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Neglected tropical diseases (NTDs) include 20 diverse infections mainly prevalent in 
tropical areas that mostly affect disadvantaged communities and women and children. 
These diseases cause serious health problems and social and economic consequences to 
more than one billion people. The epidemiology of NTDs is very complex since they are 
strictly dependent on environmental conditions. Many are vector-borne and have animal 
reservoirs; thus, their control is a very difficult challenge [1]. 

Human African Trypanosomiasis (HAT or sleeping sickness) is an NTD caused by 
two subspecies of protozoa belonging to the Trypanosoma genus: T. brucei gambiense and T. 
brucei rhodesiense. T. b. gambiense is widespread in central and western Africa and causes a 
chronic form of the disease, while T. b. rhodesiense is most common in southern and eastern 
Africa and causes an acute form of trypanosomiasis with a high mortality rate [2]. Current 
HAT therapy is based on a few dated drugs characterized by toxicity problems, a limited 
spectrum of action, and parenteral administration [3,4]. Nifurtimox-eflornithine combina-
tion therapy (NECT) is the current first-line therapy for the treatment of the gambiense 
form of HAT [5]. Even the most recent agent, fexinidazole, a new 5-nitroimidazole deriv-
ative introduced in therapy for oral administration, was approved only for the gambiense 
form of HAT [6]. 

In this context, rhodesain and TbCatB, the cathepsin L-like (TbCatL) and cathepsin 
B-like (TbCatB) cysteine proteases of T. brucei, respectively, could represent promising 
targets for HAT treatment [7,8]. 

Both cathepsin L and B share the common feature of Clan CA cysteine proteases, 
including the conserved catalytic triad (Cys/His/Asn); the protease also adopts the typical 
papain-like folding: it is composed of two domains, left (L) and right (R), with the catalytic 
triad located in a cleft between the two domains [9]. 

Rhodesain and TbCatB are the sole Clan CA papain-like cysteine proteases produced 
by the Trypanosoma during infection of the mammalian host and are involved in the pro-
gression of the disease. 

Rhodesain is important due to its several functions: it is required to cross the blood–
brain barrier (BBB), thus causing the neurological stage of the disease [10]; this occurs by 
the activation of Gq protein-coupled receptors, also known as protease-activated recep-
tors (PARs), whose activation increases intracellular calcium levels, leading to cytoskeletal 
changes in endothelial cells and BBB dysfunction [11]. Rhodesain is also involved in the 
turnover of the variant surface glycoprotein (VSG) of the Trypanosoma coat, thus allow-
ing the parasite to evade the host immune system [12]. The trypanosomal cysteine prote-
ase also shows a relevant proteolytic activity in the lysosome, being involved in the deg-
radation of parasite proteins and intracellularly transported host proteins; its involvement 
in the degradation of host immunoglobulins has also been highlighted [13]. On the other 
hand, TbCatB was demonstrated to be required for the degradation of transferrin. The 
bloodstream form (BSF) of T. brucei acquires iron from the host by internalizing transferrin 
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by receptor-mediated endocytosis; the transferrin is then promptly degraded in the para-
site lysosome through TbCatB [14]. First, RNA interference studies showed that the silenc-
ing of TbCatB cured infected mice, whereas TbCatL suppression only prolonged the 
lifespan of the infected mice, preventing the parasites from crossing the BBB and reaching 
the central nervous system (CNS) [15]. However, more recent studies gave a re-interpre-
tation of the relative roles of TbCatB and TbCatL for the life cycle of T. brucei, suggesting 
that TbCatL is the essential cysteine protease for the survival of T. brucei. However, con-
sidering the different roles of rhodesain and TbCatB, inhibiting both enzymes is strongly 
desirable since it could block parasite replication during different phases and, conse-
quently, host invasion [16]. 

Chagas disease is another NTD endemic in twenty-one Latin American countries due 
to the protozoan parasite Trypanosoma cruzi. The disease is characterized by an acute 
asymptomatic phase; then, in 30–40% of the patients, the chronic form is observed, with 
cardiac and gastrointestinal manifestations [17]. 

Current Chagas disease treatment is based on two nitro-substituted heterocyclic drugs, 
benznidazole and nifurtimox. However, both suffer from relevant drawbacks: they are asso-
ciated with severe adverse effects, require prolonged treatments, and have no efficacy in the 
chronic phase of the disease [17]. Therefore, in this present scenario, it is of utmost importance 
to identify molecular targets to develop novel effective antitrypanosomal agents. 

Cruzain (TcrCATL), also known as cruzipain (Cz), is the major cysteine protease of 
Trypanosoma. Cz is expressed by all forms and strains of the parasite, and it is secreted and 
can also be found in the parasite membrane. It has been demonstrated that the parasite’s 
virulence and morphogenesis strictly depend on the endogenous activity of Cz. In addi-
tion, Cz is fundamental for amastigote replication and plays a key role in host–parasite 
interactions; it stimulates the humoral and cellular immune responses during the infec-
tion. Thus, targeting Cz is currently considered a validated strategy for treating Chagas 
disease [18,19]. 

On the other hand, malaria, a poverty-related parasitic disease, is the most wide-
spread and severe tropical infectious disease; in humans, it is caused by several species of 
the Plasmodium genus, with Plasmodium falciparum being the most dangerous and most 
prevalent species [20]. 

Current treatment of uncomplicated malaria caused by P. falciparum is based on ar-
temisinin-based combination (ACT) therapies, which are built on the use of two antima-
larial agents endowed with a different mechanism of action, one of which is an artemisinin 
derivative. However, the partial resistance to artemisinin was recently demonstrated to 
involve delayed parasite clearance [21]. 

In the present scenario, identifying novel targets to develop effective antimalarial 
agents is an urgent priority. In this context, falcipain-2 (FP-2) and falcipain-3 (FP-3) are 
considered promising targets for the development of novel antimalarial agents [22,23]. 

The primary role of FP-2 and FP-3 includes the degradation of host hemoglobin re-
quired for sustaining the metabolic needs of the rapidly growing parasite. They show a 
high level of sequence homology but different substrate specificity; FP-2 and FP-3 are pri-
marily localized in the food vacuole, where they are involved in hemoglobin digestion. 
Both FPs are synthesized over long intervals during the erythrocytic cycle as membrane-
bound proforms, and are then processed to mature forms. However, FP-2 is synthesized 
earlier, in the early trophozoites, and is processed more quickly than FP-3, which is ex-
pressed in the late trophozoites/early schizonts stage. During the late trophozoite and 
schizont stages, FP-2 is also involved in the degradation of erythrocyte membrane skeletal 
proteins, including ankyrin and the band 4.1 protein, thus contributing to the destabiliza-
tion of the erythrocyte membrane, leading to host cell rupture and the release of the ma-
ture merozoites [24–28]. 

Several rhodesain and TbCatB inhibitors have been reported for HAT treatment [7,8], 
as well as several Cz inhibitors for Chagas disease [29]. Lastly, FP-2 and FP-3 inhibitors 
were proven to be potent agents for malaria treatment [22,23]. 
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Generally, they differ for the type of inhibition, which is reversible or irreversible, 
depending on the warhead, with the most potent inhibitors demonstrating activity against 
both the target cysteine protease and the related parasite, thus giving hope that these in-
hibitors can further progress into clinical trials to find new effective and broad-spectrum 
drugs for NTDs or poverty-related parasitic diseases. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. World Health Organization. Human African Trypanosomiasis (Sleeping Sickness). Available online: https://www.who.int/tryp-

anosomiasis_african/en/ (accessed on 5 June 2022). 
2. Büscher, P.; Cecchi, G.; Jamonneau, V.; Priotto, G. Human African Trypanosomiasis. Lancet 2017, 390, 2397–2409. 
3. De Koning, H.P. The drugs of sleeping sickness: Their mechanisms of action and resistance, and a brief history. Trop. Med. Infect. 

Dis. 2020, 5, 14. 
4. Seixas, J.; Atouguia, J.; Josenando, T.; Vatunga, G.; Bilenge, C.M.M.; Lutumba, P.; Burri, C. Clinical study on the melarsoprol-

related encephalopathic syndrome: Risk factors and HLA association. Trop. Med. Infect. Dis. 2020, 5, 5. 
5. Kansiime, F.; Adibaku, S.; Wamboga, C.; Idi, F.; Kato, C.D.; Yamuah, L.; Vaillant, M.; Kioy, D.; Olliaro, P.; Matovu, E. A multi-

centre, randomised, non-inferiority clinical trial comparing a nifurtimox-eflornithine combination to standard eflornithine mon-
otherapy for late stage Trypanosoma brucei gambiense human African trypanosomiasis in Uganda. Parasite Vectors 2018, 11, 105. 

6. Deeks, E.D. Fexinidazole: First global approval. Drugs 2019, 79, 215–220. 
7. Ettari, R.; Tamborini, L.; Angelo, I.C.; Micale, N.; Pinto, A.; De Micheli, C.; Conti, P. Inhibition of rhodesain as a novel therapeutic 

modality for human African trypanosomiasis. J. Med. Chem. 2013, 56, 5637–5658. 
8. Ettari, R.; Previti, S.; Tamborini, L.; Cullia, G.; Grasso, S.; Zappalà, M. The inhibition of cysteine proteases rhodesain and TbCatB: 

A valuable approach to treat Human African Trypanosomiasis. Mini Rev. Med. Chem. 2016, 16, 1374–1391. 
9. Kerr, I.D.; Wu, P.; Marion-Tsukamaki, R.; Mackey, Z.B.; Brinen, L.S. Crystal Structures of TbCatB and Rhodesain, Potential 

Chemotherapeutic Targets and Major Cysteine Proteases of Trypanosoma brucei. PLoS Neglect. Trop. Dis. 2010, 4, e701. 
10. Lonsdale-Eccles, J.D.; Grab, D.J. Trypanosome hydrolases and the blood–brain barrier. Trends Parasitol. 2002, 18, 17–19. 
11. Nikolskaia, O.V.; De Lima, A.P.C.; Kim, Y.V.; Lonsdale-Eccles, J.D.; Fukuma, T.; Scharfstein, J.; Grab, D.J. Blood-brain barrier traversal 

by African trypanosomes requires calcium signaling induced by parasite cysteine protease. J. Clin. Investig. 2006, 116, 2739–2747. 
12. Overath, P.; Chaudhri, M.; Steverding, D.; Ziegelbauer, K. Invariant surface proteins in bloodstream forms of Trypanosoma 

brucei. Parasitol. Today 1994, 10, 53–58. 
13. Caffrey, C.R.; Hansell, E.; Lucas, K.D.; Brinen, L.S.; Hernandez, A.A.; Cheng, J.; Gwalteny, S.L.; Roush, W.R.; Stierhof, Y.-D.; 

Bogyo, M.; et al. Active site mapping, biochemical properties and subcellular localization of rhodesain, the major cysteine pro-
tease of Trypanosoma brucei rhodesiense. Mol. Biochem. Parasitol. 2001, 118, 61–73. 

14. Mackey, Z.B.; O’Brien, T.C.; Greenbaum, D.C.; Blank, R.B.; McKerrow, J.H. A cathepsin B-like protease is required for host 
protein degradation in Trypanosoma brucei. J. Biol. Chem. 2004, 279, 48426–48433. 

15. Abdulla, M.H.; O’Brien, T.; Mackey, Z.B.; Sajid, M.; Grab, D.J.; McKerrow, J.H. RNA interference of Trypanosoma brucei cathep-
sin B and L affects disease progression in a mouse model. PLoS Neglect. Trop. Dis. 2008, 2, e298. 

16. Steverding, D.; Sexton, D.W.; Wang, X.; Gehrke, S.S.; Wagner, G.K.; Caffrey, C.R. Trypanosoma brucei: Chemical evidence that 
cathepsin L is essential for survival and a relevant drug target. Int. J. Parasitol. 2012, 42, 481–488. 

17. Lidani, K.C.F.; Andrade, F.A.; Bavia, L.; Damasceno, F.S.; Beltrame, M.H.; Messias-Reason, I.J.; Sandri, T.L. Chagas Disease: 
From Discovery to a Worldwide Health Problem. Front. Public Health 2019, 7, 166. 

18. Sajid, M.; Robertson, S.A.; Brinen, L.S.; McKerrow, J.H. Cruzain: The path from target validation to the clinic. Adv. Exp. Med. 
Biol. 2011, 712, 100–115. 

19. McGrath, M.E.; Eakin, A.E.; Engel, J.C.; McKerrow, J.H.; Craik, C.S.; Fletterick, R.J. The crystal structure of cruzain: A therapeutic 
target for Chagas’ disease. J. Mol. Biol. 1995, 247, 251–259. 

20. WHO. The World Malaria Report 2022. Available online: https://www.who.int/teams/global-malaria-programme/re-
ports/world-malaria-report-2022 (accessed on 5 June 2023). 

21. WHO. Emergency Response to Artemisinin Resistance in the Greater Mekong Subregion. Regional Framework for Action 2013–
2015 (Archived). Available online: https://www.who.int/ malaria/publications/atoz/9789241505321/en/ (accessed on 5 June 2023). 

22. Ettari, R.; Bova, F.; Zappalà, M.; Grasso, S.; Micale, N. Falcipain-2 inhibitors. Med. Res. Rev. 2010, 30, 136–167. 
23. Ettari, R.; Previti, S.; Di Chio, C.; Zappalà, M. Falcipain-2 and falcipain-3 inhibitors as promising antimalarial agents. Curr. Med. 

Chem. 2021, 28, 3010–3031. 
24. Rosenthal, P.J. Falcipain cysteine proteases of malaria parasites: An update. Biochim. Biophys. Acta Proteins Proteom. 2020, 1868, 140362. 



Int. J. Mol. Sci. 2023, 24, 10097 4 of 4 
 

 

25. Shenai, B.R.; Sijwali, P.S.; Singh, A.; Rosenthal, P.J. Characterization of native and recombinant falcipain-2, a principal tropho-
zoite cysteine protease and essential hemoglobinase of Plasmodium falciparum. J. Biol. Chem. 2000, 275, 29000–29010. 

26. Ramjee, M.K.; Flinn, N.S.; Pemberton, T.P.; Quibell, M.; Wang, Y.; Watts, J.P. Substrate mapping and inhibitor profiling of fal-
cipain-2, falcipain-3 and berghepain-2: Implications for peptidase anti-malarial drug discovery. Biochem. J. 2006, 399, 47–57. 

27. Hanspal, M.; Dua, M.; Takakuwa, Y.; Chishti, A.H.; Mizuno, A. Plasmodium falciparum cysteine protease falcipain-2 cleaves 
erythrocyte membrane skeletal proteins at late stages of parasite development. Blood 2002, 100, 1048–1054. 

28. Dahl, E.L.; Rosenthal, P.J. Biosynthesis, localization, and processing of falcipain cysteine proteases of Plasmodium falciparum. 
Mol. Biochem. Parasitol. 2005, 139, 205–212. 

29. Rogers, K.E.; Keränen, H.; Durrant, J.D.; Ratnam, J.; Doak, A.; Arkin, M.R.; McCammon, J.A. Novel Cruzain Inhibitors for the 
Treatment of Chagas’ Disease. Chem. Biol. Drug Des. 2012, 80, 398–405. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


