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Development of Novel Isoindolone-Based Compounds
against Trypanosoma brucei rhodesiense

Daniel G. Silva,”™ ¥ Pim-Bart Feijens,” Rik Hendrickx,™ An Matheeussen,”™ Lucie Grey,"
Guy Caljon,™ Louis Maes,™ Flavio S. Emery,*™ and Anna Junker*®

This study identified the isoindolone ring as a scaffold for novel
agents against Trypanosoma brucei rhodesiense and explored
the structure-activity relationships of various aromatic ring
substitutions. The compounds were evaluated in an integrated
in vitro screen. Eight compounds exhibited selective activity
against T. b. rhodesiense (ICs,< 2.2 um) with no detectable side
activity against T. cruzi and Leishmania infantum. Compound 20
showed low nanomolar potency against T. b. rhodesiense (ICs,=
40 nm) and no toxicity against MRC-5 and PMM cell lines and

1. Introduction

Neglected tropical diseases (NTDs) affect more than one billion
people and continue to cause immense suffering, disability and
deaths worldwide. Sleeping sickness (Human African Trypano-
somiasis — HAT) remains one of the more burdensome public
health problems caused by two subspecies of Trypanosoma
brucei. While T. b. gambiense causes a chronic illness with the
onset of symptoms after a prolonged incubation period, T. b.
rhodesiense elicits a more acute course with more aggressive
effects within a few days or weeks after the bite of infected
tsetse. Without prompt diagnosis and treatment preventing the
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may be regarded as a new lead template for agents against T.
b. rhodesiense. The isoindolone-based compounds have the
potential to progress into lead optimization in view of their
highly selective in vitro potency, absence of cytotoxicity and
acceptable metabolic stability. However, the solubility of the
compounds represents a limiting factor that should be
addressed to improve the physicochemical properties that are
required to proceed further in the development of in vivo-active
derivatives.

parasites from invading the central nervous system, the disease
is generally fatal.™

Initiatives to support global work against HAT have helped
to discover and develop fexinidazole” a new oral drug
developed by DNDi (Drugs for Neglected Diseases initiative)
and currently approved to treat gambiense sleeping sickness.
However, the arsenical melarsoprol that is estimated to kill up
to 5% of patients is still the only treatment for the advanced
stage T. b. rhodesiense infection, although it becomes ineffective
after some time due to an increase in resistance.”’ As such,
there is an urgent need to replace the currently available toxic
drugs with orally bioavailable, highly potent, non-toxic alter-
natives. Recently, new heterocyclic compounds have been
discovered through phenotypic screening as potential antitry-
panosomal agents, marking renewed hope to treat sleeping
sickness.*'¥ This approach has demonstrated to be successful
for the discovery of first-in-class drugs providing an advantage
in identifying compounds that are active against the whole cell,
being especially efficient in infectious disease drug
development."" We contributed to this by the development of
a large number of new heterocyclic compounds having differ-
ent ring systems®'¥ that were assayed against different
Trypanosoma species. Some examples are presented in Figure 1.
The biochemical targets or mechanisms of action of the hit
compounds are unknown.

Our previous structure-activity relationship studies (SARs)
revealed that the presence of the urea group attached to the 7-
position (R', hit compound 1) of the fused ring system proved
to be essential for bioactivity; compounds with aromatic groups
in region R? (hit compound 2) were found to be more effective
than aliphatics in increasing potency; amide, ester, and organic
acid functions can be tolerated at the 3-position (hit compound
3)‘[8,13]

Applying standard medicinal chemistry principles to design
new compounds, we established the following requirements for
the antiparasitic activity: a urea moiety linked to bulky amino-
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Figure 1. Initial hit compounds 1-4. In the center: the isoindolone scaffold planned, synthesized, and assayed against a parasitic panel, including T. b.
rhodesiense, T. b. brucei, T. cruzi and Leishmania infantum; and cytotoxicity for MRC-5 fibroblasts and primary mouse macrophages in the present work.

alkyl groups at the region R' (combinations of hit compounds 1
and 3), an aromatic ring at the region R? and a carbonyl group
linked to the nitrogen atom (lactam); forming an isoindolone
ring. An isoindolone ring is the base scaffold for the commercial
drug Lenalidomide (hit compound 4), used to treat multiple
myeloma. Thus, this pharmacophore already has drug-like
features associated with the core structure and received our
attention to be evaluated as an antitrypanosomal agent due to
their similarity with our previously studied scaffolds. Herein, we
report the development of a novel class of isoindolone ureas as
a promising scaffold that showed selective in vitro potency
against T. b. rhodesiense. These features can be seen in Figure 1.
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Experimental Section

Synthesis of Isoindolone Ureas

We explored modifications of two regions of the central core via
the introduction of various substituents at the urea (R') and the
nitrogen at 2-position of the isoindolone ring (R? (Figure 1). The
synthesis started with the bromination at the benzylic position
through the reaction of N-bromosuccinimide with the commercially
available 4-nitrobenzoate (5), generating the intermediate 6. The
subsequent reaction with the appropriate arylamine yielded the
isoindolone core ring. The reduction of the nitro group was done
using H, over Pd/C or an alternative mild reduction method using
tin (I) chloride dihydrate to avoid or limit hydrodehalogenation (for
nitroisoindolinone 7i and 7 j, with phenylbromine or phenylchlorine
in the structure, respectively), giving the amines 7 f-j, which reacted
with triphosgene and respectivesecondary amines to furnish the
corresponding urea derivatives 8-20 (Scheme 1).

N—R2 N—R2

(0]

7f-j (50 - 78%) 8-20 (20 - 90%)

Scheme 1. Synthesis of the isoindolone ureas derivatives 8-20 (see Table 1 for R' and R?). Reagents and conditions: a) NBS, benzoyl peroxide, CCl,, 9 h, 85°C;
b) appropriate aniline, Et;N, MeOH, reflux, 24 h, rt; ¢) 10% Pd/C, H,, EtOAc, 4 h, rt or SnCl»2H,0, 48 h; d) triphosgene, Et;N, DCM, 0°C and then appropriate

secondary amine, 0°C to 25°C, 15 h.

ChemistryOpen 2021, 10, 922-927 www.chemistryopen.org

923

© 2021 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1002/open.202100180

ChemistryOpen

Full Papers
doi.org/10.1002/0pen.202100180

Chemistry
Europe

European Chemical
Societies Publishing

Antiparasitic Activity, Cytotoxicity and Selectivity Index

We evaluated 13 new compounds through phenotypic assay
against a parasitic panel, including T. cruzi, T. b. brucei, T. b.
rhodesiense and Leishmania infantum (Table 1). Cytotoxicity against
MRC-5¢,, (human lung fibroblast cell line) and PMM (primary mouse
macrophages) was evaluated to calculate the selectivity index (SI=
ratio of cytotoxic CCs, and antiparasitic 1Cs,). The -galactosidase-
expressing T. cruzi Tulahuen CL2 strain (nifurtimox-sensitive), T. b.
brucei Squib 427, T. b. rhodesiense STIB-900 and L. infantum
[MHOM/MA(BE)/67] were used. T. cruzi was maintained in MRC-5s,
human lung fibroblasts in MEM medium with 5% fetal bovine
serum (FBS); T. b. brucei and T. b. rhodesiense were maintained
axenically in HMI-9 medium with 10% FBS. L. infantum was
maintained in golden hamsters from which spleen-derived amasti-
gotes were collected and used for in vitro infection of peritoneal
mouse macrophages (PMM) in RPMI-1640 with 5% FBS. Antipar-
asitic and cytotoxicity assays (MRC-5 and PMM) were performed as
previously described."*'® All animal experiments were approved by
the ethical committee of the University of Antwerp (UA-ECD-2019-
10). Experimental details are provided in the Supporting Informa-
tion and the cited literature.l'”'?

2. Results and Discussion
2.1. Structure-Activity Relationships (SAR)

The compounds were inactive against T. cruzi (IC5,> 64 um) and
few showed low antileishmanial activity with compound 13
being the most potent (IC5, 12.7 uM). Eight and two of the
compounds displayed high potency (IG5, values <2.4 um)
against T. b. rhodesiense and T. b. brucei, respectively. Two other
compounds were also moderately active against T. b. brucei.
Most compounds exhibited no detectable off-target cytotox-
icity, except for compounds 13, 15 and 16 exhibiting marginal
cytotoxicity on PMM (CCs,. 32.0 uM). Compound 20 displayed
no toxicity to MRC-5 and PMM cell lines. It suggests that a more

detailed analysis of the underlying SARs would be of interest for
T. b. brucei and T. b. rhodesiense.

The isoindolone urea scaffold had alterations at either of
the two terminal rings (R', R?). To accomplish the SAR analysis in
a feasible way, we introduced the substitutions systematically
into specific regions to compare the biological activity of
molecules that differ only by a single group.

The evaluation of the SAR is shown in Figure 2. The different
regions of the molecule (R', R») were explored with 13 variants.
At the left and right of Figure 2 the SAR analysis for the regions
R' and R? is presented, respectively. The ICs, (um) values for
analogs 8-20 are highlighted in green for T. b. brucei and in
blue for T. b. rhodesiense. In the following, we discuss the most
representative SARs established in this work.

The first SAR analysis aimed at the introduction of 3-
fluoropyrrolidinyl (9) or 3-hydroxypyrrolidinyl (11) groups in
region R'. These modifications did not result in any detectable
activity against the tested trypanosomatids. Meanwhile, the
exchange of pyrrolidine group for a bulkier 4-fluorophenylpi-
perazine improved the activity (compound 14, T. b. brucei 1C;,=
3.7 m; T. b. rhodesiense 1C;,=0.8 M) compared to the inactive
compounds 9 and 11 (Figure 2).

Modifications at the phenylpiperazine group also resulted in
improvement of the T. b. rhodesiense activities (Figure 2). A five-
fold increment of potency was achieved by the insertion of a
chlorine atom at the 4-position (17 vs. 18). However, no
significant improvement of activity against T. b. rhodesiense was
reached by alteration of the chlorine for a fluorine atom (13 vs.
19, Table 1). On the other hand, a CF; group at the 3-position of
the phenyl ring attached to piperazine moiety instead of a
fluorine atom at the 4-position enhanced the potency 2.5-fold
(15 vs. 20). Compound 20 is one of the most active and
selective analogs against T. b. rhodesiense in this work (ICso=
0.04 m, 61 times more potent than against T. b. brucei).

The second SAR evaluation aimed at insertions of electron-
withdrawing or -donating substituents in the phenyl group

Table 1. Antitrypanosomal/antileishmanial activities and cytotoxicity expressed in 1Cs;, (um). All compounds show ICy, > 64 pm towards T. cruzi.
, H 8 1
N 2
N—R
Compounds 0 4 (3 T. b. brucei T. b. rhod. L.inf MRC-5 PMM
° 0
R' R?
8 (S)-3-fluoropyrrolidin-1-yl phenyl n.a n.a n.a n.a n.a
9 (S)-3-fluoropyrrolidin-1-yl 4-chlorophenyl n.a n.a n.a n.a n.a
10 (S)-3-hydroxypyrrolidin-1-yl phenyl n.a n.a n.a n.a n.a
11 (S)-3-hydroxypyrrolidin-1-yl 4-chlorophenyl n.a na n.a na na
12 4-fluorophenylpiperazin-1-yl phenyl n.a na 452 n.a n.a
13 4-fluorophenylpiperazin-1-yl 3,4-difluorophenyl n.a 2.0 12.7 n.a 32
14 4-fluorophenylpiperazin-1-yl 4-chlorophenyl 37 0.8 n.a n.a n.a
15 4-fluorophenylpiperazin-1-yl 4-methylphenyl n.a 0.1 325 n.a 32
16 4-fluorophenylpiperazin-1-yl 4-bromophenyl 0.4 0.05 20.3 n.a 32
17 phenylpiperazin-1-yl 3,4-dichlorophenyl 27.6 2.1 n.a n.a n.a
18 4-chlorophenylpiperazin-1-yl 3,4-dichlorophenyl 6.9 0.4 n.a n.a n.a
19 4-chlorophenylpiperazin-1-yl 3,4-difluorophenyl 44.7 1.8 n.a n.a n.a
20 3-(trifluoromethyl)phenylpiperazin-1-yl 4-methylphenyl 2.4 0.04 n.a na n.a
The values of ICs, (uM) activities are averages of n=3. n.a: not active at a limit concentration of 64 um. Benznidazole, Suramine, Miltefosine and Tamoxifen
were used as reference drugs to measure the activities (more details in Supporting Information Tables S1 and S2).
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Figure 2. Activity profiles of the isoindolone ureas. Compounds assayed against T. b. brucei (highlighted in green)/T. b. rhodesiense (highlighted in blue) and
results are expressed as ICs, (um). Green and blue arrows represent the improvement of T. b. brucei and T. b. rhodesiense activities, respectively.

present in region R? (Figure 2). The addition of fluorine atoms at
the 3,4-positions of the phenyl group in region R? enhanced the
anti-T.b. rhodesiense activity more than 32-fold (12 vs. 13);
compound 13 showed an IC,, value of 2.0 m. The insertion of a
single chlorine atom at the 4-position of the phenyl group
(compound 14) resulted in an enhancement against both T. b.
brucei (ICs,=3.7 m) and T. b. rhodesiense (ICs,=0.8 m).

The methyl group inserted at the 4-position of the aromatic
ring (compound 15, T. b. rhodesiense 1Cs, 0.1 m) enhanced the
potency more than 640-fold compared to compound 12. A
substantial enhancement of activity for compound 16 was
achieved by the introduction of a bromine atom at that same
position of the aromatic ring (1280-fold, showing a T. b.
rhodesiense 1Cs, value of 0.05 m), with an eight times greater
activity for T. b. rhodesiense than for the T. b. brucei (ICso=
0.4 M), indicating possible selectivity for the subspecies. The
exchange of fluorine for chlorine atoms at the phenyl ring
attached at the 2-position of the isoindolone portion enhanced
the potency four-fold (19 vs. 18). Also, exchanging the 3,4-
difluoro to a 4-methyl group enhanced the potency 20-fold (13
vs. 15).

We were intrigued by the difference in the compounds’
potency against the subspecies revealed by our studies. A
database containing about 30 thousand compounds derived
from phenotypic screenings, with available bioactivity against T.
b. rhodesiense, T. b. brucei, T. cruzi and Leishmania infantum,

ChemistryOpen 2021, 10, 922-927 www.chemistryopen.org

were extracted from the ChEMBL (https://www.ebi.ac.uk/
chembl/). After applying appropriate filters, the search resulted
in compounds based on adenosine (A),*” pyridyl benzamide
(B),2" melamine nitroheterocycle (C),*® triazine dimers (D)
and tetrazolyl pyrazolone (E, FigureS4  Supporting
Information)"® that were found to be significantly more potent
against the human pathogenic subspecies T. b. rhodesiense than
against T. b. brucei. No scaffold displayed similarity to our
isoindolone-based compounds. These studies did not provide
any rational explanation for the subspecies difference but
indicate that finding compounds more potent against T. brucei
rhodesiense is rare.

2.2. Solubility, in vitro Metabolic Stability and
in vivo Efficacy Study

We first investigated the compounds’ lipophilicity (LogD,,
values) since it is an important property for drug formulation
and oral bioavailability (Table 2). Selected compounds 15, 16
and 20 showed a LogD;,, value below 5.0. These compounds
were furthermore assayed for in vitro metabolic stability using
pooled mouse liver microsomes; all exhibited high metabolic
stability over a 90 min time period.

Compounds 16 and 20 were selected as candidates for
follow-up in vivo efficacy studies in mouse models of HAT. Mice

925 © 2021 The Authors. Published by Wiley-VCH GmbH
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Table 2. Solubility (LogD, ,) and metabolic stability for selected com-
pounds.

R1

2,

(e}

Compd R' R? T.b. T.b. logD, % parent
brucei  rhod. compound
1Cs, 1Cso after 90 min®
[um] [um]

15 4-F —CH; >64.0 0.13 452 +0.08 87.3041.04

16 4-F  —Br 04 0.05 455 +£0.11 88.60+1.05

20 3- —CH; 24 0.04 448 +0.36 84.80+3.05

CF,

[a] Compounds were tested in triplicate (n=3).

were allocated randomly to four groups of three animals each
and infected on day 0 with 10* T. b. brucei trypomastigotes
derived from a heavily infected donor mouse. Since this was a
primary in vivo evaluation, the projected therapy aimed for
maximal drug exposure using a high dose treatment regimen
of 50mgkg~" b.id. for five days starting on the day of
infection.

The oral bioavailability was checked at 1, 2 and 4 h after the
first dose of the first day. Compound 20 showed no detectable
blood levels, while compound 16 showed low levels in the
range of the invitro 1C;. At 4 h, blood levels were still
increasing (Table 3). No signs of acute drug intolerance were
noted in any of the treated animals.

Compound 16 showed no activity since all animals
developed severe clinical trypanosomiasis at day 4 with high
parasitemia (mean Log,, of 8.9), similar to the vehicle control
group (mean Log,, of 8.7). At day 7, all animals except one
succumbed to the infection. At this point, parasitemia was 1.2 X
10°mL™" blood (Log,, of 9.1) and the animal was euthanized for
animal welfare. In the suramin-treated group (10 mgkg™ for 5
consecutive days), all mice survived until day 8 when the
experiment was terminated. Nevertheless, the isoindolone-
based scaffold may still have the potential to progress into
lead-optimization in view of its highly selective in vitro potency,
absence of cytotoxicity and acceptable metabolic stability. The

Table 3. In vivo efficacy studies in mouse model of HAT: blood levels of
compound 16 at 1, 2 and 4 h after the first dose on the first day of
treatment. Blood levels for compound 20 remain below the limit of
detection (not shown).

Concentration in blood
[ngml™"] [nm]
Time (h) 1 2 4 1 2 4

Compound 16 Mouse 1 50 288 275 98 566 541

50 mgkg ™' Mouse 2 88 163 338 172 320 664
PO b.id. Mouse 3 50 63 138 98 123 271
5 days Mean 63 171 250 123 336 492

Stdev 22 113 102 43 222 201
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solubility of the compounds represents a limiting factor that
should be addressed to improve the physicochemical properties
that are required to proceed further in the development of
in vivo-active derivatives. We will undertake a medicinal
chemistry effort to modify the isoindolone structure with the
goal of improving the pharmacokinetic characteristics of the
compounds and investigate their ability to cross the blood-
brain barrier.

3. Conclusions

A total of thirteen isoindolone ureas were prepared and tested
for their antileishmanial and antitrypanosomal effects. The
isoindolone ureas have been identified as a new class of
compounds that exhibit selective potency against T. b.
rhodesiense; compounds 16 and 20 were the most potent
derivatives in this series with 1Cgovalues of 0.05 and 0.04 um,
respectively. Most compounds exhibited no cytotoxicity against
MRC-5 and PMM cell lines. A CF; group at the 3-position of the
phenyl ring attached to piperazine moiety in compound 20
resulted in the highest improvement of activity and selectivity,
which warrants further exploration. To bring this class of
compounds to the next step of drug discovery, we aim to
synthesize new candidates with improved bioavailability pro-
files for further investigation of the SAR and further investigate
their putative mode of action.

Author Contributions

The manuscript was written through the contributions of all
authors. All authors have given approval to the final version of
the manuscript. D.G.S. planned and synthesized the com-
pounds. Biological assays were performed by P.B.F., RH., A.M.
and L.G.

Acknowledgements

We are grateful to Fundacdo de Amparo a Pesquisa do Estado de
Sao Paulo (FAPESP), Coordenacdo de Aperfeicoamento de Pessoal
de Nivel Superior - Brasil (CAPES) - Finance Code 001 and
Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico
(CNPq) for fundings [grant numbers: #88881.170193/2018-01
(D.G.S.), #2017/22001-0 (D.G.S.), #2017/21146-4 (F.S.E.), #313834/
2018-0 (F.S.E.), #428527/2016-7 (F.S.E.).

Conflict of Interest

The authors declare no conflict of interest.

Keywords: anti-infectives - heterocyclic - in vitro - T. b. brucei -
T. b. rhodesiense

© 2021 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1002/open.202100180

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemistryOpen doi.org/10.1002/0pen.202100180

[11 WHO, 2020. [online] Available at https://www.who.int [Accessed 13
August 2021].

E. D. Deeks, Drugs 2019, 79, 215-220.

DNDi América Latina. 2021. [online] Available at: https://www.dndial.org

[12] F. Hulpia, D. Mabille, G. D. Campagnaro, G. Schumann, L. Maes, . Roditi,
A. Hofer, H. P. de Koning, G. Caljon, S. Van Calenbergh, Nat. Commun.
2019, 10, 5564.

D.G. Silva, A. Junker, S. M. de Melo, F. Fumagalli, J.R. Gillespie, N.

S|

[13]

ChemistryOpen 2021, 10, 922-927

[Accessed 13 August 2021].

F. Hulpia, K. Van Hecke, C. Franca da Silva, D. da Gama Jaen Batista, L.
Maes, G. Caljon, M. de Nazaré, C. Soeiro, S. Van Calenbergh, J. Med.
Chem. 2018, 61, 9287-9300.

S. Russell, R. Rahmani, A. J. Jones, H. L. Newson, K. Neilde, I. Cotillo, M.
Rahmani Khajouei, L. Ferrins, S. Qureishi, N. Nguyen, M.S. Martinez-
Martinez, D. F. Weaver, M. Kaiser, J. Riley, J. Thomas, M. De Rycker, K. D.
Read, G.R. Flematti, E. Ryan, S. Tanghe, A. Rodriguez, S. A. Charman, A.
Kessler, V. M. Avery, J. B. Baell, M. J. Piggott, J. Med. Chem. 2016, 59,
9686-9720.

D. A. Patrick, J. R. Gillespie, J. McQueen, M. A. Hulverson, R. M. Ranade,
S. A. Creason, Z. M. Herbst, M. H. Gelb, F. S. Buckner, R. R. Tidwell, J. Med.
Chem. 2017, 60, 957-971.

F.S. Buckner, A. Buchynskyy, P. Nagendar, D. A. Patrick, J. R. Gillespie, Z.
Herbst, R. R. Tidwell, M. H. Gelb, Trop. Med. Infect. Dis. 2020, 5, 23.

D. G. Silva, J. R. Gillespie, R. M. Ranade, Z. M. Herbst, U. T. T. Nguyen, F. S.
Buckner, C. A. Montanari, M. H. Gelb, ACS Med. Chem. Lett. 2017, 8, 766-
770.

P. Nagendar, J. R. Gillespie, Z. M. Herbst, R. M. Ranade, N. M. R. Molasky,
O. Faghih, R. M. Turner, M. H. Gelb, F.S. Buckner, ACS Med. Chem. Lett.
2019, 70, 105-110.

S. Khare, A.S. Nagle, A. Biggart, Y. H. Lai, F. Liang, L.C. Davis, S.W.
Barnes, C.J. N. Mathison, E. Myburgh, M.-Y. Gao, J.R. Gillespie, X. Liu,
J. L. Tan, M. Stinson, I. C. Rivera, J. Ballard, V. Yeh, T. Groessl, G. Federe,
H. X.Y. Koh, J. D. Venable, B. Bursulaya, M. Shapiro, P.K. Mishra, G.
Spraggon, A. Brock, J. C. Mottram, F.S. Buckner, S.P.S. Rao, B. G. Wen,
J.R. Walker, T. Tuntland, V. Molteni, R. J. Glynne, F. Supek, Nature 2016,
537,229-233.

F. Hulpia, J. Bouton, G. D. Campagnaro, I. A. Alfayez, D. Mabille, L. Maes,
H. P. de Koning, G. Caljon, S. Van Calenbergh, Eur. J. Med. Chem. 2020,
188, 112018.

Molasky, F.S. Buckner, A. Matheeussen, G. Caljon, L. Maes, ChemMed-
Chem 2020.

M. Venkatraj, I. G. Salado, J. Heeres, J. Joossens, P. J. Lewi, G. Caljon, L.
Maes, P. Van der Veken, K. Augustyns, Eur. J. Med. Chem. 2018, 143,
306-319.

F. Hulpia, G. D. Campagnaro, K. J. Alzahrani, I. A. Alfayez, M. A. Ungogo,
D. Mabille, L. Maes, H. P. de Koning, G. Caljon, S. Van Calenbergh, ACS
Infect. Dis. 2020, 6, 2045-2056.

J. Bouton, L. Maes, I. Karalic, G. Caljon, S. Van Calenbergh, Eur. J. Med.
Chem. 2021, 212, 29.

M. Kaiser, L. Maes, L. P. Tadoori, T. Spangenberg, J. R. loset, J. Biomol.
Screening 2015, 20, 634-645.

R. Kaminsky, R. Brun, Antimicrob. Agents Chemother. 1998, 42, 2858-
2862.

R. 1. da Luz, M. Vermeersch, J.-C. Dujardin, P. Cos, L. Maes, Antimicrob.
Agents Chemother. 2009, 53, 5197-5203.

B. Hirth, R. H. Barker, Jr.,, C. A. Celatka, J. D. Klinger, H. Liu, B. Nare, A.
Nijjar, M. A. Phillips, E. Sybertz, E. K. Willert, Y. Xiang, Bioorg. Med. Chem.
Lett. 2009, 79, 2916-2919.

L. Ferrins, M. Gazdik, R. Rahmani, S. Varghese, M. L. Sykes, A.J. Jones,
V.M. Avery, K.L. White, E. Ryan, S.A. Charman, M. Kaiser, C.A.S.
Bergstrom, J. B. Baell, J. Med. Chem. 2014, 57, 6393-6402.

A. Baliani, G.J. Bueno, M. L. Stewart, V. Yardley, R. Brun, M. P. Barrett,
I. H. Gilbert, J. Med. Chem. 2005, 48, 5570-5579.

C. G. L. Veale, H. C. Hoppe, MedChemComm 2018, 9, 2037-2044.

Manuscript received: July 21, 2021
Revised manuscript received: September 2, 2021

www.chemistryopen.org

927

© 2021 The Authors. Published by Wiley-VCH GmbH


https://www.who.int
https://doi.org/10.1007/s40265-019-1051-6
https://www.dndial.org
https://doi.org/10.1021/acs.jmedchem.8b00999
https://doi.org/10.1021/acs.jmedchem.8b00999
https://doi.org/10.1021/acs.jmedchem.6b00442
https://doi.org/10.1021/acs.jmedchem.6b00442
https://doi.org/10.1021/acs.jmedchem.6b01163
https://doi.org/10.1021/acs.jmedchem.6b01163
https://doi.org/10.3390/tropicalmed5010023
https://doi.org/10.1021/acsmedchemlett.7b00202
https://doi.org/10.1021/acsmedchemlett.7b00202
https://doi.org/10.1021/acsmedchemlett.8b00498
https://doi.org/10.1021/acsmedchemlett.8b00498
https://doi.org/10.1038/nature19339
https://doi.org/10.1038/nature19339
https://doi.org/10.1016/j.ejmech.2019.112018
https://doi.org/10.1016/j.ejmech.2019.112018
https://doi.org/10.1016/j.ejmech.2017.11.075
https://doi.org/10.1016/j.ejmech.2017.11.075
https://doi.org/10.1021/acsinfecdis.0c00105
https://doi.org/10.1021/acsinfecdis.0c00105
https://doi.org/10.1177/1087057115569155
https://doi.org/10.1177/1087057115569155
https://doi.org/10.1128/AAC.42.11.2858
https://doi.org/10.1128/AAC.42.11.2858
https://doi.org/10.1016/j.bmcl.2009.04.096
https://doi.org/10.1016/j.bmcl.2009.04.096
https://doi.org/10.1021/jm500191u
https://doi.org/10.1021/jm050177+
https://doi.org/10.1039/C8MD00319J
https://doi.org/10.1039/C8MD00319J

