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Abstract

Introduction: Leishmaniasis is a parasitic disease that affects more than 1 million people 

worldwide annually, predominantly in resource-limited settings. The challenge in compound 

development is to exhibit potent activity against the intracellular stage of the parasite (the stage 

present in the mammalian host) without harming the infected host cells. We have identified a 

*Correspondence: Scott E. Schaus, seschaus@bu.edu.
†Present affiliation: Concert Pharmaceuticals, Lexington, Massachusetts, United States of America
‡Present affiliation: Department of Chemistry and Biochemistry, Department of Microbiology and Plant Biology, Laboratories of 
Molecular Anthropology and Microbiome Research, University of Oklahoma, Norman, Oklahoma, United States of America
¶Present affiliation: Sciensano, Brussels, Belgium
§Equally-contributing senior authors
Author Contributions
J.A.K.: design of experiments, data collection, data analysis and interpretation, writing, editing, revising; L.-I.M. design of 
experiments, data collection, data analysis and interpretation, editing; M.A.G.: design of experiments, data collection, data analysis 
and interpretation; G.D.: design of experiments, data collection, data analysis and interpretation, D.T.: data collection, data analysis 
and interpretation; A.G.-P.: design of experiments, data collection, data analysis and interpretation, writing, editing; J.C.: design 
of experiments, data collection, data analysis and interpretation, writing, editing; I.C.: design of experiments, data collection, data 
analysis; J.M.F.: data analysis and interpretation; J.H.M.: design of experiments, data analysis and interpretation; C.I.O.: data analysis 
and interpretation, writing, editing; J.L.S.-N.: design of experiments, data analysis and interpretation, writing, editing, revising; S.G.: 
design of experiments, data analysis and interpretation, writing, editing, revising; L.E.B.: design of experiments, data collection, data 
analysis and interpretation, writing, editing, revising; S.E.S.: design of experiments, data analysis and interpretation, writing, editing, 
revising. All authors have given approval to the final version of the manuscript.

Supplementary Material
The Supplementary Material (supplementary figures 1–3, supplementary tables S1–S2, and supplementary methods) for this article 
can be found online at:

HHS Public Access
Author manuscript
Front Trop Dis. Author manuscript; available in PMC 2023 February 17.

Published in final edited form as:
Front Trop Dis. 2023 ; 3: . doi:10.3389/fitd.2022.1011124.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compound series (pyrazolopyrrolidinones) active against the intracellular parasites of Leishmania 
donovani and L. major; the causative agents of visceral and cutaneous leishmaniasis in the Old 

World, respectively.

Methods: In this study, we performed medicinal chemistry on a newly discovered antileishmanial 

chemotype, with over 100 analogs tested. Studies included assessments of antileishmanial potency, 

toxicity towards host cells, and in vitro ADME screening of key drug properties.

Results and discussion: Members of the series showed high potency against the deadliest 

form, visceral leishmaniasis (approximate EC50 ≥ 0.01 μM without harming the host macrophage 

up to 10.0 μM). In comparison, the most efficient monotherapy treatment for visceral 

leishmaniasis is amphotericin B, which presents similar activity in the same assay (EC50 = 0.2 

μM) while being cytotoxic to the host cell at 5.0 μM. Continued development of this compound 

series with the Discovery Partnership with Academia (DPAc) program at the GlaxoSmithKline 

Diseases of the Developing World (GSK DDW) laboratories found that the compounds passed all 

of GSK’s criteria to be defined as a potential lead drug series for leishmaniasis.

Conclusion: Here, we describe preliminary structure-activity relationships for antileishmanial 

pyrazolopyrrolidinones, and our progress towards the identification of candidates for future in vivo 

assays in models of visceral and cutaneous leishmaniasis.
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1 Introduction

Leishmaniasis is a disease caused by the Leishmania genus of parasites (1) that affects 

approximately 2 million people worldwide, with 700,000 – 1 million new cases and as many 

as 50 thousand deaths annually (2). It is the second deadliest parasitic disease after malaria. 

Leishmaniasis has different clinical manifestations depending on the leishmanial species 

and patient immune system. Visceral leishmaniasis (VL) is a febrile condition affecting 

internal organs that can lead to death if left untreated. Historically, first line treatment for 

VL, predominantly caused by the species L. donovani and L. infantum/L. chagasi, is based 

on antimonials, a drug formulation using the toxic metal antimony. Second line treatments 

include IV-administered liposomal amphotericin B (AmBisome, emerging as a first-line 

treatment in some regions), and miltefosine as an orally administered pill (3). AmBisome 

is the most effective but prohibitively expensive for the disease population most affected 

by leishmanial infections. Availability and supply are often a challenge, with the additional 

requirement that it must be administered in a clinical setting. Miltefosine is teratogenic, 

toxic to the kidneys and causes gastrointestinal discomfort at the doses necessary to treat the 

disease, leading to poor compliance in completing a full treatment regimen. Resistance has 

already become an issue with miltefosine (4, 5), and there are supply challenges due to the 

public-private partnership model (6).

Cutaneous leishmaniasis (CL) is a generally non-fatal skin condition that produces lesions 

ultimately leading to permanent scarring and disfigurement. Leishmania major causes most 
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CL infections in North Africa, the Middle East, and Central Asia, while L. braziliensis 
and L. amazonensis are the leading causative agents of CL in South America. In total, CL 

infects 1.5 million people worldwide, and the current first line treatment is a pentavalent 

antimony compound (7) that is delivered by painful intralesional needle injection. Additional 

challenges in supply, administration, toxicity (8, 9) and resistance (10–12) also make this 

treatment less than ideal. Advances have been made using topically-administered miltefosine 

(13), however, there have already been documented failures in this approach due to the rate 

of parasite mutation (4, 5).

All current approved small-molecule treatments for leishmaniasis are “repurposed” drugs 

that were developed for other diseases, especially cancer. The current pipeline is 

underdeveloped (14–18). Drugs for Neglected Diseases (DNDi: www.dndi.org) lists five 

new compound classes in their clinical antileishmanial portfolio; none have yet progressed 

beyond Phase I (19). GlaxoSmithKline’s lead CRK12 inhibitor GSK3186899 (VL only) 

(20, 21) completed a Phase I single ascending dose study in 2019, but further clinical 

evaluation of this compound has been paused following the emergence of non-clinical data 

for a non-GSK asset with a similar mode-of-action. Oxaborole DNDI-6148 (CL/VL) (14, 

15, 22) and nitroimidazole DNDI-0690 (CL/VL) (14, 15, 23–25), have both completed 

Phase I single ascending dose studies with multiple ascending dose trials underway. Oligo-

deoxynucleotide CpG-D35 (CL only) (26–29) and GSK’s recently-reported proteasome 

inhibitor GSK3494245 (30) are also both slated for Phase I study. There remains an unmet 

clinical need to develop new treatments against leishmaniasis that are ideally inexpensive, 

readily produced, and orally available as a short course of chemotherapy. Herein, we 

describe the discovery of a novel antileishmanial compound class, with potent activity 

against the intracellular stage of the parasite (the most relevant for human disease) in 

multiple Leishmania species.

2 Materials and Methods

2.1 Chemistry

All pyrazolopyrrolidinones were synthesized via a two-step sequence in which 

pyrrolidinones 4 were first synthesized via Mannich condensation/cyclization of α/γ 
diketo esters 5 with either pre-isolated or in situ-generated imines 6, followed by Knorr 

pyrazole condensation with a requisite hydrazine 3 (Figure 1) to produce the desired 

pyrazolopyrrolidinones. All compounds tested had a purity of >90% as measured by 

UPLC-MS-ELSD. Full details for compound synthesis and characterization for select 

pyrazolopyrrolidinones are provided in the Supplementary Information.

2.2 High-throughput screens for antileishmanial compounds at UCSF/UCSD

Compounds were obtained as 0.2 μmoles of dried film for primary single point screening. 

Each compound was diluted in DMSO to 10 μM final testing concentration. These 

compounds were tested in 2 biological replicates. The compounds were pre-spotted onto 

384-well assay plates in single concentration.
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Promastigote assay (UCSF)—Leishmania promastigotes (L. major: strain LV39; L. 
donovani, strain 1S/Cl2D) were maintained as previously described in (31) and (32) at 28 

°C in M199 media supplemented with glutamine, adenosine, folic acid, hemin, HEPES, 

10% Fetal Bovine Serum (Sigma-Aldrich, cat. no. F2442) and 1% Penicillin-Streptomycin 

(Gibco, cat. no. 15140122). For the promastigote assay, we followed the method previously 

described in (33). Briefly, promastigotes were incubated with the compounds for 72 h at 

27 °C, then lysed by adding 50 μL of CellTiter-Glo (Promega) and placed on an orbital 

shaker for 5 min at room temperature. After lysis, the resulting ATP-bioluminescence was 

measured using the Analyst HT plate reader (Molecular Devices).

Intracellular amastigote assay (UCSF)—THP-1 cells (human acute monocytic 

leukemia cell line – ATCC TIB202) were grown in RPMI supplemented with 10% Fetal 

Bovine Serum (FBS) and 50 μM 2-mercaptoethanol at 37 °C in 5% CO2. THP-1 were 

seeded in microwell plates at 5×105 cells/mL density and treated with 0.1 μM phorbol 

myristate acetate (PMA, Sigma) at 37 °C for 48 h for differentiation into adherent, non-

dividing macrophages. After activation by PMA, cells were washed and incubated with 

complete RPMI medium containing stationary phase Leishmania promastigotes (L. major: 
strain LV39; L. donovani, strain 1S/Cl2D) at a 1:15 parasite-cell ratio. Compounds were 

added and incubated at 37 °C for 72 h. Cells were then washed with phosphate-buffered 

saline (PBS), fixed for 30 minutes with 4% formaldehyde, rinsed again with PBS, stained for 

2 h with 4′,6′-diamidino-2-phenylindole (DAPI 300 nM) and finally washed with PBS (33).

Intracellular amastigote assay (UCSD)—B10R cells (CVCL_0155) were seeded at 

300 cells/well, and L. donovani WT promastigotes in stationary phase (7th day after 

passage) were added at 6,000 parasites/well (ratio of 20 parasites/cell). Both cells and 

parasites were seeded in DMEM High-Glucose medium (Gibco, cat. no. 11995065) 

containing 5% Fetal Bovine Serum (Sigma-Aldrich, cat. no. F2442) and 1% Penicillin-

Streptomycin (Gibco, cat. no. 15140122). Cells and parasites were incubated in the 

presence of the compounds for 72 h at 37 °C and 5% CO2. Plates were then fixed 

with 4% formaldehyde solution for at least 1 h, then washed with 1X PBS and stained 

with 5 μg/mL DAPI. Plates were read using an ImageXpress microscope (Molecular 

Devices) and analyzed by MetaXpress software (Molecular Devices) using a custom module 

optimized for this assay. Compounds that showed relevant antiparasitic activity in the 

primary screening were retested in serial dilution to obtain a dose-response curve (DRC). 

Compounds were tested in a 10-point 2-fold serial dilution in 3 technical replicates, and 

2 biological replicates. After 72 h, plates were fixed and stained with DAPI as described 

above. Images were acquired on an ImageXpress microscope, and analyzed using the 

MetaXpress custom module. The DRCs were plotted, half-effective concentration (EC50) 

and half-cytotoxic concentration (CC50) were calculated using GraphPad Prism Software, 

version 6.05 (GraphPad Software, San Diego, CA).

2.3 In vitro L. donovani (LD AMMAC) assay at GlaxoSmithKline

The intramacrophage Leishmania donovani activity assay (LD AMMAC) at 

GlaxoSmithKline was performed as described in (34).
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2.4 Solubility assays

Solubility of compounds using ChemiLuminescent Nitrogen Detection (CLND) was 

measured as described in (20). Solubility of compounds using Charged Aerosol Detection 

(CAD) was measured as described in (30). Solubility of solid compounds in Fasted 

Simulated Intestinal Fluid (FaSSIF) was measured as described in (20, 30).

2.5 Artificial membrane permeability (AMP) assays

Passive permeability of compounds via rate of permeation through an artificial phospholipid 

membrane at pH 7.4 was measured in a high-throughput format, in duplicate. A solution 

of 1.8 % phosphatidylcholine in 1% decane was added to a 96-well Millicell filter plate 

along with 250 μL of 50 mM phosphate buffer, pH 7.4 on the donor side, and 100 μL of 

the same buffer solution on the receiver side. The assay plate was shaken for 45 minutes 

before adding test compounds. Test compounds were then added to the filter plate and 

then incubated at room temperature with shaking for three hours. The donor and receiver 

solutions were next transferred to a 384-well plate for analysis by LC/MS.

2.6 Microsomal stability assays

Mouse microsomal stability assays were performed as described in (20, 30). Test compounds 

(0.5 μM) were incubated with female CD1 mouse (Xenotech) liver microsomes and their 

action started with addition of excess NADPH (8 mg/mL 50 mM potassium phosphate 

buffer, pH 7.4). Aliquots (50 μL) of the incubation mixture were removed immediately 

(at time 0) and at 3, 6, 9, 15, and 30 min and mixed with acetonitrile (100 μL) to stop 

the reaction. Internal standard was added to all samples, the samples were centrifuged 

to sediment precipitated protein, and the plates were then sealed prior to UPLC-MS/MS 

analysis using a Quattro Premier XE (Waters Corporation, USA). XLfit (IDBS, UK) was 

used to calculate the exponential decay and consequently the rate constant (k) from the 

ratio of the peak area of test compound to internal standard at each time point. The rate 

of intrinsic clearance (Cli) of each test compound was then calculated using the equation 

Cli (mL/min/g liver) = k × V × microsomal protein yield, where V (mL/mg protein) is 

the incubation volume/mg protein added and microsomal protein yield is taken as 52.5 mg 

protein/g liver. Verapamil (0.5 μM) was used as a positive control to confirm acceptable 

assay performance.

2.7 Human serum albumin (HSA) assay

The percentage of compound bound to human serum albumin was measured using a 

chromatographic method as described in (35, 36). Briefly, each compound was assayed on 

an immobilized HSA column and gradient retention times measured, with chromatographic 

peak detection by UV. Each retention time was then converted to a % HSA bound value 

using a calibration set of compounds with a known % HSA binding.

2.8 Plasma protein binding (PPB) assay

The unbound fraction of compound 1 in plasma was measured using a commercial 

RED (Rapid Equilibrium Dialysis) plate with inserts (Thermo) with a molecular weight 

membrane cut off of 8K. The relevant volume of spiked sample matrix was added into the 
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corresponding sample chambers of the RED insert. Three volume equivalents of dialysis 

buffer were added to the buffer chamber. The dialysis plate was sealed and incubated at 37 

°C on a plate shaker for approximately 4 h at 100 rpm. An equivalent volume was removed 

from each of the three buffer sample chambers and placed into its own well in a clean plate. 

A specific volume of control matrix was added to each buffer sample for matrix matching. 

Next, >3X volume of precipitation solvent (acetonitrile + internal standard) was added and 

the plate was centrifuged. A measured volume of the resulting supernatants was transferred 

into a clean plate and a specific volume of analytical grade water was added to all samples. 

Samples were analyzed using a compound-specific LC-MS/MS method to generate analyte 

peak area ratios which are representative of bound and free drug.

2.9 ChromLogD assay

The chromatographic hydrophobicity index (CHI) values were measured using reversed 

phase HPLC column (50 mm × 2 mm, 3 μm Gemini NX C18, Phenomenex, U.K.) with 

fast acetonitrile gradient at starting mobile phase at pH 2, 7.4, and 10.5. CHI values were 

derived directly from the gradient retention times by using a calibration line obtained for 

standard compounds. The CHI value approximates to the volume % organic concentration 

when the compound elutes. CHI was linearly transformed into ChromLogD by least-squares 

fitting of experimental CHI values to calculated log P (CLogP) values for over 20K research 

compounds using the following formula: ChromLogD = 0.0857 * CHI7.4 − 2.00. The 

average error of the assay is ± 3 CHI units or ± 0.25 ChromLogD.

2.10 Chiral chromatographic resolution of compound 1

The enantiomers of compound 1 were resolved using semi-preparative chiral HPLC 

on a Chiralpak IC column (0.46 × 25 cm) using an isocratic mobile phase of 70:30 

heptane:ethanol with a 1 mL/min flowrate for 30 minutes. The first- and second-eluding 

enantiomers of 1 had retention times of 13.9 minutes, and 22.6 minutes, respectively. 

Independent biological testing of each enantiomer in the LD AMMAC assay indicated 

that the first-eluting enantiomer (1a, TR=13.9 min) had an EC50 of 0.8 μM, and the second-

eluting enantiomer (1b, TR = 22.6 min) had an EC50 of ~10 μM. The separated enantiomers 

were next subjected to VCD analysis for absolute stereochemistry assignment as described 

below.

2.11 VCD analysis of compound 1 enantiomers

A VCD spectrum for each of the separated enantiomers of 1 was obtained in deuterated 

acetonitrile (~9.8 mg/175 μL concentration) on a BioTools ChiralIR-2X FT-VCD 

spectrometer operated at 4 cm−1. VCD frequency range was measured from 2400–800 

cm−1 with PEM calibrated at 1400 cm−1 and PEM retardation applied. The first-eluting 

enantiomer (1a) was analyzed using a single two-hour block scan (6240 total scans) and 

the second-eluting enantiomer (1b) was analyzed using the average of six two-hour block 

scans (37,440 total scans). These experimentally-obtained VCD spectra were utilized in the 

computational enantiomer assignment as described below.
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2.12 Computational methods and enantiomer determination

Predicted VCD and IR spectra for the (R) enantiomer of compound 1 were generated 

according to the following computational workflow: first, a conformational search was 

performed using MOE LowMode algorithm and Amber12:EHT force field with a 

generalized Born implicit solvent model (dielectric constant = 1). Each unique conformer 

was then subjected to DFT optimization (B3LYP/DGDZVP2) with VCD vibrational 

frequency calculation using a polarizable continuum solvent model for acetonitrile. A VCD 

spectrum was then predicted with fractional populations of each conformer estimated using 

Boltzmann statistics with a Lorentzian band width of 8 cm−1 and a frequency scale factor 

of 9.9825. This computationally-predicted spectrum was compared to the experimentally 

obtained spectra using CompareVOA software (BioTools, Inc.) (37) (Supplementary Figure 

S1). Inspection of the VCD data in the analysis range indicated that the (R) model spectrum 

was largely coincident with that measured on the second-eluting enantiomer 1b, and was the 

mirror image of that obtained for the first-eluting enantiomer 1a. Based on these findings, 

the bioactive enantiomer 1a was assigned with (S) absolute configuration ((S)-1), and 

enantiomer 1b was assigned with (R) absolute configuration ((R)-1). The confidence limit 

for these assignments was determined from the absolute values of two parameters in the 

CompareVOA software: total neighborhood similarity (TNS (VCD)) and the enantiomeric 

similarity index (ESI)(38). The thresholds for “high” reliability (CL of >99%) are TNS 

(VCD) ≥ 70 and ESI ≥ 60. In this study, the TNS (VCD) and ESI values were 81.0, and 77.5, 

respectively, providing an estimated confidence limit of >>99% (very high reliability).

3 Results and Discussion

3.1 High-content screening in Leishmania intracellular amastigotes reveals a new 
antileishmanial pyrazolopyrrolidinone chemotype

In a collaborative effort to identify new antileishmanial chemotypes with minimal host 

cell cytotoxicity, compounds from the Boston University Center for Molecular Discovery 

(BU-CMD) screening collection were assessed in a phenotypic, high content primary screen 

(33) at the University of California’s Center for Discovery and Innovation in Parasitic 

Diseases (CDIPD) for the ability to inhibit growth of L. donovani intracellular amastigotes 

infecting THP-1 cells. From this screen, we identified two pyrazolopyrrolidinones (1 
and 2, Table 1) which exhibited >99% inhibition of parasite growth with minimal 

cytotoxicity to the host THP-1 cells (<13% GI). Dose-response testing in L. donovani (both 

intracellular amastigotes and promastigotes) confirmed concentration-dependent growth 

inhibition of both morphologies of the parasite at low micromolar EC50 values for both 

compounds (Table 1), with host THP-1 cell CC50 values >20 μM. Similar activity was 

subsequently confirmed against both morphologies the cutaneous leishmaniasis-causative 

species L. major, suggestive of broad spectrum antileishmanial activity. Notably, these initial 

hits had potencies comparable to all existing non-antimonial treatments for the disease 

(Table 1), as well as to GlaxoSmithKline’s current Phase I VL candidates GSK3186899 

(intramacrophage EC50 = 1.4 μM) and GSK3494245 (intramacrophage EC50 = 1.6 μM), 

which both were chosen for advancement over more potent analogues due to favorable drug 

properties (e.g. safety, solubility). (21, 30)
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Compounds 1 and 2 were generated as part of a larger combinatorial library of 

pyrazolopyrrolidinones (Figure 1, 3), obtained via Knorr pyrazole condensation of 4-

acylated 3-hydroxydihydropyrrol-2-ones 4 with hydrazine hydrate. Precursors 4 are easily 

produced from a Mannich reaction/intramolecular cyclization between α/γ-diketo esters 5 
and pre-formed or in situ-generated imines 6. Notably, the three-step reaction sequence is 

highly robust, and proceeds in high yields on large scales without the need for sophisticated 

reaction apparatus to exclude air or water (“bucket chemistry”). This feature, combined 

with the typically inexpensive bulk aldehyde, amine, diketo ester, and hydrazine starting 

materials, indicate that a future clinical candidate from this compound class could be 

produced on an industrial scale at low cost. The lack of activity for several near-neighbor 

analogues in the primary screen provided some nascent SAR (Supplementary Figure 2), 

hinting at the importance of the para-methoxyphenyl moiety at R1 (vs. phenyl), and the 

isobutyl group at R3 (vs. methyl, isopropyl and phenyl).

Based on this preliminary activity profile, we established a collaborative medicinal 

chemistry project to further evaluate the therapeutic potential of this chemotype at GSK’s 

Tres Cantos Open Lab Foundation (TCOLF) site under the auspices of GSK’s Discovery 

Partnership in Academia (DPAc) Program. At the outset of the DPAc collaborative project, 

compound 1 was evaluated against GSK’s established criteria for antileishmanial compound 

advancement (Table 2). Some of these assessments were performed on racemic 1, while 

we also pursued chiral separation of the 1 racemate to determine the active enantiomer. 

Preparative chiral-SFC was used to separate enantioenriched 1 on a multigram scale, and 

vibrational circular dichroism (VCD) analysis confirmed the absolute (S)-stereochemistry 

of the active enantiomer (Figure 2, Supplementary Figure 1), which had an improved EC50 

of 0.8 μM. As shown in Table 2, compound 1 performed well against most of GSK’s lead 

selection criteria, and met minimum standards toward advancement as a lead compound, 

with a few criteria accepted despite not falling within ideal ranges: human serum albumin 

binding and property forecast index (PFI), a hydrophobicity metric developed at GSK 

which considers lipophilicity and aromatic ring count and is predictive of downstream 

developability (39, 40). Based on this promising profile, we progressed into medicinal 

chemistry optimization to better understand structure-activity relationships (SAR) toward 

improved potency, as well as structure-property relationships (SPR) with an eye toward 

reducing PFI and plasma protein binding.

3.2 Medicinal chemistry of pyrazolopyrrolidinones establishing preliminary structure-
activity and structure-property relationships toward improved leads

The pyrazolopyrrolidinone chemotype is well-described in the research and patent literature, 

with a rich array of reported biological activities, the most prominent of which are p53/

MDM2 interaction inhibition (41–49), phosphodiesterase inhibition (50, 51), and GPR55 

modulation (52–56). In addition, there are examples of pyrazolopyrrolidinones exhibiting 

P2X3 antagonism (57), GPR68 agonism (58), 5-HT1A receptor binding, (59) BET 

inhibition (60, 61), 14-3-3-PMA2 interaction stabilization (62), P-glycoprotein inhibition 

(63), antitumor activity (64), and antimicrobial activity against various parasitic, viral and 

bacterial species including T. cruzi (65), HIV (66, 67), flaviviruses (68), M. tuberculosis (69, 

70), P. falciparum (71, 72), and V. cholerae (73). Interestingly, most of the aforementioned 
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activities are relegated to pyrazolopyrrolidinones wherein R3 is an aryl substituent. This 

phenomenon may, however, be attributable to the ease of synthesis of such compounds and 

their precursors. An important exception to the R3 arylation trend is observed among select 

inhibitors of the p53/MDM2 interaction. In all of these inhibitors, the R1/R2 diarylated 

motif has been shown crystallographically to be a critical binding element at the Leu26 and 

Trp23 subpockets of MDM2, a similar pharmacophore and binding mode to that exhibited 

by other diarylated p53/MDM2 inhibitors such as nutlin. Among these inhibitors, non-aryl 

R3 substitutions such as methyl, isopropyl, and tert-butyl have all been shown to confer 

some degree of inhibition (47). Other scattered exceptions include a class of purinoreceptor 

antagonists with similarly broad tolerance for R3 substitution (74), and two examples of 

R3-methyl substituted inhibitor chemotypes: EPX-107979, annotated as a folding corrector 

of F508del-CFTR (75) and 11β-hydroxysteroid dehydrogenase inhibitors ZINC01292412 

and ZINC01260941 (76). Importantly, however, there are no reported examples to-date of 

pyrazolopyrrolidinones bearing the R3 = iBu substitution, which from our primary screen 

SAR (Supplementary Figure 2) appeared to be critical for antileishmanial activity in the 

absence of host toxicity. While the target of antileishmanial pyrazolopyrrolidinones has 

yet to be defined, and we cannot conclusively rule out any of the aforementioned targets 

as being implicated in this activity, the consistent lack of antileishmanial activity among 

the many R3 phenyl-, isopropyl- and methyl-substituted pyrazolopyrrolidinones tested in 

the primary screen is suggestive of a target for the R3 isobutylated compounds which is 

orthogonal to those already appearing in the vast pyrazolopyrrolidinone literature.

Concurrent with the evaluation of screening hit 1 against GSK TCOLF’s lead advancement 

criteria (Table 2), we executed a preliminary medicinal chemistry campaign to improve our 

understanding of structure-activity relationships (SAR) for this series, to target compounds 

with improved potencies and physicochemical properties to potentially supersede compound 

1 as an advanced lead.

Given the literature precedents described above and the apparent narrow tolerance for R3 

substitutions observed in the primary screen compounds, we first undertook a thorough and 

methodical assessment of tolerated groups at the three points of diversity (R1/R2/R3) for 

the core. At this stage of the project, all analogues were assessed using a battery of assays 

performed in-house at GlaxoSmithKline. For antileishmanial activity, we utilized GSK’s 

inMac assay (77). This assay provides two readouts of compound potency: average number 

of intracellular amastigotes per infected cell (AMMAC) EC50, percentage of infected cells 

per well (INFCELL) EC50, as well as a toxicity output derived from the number of host 

cells (MAC EC50). In addition, compounds were assessed for toxicity against HepG2 cells 

(HEPG2 EC50). Here, we focus on AMMAC EC50 values for relative potency assessments. 

Using this data, we calculated a selectivity index (SI) for each compound, described here as 

a macrophage SI (SI MAC), using the equation SI MAC = (MAC EC50)/(AMMAC EC50). It 

should be noted that for all compounds assessed in this project, the measured toxicity against 

THP-1 macrophages either equaled or exceeded that of HepG2 hepatocytes, therefore the SI 

MAC is used here as the more conservative estimate of therapeutic index.

Revisiting the initial profile of compound 1 against GSK’s lead selection criteria, we 

identified a number of properties requiring improvement, including PFI, plasma protein 
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binding, and a larger SI relative to THP-1 and HepG2 cells. While the CLND solubility fell 

below the ideal range, good FaSSIF solubility suggested viability as an orally available drug. 

We used the potency and physiochemical data for 1 as a benchmark for guidance as we 

began investigating the SAR to identify an improved lead compound for series progression 

and advancement to animal studies. In these studies, human serum albumin (HSA) binding 

was employed as a surrogate for plasma protein binding.

Starting first at R3, we explored a variety of aliphatic substitutions, determining that some 

branched aliphatics of similar size to the parent isobutyl (e.g. isopentyl/neopentyl, Table 

3, compounds 9-10) exhibited comparable potencies and low host cell toxicities, whereas 

the linear n-butyl (compound 11) showed a significant increase in potency (~300 nM) that 

was accompanied by a toxicity increase to the low micromolar range (2.5 μM). Similar 

effects were observed with n-but-1-ene and 2-methyl-n-but-1-ene substitutions (compounds 

12-13). Finally, surveys of additional branched aliphatic (13) and aromatic (compounds 

14-17) substituents at R3 failed to produce more potent compounds than 1, and often showed 

significant decreases in selectivity index. While the isopentyl/neopentyl analogues 9 and 

10 showed marginal improvements over 1 with respect to their macrophage toxicity, these 

improvements were offset by equivalently small increases in HepG2 toxicity and significant 

reductions in solubility/permeability; as such we opted to retain the R3 isobutyl substituent 

in all future analogues.

We next examined the effects of modifying the R1 para-methoxyphenyl substituent 

(Table 4). Direct conversion of the methyl ether to phenol (compound 18) suppressed 

both antileishmanial activity and toxicity. The ethyl ether analogue 19 exhibited modest 

improvements in both activity and toxicity as compared to the parent methyl, while the 

trifluoromethoxy ether (20) ablated antileishmanial activity to levels below that of the 

inherent THP1-cell toxicity. The dimethylamino analogue 21 showed significantly improved 

potency and selectivity index, while the ethyl-, fluoro-, bromo-, tert-butyl- and methyl ester-

substituted analogues (compounds 22-25) had comparable activities and therapeutic indices 

to 1. In contrast to methyl ester 26, hydrolyzed carboxylic acid 27 was inactive. Lastly, 

replacement of the para-methoxy with an N-linked imidazole (compound 28) afforded 

an equipotent compound with reduced cytotoxicity, leading to an improved SI. However, 

all improvements in potency (24, 26) or host cell toxicity (26, 28) leading to improved 

selectivity index were accompanied by significant reductions CLND solubility.

Next, we examined alternate substitution patterns on the R1 aryl ring (Table 5). Movement 

of the methoxy group from para- to the ortho- (29) or meta-positions (30) ablated activity, 

as did nitrogenation of the ring in the presence (31) or absence (32-33) of the para-methoxy 

group. Additional unsuccessful modifications explored included homologation of the para-

methoxyphenyl moiety to a para-methoxybenzyl (34), and additional furyl (35) and non-

aromatic substituents (36-41); although several of these modifications led to significant 

improvements in key properties such as reduced host cell toxicity, and improved solubility, 

permeability, HSA binding, and PFI, none were able to achieve inhibition of parasite 

replication below 10 μM EC50 values.
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In contrast, we found more success in replacing the para-methoxyphenyl group with 

disubstituted benzene and bicyclic heteroaromatic substituents (Table 6). For example, 

meta-fluorination of 1 (42) led to modest increases in both potency and selectivity, albeit 

with the reduction in solubility as would be expected due to the increased lipophilicity. 

In contrast, addition of an ortho-methoxy substituent to 1 (43) improved solubility, again 

at the expense of activity. The replacement of the methoxy moiety with various 3,4-fused 

heterocycles (methylenedioxy 44, ethylenedioxy 45, and triazolopyridine 46) all led to 

modest improvements in selectivity via reduced host cell toxicity. However, none of these 

analogues showed improved solubility relative to 1 despite the presence of additional 

heteroatoms, which was apparently offset by the increased planarity imparted by the bicyclic 

systems.

With an improved understanding of R1 and R3 SAR, we next advanced to modifications 

of R2 (Table 7), where our initial screening SAR indicated that deletion of the para-

fluoro substituent (compound 2) afforded a similarly potent compound to 1, whereas 

replacement of the fluorine with a methyl group resulted in 0% inhibition at 10 μM 

(CMLD007430, Supplementary Figure 2). Consistent with this, our efforts to replace the 

fluorine with other halogens (47-48), trifluoromethyl (49), carboxylate (50) and methyl 

carboxylate (51) substituents all reduced potency, as did replacement of the phenyl ring with 

cyclohexyl and cyclopentyl moieties (compounds 52-53). Interestingly, improved potencies 

and selectivity indexes were achieved with several types of ortho-substituents, including 

halogens (54-56) and a methyl ether (57), whereas none such improvements were observed 

with the equivalent meta-substituents (58-62). Consistent with this trend, addition of ortho-

substituents to the para-fluorinated 1 (63-64) led to improved potency, whereas addition of 

a meta-fluoro to the same scaffold did not (65). Lastly, 2,6-dichloro substitution of the R2 

phenyl ring (compound 66) led to improved potency but with a considerable increase in host 

cell toxicity.

In an effort to improve solubility via R2 modifications, we also surveyed a diverse array of 

substituted and unsubstituted heteroaromatic groups at this position (Supplementary Table 

S1). While several of these compounds exhibited the expected improvements in CLND 

solubility and reduction in HSA binding, potency was also significantly compromised for 

this set.

With the scope and limitations of R1/R2 substitutions mapped with respect to potency 

and property improvements, we next attempted to pair promising groups at each site to 

arrive at optimized new inhibitors. Based on the trends observed in the initial series, it was 

clear that improvements in solubility and reduced human serum albumin binding would 

require reduced lipophilicity (CLogP), a modification which generally also correlated with 

reduced potency in our initial analogues. To offset this, we focused on reducing global 

LogP via modifications to R1 (where increased polarity appeared to be more tolerable), in 

combination with the apparent potency-enhancing ortho-substituents at R2. Table 8 depicts 

the most successful of these pairings with respect to potency, selectivity, HSA binding, and 

solubility. Of note, at this later stage in the project solubility was measured using charged 

aerosol detection (CAD), due to a change in standard in vitro ADME methods employed 

at GSK. In addition, infection EC50 and host cell CC50 measurements were obtained in 
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a comparable L. donovani infection model performed at the University of California, San 

Diego (see Methods). In order to benchmark compound performance across the two assays, 

a random sampling of compounds was selected for re-assessment in the UCSD infection 

assay (Supplementary Table S2). Most compounds showed slightly improved potency in the 

UCSD assay than was observed in the LD AMMAC assay run at GSK; as a representative 

example, the UCSD potency for racemic 1 was found to be 0.82 μM (Table 8, entry 1), 

compared to 2.5 μM in the GSK LD AMMAC assay. Despite the change in absolute 

potency values, the two assays were well-correlated with respect to relative potencies, with 

a Pearson’s correlation coefficient of 0.74. (Supplementary Table S2 and Supplementary 

Figure 3).

From this compound series, the ortho-substituted R2 groups (B1-B4) significantly improved 

potency and selectivity, even when paired with groups at R1 which had conferred reduced 

potency when paired with the R2 para-fluorophenyl moiety (e.g. A4/A5, Compounds 

78-87). Several inhibitors in this series, 69, 86 and 87, exhibited the desired improvements 

across all key physicochemical properties, in addition to improved potency and selectivity. 

However, for a large proportion of these compounds the most significant gains in 

potency were offset by an increase in toxicity, PFI and HSA binding, and a reduction in 

solubility owing to increased lipophilicity. Efforts to optimize from 69, 86 and 87 toward 

further improved analogues are ongoing in our laboratory. Importantly, like compound 1, 

pyrazolopyrrolidinone compounds 69, 86 and 87, are inexpensive to produce on scale and 

show limited host cell cytotoxicity relative to their antiparasitic activity. These features 

underscore the potential for pyrazolopyrrolidinones to significantly improve the current 

state-of-the-art for controlling leishmaniasis, where the limited arsenal of existing first-line 

treatments are expensive (e.g. amphotericin) or toxic (e.g. miltefosine).

4 Conclusion

In this study, we discovered a novel antileishmanial pyrazolopyrrolidinone chemotype that 

is effective against the intracellular amastigote parasite morphology in multiple Leishmania 
species with minimal host cytotoxicity. Compared to all of the advanced leads in the current 

antileishmanial pipeline, pyrazolopyrrolidinones are extremely facile to produce, without the 

need for sophisticated reaction apparatus in two synthetic steps from low-cost commodity 

starting materials – an ideal attribute for a therapeutic targeting a neglected tropical disease. 

Subsequent medicinal chemistry optimization has produced multiple advanced leads with 

significantly improved potency and ADME parameters relative to the initial hit, and support 

further preclinical optimization of the series. Work to advance these and similar candidates 

into in vivo pharmacokinetic and efficacy assessments is ongoing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Retrosynthetic route to produce pyrazolopyrrolidinones of structural type 3
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Figure 2. 
Active (S) enantiomer of compound 1 as determined by VCD analysis
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Table 1.

Structures and antiparasitic activity profiles of antileishmanial pyrazolopyrrolidinones 1 and 2, first identified 

in a CDIPD (UCSF) high content screen for compounds inhibiting growth of L. donovani intracellular 

amastigotes infecting THP-1 cells.

Compound Intracellular 
Amastigote EC50

Extracellular 
promastigote EC50

Leishmania donovani 

CMLD007431 (1) 2.5 μM 2.0 μM

CMLD007427 (2) 3.7 μM 2.4 μM

Leishmania major 

CMLD007431 (1) 1.3 μM 4.4 μM

CMLD007427 (2) 1.7 μM 4.2 μM

Host (THP-1) cell CC 50 

CMLD007431 (1) >20 μM

CMLD007427 (2) >20 μM
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Table 2.

GlaxoSmithKline lead selection criteria for leishmaniasis

Lead selection criteria Compound 1 Criteria

IN VITRO EFFICACY

Antiparasitic activity EC50 < 1 μM for L. donovani amastigotes EC50 = 0.8 μM
a
; 2.5 μM

b Ideal

SI (HepG2, THP-1)
c > 50

HepG2 CC50 = 63.1 μM
a
, SI(HepG2) 

= 79
a
; THP-1 CC50 = 31.6 μM

a,d
; 

SI(THP-1) = 40
a

Accepted

DEVELOPABILITY

MW < 500 (< 420 ideally) 379 Ideal

PFI ≤ 7 8.4 Accepted

Aromatic rings ≤ 4 (ideally ≤3) 3 Ideal

Chemical Tractability
The chemical series is amenable to rapid analogues 
synthesis. Scale-up of potential lead (>1g with >95% 
purity) + consideration of cost of goods.

Pass Ideal

IN VITRO ADME b 

Solubility:

IdealCLND (μM) > 30 107

FaSSIF solubility (μg/mL) > 5 130

Microsomal stability (mouse)
Clint < 5 mL/min/g
t1/2 > 13.5 min

Clint < 3.4 mL/min/g
t1/2 > 20 min Ideal

Whole blood stability No % reduction over 120 min; No reactive 
functionalities Pass Ideal

Plasma protein binding < 95% 97.5% Accepted

a.
Measured on the single enantiomer (S)-1.

B.
Measured on the racemate (rac)-1.

c.
SI = selectivity index compared to mammalian cells, calculated as SI = [mammalian cell CC50] / [antiparasitic EC50].

d.
THP-1 cytotoxicity as measured in the GlaxoSmithKline LD AMMAC assay.
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Table 3:

Surveying the effects of variations at R3. Values highlighted in red are considered improved in comparison to 

initial lead compound rac-1.

Cpd R3
LD AMMAC 

EC50 (μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

rac-1 isobutyl 2.5 15.8 6.3 63.1 107 345 96.4 8.4

9 isopentyl 2.5 31.6 12.6 79.4 15 100 98.0 9.1

10 neopentyl 2.5 25.1 10.0 39.8 36 170 97.4 9.0

11 n-butyl 0.1 2.5 25.0 50.1 49 370 96.7 8.4

12 1.6 3.2 2.0 50.1 135 410 97.5 8.1

13 0.5 1.6 3.2 50.1 52 370 96.8 8.5

14 6.3 20.0 3.2 50.1 17 270 97.9 8.9

15 6.3 25.1 4.0 50.1 6 360 98.0 9.7
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Cpd R3
LD AMMAC 

EC50 (μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

16 5.0 7.9 1.6 25.1 17 130 97.8 10.6

17 4.0 7.9 2.0 15.8 <1 340 98.0 11.4

(a)
EC50 for growth inhibition of L. donovani intracellular amastigotes infecting THP-1 macrophages;

(b)
EC50 for cytotoxicity against host THP-1 macrophages;

(c)
SI MAC = selectivity index in macrophages, calculated as SI MAC = (LD MAC EC50)/(LD AMMAC EC50);

(d)
kinetic aqueous solubility as determined by high-throughput CLND (chemoluminescent nitrogen detection);

(e)
artificial membrane permeability;

(f)
human serum albumin binding;

(g)
PFI = ChromLogD7.4 + Aromatic rings
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Table 4:

Surveying effects of various p-substituted aromatics at R1. Values highlighted in red are considered improved 

in comparison to initial lead compound 1.

Compound X

LD 
AMMAC 

EC50 

(μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

1 -OCH3 2.5 15.8 6.3 63.1 107 345 96.4 8.4

18 -OH 5.0 39.8 8.0 >100 ≥430 285 95.6 7.1

19 -OEt 1.6 20.0 12.5 50.1 38 250 97.5 8.9

20 -OCF3 3.2 7.9 2.5 25.1 5 290 98.1 9.8

21 -N(CH3)2 1.0 39.8 39.8 50.1 33 160 96.1 9.0

22 -Et 4.0 20.0 5.0 50.1 9 <10 97.4 9.7

23 -F 6.3 25.1 4.0 50.1 61 120 97.7 8.8

24 -Br 1.3 15.8 12.2 39.8 9 320 97.9 9.7

25 -t-Bu 10.0 >50 >5.0 50.1 <1 130 97.9 10.5

26 -CO2CH3 1.6 31.6 20.0 39.8 26 410 97.5 8.5

27 -CO2H >50 >50 n/a >100 ≥389 <3 95.2 4.9

28 2.5 >50 >20.0 >100 7 <3 96.3 8.1

(a)
EC50 for growth inhibition of L. donovani intracellular amastigotes infecting THP-1 macrophages;

(b)
EC50 for cytotoxicity against host THP-1 macrophages;

(c)
SI MAC = selectivity index in macrophages, calculated as SI MAC = (LD MAC EC50)/(LD AMMAC EC50);

(d)
kinetic aqueous solubility as determined by high-throughput CLND (chemoluminescent nitrogen detection);
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(e)
artificial membrane permeability;

(f)
human serum albumin binding;

(g)
PFI = ChromLogD7.4 + Aromatic rings
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Table 5:

Probing expanded diversity at R1. Values highlighted in red are considered improved in comparison to initial 

lead compound 1.

Cpd R1

LD 
AMMAC 

EC50 

(μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

1 2.5 15.8 6.3 63.1 107 345 96.4 8.4

29 20.0 >50 >2.5 79.4 240 590 97.5 8.5

30 12.6 31.6 2.5 63.1 64 370 97.3 8.4

31 10.0 >50 >5.0 >100 194 260 95.5 8.0

32 25.1 >50 >2.0 >100 182 470 93.4 7.2
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Cpd R1

LD 
AMMAC 

EC50 

(μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

33 20.0 >50 >2.5 >100 219 200 96.6 8.5

34 12.6 31.6 >2.5 50.1 45 550 98.2 9.0

35 15.8 39.8 >2.5 50.1 19 370 97.2 8.9

36 25.1 >50 >2.0 >100 ≥450 570 92.1 7.3

37 25.1 >50 >2.0 >100 ≥446 130 81.1 4.6

38 31.6 >50 >1.6 >100 ≥381 490 90.2 6.5
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Cpd R1

LD 
AMMAC 

EC50 

(μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

39 15.8 >50 >3.2 >100 ≥433 230 76.7 5.3

40 >50 >50 >1.0 >100 ≥351 <10 77.5 4.8

41 >50 >50 >1.0 >100 ≥421 520 90.2 6.7

(a)
EC50 for growth inhibition of L. donovani intracellular amastigotes infecting THP-1 macrophages;

(b)
EC50 for cytotoxicity against host THP-1 macrophages;

(c)
SI MAC = selectivity index in macrophages, calculated as SI MAC = (LD MAC EC50)/(LD AMMAC EC50);

(d)
kinetic aqueous solubility as determined by high-throughput CLND (chemoluminescent nitrogen detection);

(e)
artificial membrane permeability;

(f)
human serum albumin binding;

(g)
PFI = ChromLogD7.4 + Aromatic rings.
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Table 6:

Surveying effects of di- and tri- substitutions at R1. Values highlighted in red are considered improved in 

comparison to initial lead compound 1.

Cpd R1

LD 
AMMAC 

EC50 

(μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

1 2.5 15.8 6.3 63.1 107 345 96.4 8.4

42 1.3 25.1 19.3 50.1 39 290 96.9 8.6

43 20.0 31.6 1.6 63.1 138 170 96.2 8.5

44 0.6 25.1 41.8 63.1 63 390 96.2 8.4

45 3.2 25.1 7.9 >50 50 510 96.2 8.4
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Cpd R1

LD 
AMMAC 

EC50 

(μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

46 5.0 >50 >10 >50 49 920 91.8 7.8

(a)
EC50 for growth inhibition of L. donovani intracellular amastigotes infecting THP-1 macrophages;

(b)
EC50 for cytotoxicity against host THP-1 macrophages;

(c)
SI MAC = selectivity index in macrophages, calculated as SI MAC = (LD MAC EC50)/(LD AMMAC EC50);

(d)
kinetic aqueous solubility as determined by high-throughput CLND (chemoluminescent nitrogen detection);

(e)
artificial membrane permeability;

(f)
human serum albumin binding;

(g)
PFI = ChromLogD7.4 + Aromatic rings
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Table 7:

Surveying effects of simple aliphatic and aromatic R2. Values highlighted in red are considered improved in 

comparison to initial lead compound 1.

Cpd R2
LD AMMAC 

EC50 (μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

1 2.5 15.8 6.3 63.1 107 345 96.4 8.4

2 3.2 31.6 9.9 79.4 90 370 95.8 8.4

47 4.0 15.8 4.0 50.1 22 330 96.9 9.2

48 6.3 15.8 2.5 50.1 9 420 97.2 9.3
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Cpd R2
LD AMMAC 

EC50 (μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

49 8.0 15.8 2.0 50.1 12 210 96.9 9.3

50 >50 >50 1.0 >100 ≥470 <3 90.7 4.5

51 25.1 39.8 1.6 63.1 44 380 95 8.2

52 7.9 25.1 3.2 50.1 29 330 97.6 8.5

53 12.6 20.0 1.6 >100 119 590 96.3 8.1
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Cpd R2
LD AMMAC 

EC50 (μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

54 3.2 31.6 9.9 31.6 75 230 97.3 8.6

55 1.3 20.0 15.3 31.6 30 330 97.8 8.8

56 0.5 25.1 50.2 39.8 12 300 97.1 9.2

57 0.5 25.1 50.2 6.3 57 350 95.7 8.6
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Cpd R2
LD AMMAC 

EC50 (μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

58 5.0 12.6 2.5 50.1 91 370 96.9 8.3

59 7.9 39.8 5.0 39.8 19 280 96.8 9.0

60 7.9 25.1 3.2 39.8 10 370 97 9.1

61 4.0 20.0 5.0 63.1 63 290 95 8.4

62 6.3 15.8 2.5 50.1 20 220 97.8 8.9

63 2.0 25.1 12.6 63.1 52 140 96.1 8.8
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Cpd R2
LD AMMAC 

EC50 (μM)
a

LD 
MAC 
EC50 

(μM)
b

SI

MAC
c

HEPG2 
EC50 
(μM)

Solubility
d

(μM)

AMP
e

(nm/
sec)

HSA
f

Binding
(%)

PFI
g

64 0.5 25.1 50.2 50.1 43 110 97.2 8.8

65 5.0 25.1 5.0 50.1 44 140 96.2 8.7

66 1.0 2.5 2.5 6.3 6 330 97.1 9.1

(a)
EC50 for growth inhibition of L. donovani intracellular amastigotes infecting THP-1 macrophages;

(b)
EC50 for cytotoxicity against host THP-1 macrophages;

(c)
SI MAC = selectivity index in macrophages, calculated as SI MAC = (LD MAC EC50)/(LD AMMAC EC50);

(d)
kinetic aqueous solubility as determined by high-throughput CLND (chemoluminescent nitrogen detection);

(e)
artificial membrane permeability;

(f)
human serum albumin binding;
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(g)
PFI = ChromLogD7.4 + Aromatic rings
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Table 8:

Pairing of promising R1/R2 moieties toward improved inhibitors. Values highlighted in red are considered 

improved in comparison to initial lead compound 1.

Cpd R1 R2
L. donovani

EC50 (μM)
a CC50 (μM)

b
SI

c Solubility
d

(μM)
HSA

e

binding (%) PFI
g

(rac)-1 - - 0.82 >20.00 >24.4
89

f 96.4 8.4

67 A1 B1 0.16 12.22 76.4 35 98.0 8.7

68 A1 B2 0.29 >20.00 >69.0 27 97.0 8.8

69 A1 B3 0.27 >20.00 >74.1 66 95.3 8.2

70 A1 B4 0.10 12.08 120.8 46 97.6 8.6

71 A2 B2 0.42 3.04 7.2 20 96.9 9.2

72 A2 B3 0.38 0.26 0.7 43 95.9 8.5

73 A2 B4 0.16 10.89 68.1 35 96.3 8.8

74 A3 B2 0.39 4.98 12.8 <1 98.0 10.4

75 A3 B3 0.24 1.14 4.8 <1 97.5 9.6

76 A3 B4 0.12 3.04 25.3 <1 97.7 9.8

77 A3 B5 0.12 4.04 33.7 <1 98.5 9.7

78 A4 B1 0.26 7.32 28.2 21 96.7 9.4

79 A4 B2 0.08 5.72 71.5 <1 96.9 9.4

80 A4 B3 0.07 3.45 49.3 66 95.7 8.6

81 A4 B4 0.11 7.51 68.3 27 96.5 9.1
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Cpd R1 R2
L. donovani

EC50 (μM)
a CC50 (μM)

b
SI

c Solubility
d

(μM)
HSA

e

binding (%) PFI
g

82 A4 B5 0.04 8.50 212.5 45 97.1 8.8

83 A5 B1 1.11 9.93 8.9 77 97.0 8.7

84 A5 B2 0.98 >20.00 >54.1 63 96.6 8.8

85 A5 B3 1.11 >20.00 >76.9 176 93.9 8.0

86 A5 B4 0.37 >20.00 >36.4 119 94.7 8.3

87 A5 B5 0.26 >20.00 >23.0 145 94.1 8.1

88 A6 B1 0.55 >20.00 >55.6 <1 94.1 8.0

89 A6 B4 0.87 >20.00 >24.4 <1 93.2 8.1

(a)
EC50 for growth inhibition of L. donovani intracellular amastigotes infecting B10R cells (UCSD assay), average of two biological replicates;

(b)
EC50 for cytotoxicity against host B10R cells (UCSD assay);

(c)
SI = selectivity index, calculated as SI = (L. donovani infection EC50)/(CC50);

(d)
kinetic aqueous solubility as determined by high-throughput CAD (charged aerosol detection);

(e)
human serum albumin binding.

(f)
Obtained on the single enantiomer (S)-1;

(g)
PFI = ChromLogD7.4 + Aromatic rings
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