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According to both definitions of US Centers for Disease Control and Prevention and World Health Organization, Neglected Tropical Diseases (NTDs) are a group of preventable and treatable parasitic, viral, and bacterial diseases that affect more than one billion people globally. They generally afflict the more indigent patients of the world and historically have not received as much attention as other diseases. NTDs tend to thrive in low-income regions, where water quality, sanitation and access to health care are substandard. They are common in several countries of Africa, Asia, and Latin America. In this literature review, we want to focus on Human African Trypanosomiasis (HAT), also known as “sleeping sickness”, one of the most common neglected diseases in Africa. It is caused by infection with the subspecies of the parasitic protozoan Trypanosoma brucei, and it is transmitted by the bite of the tsetse fly. It puts 70 million people at risk throughout sub-Saharan Africa and it is usually fatal if untreated or inadequately treated. This review covers several aspects of the disease. We focused our interests on most recent epidemiological data, novel diagnostic methods with their advantages and limitations, new improved treatment and orphan drugs and eradication programs, including vector control, according to a “One Health” approach, to achieve the new goals recently set by WHO.
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Introduction

Human African Trypanosomiasis (HAT), also known as sleeping sickness is a parasitic-borne Neglected Tropical Disease (NTD). It is caused by an extracellular protozoon belonging to the genus Trypanosoma, species, brucei. It is spread to the susceptible host due to the bite of the blood-sucking tsetse fly of the genus Glossina (1, 2). Trypanosoma brucei gambiense and rhodesiense are the two subspecies determining the disease in humans. These subspecies have the same morphological structure and life cycle, but they cause unique pathologic entities with distinctive epidemiological and clinical management patterns (3).⁠

Within the vector’s geographical distribution, HAT was a leading cause of death in 36 Sub-Saharan African countries. Nevertheless, as an outcome of systematic and coordinated efforts over the past 25 years, the number of reported cases has decreased to historically low levels (1, 4, 5).

NTDs are a group of diseases caused by infections with parasites, viruses and or bacteria. They disproportionately affect poor people and mostly occur in tropical and subtropical areas. They harm individuals, communities, and economies worldwide. Every year, many people die and hundreds are severely disabled, disfigured or unable to work due to the delay in access to treatment and care. Nevertheless, according to the World Health Organization’s 2021-2030 roadmap on NTDs and Sustainable Development Goals’ targets for NTDs (6, 7)⁠, HAT remains one of the most important and challenging NTDs to eradicate due to the numerous gaps in understanding the clinic, the diagnosis, the potential new therapeutic strategies, and complications. Due to the COVID-19 pandemic, numerous essentials tasks of NTDs programs have been postponed, especially the ones directly relating to access to the healthcare system, detection and diagnosis of active cases, rapid drug administration and control and elimination timeline, particularly in high transmission areas. Another risk related to COVID-19 pandemic is the underreporting of the active case and the lack of information about the data collection regarding the eradication program’s activities carried out in these last two years. The impact of COVID-19 was studied using mathematical models (NTD Modelling Consortium) (8–10).⁠ For NTDs, like HAT, for which intensified testing and case finding is the primary strategy, the resurgence rates are more difficult to estimate. For gambiense HAT (gHAT), incidence is likely to continue to decline if the disruption of eradication and control program last only for one year but may increase in the second year of disruption especially if diagnosis and treatment of cases active detecting or presenting at health facilities continue to be interrupted. Regarding vector control, during the COVID-19 pandemic, continuation of existing measures may help. In this background, new strategies are needed to implement the efficacy of WHO’s HAT eradication programs and reach the goals established for 2030 (9, 11).⁠





Methods

We searched PubMed, Scopus, Google Scholar, EMBASE, Cochrane Library, and WHO websites (http://www.who.int) for literature addressing Human African Trypanosomiasis, published from 1995 to June 2022. We searched in the current literature, using the following search strategy: African trypanosomiasis [tiab] OR Trypanosomiases, African [mh] OR African Trypanosomiasis [tiab] OR African Sleeping Sickness [tiab] OR african sleeping sickness [tiab] OR Nagana [tiab]). All studies dealing with epidemiology, physiopathology, clinical characteristics, screening and diagnosis, therapy, management and eradication programs were included.





Structure and biological cycle of Trypanosoma brucei

Trypanosoma brucei is a hemoflagellate protozoa. T. b. gambiense and T. b. rhodesiense are morphologically and microscopically identical (3, 12). One species can be distinguished from the other using molecular techniques (13–15).

T. brucei (both T. b. gambiense and T. b. rhodesiense) is transmitted by tsetse flies (Glossina spp) and has a complex life cycle (Figure 1), with different biological stages in both the insect vector and the mammalian host.




Figure 1 | Life cycle of Trypanosoma brucei gambiense.



During a blood meal, the tsetse fly swallows the bloodstream forms of the parasite. In the vector’s midgut, the parasites can be eliminated or can keep going on their lifecycle (16, 17). In the first case, the infection in the tsetse is unsustainable. Otherwise, if the trypomastigotes differentiate into the pro-cyclic forms, they can start reproduction by binary fission. Pro-cyclic forms enter the proventriculus, where they undergo morphological and structural adaptations, becoming metacyclic trypomastigotes and then epymastigotes. Only the metacyclic form is infectious to vertebrates. It is distinguished by the presence of the variant surface glycoprotein (VSG), which is one of the protection mechanisms used by the parasite to survive in the host. The VSGs are highly immunogenic, but they also protect the parasite from the antibody response because of its rapidly turnover. Antigenic variability causes a three-digit increase in VSGs that could guide the development of new diagnostic tests. Furthermore, genes encoding VSGs are highly susceptible to mutation (18, 19).⁠ An internal mechanism that regulates shifting to new variants is the release of a “stumpy induction factor”, which triggers the production of non-replicating stumpy forms, adapted to reestablish the life cycle when ingested by the tsetse fly (20).

In the salivary gland, the parasite can reproduce sexually, allowing for genetic exchange and transmission of virulence factors or drug resistance (21–23). Sexual reproduction is not mandatory but can occur and it is especially common in T.b. rhodesiense (24).⁠ Most widely, in the salivary glands, the metacyclic forms proliferate and become infectious, assuming the trypomastigote form in the host’s site of the inoculation. In this shape, the trypanosomes are carried by the bloodstream to other sites. Bloodstream forms can be detected in various body fluids such as lymph and cerebrospinal fluid and are able to cross the placenta (17, 25). The parasitemia is crucial. Individuals with HAT are distinguished into three categories according to parasites detected in the blood and serological tests: Apparently healthy subjects with negative serological and parasitological tests; individuals with both positive tests, and ones with positive serology but negative parasitology. According to WHO guidelines, the treatment is administered to individuals with positive serological and parasitological tests. Untreated subjects are considered a parasite reservoir liable for the persistence of transmission and the occurrence of outbreaks. It has been related to important variations of the parasites’ count in the blood strictly caused by the immune response in the host and the genetic variability of the parasite (26–28).





Epidemiology, transmission and risk factors 

Human African Trypanosomiasis is endemic in numerous African regions. Both rhodesiense HAT (rHAT) and gambiense HAT (gHAT) can cause epidemics (29). HAT distribution is limited to circumscribed areas called “foci”, geographical zones where transmission is possible and where the environment is suitable for the survival of the vector, the parasite, the reservoir, and the host (3). Geographical prevalence of HAT is directly proportional to the distribution of the vector which inhabits plants alongside water sources.

The number of new HAT cases has consistently decreased since vector control measures and systematic screening of the whole population in high-risk areas, along with treatment for the cases found, were performed (Figure 2).⁠




Figure 2 | Incidence of Human African Trypanosomiasis: T. b. gambiense and T. b. rhodesiense (number of new reported cases of HAT for year) and geographical distribution in 2020.



Gambiense HAT cases represent 95–97% of the total proportion of HAT, whereas rHAT has accounted for the remaining 3–5% of cases (30, 31). Three hundred gHAT foci are mentioned and, among these, there are some difficult-to-reach areas where transmission intensity is not well known because of environmental conditions and a lack of an effective surveillance system (32).

In 2021 the number of reported cases of gHAT was 747 and more than half of them (425) was reported in Democratic Republic of Congo (33). Gambiense HAT is an anthroponosis: Humans are the main reservoir, while animals are accidental hosts. Several studies have been conducted to understand the hypothetical role of domestic animals as occasional reservoirs of gHAT in the transmission of the disease to humans, but more data are requested (34–38). In the gHAT, human activities are the main determinant risk factors to determine human-fly contact (39–42). In general, gHAT is predominant in young adults and males, involved in productive activities. In some areas, a higher infection rate among adolescent has been documented related to fishing and recreational water activities. Furthermore, equal incidence has been reported between males and females whose primary activity is agriculture or household work near water (Table 1) (43, 44).


Table 1 | HAT epidemiology summary.



Rhodesiense HAT is found in sixty foci spread across thirteen African countries (Figure 2) (30, 45). It is a zoonosis; its transmission cycle mainly involves non-human reservoirs: Wild animals or livestock (46–49). The routes of transmission are strictly related to the geographical distribution of the reservoir. The wild animals are mainly kept in protected areas or national parks, in these areas human cases occur infrequently (3, 50). Exposure is higher for tourists and workers during activities involving wildlife such as trekking and safaris. The livestock is distributed nearby the villages or in the countryside and the human cases occurs regularly (51, 52). The people who carry out activities involving the cattle are at higher risk (Table 1). In some areas, they cohabitate, as is observed in western Tanzania (53). In recent years, only few cases of rHAT have been documented: 55 is the number of reported cases in 2021 and 49 of them were registered in Malawi, however data from several counties are missing (45). The migration of the livestock as a result of human activities and climate changes may be the cause of the expansion of rHAT into new areas, increasing the probability of geographical overlap between both forms. Uganda is the only country in Sub-Saharan Africa where both types of trypanosomiasis are detected (54–56).

The reported cases of HAT in non-endemic countries are strictly related to human population movement, including traveling, business connection and migration. Most non-endemic HAT cases were detected in Europe, USA, and South Africa (57).

Other atypical transmission routes have been described, but they are very rarely:

	- vertical transmission (diagnosis of HAT in the days following the birth, also in non-endemic countries from infected mothers) (58–60);⁠

	- Accidental mechanical transmission in laboratories (61);⁠

	- Blood transfusion and organ transplantation (62, 63);

	- Possible sexual contact (only one case has been reported) (64).







Clinical manifestations 

Infection occurs in two stages: The first stage is the hemolymphatic stage, characterized by the restriction of trypanosomes to the blood and the lymph systems. The second stage is characterized by the active CNS invasion (Table 2) (65).


Table 2 | Clinical manifestations of Human African Trypanosoma: Signs and symptoms.



T. b. gambiense infection has a chronic progressive course that can last over 3 years, mimicking hematological conditions. In contrast, T. b. rhodesiense disease is more severe and acute and can lead to death in some months; patients usually present acute febrile septic-pyrexia-like illness (Table 2) (66).

Findings from a long-term follow-up in the Ivory Coast carried out on 50 patients with diagnosis revealed that after 15 years patients who refused treatment for gHAT became asymptomatic, with no parasites detectable in the blood and some patients became seronegative. These findings support the existence of the mechanism of trypanosome-tolerance in humans, already known in animals (67). There has been no strong evidence for self-cures or trypanosome-tolerance in rHAT, which is a more acute and severe disease.




Early-stage symptoms

The typical symptoms’ onset is from 1 to 3 weeks after tsetse fly bite, and early-stage phase is non-specific, characterized by headache, malaise, arthralgia, weight loss, fatigue, and intermittent fever. Then, patients may develop various features including lymphadenopathy, splenomegaly and hepatomegaly. In addition, the cardiovascular system can be involved (myocarditis, pericarditis, and cardiac failure). Multiples organ can be target of disease with iritis, keratitis, and conjunctivitis, endocrine impairment (such as dysmenorrhea, sterility, impotence and gynaecomastia), nephropathy; all these clinical presentations are not typically severe, and usually do not lead to death before the initiation of the second phase of the disease. First-stage symptoms may be preceded by the development of a trypanosomal chancre at the site of inoculation within day 2-14 from infected fly bite. It commonly occurs with T. b. rhodesiense, rarely with T. b. gambiense, although chancres are reported in imported cases of T. b. gambiense. Travelers from non-endemic countries have shown atypical manifestations, with mainly gastro-intestinal symptoms and limited lymphatic involvement; this is supposed to be caused by host-genetic factors, but further studies are needed (68).

Posterior cervical lymphadenopathy, known as Winterbottom’s sign, is a typical feature of gHAT.





Late-stage symptoms

T. b. gambiense infection progresses to the second stage after an average of 300–500 days, whereas T. b. rhodesiense infection progresses to the second stage after an estimated 21–60 days.

According to the analysis of Blum et al, almost 74% of patients develops typical symptoms of sleeping disturbance, such as reversal of the normal sleep/wake cycle, with nocturnal insomnia and daytime somnolence, uncontrollable episodes of sleep, and an alteration of the structure of sleep itself (4, 69).

During the late stage of the disease, a wide constellation of symptoms and signs can occur, with almost all regions of the peripheral and central nervous system potentially involved. Motor disturbances include motor weakness, tremor, uncoordinated movements and speech anomalies. Myelitis, myelopathy, muscle fasciculation, and peripheral motor neuropathy might also occur. Psychiatric involvement is frequent with 25% of patients displaying behavioral disturbances (69).

Other features include sensory disturbances such as deep hyperesthesia, pruritus, anesthesia and paresthesia, seizures, and visual problems such as optic neuritis, double vision, optic atrophy, and papilledema (4).⁠ In travelers and expatriates with imported HAT from non-endemic countries progression to late-stage disease is rapid (70), while in African immigrants, HAT can be delayed and characterized by a low-grade fever and few neurological and psychiatric symptoms and signs.





Imported HAT in travelers

The HAT clinical presentation in travelers from non-endemic countries is often atypical as they present with mainly gastro-intestinal symptoms such as diarrhea and jaundice, for unknown reasons, which probably are related to host-genetic factors (68).

Due to the variability and non-specificity of the clinical manifestations, the potentially long latent period, even years, for gHAT and the lack of experience of the healthcare staff in non-endemic countries, the initial diagnosis could be missed and this may lead to further clinical progression of the disease: There are anecdotal reports of patients in whom after many years the disease has made its onset with psychiatric symptoms, so they were admitted to psychiatric wards and treated with psychiatric drugs, before reaching the diagnosis (71). In travelers, most patients affected by T. b. rhodesiense or gambiense report an unspecific acute clinical syndrome and only an accurate travel history with the identification of chancre, in the site of the tsetse fly bite raise the clinical hypothesis of a HAT diagnosis. The diagnostic hypothesis is guided by anamnestic data and suggestive clinical presentation, especially in patients from east Africa (72).






Diagnosis

The diagnosis is based on the direct examination and visualization of the parasite in peripheral blood, lymph node aspirate, cerebrospinal fluid (CSF) and in the chancre (fresh or fixed and Giemsa-stained preparation), where they can be detected a few days earlier than in the blood (73).

For T. b. rodesiense, the diagnosis through microscopic observation of blood or other biological fluids is easier due to the high parasitemia that is reached during the infection. In the case of infection with T. brucei gambiense the parasitemia is generally lower and the symptoms often more subtle, therefore serological tests have been introduced to support the diagnosis. The first introduced was CATT (Card Agglutination Test for Trypanosomiasis): This is a fast and simple agglutination assay for detection of T. b. gambiense-specific antibodies in the blood, plasma, or serum directed against purified variable surface antigens of the parasite. However, despite the simplicity of execution, this test has important limitations: in fact, in contexts of low prevalence of the disease, if on the one hand the negative predictive value (NPV) of the test remains high (few false negatives), on the other hand it has a low positive predictive value (PPV), estimated between 5 and 50% due to the high false positive rate. Subsequently different RDTs (Rapid Diagnostic Tests) were introduced: In particular, the lateral flow immunochromatographic assays (LFIAs) are based on the search for antibodies directed against trypanosome antigens and they have high sensibility and specificity, but they have the same limitations of the CATT (low PPV) and are unable to distinguish between previous infection and current infection. This implies that, if the CATT o RDTs are used as screening test for gHAT, a positive result still requires microscopy confirmation of the diagnosis, to avoid overtreatment with potentially toxic drugs (74).

Moreover, very low parasitemia requires concentration techniques to detect infection through microscopic examination. The most sensitive technique is represented by mini anion exchange centrifugation technique (mAECT) which consists in separating trypanosomes present in the blood sample by anion exchange chromatography and then concentrating them by low-speed centrifugation. This allows to examine a large volume of blood and therefore to detect concentrations of parasites lower than 50 trypanosomes/ml (75).

The CSF white blood cell count is the most widely used technique for stage determination; also, protein concentration in the CSF is diagnostic because proteins are elevated in HAT patients and range from 100 to 2,000 mg/liter. High level of IgM in CSF is diagnostic for second-stage disease. Other tests are based on polymerase chain reaction (PCR) technology, and serological tests that can demonstrate the antibodies after 3-4 weeks of infection (73).

The staging of the disease by examining the CSF is essential, and an elevated white blood cell count (>WBC 5 cells/μL) or the presence of trypanosomes in the CSF indicate a second stage disease. The quantitative buffy coat (QBC) has the advantages of concentrating the parasites by centrifugation and is a very sensitive technique (76).⁠

Following the recent introduction of fexinidazole in the therapeutic armamentarium (see below), HAT is classified into 3 subclasses according to the number of WBCs on the CSF (Table 3) (5).⁠


Table 3 | Categorization of Human African Trypanosoma based on CSF findings (according to WHO guidelines 2019).



Blood parameters that are suspicious for HAT infection are increased sedimentation rate and low hematocrit, but these are non-specific signs of inflammation. Thrombocytopenia is generally mild or absent, liver and renal function tests are usually within normal limits or slightly elevated. Low serum C3 levels and split C3 products can be found, reflecting complement activation (77).⁠





Treatment and management

All HAT patients should undergo anti-trypanosomal treatment. However, the choice of treatment depends on the infecting subspecies (T. b. gambiense versus T. b. rhodesiense) and the stage of the disease (Table 4).


Table 4 | Schematic overview on drugs used for the treatment of Human African Trypanosomiasis.






Drugs overview 

	Pentamidine



It is a di-cationic aromatic diamidine and its mechanism of action is due to the binding to the double helix DNA of the trypanosome at the level of the AT-rich sequences, preventing replication and transcription in the kinetoplast and/or in the nucleus. It accumulates in the trypanosome cell and does not leave it even when the drug is removed from the extracellular space (78).⁠ Other mechanisms involved in the trypanocide activity of pentamidine appear to be the selective inhibition of the plasma-membrane Ca2+-ATPase of T. brucei (79) and the collapse of the mitochondrial membrane potential (80), ⁠ but it is not clear if the latter is a consequence of the pentamidine-induced kinetoplast dysfunction or constitutes an independent effect of the drug (81). Due to its chemical structure, pentamidine does not cross cell membranes, but requires transporters. The mutation of the genes encoding these membrane transporters explains the eventual resistance to the drug by T. brucei. The first discovered was P2 (Purine transporter 2), encoded by the TbAT1 gene, and it is responsible for the uptake of both melarsoprol and pentamidine and its mutation determines a high resistance to melarsoprol and low to pentamidine (82).⁠

Therefore, other possible transporters involved in resistance mechanisms have been studied, identifying a high-affinity transporter for pentamidine and melaminophenyl arsenic drugs, whose mutation is the main responsible for resistance to both these drugs (83). Despite the existence of these resistance mechanisms, the cure rate in case of treatment of the first stage of gHAT with pentamidine is between 93 and 98% and it has not decreased over decades (5)⁠. Furthermore, pentamidine does not cross the blood-brain barrier and therefore its use is indicated only in the hemolymphatic phase. However, some studies have demonstrated the efficacy of pentamidine also in the early-second stage (84).⁠ Currently it is used for the treatment of the first gHAT stage, if fexinidazole is contraindicated (5)⁠. Pentamidine is not indicated as a first-line treatment for the first rHAT stage as several therapeutic failures have been recorded in the past. However, it constitutes the second line of treatment in case of unavailability of suramine (3).

	Fexinidazole



It is a new drug approved by EMA in 2018 for the gHAT treatment. It is a nitroimidazole derivative from which the parasite’s nitroreductase generates reactive amines and other metabolites, which have a toxic effect on trypanosomes. The great advantage of this drug over the others is the oral administration, which could avoid hospitalization, and the risks associated with parenteral or intramuscular treatments. Its effectiveness has been demonstrated both in the first and in the second stage of the disease: Specifically, fexinidazole showed an efficacy of over 99% in the first stage and in the early second stage of gHAT, and 91% in the late second stage, lower than the 97% efficacy rate obtained during Nifurtimox/Eflornithine Combination Therapy (NECT). This efficacy rate, however, is fully acceptable considering the great advantage of access to treatment for a greater number of people using the oral formulation and avoiding the need for lumbar puncture to differentiate clinical disease stages (if there is no clinical suspicion of severe second-stage), mostly in areas where access to diagnostic tools and hospital care is limited (85, 86).⁠ Fexinidazole could be administered also to non-hospitalized patients. It has few side effects: The most frequent are vomit, nausea and asthenia, prolongation of QT interval and psychiatric disorders (insomnia, hallucinations, ecc) (87). Fexinidazole is currently only indicated for the treatment of gHAT. The safety and efficacy of the drug for the treatment of the first and second stages of rHAT is still being studied with a project launched in 2018 and supported by the Drugs for Neglected Diseases initiative (DNDi) (88, 89).

	NECT (Nifurtimox/Eflornithine Combination Therapy)



Eflornithine is an analogue of the amino acid ornithine and a suicide inhibitor of ornithine decarboxylase (ODC). This is a fundamental enzyme to produce polyamines, essential for cell division. The ODC of T. b. gambiense is very stable and irreversible inhibition by eflornithine ensures that the trypanosome cell is deprived of these polyamines for a long time, since it does not have a transport system for them. The ODC of T. b. rhodesiense has a much shorter half-life than that of T. b. gambiense and this difference seems to explain the ineffectiveness of eflornithine in the treatment of rHAT (78).⁠ It is a trypanostatic drug, therefore it is necessary that the immune system is intact in order to achieve the cure. In immunocompromised subjects, Eflornithine alone can cause therapeutic failure (5). The main mechanism of acquisition of trypanosome resistance to eflorinithine seems to be linked to the loss of a membrane transporter for amino acids, caused by the mutation of the TbAAT6 gene that encodes it, rather than to mutations in the gene that encodes for decarboxylase (79, 90).

Nifurtimox is a nitro-heterocyclic trypanocide whose exact mode of action is unknown: It seems that it can generate free radicals such as superoxide (78), through a NADH-dependent type 1 nitroreductase (NTR), whose reduced expression could explain the onset of resistance to nifurtimox (91) and a cross-resistance with fexinidazole (92). Nifurtimox has low trypanocidal activity therefore its use as monotherapy is not indicated, but its use has been approved in combination therapy with eflornithine, NECT (93).⁠ This combination regimen replaced the previous 2 weeks eflornithine monotherapy, considering that NECT is non-inferior (94, 95), simpler, shorter, burdened with fewer side effects and less expensive than eflornithine monotherapy (96–100). NECT became the first-choice treatment for severe second stage gHAT with > 100 WBC/μL in CSF and in early second-stage gHAT (> 6-99 WBC/μL in CSF) when fexinidazole is contraindicated (i.e. children aged < 6 years, body weight < 20 kg). Eflornithine alone is only used in second stage gHAT when NECT is not feasible because the companion drug nifurtimox is unavailable or contraindicated and when fexinidazole cannot be given. Hospitalization of the patient is required as these drugs are administered intravenously (5)⁠. Moreover, the combination therapy with two drugs with different pharmacological activity seems to protect against the onset of resistance to individual drugs. Nifurtimox causes oxidative stress while eflornithine, by blocking the biosynthesis of polyamines, causes a reduction in the biosynthesis of trypanothione, which constitutes the main oxidative stress protection system. This combined effect may explain the increased parasiticidal effect when used in combination therapy, even if they do not seem to have a synergistic effect (93).⁠ NECT is generally well tolerated and the most frequent side effects are gastrointestinal symptoms that occur in more than 50% of cases but are generally mild and do not require discontinuation of therapy (5).

	Suramin



Is the first drug used for the treatment of sleeping sickness. Suramin carries out its antiparasitic activity by inhibiting various enzymatic targets: dihydrofolate reductase (101)⁠, thymidine kinases (102)⁠, glycolytic enzymes (103)⁠ among the others (104).⁠ Suramin is a large molecule that has six negative charges at physiological pH, therefore it does not cross cell membranes and needs transporters to enter the cell. This mechanism seems to be represented by at least two different receptor-mediated endocytosis pathways (104).⁠ Due to its chemical characteristics, suramine does not cross the blood brain barrier; therefore, it is indicated only for the first rHAT stage. Although it is active in the first gHAT stage, it is preferred to use fexinidazole or pentamidine due to the greater manageability of these drugs and because suramine is also active on onchocerciasis, whose prevalence is higher in endemic regions for T. b. gambiense, and its administration to people co-infected with these two parasites can lead to the development of severe immunological reactions. The main adverse reaction is represented by nephrotoxicity, which however is generally moderate and reversible (3).⁠.

Recent studies have shown that trypanosome strains expressing VSGsur possess heightened resistance to suramine; in fact, VSGsur is capable of binding tightly to suramine unlike the other types, causing phenotypic resistance (105, 106).⁠ However, after more than 100 years of using suramine, trypanosome resistance to this drug is still not a problem and, in almost all cases, the treatment of the first rHAT stage is highly effective. Therapeutic failures can occur if the parasite has already crossed the blood brain barrier, where the drug cannot reach it (105).

	Melarsoprol



It is an arsenic-derived drug introduced in 1949 whose mechanism of action seems to be linked to the formation of potentially toxic adducts with trypanothione and to alterations of the parasite’s mitotic processes through its action on multiple kinases (81).⁠ Melarsoprol needs a specific uptake to enter the cell and exert its action. This uptake occurs via P2 adenosine transporter (encode by AT1 gene) and aquaglyceporin 2 (AQP2), that are parasite-specific, being therefore responsible for selective toxicity of the drug (94, 107).⁠ The mutations of the genes that code for these transporters are partly responsible for the onset of drug resistance, which emerged already in the 1970s and widely spread at the end of the years ‘90. In fact, around the 2000s, high rates of therapeutic failure of melarsoprol therapies were recorded (around 20%), especially in DRC (108), Uganda (109, 110), Angola (111) and southern Sudan (112). Pentamidine uses the same transporters as melarsoprol to enter the cell so there can be cross-resistance between these two drugs (83).⁠ However, for now, resistance to melarsoprol remains the only clinically relevant one (107).⁠

Other resistance mechanisms have been studied, such as mutations of the genes encoding the kinases involved in the control of the cell cycle of the parasite (81).⁠ The main side effect related to this drug is a severe encephalopathy syndrome, that is likely an immune phenomenon, whose incidence ranges from 2 to 10% of all patients treated with melarsoprol and is fatal in about 50% of those affected. It usually occurs 7–14 days after the first injection of the drug. Three clinical forms of melarsoprol-associated encephalopathy have been proposed: Coma type, convulsion type and psychotic reactions. The first two have a worse prognosis than the last (113, 114).⁠ In the event of the onset of this syndrome, discontinuation of administration and the use of corticosteroids are indicated (5).⁠ Heart failure is also common in patients treated with melarsoprol, but it is unclear whether this is mainly attributable to drug toxicity or the known pathogenicity of HAT on the cardiovascular system (5)⁠. Given the high incidence of serious adverse effects, the availability of other drugs and widespread drug resistance, melarsoprol is now only indicated in rHAT second stage and in the treatment of recurrent relapse after first-line and rescue treatments (including NECT, NECT-long, fexinidazole or eflornithine monotherapy) in gHAT (3, 5)⁠. Concomitant administration of oral prednisolone is indicated to prevent encephalopathy. The administration of the drug requires the hospitalization of the patient (5, 115). To solve the problems related to therapy with melarsoprol, the association of melarsoprol with cyclodextrin molecules (melarsoprol-cyclodextrin complex) has been proposed: This association does not seem to affect the trypanocidal effect of the compound, but it seems to improve its ability to cure the second phase of rHAT and reduce the neuroinflammatory reaction; moreover it could be administered orally, avoiding hospitalization and reactions associated with intravenous infusion of the drug (116). This new formulation requires further studies to allow its approval, but in 2012 the WHO added it to the list of orphan drugs (117).

	Acoziborole



Acoziborole is a new oral compound that in preclinical data has shown activity against T. b. gambiense and to reach adequate concentrations for the treatment of all stages of gHAT after a single oral dose of 960 mg in the fasted state.

A recent trial reported a success rate at 18 months of 100% in 41 patients with early/intermediate stage and 95.2% in 167 patients with late stage, with a safety profile. Its approval and introduction would be an important tool in achieving the elimination of T. b. gambiense sleeping sickness, especially in those areas where access to medical care is limited, because it could eliminate the need for lumbar puncture and hospitalization of the patient and would not require adherence to the assumption of the therapy that currently instead fexinidazole requires (118–120).





Treatment of T. b. gambiense HAT

To decide what treatment the patient diagnosed with gHAT will undergo, the presence of signs and symptoms indicative of a severe second-stage disease (e.g. sleep and movement disorders, see above) is evaluated. If these are absent, it is not considered necessary to perform the lumbar puncture and, if the patient is over 6 years old and weighs more than 20 kg, he can be treated with fexinidazole. This therapy will be taken at home if there is probable certainty of the patient’s adherence to the therapy and food intake, otherwise it will be administered in the hospital. If there are criteria for exclusion from therapy with fexinidazole or in case of unavailability of this drug, the patient will be a candidate for NECT or pentamidine therapy, therefore lumbar puncture will be indicated. If there is a clinical suspicion that the disease is in a severe second stage, lumbar puncture is required. If the lumbar puncture cannot be performed, it is indicated to prescribe NECT. If, on the other hand, lumbar puncture is performed and there are less than 100 WBC/μL in CSF and the patient is older than 6 and weighs more than 20 kg, oral therapy with fexinidazole is indicated. If there are less than 100 WBC/μL in CSF and the patient is younger than 6 and weighs less than 20 kg, oral therapy is not possible: So if there are 5 WBC/μL in CSF or less and no trypanosomes are present, the patient will be treated with pentamidine. In case of WBC above 5/μL he will be treated with NECT (5)⁠ (Table 5).


Table 5 | Algorithm on the management of persons with Gambience HAT in accordance to WHO recommendation.







Treatment of T. b. rhodesiense HAT

Treatment options for rHAT are more limited: the drug of choice for the first stage is suramine. If this is unavailable or contraindicated, the alternative is represented by pentamidine. The only drug available for the second stage (WBC > 5/μL of CSF) is melarsoprol, which as mentioned above has high toxicity and significant resistance rates (3) (Table 6).


Table 6 | Treatment options for rHAT.








Elimination strategies




gHAT

As mentioned above, humans are the main reservoir of T. b. gambiense, therefore elimination strategies must aim first at the diagnosis and treatment of infected subjects to reduce reservoir and transmission to healthy susceptible patients. Moreover, the symptoms in infected people can be absent or vague for a long time, so often there is an important diagnostic delay. For these reasons, the most effective strategy is the active case detection through mobile teams. The second strategy is vector control, trying to eliminate the tsetse mosquito or prevent its bite. The strategies already used have made it possible to achieve a better target than that set by the WHO for 2020: In fact, the eradication program hoped to reach less than 2000 cases declared per year by 2020, but already in 2019, fewer than 1000 cases were declared. The new goal set by WHO is zero cases of gHAT declared per year by 2030 (interruption of transmission), as indicated in the NTD road map 2021-2030 (6).

	Active case detection



It consists in the mass screening of the population at risk carried out by mobile teams through the use of CATT or RDTs (see above in “Diagnosis” section). The first one requires specialized staff, the maintenance of the cold chain and an agitator (and thus electricity) to be performed and this makes it difficult to use it in screening in rural areas (74, 121).

RDTs are easy to use and interpret, and they have features that allow their use even in rural endemic areas (74). Anyway, both tests are characterized by low PPV (74). In settings where there is a low incidence of the disease, tests with high specificity and high positive predictive value are necessary to identify the reservoirs and treat them (test-and-treat strategy), avoiding false-positives that could generate alarm, the implementation of unnecessary actions and the over-treatment of the population. Therefore, due to their characteristics, both CATT and RDTs are not suitable for screening in the population in which there is a very low incidence of disease or for post-elimination monitoring and other tests are being developed for these settings (122). An algorithm for active screening strategies for the elimination of gHAT in foci where transmission is high or moderate (annual incidence > 1 case per 10,000 people over the last 5 years) has been proposed by WHO (3) (Figure 3).

	Passive case detection






Figure 3 | Algorithm proposed by the WHO for active screening strategies for the elimination of gHAT in foci where transmission is high or moderate.



It consists in the diagnosis of trypanosomiasis of patients who seek for care in health centers. The effectiveness of this action in elimination strategies is very limited by several factors: first, in low endemic areas the staff could be unconfident with HAT. Therefore, diagnostic algorithms were developed to suspect the disease based on the three main symptoms: Sleep disturbances, weight loss and neurological symptoms. Health center facilities often do not have rapid tests and blood samples must be sent to referral centers. Third, the patients can be asymptomatic or paucisymptomatic for a long time and can access to a health center several months after symptoms’ onset, representing a potential long-lasting human reservoir (123).





rHAT

Prevention and control measures of rHAT are complex because it is a zoonosis and the main reservoir is represented by animals (livestock and wildlife), which ensure the maintenance of a population of infected tsetse flies that occasionally transmit the disease to humans. At this moment, complete transmission disruption and elimination are not possible. For this reason, in NTD road map 2021-2030 rHAT is targeted for elimination as a public health problem (<1 case/10 000 people/year, in each health district calculated on the average of the previous five years) (6). Control of the parasite in the animal reservoirs and/or reduction of tsetse vector populations play a key part with medical interventions in reducing human cases (3).

	Active case detection



The clinical diagnosis of rHAT is complex because of unspecific symptoms and signs. There are no serological tests to facilitate the diagnosis, although the high level of parasitemia during the infection could improve the detection of an active case. In consideration of the epidemiology and the acute presentation of the disease, active detection of infected individuals is inefficient and cost ineffective.

	Passive case detection



The systemic nature of symptoms in the first stage, the lack of early recognition of the disease by clinicians and the low experience in optical microscopy diagnosis cause important delays in detection and treatment. Such delay increases the chance of the second stage disease, whose fatality rate is 2.5 times higher than that of patients at first-stage disease (124, 125).

The aim of passive case detection is therefore to identify and treat rHAT cases as quickly as possible and to do this it is necessary to develop reliable rapid diagnostic tests and enhance the capacity for treatment of the health care facilities (53).

	Control of animal reservoirs.



Control of transmission from the animal reservoir is required to control rHAT (3). While the treatment of livestock with anti-trypanosome drugs and specific insecticides is relatively cheap and easily feasible and has proven to be effective in reducing reservoir and vectors, on the other hand, treatment of the wildlife is not a viable option as it would be extremely expensive and difficult to implement. For this reason, contact between humans and wildlife should be limited or, if it is not possible, appropriate protective measures should be used to avoid tsetse fly bites (53, 126).





Vector control: Methods and efficacy to reduce the diffusion of Human African Trypanosomiasis

Vector control is used to diminish the tse-tse fly population to a level at which the transmission infection is significantly reduced and is the primary method to control animal trypanosomiasis (3).

Over the years, different methods have been used, depending on economic resources, epidemiology and specific environmental factors. The principal methods are: clearing of vegetation; ground spraying of insecticide at the tse-tse breeding sites (127); persistent insecticides (no longer used due to environmental concerns); live animal or artificial baits like insecticide-treated cattle (128) or traps (129–131) and insecticide impregnated screens (132, 133),

The elaboration of cost-effective vector control strategies needs to consider various factors including the geography of the place, the human and vector population density, the presence of animal reservoirs, the operational costs, the prevalence of the disease, the environmental impact, etc.

With regards to gHAT, although active case detection and treatment and passive surveillance are considered the main strategies for elimination of the disease and have made it possible to greatly reduce the incidence of the disease, several studies have demonstrated the importance and efficacy of vector control in reducing the tsetse fly population to achieve the interruption of the transmission and the elimination of the diseases (134).

Previously vector control strategies for gHAT were considered too expensive for low resource countries (135), however the introduction of Tiny Targets, insecticide-impregnated panels that attract and kill tse tse flies, has proven to be advantageous and economically sustainable in these settings (132, 136–138).

As mentioned, the goal of vector control strategies is not to completely eliminate tse tse flies, but to reduce their density by at least 70%, as it has been seen that this allows to reach the interruption of the transmission of the disease. For example, in a study carried out in Uganda the use of Tiny Target near watercourses has been shown to reduce tsetse population density by more than 90% and achieve the goal of stopping transmission in these areas. However, Tiny Targets require maintenance and a median life of 61 days of these instruments was recorded, with discrete variability based on their location (139).

Moreover the vector control strategies and the use of Tiny Targets cannot be standardized and replicated in the same way for each situation, but it must be elaborated according to the specific characteristics of each setting (140).

Therefore a recent study examined five different health districts of the Democratic Republic of Congo (the country with the highest burden of gHAT) and for each one developed the most appropriate and cost-effective elimination strategy pattern, combining active screening, passive screening and vector control, based on the particular features of the setting and also considering the role of the recently introduced oral drug, fexinidazole (141).

The role of animals as a reservoir of infection for T. b. gambiense and their impact on achieving elimination of the disease is still debated: however, the implementation of vector control strategies can also have an effect in reducing any transmission between animals and humans (142, 143).

A study based on mathematical models found that animal transmission appears to be statistically significant in 24 of 158 geographic areas considered in the study. From the same model that takes animal transmission into account, it emerged that by reducing the population of vectors (responsible for the transmission of the disease from both animals and humans) in addition to the medical activities, in 147/158 zones it would be possible to achieve the goal of elimination of transmission by 2030, compared to 61/158 foreseen by the model without vector control (144).

With regards to rHAT, vector control plays a fundamental role in reducing the animal reservoir and therefore the risk of transmission to humans. Among the methods proposed, one of the most cost-effective seems to be the use of insecticide-treated cattle (ITC), in particular the restricted application of insecticides in the areas of the body of the animals most exposed to vector bites (foot and belly) every two weeks (145). In a study based on mathematical models this vector control strategy was found to be more advantageous than the use of trypanocides in a setting in Uganda where the presence of wild reservoirs is limited (146).

A Progressive Control Pathway has been proposed to achieve elimination of African Trypanosomiasis in animals and, in the context of vector control, suggests a first suppression phase, aimed at reducing the population density of tsetse, followed by an elimination phase. Some techniques are considered more effective in the suppression phase, as ITC (insecticide-treated cattle, see above), ITT (insecticide-treated target) and SAT (aerial spraying), while SIT (Sterile Insect Technique) seems to be more useful for the phase of elimination, considering that it is more effective when the number of vectors is lower (147).

However, according to a One Health approach, not only the economic sustainability of these techniques must be evaluated, but also the impact on the environment, biodiversity and human and animal health. In this regard, the sterile insect technique seems to be one of the most environment friendly (148).

Maybe even more than gHAT, vector control strategies for rHAT are extremely complex and require specific evaluations with teams of experts from various sectors (ecology, veterinary, medicine, epidemiology, etc.) and the awareness and involvement of stakeholders, including farmers, to develop the most appropriate strategies for each setting and the sustainability of these strategies should be assessed periodically.

Moreover, in order to optimize vector control activities for Human and Animal African Trypanosomiasis and not waste important resources in low-income settings, the impact of climate change on the distribution of the tsetse fly population must be considered. In fact, some mathematical models predict that the rising temperatures will cause the disappearance of tsetse flies from some current habitats and their movement to higher and cooler zones, currently inhospitable for them. This could lead to outbreaks of disease in areas that are not currently affected and it could make the strategies already put in place useless (149–151).






Discussion and conclusions

The early achievement of the objectives set by the WHO roadmap makes it possible to reach the goals by 2030. It would be useful to enhance training programs for healthcare workers and implement the development of highly reliable and easy-to-use rapid diagnostic tests taking into account practical needs (e.g. tests that do not require the cold chain and electricity). This would reduce the diagnostic delay which often characterizes both forms of HAT and which implies an increase in mortality and the persistence of human reservoirs.

Furthermore, the availability of new oral drugs for gHAT capable of crossing the blood-brain barrier, such as fexinidazole, would make it possible to overcome the diagnostic and therapeutic difficulties associated with peripheral settings. It would be useful to assess the efficacy of fexinidazole in the treatment of rHAT to expand the therapeutic armamentarium with low toxic, affordable and more manageable drugs, even reducing the direct and indirect costs associated with prolonged hospitalization.

Moreover the availability of an oral drug as acozoribole, which requires once administration and that could be active also in late stage, could make elimination strategies even more effective and simple, especially in peripheral settings (test-and-treat). The integration of efficient surveillance and health systems can play a key role in the elimination strategy of African trypanosomiasis. Furthermore, the effectiveness of these strategies could be increased through the implementation of a One Health approach, coordinating and strengthening the interaction between the various sectors involved (ecology, epidemiology, health system, veterinary services, sociology), as is being experienced in some countries (152, 153) and considering the impact of Climate Change on disease distribution in the coming years.
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