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Anti-Leishmania compounds can be screened using Leishmania
spp. expressing red fluorescence (tdTomato)
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ABSTRACT The main challenges associated with leishmaniasis chemotherapy are drug
toxicity, the possible emergence of resistant parasites, and a limited choice of therapeutic
agents. Therefore, new drugs and assays to screen and detect novel active compounds
against leishmaniasis are urgently needed. We thus validated Leishmania braziliensis
(Lb) and Leishmania infantum (Li) that constitutively express the tandem tomato red
fluorescent protein (tdTomato) as a model for large-scale screens of anti-Leishmania
compounds. Confocal microscopy of Lb and Li:tdTomato revealed red fluorescence
distributed throughout the entire parasite, including the flagellum, and flow cytom-
etry confirmed that the parasites emitted intense fluorescence. We evaluated the
infectivity of cloned promastigotes and amastigotes constitutively expressing tdTomato,
their growth profiles in THP-1 macrophages, and susceptibility to trivalent antimony,
ampbhotericin, and miltefosine in vitro. The phenotypes of mutant and wild-type parasites
were similar, indicating that the constitutive expression of tdTomato did not interfere
with the evaluated parameters. We applied our validated model to a repositioning
strategy and assessed the susceptibility of the parasites to eight commercially available
drugs. We also screened 32 natural plant and fungal extracts and 10 pure substances
to reveal new active compounds. The infectivity and Glucantime treatment efficacy
of BALB/c mice and golden hamsters infected with Lb and Li:tdTomato mutant lines,
respectively, were very similar compared to animals infected with wild-type parasites.
Standardizing our methodology would offer more rapid, less expensive, and easier assays
to screen of compounds against L. braziliensis and L. infantum in vitro and in vivo. Our
method could also enhance the discovery of active compounds for treating leishmania-
sis.

KEYWORDS Leishmania, tdTomato, compound screening, chemotherapy, natural

Editor Audrey Odom John, The Children's Hospital
products

of Philadelphia, Philadelphia, Pennsylvania, USA

Address correspondence to Tania Maria de Almeida
Alves, tania.alves@fiocruz.br, or Silvane Maria Fonseca
Murta, silvane.murta@fiocruz.br.

eishmaniasis is an infectious disease caused by protozoan parasites of the genus

Leishmania (1). It is classified as a neglected tropical disease but is of great impor-
tance to public health over a wide geographical distribution (1, 2). Estimates indicate ) ) i ;

) L. - ) - . . . Mariza Gabriela Faleiro de Moura Lodi Cruz and Ana

that leishmaniasis affects 12 million people worldwide, and ~1 billion live in at-risk i i Sl st Tawiieeesuelly o s e
areas, where the annual incidence is ~2 million (1). The parasites are transmitted to Author order was determined both alphabetically
vertebrate hosts through bites by infected female sandflies from various species of  andinorderofincreasing seniority.
the genera Phlebotomus and Lutzomyia (2, 3). Leishmania is a unicellular organism that Tihe awiliens dedlie e @arifilia: of iniaiest,
morphologically exists as a flagellate, mobile promastigote in the gut of vector insects
and a non-flagellated, immobile, intracellular amastigote found in cells of the phagocytic
monocytic system of vertebrate hosts (3). The two main clinical forms of leishmaniasis
are tegumentary, characterized by cutaneous and mucosal lesions, and visceral (VL),
in which the parasites have tropism for internal organs such as the liver, spleen, and
bone marrow (2, 3). The visceral form causes the most severe leishmaniasis, which can
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be lethal if untreated. Leishmania (Viannia) braziliensis (Lb) and Leishmania (Leishma-
nia) infantum (Li) are epidemiologically relevant and cause cutaneous and visceral
leishmaniases, respectively (1).

The absence of vaccines for humans and effective vector control programs has led
to chemotherapy being the primary strategy for controlling all forms of leishmaniasis.
Only a few drugs to treat leishmaniasis are available, namely, pentavalent antimonials
such as sodium stibogluconate and meglumine antimoniate, amphotericin B formula-
tions (deoxycholate and liposomal), miltefosine, paromomycin sulfate, and pentamidine
isethionate (4). However, the high toxicity of these drugs, the possible emergence of
resistant parasites, and the limited choice of drugs are the main challenges associated
with chemotherapy (5). Therefore, the need to discover new drugs and new ways to
screen and detect novel active compounds against leishmaniasis is urgent.

Various experimental models for screening drugs to treat leishmaniasis in vitro and
in vivo have been described (6-10). In vitro models using intracellular amastigotes are
more suitable for drug screening against Leishmania due to clinical relevance but cannot
predict all the in vivo events. On the other hand, we still do not have a standard and
universal model for anti-Leishmania drug screenings, and the models differ in immune
responses and clinical symptoms (6-10).

The first in vitro assays involved manually counting intracellular amastigotes, which
was laborious and difficult to scale up for high-throughput screening (11). A high-con-
tent assay using cell imaging of L. donovani parasites was later validated. This assay
allowed simultaneous measurements of compound effectiveness against intracellular
amastigotes and toxicity to human macrophages (12).

Current assays using Leishmania parasites expressing recombinant reporter genes
including Escherichia coli galactosidase (lacZ) (13), B-lactamase (14), firefly luciferase
(15), and green fluorescent protein (GFP) (16) have specific advantages and disad-
vantages (6, 16). Colorimetric assays are rapid and simple and work by adding an
enzyme substrate, which causes a color change of the medium according to cell
metabolism and viability. However, colored compounds can interfere with the readout
of colorimetric substrates, and enzyme activity can only be measured at a single
endpoint (12). Luminescence detection is sensitive and reproducible on a large scale
but adding a detection substrate significantly increases the cost of such tests (17-19).
GFP and red fluorescent protein (RFP), mCherry, and tdTomato proteins have been
applied to test the actions of compounds/drugs against Leishmania spp. Although GFP
can be expressed in Leishmania spp. (20-22), its fluorescence emission (509 nm) is
similar to the macrophage autofluorescence, which can be also detected by fluorescein
isothiocyanate (FITC) or PE channel (FL1), limiting its utility to assessing the suscepti-
bility of intracellular amastigotes (23, 24). On the other hand, among the several red
fluorescent proteins derived from Discosoma coral, tdTomato is the most photostable
and the brightest. This renders it easily detectable in vitro and in vivo (25) by fluorime-
try or flow cytometry. Furthermore, tdTomato fluorescence has values excitation and
emission of 554 and 581 nm, respectively, which are distinct from the autofluorescence
range of animal tissues and cells, and permits imaging studies in vivo (25-27).

Here, we identified parasites that constitutively expressed the tdTomato reporter
gene, conferring red fluorescence, and validated a model for screening compounds
against L. (V)) braziliensis and L. (L.) infantum. This model will facilitate high-through-
put screens of compounds in vitro and in vivo and should replace current laborious
methodologies that are difficult to reproduce. High-throughput screens of compounds
and drugs improve the likelihood that new compounds with activity against Leishmania
spp. be identified.
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RESULTS

Construction of plR1_BSD_tdTomato plasmids and generation of parasites
constitutively expressing tdTomato

We amplified the tdTomato sequence by PCR then cloned it by Gibson Assembly into
the Bglll site of the pIR1_BSD vector to construct the pIR1_BSD_tdTomato plasmid. The
plasmids were sequenced using the Sanger method and linearized using the restriction
enzyme Swal. Promastigotes of L. braziliensis and L. infantum were transfected with the
cassette and selected in semi-solid medium containing 10 ug/mL of blasticidin (BSD).

Fluorescence emission by parasites transfected with tdTomato

We determined whether the promastigote forms of Lb wild type (WT), Lb:tdTomato,
LIWT, and LiztdTomato parasites expressed red tdTomato fluorescence using flow
cytometry. Both mutant parasites expressed red fluorescence (Fig. 1A through C),
whereas the WT did not.

We also evaluated the intensity of fluorescence emitted by the mutant parasites. The
detection limit of the fluorimeter was ~2 x 10° parasites/mL for the Lb:tdTomato and
LiztdTomato promastigotes (Fig. 1D). Fluorescence emission in the intracellular amasti-
gote forms confirmed that tdTomato is expressed at different stages of the parasitic life
cycle (Fig. 1E). Fluorescence intensity correlated with the number of amastigotes per
macrophage (Fig. 1F).

Confocal laser microscopy confirmed that tdTomato fluorescence was emitted by L.
braziliensis mutant and indicated a homogenous distribution throughout in the parasite
cytoplasm and flagellum, but no fluorescence was detected on WT promastigotes and
amastigotes (Fig. 2).

Fitness evaluation of WT and mutant parasites

Growth curves of the WT (LbWT) and mutant (Lb:tdTomato) promastigotes were
evaluated daily for 7 days (Fig. 3A). Both Leishmania lines had the same growth kinetics.
They all reached the stationary phase at 4 days and had similar densities (LbWT 17.1 x
10°/mL and Lb:tTomato 17.8 x 10%/mL), indicating that the inserted tdTomato gene did
not affect promastigote replication.
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Fluorescence measurement of promastigote and amastigote forms of Lb::tdTomato and Li:tdTomato mutants. Representative fluorescence histograms

in FL2 of promastigotes of WT and cloned mutant parasites Lb:tdTomato (A) and Li:tdTomato (B). (C) Mean FL2 fluorescence of WT parasites and mutant

parasite clones, in arbitrary units obtained in two independent experiments. (D) Fluorescence intensity of various numbers of mutant parasites measured using

SpectraMax M2 fluorescence plate reader. (E) Fluorescence emission of WT and two different mutant parasites (Lb::tdTomato) after 6 or 72 h after of macrophage

infection. (F) Fluorescence emission is proportional to the number of amastigotes per macrophage. Results are representative of two independent experiments

in triplicate.
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FIG 2 Representative images of promastigotes and intracellular amastigotes of L. braziliensis WT or L. braziliensis expressing tdTomato. (A) Promastigotes of WT
L. braziliensis. (B) Promastigotes of L. braziliensis transfected with tdTomato. (C) Amastigotes of WT L. braziliensis in THP-1 cells. (D) Amastigote of L. braziliensis
transfected with tdTomato in THP-1 cells. A1, B1, C1, and D1 represent image overlays. A2, B2, C2, and D2 represent DAPI core collation. A3, B3, C3, and D3
represent tdTomato fluorescence. A4, B4, C4, and D4 represent differential interference contrast. Images were acquired using confocal laser microscopy at

emission and excitation wavelengths of 554 and 581 nm, respectively.

Macrophages derived from THP-I were infected with WT and mutant parasites to
determine whether tdTomato expression influences parasite infectivity. Ratios of infected
macrophages were determined by counting the number of infected cells and the
number of amastigotes per infected cell at 72 h after infection (Fig. 3B and C). We found
that tdTomato expression did not affect the ability of parasites to infect cells because
the infectivity of the WT and mutant Leishmania lines was equivalent over the tested
post-infection periods.

The anti-Leishmania activities of Sb", miltefosine, and amphotericin B (AmB) were
analyzed 72 h after incubation by determining the ICso. We compared conventional
and fluorimetric methods by counting the number of amastigotes per macrophage to
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FIG 3 Mutant parasite growth, infectivity, and drug susceptibility are not changed. Growth curves of WT and Lb:tdTomato (clones 3 and 4) promastigotes
(A). Parasites at 1 x 10°/mL were cultivated for 7 days and counted daily. Data are averages of three independent experiments in triplicate. Curves were
statistically analyzed using the two-way analysis of variance with Bonferroni post hoc tests. (B and C) Evaluation of WT and mutant parasites (Lb:tdTomato)
infectivity in macrophages 6 and 72 h after infection. Infection was evaluated as ratios (%) of the number of amastigotes per 100 macrophages (B) and by the
percentage of infected macrophages at 6 and 72 h post infection (C). Results are representative of three independent experiments in duplicate. Anti-Leishmania
activity of Sb", miltefosine, and amphotericin B at 72 h after incubation determined as concentration of each drug required to inhibit 50% of parasite growth
(IC50) (D). To compare the results of microscopy and fluorometry, we utilized amastigote counts per macrophage to calculate ICsq values. Results represent three
independent experiments in duplicate.

determine the ICsg. Reductions in these numbers were evaluated as a decrease in the
intensity of fluorescence emitted by intracellular amastigotes. We found that that the
ICs59 of the drugs tested against WT and mutant L. braziliensis amastigotes were very
similar between the conventional method and fluorimetry. For the conventional method,
the IC5q values of Sb", AmB, and miltefosine were 4.3, 0.12, and 3.5 uM, respectively.
For the fluorimetric method, the 1Csq values of Sb", AmB, and miltefosine were 3.2, 0.11,
and 3.9 uM, respectively (Fig. 3D). This finding indicated that integration of the tdTomato
gene did not affect the susceptibility of mutant parasites to the tested drugs.

Screening substances and extracts

We validated the results of the fluorometric screening as follows. We quantified the
ICs5o values of the reference drugs Sb", AmB, and miltefosine against the intracellular
L. braziliensis and L. infantum mutant amastigotes and the CCsq of these drugs against
macrophages derived from THP-1 cells (Table 1). The IC5q values against L. braziliensis and
L. infantum mutant parasites were 3.9 and 2.43 uM for Sb", 0.13 and 0.25 uM for AmB, and
3.3 and 3.6 uM for miltefosine, respectively. The selectivity index (SI) determined based
on the ratios of the CCsg and ICsq values for Lb and Li:tdTomato was the highest for AmB
(2,859 and 1,486). On the other hand, the Sl of drugs Sb" and miltefosine was very low for
Lb and Li:tdTomato, 30|48 and 15|14, respectively.

Lb:tdTomato and Li:tdTomato infected macrophages were incubated with various
concentrations of allopurinol, amitriptyline, isoniazid, lamivudine, menadione, pamidro-
nate, pentamidine, and tamoxifen. The 1C5g and CCsq values were then determined by
fluorometry (Table 1).

The results showed low antileishmanial activity of amitriptyline and lamivudine, with
high I1Cs5q values of 106.7 and 2,398 uM, respectively, for Lb::tdTomato, and ICsq values of
107.0 and 2,661 puM, respectively, for Li:tdTomato, and a very low Sl of 1 (Table 1). The
other drugs had ICsqg values against both leishmania species varied of 0.07 to 10.6 uM,
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and the Sl range was 40 to 3,028. Pamidronate and tamoxifen were very active against
Leishmania spp., with 1Csq values of 0.6 and 1.7 uM for L. braziliensis and 0.07 and 0.3 uM
for L. infantum and high Sl of 3,028|1,068 and 760|177, respectively. In L. infantum, these
drugs were also very active with 1Csqg values of 1.7 and 0.3 uM, respectively. Our results
revealed that L. braziliensis was more susceptible to AmB, allopurinol, isoniazid, pamidro-
nate, and tamoxifen than L. infantum (Table 1).

We screened using 32 crude extracts of plants and fungi (20 ug/mL each) and 10
pure substances (50 uM each). The results are expressed as ratios (percentages) of
intracellular amastigotes reduced by the crude extracts or pure substances vs untreated
controls. Extracts were considered active if their effect against Leishmania was higher
than 60%. The results showed that 9 of the 32 crude extracts tested were active against
the intracellular Lb::itdTomato and Li:tdTomato amastigotes, and 23 were inactive (Table
2). For the seven extracts with activities higher than 70%, we determined the IC5g and
CCsq values. The range of 1C5q values of the extracts was 8.1-19.4 pg/mL for Lb::tdTomato
and 11.2-17.5 pg/mL for Li:tdTomato. Most tested extracts had Sls between 2 and 7. The
crude extracts of Clusia mexiae flowers and of the fungus Penicillium viridicatum were
the most suitable for future investigations, having ICsq values of 11.4 and 8.9 ug/mL for
Lb:tdTomato and 17.5 and 13.7 pug/mL for Li:tdTomato, respectively (Table 2). SIs of both
extracts for L. braziliensis and L. infantum were 25|16 and 85|55, respectively.

The results showed that 3 of the 10 pure substances were inactive and 7 were
active against L. braziliensis and L. infantum (Table 3). We then determined that the
range of 1Csp and CCsq values of seven active pure substances was 3.9 to 54.2 uM
for Lb:tdTomato and Li:tdTomato, with an S| range of 8-72. Cinchonine was the
most active, with ICsq values of 3.9 and 4.8 uM for Lb:tdTomato and Li:tdTomato and
Sls of 72 and 48, respectively.

Evaluation of infectivity and in vivo Glucantime efficacy

We evaluate the infectivity and Glucantime treatment efficacy of animals infected with
wild-type and tdTomato mutant L. braziliensis and L. infantum lines.

Hamsters were infected with wild-type and Lb:tdTomato L. braziliensis lines and
treated with Glucantime at 250 mg/kg/day for 20 days. The progress of the lesions was
assessed at days 0, 7, 14, 21, and 28. After 7 days of treatment, skin lesions remained
similar among groups. Fourteen days after starting treatment, however, the lesions
became less thick in the group of hamsters that received Glucantime compared to the
untreated group (Fig. 4A). Significant regression of the lesion was observed in animals
infected with wild-type and Lb:tdTomato parasites after Glucantime treatment (Fig. 4A
and D). The results also revealed that Glucantime significantly reduced the parasite
loads in the lesions from animals infected with wild-type and Li:tdTomato L. infantum
lines (Fig. 4B). Similar results were obtained with the fluorescence emission (relative
fluorescence units - RFU) analysis of Lb:itdTomato parasites recovered from lesions (Fig.
4(C). Bioimaging assay revealed fluorescence emission in the lesions of hamsters infected
with L. braziliensis mutant parasites (Lb::tdTomato) (Fig. 4E).

Figure 5 shows the parasite burdens in the liver (Fig. 5A) and spleen (Fig. 5B) of BALB/c
mice infected with wild-type and Li:tdTomato L. infantum lines following intraperitoneal
administration of the Glucantime at 250 mg/kg/day and 500 mg/kg/day for 10 days.
Glucantime at 500 mg significantly reduced the parasite loads in the liver and spleen
from animals infected with wild-type and Li:tdTomato L. infantum lines. Similar results
were obtained with the fluorescence emission (RFU) analysis of Li:tdTomato parasites
recovered from liver and spleen (Fig. 5C).

Our results revealed that the insertion of tdTomato gene did not affect infectivity and
Glucantime efficacy of animals infected with Lb:tdTomato and Li:tdTomato lines. The
fluorescence emission was efficient to detect infectivity and parasite burdens in the
organs and lesions.
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amastigote forms of L. braziliensis and L. infantum transfected with tdTomato gene (fluorimetric method)’

In vitro antileishmanial activity (%), inhibitory concentration (ICsg), cytotoxicity against THP1 cells (CCsp), and SI of extracts against intracellular

Extracts L. braziliensis (Lb::tdTomato) L. infantum (Li::tdTomato)
Family Species Part Activity” (%) ICsoamastigotes® Activity” (%) ICsoamastigotes” CCso macrophages SI®
ug/mL (95% Cl) ug/mL (95%Cl)  THP1? (SILb|
pg/mL (95% Cl) SI Li)
Plants
Asteraceae Baccharis platypoda Aerial parts 27.0 Inactive 31.0 Inactive ND ND
B. trinervis Aerial parts 55.0 Inactive 41.0 Inactive ND ND
Chromolaena laevigata  Aerial parts 46.0 Inactive 58.0 Inactive ND ND
C. squalida Aerial parts ~ 99.0 9.4 (8.3-10.4) 84.0 15.4(10.4-22.5)  34.3(9.1-61.8) 4|2
Trixis vauthieri Leaf 91.0 17.8(12.0-25.3) 83.0 11.2 (6.4-16.2) 128.2(66.9-399.9) 7|11
T. vauthieri Aerial parts 100.0 8.1(5.9-10.2) 84.0 15.2(12.1-18.6)  56.5(34.1-124.6) 704
T. vauthieri Bough 20.0 Inactive 19.0 Inactive ND ND
T. vauthieri Aerial parts 25.0 Inactive 33.0 Inactive ND ND
Hololepis pedunculata Aerial parts 30.0 Inactive 42.0 Inactive ND ND
Aldama robusta Aerial parts 28.0 Inactive 320 Inactive ND ND
Piptocarpha axillares Leaf 320 Inactive 40.0 Inactive ND ND
Baccharis crispa Aerial parts 50.0 Inactive 57.0 Inactive ND ND
Cyrtocymura scorpioides  Leaf 44.0 Inactive 46.0 Inactive ND ND
Trichogonia hirtiflora Leaf 70.0 19.4 (17.1-22.0) 78.0 14.0 (8.6-20.0) 84.5(23.0-372.6) 4|6
Annonaceae Duguetia furfuracea Fruit 52.0 Inactive 53.0 Inactive ND ND
Calophyllaceae  Kielmeyera neriifolia Leaf 43.0 Inactive 320 Inactive ND ND
K. coriacea Leaf 37.0 Inactive 31.0 Inactive ND ND
Cecropiaceae Cecropia glaziovii Root 2.0 Inactive 17.0 Inactive ND ND
Clusiaceae Symphonia globulifera Leaf 11.0 Inactive 25.0 Inactive ND ND
S. globulifera Bough 18.0 Inactive 30.0 Inactive ND ND
S. globulifera Flower 26.0 Inactive 31.0 Inactive ND ND
Clusia mexiae Flower 72.0 11.4(9.2-13.8) 83.0 17.5(14.7-20.6)  281.7 (45.0-342.0) 25|16
Myrtaceae Plinia nana Leaf 63.0 ND 65.0 ND ND ND
Blepharocalyx salicifolius  Leaf 64.0 ND 67.0 ND ND ND
Piperaceae Peperomia galioides Aerial parts 340 Inactive 29.0 Inactive ND ND
Siparunaceae Siparuna guianensis Bough 70.0 18.0 (13.0-24.5) 63.0 14.2 (12.3-16.2) 34.8 (21.4-70.3) 2|2
Verbenaceae Lippia rotundifolia Aerial parts 42.0 Inactive 38.0 Inactive ND ND
Fungi
Trichocomaceae Penicillium citrinum Cultivation, 35.0 Inactive 50.0 Inactive ND ND
organic phase
P. corylophilum Cultivation, 44.0 Inactive 58.0 Inactive ND ND
organic phase
P. fellutanum Cultivation, 39.0 Inactive 50.0 Inactive ND ND
organic phase
P. janthinellum Cultivation, 41.0 Inactive 49.0 Inactive ND ND
organic phase
P viridicatum Cultivation,  73.0 8.9(6.1-11.6) 75.0 13.7 (9.4-18.2) 752.2(133.0-481.7) 85|55

organic phase

9Reduction percentage of intracellular amastigote forms (L. braziliensis tdTomato and L. infantum tdTomato) under the action of the extract.

®Compound concentration that reduces Lb:tdTomato parasite growth by 50% (ICsq).
‘Compound concentration that reduces Li::tdTomato parasite growth by 50% (ICsq).

Compound concentration that inhibits 50% the THP-1 cell viability (CCsq).

The Sl was calculated by the ratio of CCso THP-1 cells/ICs L. braziliensis or L. infantum (SI Lb | SI Li).
'ND, not determined; 95% Cl, confidence interval 95%; SI, CC50/IC50; ug/mL, microgram per milliliter; inactive extracts, effect against Leishmania growth lower than 60%.

DISCUSSION

Novel chemotherapeutic strategies and assays are urgently needed to screen new active
compounds against Leishmania. Several drug screening procedures have been devel-
oped to increase the efficacy and reliability of the results compared with classical
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FIG 4 Evaluation of infectivity and in vivo Glucantime efficacy of golden hamsters infected with wild-type and tdTomato mutant L. braziliensis lines. Animals
were treated intramuscular route with Glucantime at 250 mg/kg/day for 20 days. Vertical bars represent the average and standard error of lesion size (diameter)
(A). The treatment was evaluated through the number of parasites recovered from the lesions comparing animals treated and not treated with Glucantime.
The horizontal bars represent the average number of viable parasites in the lesions for each group (B). We evaluated the fluorescence emission of recovered
parasites from lesions (RFU) (C). Images comparing hamsters infected with wild-type (Lb:WT) and mutants (Lb:tdTomato) parasites untreated and treated with
GLU (D). Bioimaging assay of infection in golden hamsters with L. braziliensis tdTomato parasites at the base of tail (E). One-way analysis of variance with
Bonferroni post hoc test was used to compare the treated groups in relation to the control group without treatment. Asterisk (*) represents significant differences
in relation to the control group without treatment (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). Control: infected and untreated animals. GLU 250:
animals infected and treated with 250 mg/kg of Glucantime.

methodologies. Green fluorescent protein, bioluminescent (luciferase), RFP, and colori-
metric (chloramphenicol, acetyl transferase, B-galactosidase, and alkaline phosphatase)
reporter genes are currently applied to screen compounds with anti-Leishmania activity
in vitro (12-16, 20-23, 51-53). However, these methodologies have some disadvantages
for screening compounds with anti-Leishmania activity in vivo and in vitro, such as
requiring an added substrate for luminescence detection. This increases screening costs,
and exogenous substrate interaction with compounds during colorimetric tests can
generate incorrect results (6). Here, we validated L. braziliensis and L. infantum that
constitutively express the tandem tomato RFP tdTomato as a model for large-scale
screens of anti-Leishmania compounds.

The RFP tdTomato can be used to screen drugs against trypanosomatids in vitro and in
vivo (25-27). We similarly found that expressing tdTomato does not affect the fitness of
parasites in terms of growth, infectivity, and drug susceptibility.

Leishmania intracellular amastigotes comprise the main target of searches for new
drugs and compounds for treating leishmaniasis, since it is the parasite form that
replicates within macrophages in the vertebrate host (54, 55). Since promastigotes and
amastigotes present several metabolic differences, by screening compounds against
Leishmania intracellular amastigotes, we can find hits specific to the parasite form
capable of infecting and persisting in host cells (54-56). Here, we infected macrophages
derived from THP-1 cells with WT and mutant L. braziliensis and L. infantum parasites and
then analyzed red fluorescence emission using confocal microscopy, flow cytometry, and
fluorometry. We confirmed that fluorescence persisted in intracellular amastigotes, thus
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FIG 5 Evaluation of infectivity and in vivo Glucantime efficacy of BALB/c mice infected with wild-type and tdTomato mutant L. infantum lines. Animals infected

were treated by intraperitoneal administration of the Glucantime at 250 mg/kg/day and 500 mg/kg/day for 10 days. The treatment was evaluated through the

number of parasites recovered from the liver (A) and spleen (B) of animals treated and not treated with Glucantime. The horizontal bars represent the average

number of viable parasites in the liver and spleen for each group. The fluorescence emission (RFU) of parasites recovered from liver and spleen (C). One-way

analysis of variance with Bonferroni post hoc test was used to compare the treated groups in relation to the control group without treatment. Asterisk (¥)

represents significant differences in relation to group without treatment (**P < 0.01, ***P < 0.001, and ****P < 0.0001). Control: infected and untreated animals.

GLU 250 and GLU 500: animals infected and treated with 250 or 500 mg/kg of Glucantime, respectively.

supporting the notion that our semi-automated model can be applied to screening anti-
Leishmania compounds. Our conventional and fluorometric evaluation of intracellular
amastigote susceptibility to Sb" (4), AmB (28, 29), and miltefosine (30, 31) revealed a very
close correlation between the two methods.

We applied our validated model to a repositioning strategy and assessed the
susceptibility of the parasites to eight commercially available drugs: allopurinol (32),
amitriptyline (33-35), isoniazid (36), lamivudine (37), menadione (38), pamidronate (39),
pentamidine (40, 41), and tamoxifen (42, 43) (Table 1).

Pamidronate used to treat cancer also showed anti-Leishmania and immunomodula-
tory potential against L. infantum in vitro and in vivo (39). We found that pamidronate was
very active against intracellular amastigotes expressing tdTomato. The ICsq value of this
drug was 1.7 uM for Li:tdTomato, similar to that described in the literature (1.527 uM) (39)
and 0.6 uM for Lb::tdTomato, and its low toxicity to mammalian cells, with SI of 3,028 and
1,068, rendered it suitable for assays in vivo.

January 2024 Volume 68 Issue 1

10.1128/aac.00509-2313


https://doi.org/10.1128/aac.00509-23

Full-Length Text

Tamoxifen is used to treat breast cancer because it modulates estrogen receptor
activity (42). This compound has activity in vivo against L. (L.) amazonensis and L. (V.)
braziliensis that cause cutaneous leishmaniasis and L. (L.) chagasi that is responsible
for visceral leishmaniasis (42, 43). Here, the tamoxifen was extremely active against L.
braziliensis and L. infantum transfected with the tdTomato reporter gene, showing ICsq
values of 0.07 and 0.3 puM, respectively (Table 1). The SI of 760 and 177 showed that
tamoxifen was highly selective for mammalian cells. Despite the good SI found in our
study, tamoxifen and its metabolites have the ability to interact with a wide range of
off-target receptors in the body and are thus possibly associated with a number of
negative side effects such as retinal toxicities, cardiovascular events, and endometrial
cancer (57, 58).

Allopurinol inhibited purine metabolism and Leishmania growth in vitro. This oral
drug can control relapse of canine leishmaniasis with a very low incidence of side effects
(32). This drug was highly selective (SI = 92 and 49) and acted against L. braziliensis
and L. infantum with a low ICsg of 3.4 and 6.4 uM, which was also suitable for further
investigation in vivo. The same was true for pentamidine, with ICsg values of 5.8 and
5.3 uM and Sl of 46 and 50 for L. braziliensis and L. infantum, respectively. This drug has
been administered to fight fungal and protozoan infections (leishmaniasis and African
trypanosomiasis) when treatment with Glucantime fails. This compound binds to DNA
and inhibits the replication of Leishmania, Pneumocystis carinii, and Trypanosoma (32).

Amitriptyline is a tricyclic antidepressant with sedative effects that inhibit the
membrane transport mechanism responsible for the uptake of norepinephrine and
serotonin by adrenergic and serotonin neurons (33, 34). It acts against fungi, T. cruzi,
and Leishmania spp. Tricyclic compounds are potential anti-Leishmania agents (35). The
authors found that amitriptyline acts in vitro by reducing proline transport and depleting
ATP in L. (L.) donovani promastigotes. Others have also found that tricyclic compounds
including amitriptyline have anti-Leishmania activity in intracellular amastigotes of L. (L.)
amazonensis and L. (L.) donovani (35). The present findings showed that amitriptyline was
weakly active, with an ICsq of 107 uM for L. braziliensis and L. infantum, and the SI of 1
indicated high toxicity to mammalian cells.

Natural products and crude plant and fungal extracts have historically been used to
identify substances active against different pathogens (59). Some natural compounds
exhibit autofluorescence that overlaps with the tdTomato emission spectrum (26, 56);
however, none of the drugs or crude extracts tested herein emitted autofluorescence
that was close to that of tdTomato. Among 32 crude extracts of plants and fungi provided
by the “Quimica de Produtos Naturais Bioativos” at Instituto René Rachou (QPNB/IRR), we
extracted 27 from plants belonging to the families Asteraceae, Annonaceae, Calophyl-
laceae, Cecropiaceae, Myrtaceae, Piperaceae, Siparunaceae, and Verbenaceae and five
from fungal species of the Trichocomaceae family (Table 2). We found that extracts of
Asteraceae, Annonaceae, Clusiaceae, Myrtaceae, Siparunaceae, and Trichocomaceae acted
against Lb:tdTomato and Li:tdTomato. The 1Csq values varied from 8.1 to 19.4 pg/mL,
the CCsg from 34.3 to 752.2 ug/mL, and the Sl varied between 2 and 85, and most of
these extracts were not very selective, such as Siparuna guianensis, Trichogonia hirtiflora,
and C. squalida. On the other hand, a flower extract of Clusia mexiae belonging to the
family Clusiaceae was active against L. braziliensis and L. infantum, with an ICsq of 11.4
and 17.5 pg/mL, and had an S| of 25 and 16. Another active extract from the fungus
Penicillium viridicatum, belonging to the Trichocomaceae family, had an ICsq of 8.9 and
13.7 ug/mL and an Sl of 85 and 55. This extract also has herbicidal activity (59).

Because the extracts comprise mixtures of substances, Sl values alone cannot be used
to decide whether further studies should proceed, since a substance with anti-Leishma-
nia activity in extracts might not be the same and could be cytotoxic. Therefore, these
substances should be isolated to define their activity and cytotoxicity and confirm the
present findings. Therefore, we used the ICsq values to interpret the results and design
future studies.
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Seven of the 10 pure substances tested herein (Table 3) have been characterized at
the QPNBY/IRR as ophiorine B (44); strychosidinic acid (44); 10-acetyl trichoderonic acid A
(45); cytochalasin D (45); and chalcones 1, 2, and 3 (46). Three substances were identified
as cinchonine: an alkaloid found in Cinchona officinalis (47), emodin derived from the
endocytic fungus Penicillium herquei (48) (both from Carl Roth GmbH + Co. KG, Karlsruhe
Germany) as well as quercetin (49, 50) (kindly provided by Dr. Simon L. Croft). Among
10 pure substances tested, seven were active against L. braziliensis and L. infantum
with ICsg values of 3.9 to 54.2 uM and Sls of 8-72, respectively. Pure cinchonine was
the most active for Lb::tdTomato and Li:tdTomato parasites with ICsq values of 3.9 and
4.8 uM and presented Sls of 72 and 58, respectively. Cinchonine, emodin, and quercetin
were already tested against Leishmania, and it was reported that the ICsq of cinchonine
against L. mexicana promastigotes is 4.11 ug/mL (13.9 uM) (47), whereas the 1C5q of
emodin against L. braziliensis promastigote is 320 ug/mL (1,184.1 uM) (48). Quercetin has
also been demonstrated to prevent the growth of L. amazonensis (49) and L. braziliensis
amastigotes (50). Here, we demonstrated that quercetin reduced L. braziliensis and L.
infantum infection in macrophages derived from THP-1 cells, with an ICsq of 19.2 and
15 uM and SI of 40 and 53, respectively. Quercetin is a bioactive flavonoid found in a
variety of fruits, flowers, vegetables, and teas that has antioxidant, anti-inflammatory,
antibacterial, and antiparasitic properties (49, 50).

Screening substances in vivo is essential for preclinical tests of treatment effects and
cytotoxicity, but many animals must be assessed, which is laborious and costly. However,
equipment such as the spectrum in vivo imaging system (IVIS) offers an excellent
alternative for reducing the number of animals and the costs of these evaluations (26,
27). Considering this, we evaluated the infectivity of WT and strains transfected with the
tdTomato gene in L. braziliensis and L. infantum. The animals infected with the WT and
mutant parasites did not significantly differ, and treatment with Glucantime responded
similarly in both lines. This finding opens perspectives on the semi-automation of
techniques for screening active compounds in vitro and in vivo in L. (V.) braziliensis and L.
(L.) infantum, which are Leishmania species of significant epidemiological importance in
Brazil. This will allow greater efficiency in the identification of active compounds/drugs
and pave the way to collaborations with domestic and international research groups
(6, 12). We hope to identify oral compounds and drugs that are less toxic and have
fewer side effects, which could help to control diseases caused by protozoa of the genus
Leishmania spp.

In conclusion, L. braziliensis and L. infantum expressing tdTomato can screen anti-
Leishmania compounds, enabling efficient, cost-effective screening for leishmaniasis
treatment.

MATERIALS AND METHODS
Cultivation and maintenance of parasites

Promastigote forms of Leishmania (Viannia) braziliensis (MHOM/BR/75/M2903) and
Leishmania (Leishmania) infantum (MHOM/BR/1974/PP75), originally obtained from
the IRR/Fiocruz Minas. The parasites were cultivated in GIBCO M199 medium (Gibco
Laboratories, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum,
5 pg/mL of hemin, and 5 pM of biopterin (pH 7.0) at 26°C. Parasite numbers were
determined using a Z1 Coulter Particle Counter (Beckman Coulter, Inc,, Brea, CA,
USA), and cultures were maintained by two weekly passages, inoculating 1 x 10°
parasites/5 mL of medium.

Construction of plasmid pIR1_BSD_tdTomato

The coding sequence of tdTomato was amplified by PCR using Phusion high-fidelity Taq
DNA polymerase [New England Biolabs, Inc. (NEB), Ipswich, MA, USA) and the plasmid
pcDNA3.1(+)/Luc2=tdT (catalog no. 32904; Addgene, Watertown, MA, USA) as the DNA
template (60). Primers for amplifying a tdTomato fragment compatible with the Gibson
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Assembly reaction were designed as follows using the NEBuilder Assembly Tool (http://
nebuilder.neb.com/): tdTomato_F: CCTCGCTGCCCGCGTCCGGACCACCATGGTGAGCAAGG
tdTomato_R: AGTACATCACAAGACTCATATTACTTGTACAGCTCGTC.

The PCR product was cloned into the pIR1_BSD vector using a Gibson Assembly
Cloning Kit (NEB) as described by the manufacturer. Plasmids were transformed by
heat shock into calcium-competent Escherichia coli DH5-alpha and purified using EZNA
Plasmid DNA Mini Kits (Omega Bio-Tek, Inc., Norcross, GA, USA).

Sanger sequencing

We sequenced the construct using the Sanger method (GeneWiz). Contigs were
assembled using DNASTAR software, and sequences were analyzed using MultAlin
software (http://multalin.toulouse.inra.fr/multalin/).

Transfection

The pIR1_BSD_tdTomato plasmid was linearized upon Swal digestion, and the wild-type
Leishmania spp. were transfected by electroporation as previously described (60). This
construct integrates into the 78S ribosomal DNA small subunit locus by homologous
recombination (61). Parasites were selected in a semi-solid M199 medium containing 1%
agar and 10 pg/mL of BSD (Gibco Laboratories).

Drugs, crude extracts, and pure substances

We purchased drugs from the following sources: AmB (Laboratorios Richet, Buenos
Aires, Argentina); miltefosine and tamoxifen (Cayman Chemical, Ann Arbor. MI, USA);
antimony tartrate Sb", menadione, and pamidronate (Sigma-Aldrich Corp., St. Louis,
MO, USA); isoniazid (Farmanguinhos/Fiocruz, Rio de Janeiro, Brazil); lamivudine (Globe
Quimica, Cosmopolis, Brazil); allopurinol (Pharma Roth GmbH, Wiesbaden, Germany);
and amitriptyline and pentamidine (kindly provided by Dr. Simon Croft, London School
of Hygiene and Tropical Medicine, London, UK).

The research group QPNBY/IRR has a library of ~20,000 crude extracts isolated from
plants and fungi. Samples of plants (~200 mg) were placed in Falcon-type tubes and
extracted with ethanol in the field. Fungi were cultivated in culture medium and
extracted in ethyl acetate. The solvents were removed by vacuum centrifugation, and
then, crude extracts (20 mg/mL) were stored in aqueous DMSO at —20°C.

Furthermore, 32 crude plant and fungal extracts of natural products and 10 pure
substances provided by QPNB/IRR were screened for antileishmanial activity against
intracellular amastigote forms of Lb:tdTomato and Li:tdTomato. The concentrations of
extracts and pure substances for initial screening were 20 pg/mL and 50 pM, respectively.

Parasite growth curves

WT and mutant L. braziliensis and L. infantum were inoculated into M199 at an initial
concentration of 1 x 10° parasites/mL. Growth over 7 days was determined daily using a
Z1 Coulter Particle Counter (Beckman Coulter).

Cultivation, maintenance, and infection of THP-1 cells

Monocytes derived from the THP-1 human monocytic lineage (available in our laboratory
sample collection) were cultured in complete RPMI 1640 medium (Gibco) supplemented
with 10% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin. Cultures were maintained by two weekly passages inoculated with 5 x
10° cells/25 mL of medium. The THP-1 cells were differentiated into macrophages by
adding phorbol myristate acetate (20 ng/mL) to the cultures. We assayed infectivity by
incubating 4 x 10° or 5 x 10* macrophages/well (as indicated) to 24-well plates and 4 x
10°/well to 96-well plates for 72 h. Thereafter, the macrophages were infected with WT
and mutant promastigotes of L. braziliensis (5, 10, or 20/macrophage, as indicated) at the
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stationary phase for 4 h. Parasites that did not infect the macrophages were eliminated
by several washes. Intracellular amastigote development was evaluated at 6 and 72 h
of incubation, either by staining coverslips with Rapid Panotic (Laborclin, Sdo José do
Rio Preto, Brazil) or using black, clear-bottomed Costar 96-well plates (Corning, Inc.,
Corning, NY, USA) and a SpectraMax M5 fluorescence plate reader (Molecular Devices
LLC, Sunnyvale, CA, USA).

Flow cytometry

Mutant and WT promastigotes were evaluated using a FACSCalibur flow cytometer
(Becton Dickinson, Mountain View, CA, USA). We acquired 50,000 events per sample, and
data were analyzed using FlowJo v10 (BD Biosciences, San Jose, CA, USA).

Confocal laser microscopy

Promastigote forms of WT and mutant THP-1 cells were fixed in 4% formaldehyde-
PBS and then mounted using ProLong Gold Antifade Mountant with DNA stain DAPI
(Invitrogen, Carlsbad, CA, USA). Images were acquired using a Nikon C2+ confocal
microscope (Nikon Instruments, Inc., Tokyo, Japan) at the IRR.

Susceptibility assays of promastigotes in vitro

Mutant and WT L. braziliensis and L. infantum promastigotes (1 x 10%/mL) were incuba-
ted with various concentrations of drugs or extracts at 26°C for 48 h. Parasite growth
with and without drugs was determined as optical density at 600 nm or by measur-
ing fluorescence in black, clear-bottomed Costar 96-well plates (Corning, Inc.) using
the SpectraMax M2 plate reader. The concentration required to inhibit 50% of the
growth (ICs5p) was determined by the non-linear regression-variable slope model per
the equation, log (inhibitor) vs response in GraphPad Prism v.8.2.0 (GraphPad Software,
Inc., San Diego, CA, USA).

Susceptibility assays of amastigotes in vitro

After infection as described above, THP-1 macrophages were incubated in RPMI medium
with increasing concentrations of trivalent antimony (Sb"), AmB, and miltefosine. The
ICs59 was evaluated using coverslips stained with Rapid Panotic (Laborclin) or by
assessing decreases in parasite fluorescence emission with or without the drug after
incubation for 72 h. The IC5q of drugs was determined using the non-linear regression-
variable slope model per the equation, log (inhibitor) vs response in GraphPad Prism
v.8.2.0 (GraphPad Software, Inc.) The results are expressed as ratios (percentages) of
effectiveness of the extracts and pure substances compared with untreated controls.

Cytotoxicity in macrophages derived from THP-1 cells

We evaluated cytotoxicity by incubating non-infected and infected macrophages
derived from THP-1 cells with drugs for 72 h at 37°C under a 5% CO, atmosphere.
Cell viability was assessed by staining with Alamar Blue (Invitrogen) (62) for 4 h, and
then, absorbance was measured at 570 and 600 nm. The results are expressed as the
concentration of each drug required to kill 50% of the cells (CCsg) compared with
untreated control cells and were calculated by nonlinear regression using GraphPad
Prism 8.0 (GraphPad Software, Inc.)

The SI was calculated as the ratio of the cytotoxicity (CCsp) of the compounds in
macrophages to the activity (ICsq) against intracellular amastigotes of Leishmania spp.

Infection and treatment of animals

The animals were handled according to the protocols approved by the Ethical Commit-
tee for Animal Experimentation of the IRR/Fiocruz Minas (license no. LW-7/23). They were
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obtained from the Centro de Bioterismo of IRR/Fiocruz Minas. Free access to a standard
diet was allowed, and tap water was supplied ad libitum.

Golden hamsters (Mesocricetus auratus) (male, 100 to 110 g) were infected by
subcutaneous injection in the hind footpad with 1 x 107 late-log-phase promastigotes
from wild-type and Lb::tdTomato L. braziliensis lines. After 20 days of infection, hamsters
(four per group) were treated for 20 consecutive days with meglumine antimoniate
(Glucantime, Sanofi Medley Farmacéutica, Suzano, SP, Brazil) given by intramuscular
injection at 250 mg/kg/day. The lesions were examined weekly for 4 weeks by measuring
the size of the infected footpad with a vernier caliper. The animals were euthanized 30
days after the end of the treatment, and the fragments from cutaneous lesions were
isolated from each animal.

BALB/c mice (male, 6 to 8 weeks old, 18 to 20 g) were inoculated intravenously (via
tail vein) with 2 x 10’ late-log-phase promastigotes from wild-type and Li:tdTomato
L. infantum lines. After 7 days of infection, mice (six per group) were treated for 10
consecutive days with meglumine antimoniate (Glucantime, Sanofi Medley) given by the
intraperitoneal route at 250 mg/kg/day and 500 mg/kg/day. Mice were euthanized 3
days after the end of the treatment, and the liver and spleen were collected from each
animal.

The numbers of viable parasites in the liver, spleen, and fragments from cutaneous
lesions of animals were determined using the quantitative limiting dilution assay. Briefly,
organs and fragments were macerated using an Ultra-Turrax disperser (IKA-Werke GmbH
& Co. KG,, Staufen, Germany), and a tissue homogenate was obtained with T mL of M199
medium. Each tissue homogenate was serially diluted (10-fold) into in 96-well flat-bot-
tom microtiter black plates and incubated at 26°C for 10 days. The wells containing
motile promastigotes were identified with an inverted microscope (Axiovert 25; Zeiss),
and the parasite burden was determined from the highest dilution at which promasti-
gotes had grown after 10 days of incubation. The parasite load was also determined
by fluorimetry using the SpectraMax M2 microplate reader at 554 and 581 nm, respec-
tively. The hamsters were placed ventrally in the IVIS Spectrum in vivo imaging system
(PerkinElmer, Inc., Waltham, MA, USA), and fluorescence was assessed at 554 and 581 nm,
respectively.

Statistical analyses

Data were statistically analyzed using GraphPad Prism 8 (GraphPad Software, Inc.). The
normality of the data was tested. Data with parametric distributions were assessed using
analysis of variance tests, followed by Bonferroni post hoc tests. Values with P < 0.05 were
considered significantly different.
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