fluorescence microscopy and flow cytometry. The studies
used mCherry-L. major promastigotes and mCherry-L. donovani
axenic amastigotes, which stably expressed the red fluorescent
mCherry protein (excitation, 587 nm; emission, 610 nm) in the
cytoplasm (see Fig. S1 in the supplemental material) (38). L. don-
ovani axenic amastigotes were studied because there are no cur-
rent methods for culturing L. major axenic amastigotes. The par-
asites were fixed with 1% formalin prior to imaging to ensure
membrane integrity and arrest cellular mobility for high-resolu-
tion fluorescence micrographs. Aliquots of parasites were incu-
bated with mSeek, a green-emitting fluorescent ZnDPA probe
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FIG 2 (A) Structures of green-emitting fluorescent ZnDPA probe mSeek and
control dye (B) Confocal micrographs of fixed mCherry-L. major promasti-
gotes stained with DAPI (4',6’-diamidino-2-phenylindole) and mSeek (5 uM)
for 10 min prior to red, blue, and green fluorescence imaging. The montage is
slice 10 (X 60 magnification) from a series of 20 slices acquired through a 2-pm
Z-scan range (0.1 pm between each slice). (C) Representative flow cytometry
histograms of L. major cells with green fluorescence (n = 3).

(Fig. 2A) for 10 min prior to three wash steps. The treated parasites
were first examined using widefield fluorescence microscopy,
which revealed strong and uniform staining by the mSeek
throughout the parasites, including the promastigote flagellum
(see Fig. S2 and S3 in the supplemental material). Additional sam-
ples of probe stained promastigotes were imaged with a confocal
microscope, which permitted three-dimensional fluorescence im-
aging. Confocal micrographs of the parasite interior showed
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FIG 3 Structures of ZnDPA complexes tested for L. major toxicity and ECs,
values.

clearly that the mSeek was dispersed throughout the cytoplasm
colocalizing with cytoplasmic mCherry (Fig. 2B). The microscopy
showed negligible promastigote staining by the nontargeted Con-
trol Dye that lacked a ZnDPA complex. In addition, flow cytom-
etry histograms of parasites treated with mSeek indicated ~3-
fold-higher fluorescence than parasites treated with Control Dye
(Fig. 2C). To determine macrophage uptake, murine macro-
phages were incubated for 24 h with mSeek, followed by fluores-
cence microscopy. The probe fluorescence was dispersed
throughout the macrophage cytoplasm, with noticeably higher
intensity than the background macrophage autofluorescence (see
Fig. S4 in the supplemental material).

TABLE 1 In vitro activity of ZnDPA (compound 7) against mammalian
cells and L. major promastigotes and amastigotes

Evaluation model and cell type Mean ECs, (uM) * SD?

Cellular evaluation
CHO-K1
Peritoneal macrophages

>50
>10

Parasite evaluation
Axenic promastigotes 23%0.2
Intracellular amastigotes 47 £0.1

“ For at least three replicates.
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FIG 4 (A) Representative whole-body red fluorescence image of a BALB/c mouse harboring a footpad infection of mCherry-L. major. (B) Red fluorescence
intensity (top) and color photographs (bottom) of untreated mouse footpad infection after inoculation with 10* mCherry-L. major promastigotes. The
fluorescence intensity scale bar applies to all footpad images and is given in arbitrary units.

Parasite activity screening and host cell toxicity. The antil-
eishmanial activities of eight ZnDPA complexes were evaluated
against L. major promastigotes (22). The inhibitory activity was
determined using a CellTiter-Blue assay, which measures the abil-
ity of living cells to convert a redox dye (resazurin) into a fluores-
cent end product (resorufin) (see Fig. S5A in the supplemental
material). The results in Fig. 3 show that all complexes were active
against L. major, with EC5,s between 12.7 and 0.3 M. In contrast,
there was hardly any toxic effect against mammalian cells. Stan-
dard MTT assays (see Fig. S5B in the supplemental material) using
Chinese hamster ovary (CHO) cells indicated that compounds 1,
4, 7, and 8 caused negligible toxicity up to 50 M, whereas the
other four complexes reduced cell viability ~30% at 50 wM. Al-
though ZnDPA compound 7 was not the most active complex, it
was chosen as the chemotherapeutic candidate for further evalu-
ation against amastigotes and murine macrophages due to its
structural simplicity and ease of production. The intracellular
amastigote ECs,, measured using the back-transformation
method, was ~5 uM, with a murine macrophage toxicity of >10
M (Table 1). Histological analyses of uninfected mouse footpads
treated with compound 7 were also performed to complement the
in vitro toxicity results. After a 2-week treatment regimen of cuta-
neous footpad injections (see below), the mice were sacrificed and
the footpads were harvested for hematoxylin-eosin staining and a
vitality assessment. Compared to the control group injected with
saline, no cellular or nuclear morphological changes in the cuta-
neous footpads were observed (see Fig. S6 in the supplemental
material). Inflammatory foci that could indicate signs of cutane-
ous toxicity were not observed.

Cutaneous leishmaniasis BALB/c mouse model. A cutaneous
leishmaniasis animal model was developed by inoculating cohorts
of female BALB/c mice with stationary mCherry-L. major (10%) in
the left hind footpad (39). Lesion progression was monitored by
imaging the red fluorescence emission of the mCherry-L. major
amastigotes and also by measuring the thickness of inflamed foot-
pads with a Vernier caliper. The cohorts were examined weekly for
5 weeks with a single cohort (n = 4) sacrificed every week for
footpad harvesting and parasite counting. Figure 4 shows repre-
sentative fluorescence images recorded weekly from infected
mice.
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A linear correlation was observed between fluorescence inten-
sity and lesion size (Fig. 5A) and also fluorescence intensity and
parasite burden in the footpad at each weekly time point (Fig. 5B).
To prove that the red fluorescence at the site of infection was due
to mCherry synthesis by the viable transgenic parasites, a control
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FIG 5 (A) Plot comparing red fluorescence mean pixel intensity (MPI) for
infected mouse footpads in living mice (black) and footpad thickness (lesion
size) (orange) over time. Each data point represents the means * the standard
errors (n = 4). (B) Plot of red fluorescence MPI for infected footpads in living
mice and parasite counts in harvested footpads (n = 4). Each point represents
means & the standard errors.
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FIG 6 Representative red fluorescence intensity images of BALB/c mouse footpads after inoculation with mCherry-L. major promastigotes (10*) and treated
with saline at five doses/week (A), antimony(III) tartrate at five doses/week (B), and compound 7 at either two doses/week (C) or 5 doses/week (D) over a 12-day
period. The mice were inoculated 14 days prior to the treatment start point (day 0). All doses were 30-pl intralesion injections of aqueous solutions containing
saline (150 mM NaCl), antimony(III) tartrate (5.0 mg/kg), or compound 7 (0.1 mg/kg). The fluorescence intensity scale bar applies to all images and is given in

arbitrary units.

experiment inoculated a separate cohort of mice with a L. major
strain lacking the mCherry transcript and allowed infections to
develop over 35 days. As expected, fluorescence imaging of the
infection sites showed no measurable red fluorescence (see Fig. S7
in the supplemental material).

Treatment of cutaneous leishmaniasis model. The mouse
leishmaniasis model described above was used with footpad infec-
tions of mCherry-L. major. Treatment efficacy experiments com-
pared the antileishmanial activity of compound 7 to the standard
agent potassium antimony(III) tartrate (antimonial) or no che-
motherapeutic agent (saline) (5). Separate cohorts with 14-day
footpad infections were given a daily intralesional injection of
saline, compound 7 (0.1 mg/kg), or antimonial (5 mg/kg) for 5
days, followed by 2 days of recovery. An additional cohort was
given two doses per week of compound 7 (0.1 mg/kg), followed by
four recovery days. The red fluorescence emission from the cuta-
neous lesions was imaged four times over a 12-day period for all
treatment regimens (Fig. 6).

Region-of-interest analysis of the fluorescence pixel intensity
maps revealed a progressive loss in fluorescence in mice given
compound 7 (five doses per week) compared to mice given saline
(Fig. 7A). No significant decrease in Leishmania burden was ob-
served in mice receiving only two weekly doses of compound 7.
The diminished parasite burden was confirmed after dissection of
the infected footpads and counting viable promastigotes differen-
tiated from amastigotes after limiting dilution assay (Fig. 7B). The
parasite burden was ~70% less in the cohort treated with five
doses of compound 7 compared to saline-treated animals. In ad-
dition, the physical appearances of the treated footpads were sig-
nificantly different at the conclusion of treatment (Fig. 7C). Anti-
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monial treated footpads displayed cutaneous necrosis and
scabbing, as expected (40). Conversely, footpads treated with
compound 7 displayed some minor local inflammation but no
obvious cutaneous reaction to the treatment.

DISCUSSION

Fluorescence microscopy with mSeek, a green-emitting fluores-
cent ZnDPA probe, found that ZnDPA has high affinity for L.
major parasites. Confocal micrographs show diffuse internaliza-
tion of the probe within the parasites colocalizing with the cyto-
solic mCherry reporter protein (Fig. 2; see also Fig. S2 and S3 in
the supplemental material). The cytosolic distribution contrasts
with that seen in planktonic bacteria, where mSeek localizes pri-
marily in the bacterial envelope with no internalization (33). In
vitro toxicity assays with eight different ZnDPA complexes re-
vealed strong to moderate antileishmanial activity with minimal
mammalian cell cytotoxicity (Fig. 3; see Fig. S5 in the supplemen-
tal material). Although ZnDPA compound 7 was not the most
active complex, its structural simplicity and ease of production
made it the most attractive choice for studies in the mouse footpad
infection model. The ability to noninvasively monitor changes in
the red fluorescence produced by the mCherry-L. major infections
greatly facilitated the treatment efficacy experiments. Five weekly
intralesional doses of compound 7 produced ~70% reduction in
parasite burden compared to an untreated cohort (Fig. 5to 7). The
dose amount of compound 7 was ~50 times lower than the com-
parative dose of antimonial agent, and yet the reduction in infec-
tion burden was very similar over a 12-day period. Furthermore,
treatment with compound 7 produced significantly less host tissue
damage at the treatment site compared to antimonial treatment.
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In vitro activity and toxicity measurements revealed that com-
pound 7 is quite active against intracellular amastigotes and con-
siderably less toxic against murine macrophages (Table 1). The
high tolerance of the ZnDPA complex matches previous observa-
tions of no obvious acute murine toxicity (22, 27). However, more
in vivo studies are needed to fully evaluate host toxicity and to
more accurately measure the therapeutic window.

The mechanism of ZnDPA action against L. major is not pres-
ently clear and may be multifactorial. One possibility is that the
ZnDPA complexes disrupt the parasite membrane. Alternatively,
the ZnDPA complexes may alter metal cation concentrations
within the cytosol. Zinc homeostasis is needed to maintain critical
physiological processes (41, 42), and several studies report that
Leishmania parasites are sensitive to doses of metal cations, in-
cluding zinc, copper, and rhenium (43—47). Various zinc-sulfon-
amide complexes have low micromolar EC5s against L. major and
L. amazonensis (48-50), and a large screening study reported that
various heterocyclic metal-binding compounds are highly active
against L. donovani (51).

The World Health Organization has recommended combina-
tion therapy as a strategy to increase the therapeutic life span of
drugs and delay the emergence of resistance (1). Thus, a question
for future studies is whether ZnDPA coordination complexes can
act in synergy with other therapeutic agents against cutaneous
leishmaniasis. It is likely that ZnDPA complexes will have activity
against other Leishmania species genetically similar to L. major
and L. donovani, as well as against other trypanosomatids, includ-
ing Trypanosoma cruzi (52—54). Another goal for future studies is
to determine whether ZnDPA coordination complexes have ac-
tivity against models of visceral Leishmaniasis. Fluorescent
ZnDPA probes such as mSeek should be very helpful in determin-
ing systemic biodistribution, and we are encouraged by our pre-
vious work indicating that the biodistribution of ZnDPA probes is
easily altered by rational structural modification (22-28).
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