
Archive ouverte UNIGE
https://archive-ouverte.unige.ch

Thèse 2013                                     Open Access

This version of the publication is provided by the author(s) and made available in accordance with the 

copyright holder(s).

Cerebrospinal fluid biomarkers for stage determination and treatment 

outcome evaluation in patients affected by Human African trypanosomiasis

Tiberti, Natalia

How to cite

TIBERTI, Natalia. Cerebrospinal fluid biomarkers for stage determination and treatment outcome 

evaluation in patients affected by Human African trypanosomiasis. Doctoral Thesis, 2013. doi: 

10.13097/archive-ouverte/unige:29046

This publication URL: https://archive-ouverte.unige.ch/unige:29046

Publication DOI: 10.13097/archive-ouverte/unige:29046

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.

https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:29046
https://doi.org/10.13097/archive-ouverte/unige:29046


UNIVERSITÉ DE GENÈVE 
Section des Sciences Pharmaceutiques FACULTÉ DES SCIENCES 

Prof. Leonardo Scapozza 
 

 
Département des Sciences des Protéines Humaines FACULTÉ DE MÉDECINE 

Prof. Jean-Charles Sanchez 
 

 
 
 
 
 
 
 
 
 

Cerebrospinal Fluid Biomarkers for Stage Determination and 
 

Treatment Outcome Evaluation in Patients Affected by Human 
 

African Trypanosomiasis 
 
 
 
 
 

THÈSE 
présentée à la Faculté des sciences de l’Université de Genève 

pour obtenir le grade de Docteur ès sciences, mention interdisciplinaire 
 
 
 
 
 
 
 

par 
Natalia Tiberti 

de 
Parma (Italie) 

 
 
 
 
 
 
 
 
 
 

Thèse N° 4527 
 
 
 
 
 
 

GENÈVE 
Atelier de reproduction ReproMail 

2013 
  



 



ACKNOWLEDGMENTS 

First I would like to acknowledge the members of the jury, Prof. Concha Gil, Prof. François Chappuis 
and Prof. Leonardo Scapozza, who kindly agreed to evaluate my work and to take part to my PhD 
examination. 

The project presented in this thesis is the result of a huge collaboration involving a lot of people and 
research groups. For me it has been a great opportunity to be part of this network and to be in close 
contact with some of the world experts of sleeping sickness. So I want to express my gratitude to Dr. 
Veerle Lejon and Prof. Philippe Büscher from the Institute of Tropical Medicine in Antwerp, Dr. 
Diedonné Mumba Ngoyi from the Institut National de Recherche Biomédicale in Kinshasa, Dr. 
Bertrand Courtioux and Dr. Sylvie Bisser from the University of Limoges, Dr. Enock Matovu and Prof. 
John Enyaru from the Makerere Univeristy, Prof. Krister Kristensson from the Karolinska Institute and 
Prof. Sanjeev Krishna from St. Georges’ University of London. I want also to acknowledge Dr. Joseph 
Mathu Ndung’u from the Foundation for Innovative New Diagnostics (FIND) for scientific and 
financial support. 

These years have not only been a scientific experience but a life experience, and this is due to a great 
group in which I had the opportunity to work in. One day a wise man said: “Il n’y a pas de problème, 
il n’y a que des solutions!”. Thank you Jean-Charles, you guided me during these years and you 
taught me to face my doctorate experience with this positive spirit.  

This project would not have been possible without the precious participation of Xavier, Natacha, 
Noémie and Catherine, so thank you very much for your support, your enthusiasm and for having 
listened to me every time I needed you. A very special thanks to Alex, you introduced me into the 
“trypa” world. I learned a lot from you (even if not only good things!) and I feel really lucky to have 
worked with you during these years.    

If I could spend four wonderful years, despite as a PhD student, I have to thank Domitille and 
Vanessa. We have shared so much that any word would be reductive. I just want to say to you that 
you will be part of the best memories I will have of my PhD. 

For me it has been a pleasure to share my working days with the people of the “CPG bureau”, so a 
huge thanks to the Italian girls, Paola, Carla and Sabrina, but also to Fabienne, Isabelle, Olivier, 
Carine, Jaques and Adelina, and of course a great thank you to all the other members of the BPRG 
and especially to my “PhD mates” Didia, Anne, Virginie, Florent, Leire, HuiSong, Francesco and 
Florian. 

Un ringraziamento speciale va ai miei genitori, a mia sorella e alle mie amiche di sempre, Irene, 
Virginia, Giorgia e Alessia. Grazie per aver supportato le mie scelte e grazie per non avermi fatto 
sentire la distanza da casa.  

Infine la mia piu grande riconescenza va a Davide, mio compagno di avventura. Che la vita possa 
sempre guidarci verso nuove ed entusiasmanti esperienze come è stato fino ad oggi, e come scrisse 
Daniel Pennac “È proprio quando si crede che sia tutto finito, che tutto comincia”. 

 

 



 



TABLE OF CONTENTS 

 
 

 

 

Summary 

Résumé 

Abbreviations 

 

 

  

CHAPTER 1: Introduction                                                                        

1. Human African trypanosomiasis (HAT) 

1.1 Overview on HAT                                                                 
1.2 Epidemiology 
1.3 Clinical presentation and disease progression 
1.4 Diagnosis and current clinical practice 
1.5 Treatment and post-therapeutic follow-up 
1.6 Pathogenesis 

2. The quest for new HAT biomarkers 

2.1 Disease biomarkers 
2.2 Biomarkers & HAT 
2.3 CSF as source of disease biomarkers 
2.4 New CSF tools for HAT stage determination and          

treatment outcome evaluation 

3. Aim of the project 

References 

 

CHAPTER 2: Discovery and validation of osteopontin and beta -2- 
microglobulin as promising markers for staging human African 
trypanosomiasis 

 

CHAPTER 3: A combined CXCL10, CXCL8 and H-FABP panel for the 
staging of human African trypanosomiasis patients 

 

 

 

15 
 

15 
17 
18 
20 
22 
24 

29 

29 
30 
31 

 
32 

35 

37 
 
 
 
 
 
 
 
 
 

 

 

 

7 

9 

11 

13 

43 

61 



 
  
  

CHAPTER 4: Matrix metalloproteinase-9 and intercellular 
adhesion molecule 1 are powerful staging markers for human 
African trypanosomiasis 

 

CHAPTER 5: Cerebrospinal fluid neopterin as marker of the 
meningo-encephalitic stage of Trypanosoma brucei gambiense 
sleeping sickness  

 

CHAPTER 6: Neopterin is a cerebrospinal fluid marker for 
treatment outcome evaluation in patients affected by 
Trypanosoma brucei gambiense sleeping sickness 

 

CHAPTER 7:  New biomarkers for stage determination in 
Trypanosoma brucei rhodesiense sleeping sickness patients   

 

CHAPTER 8: Discussion and Conclusions                                                                        

1. Finding new HAT biomarkers 

2. HAT markers and neuro-pathogenesis 

3. Can we really replace WBC counting? 

4. Future perspectives 

4.1 Translation of neopterin into clinical practice: POCT           
& TOC                                                                 

4.2 New insights in HAT pathophysiology 
4.3 From CSF markers to plasma markers 

5. Impact of the study and conclusions 

References 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
127 

 
131 

 
134 

 
135 

 
 

135 
136 
136 

138 

140 

 

 

 

77 

87 

99 

113 

125 



SUMMARY 

Human African trypanosomiasis (HAT), also known as sleeping sickness, is a neglected tropical 

disease affecting rural communities in sub-Saharan Africa. The disease is caused by Trypanosoma 

brucei parasites, which are transmitted to humans through the bite of a tsetse fly. The two 

subspecies T. b. gambiense and T. b. rhodesiense are responsible for two clinically different forms of 

HAT. T. b. gambiense, widespread in West and central Africa, causes a chronic infection and accounts 

for 90% of all HAT reported cases, while T. b. rhodesiense causes an acute disease in East Africa and it 

is responsible for approximately 5% of reported cases.  

In both cases the disease progresses from a first heamolymphatic stage (stage 1, S1), 

characterized by the presence of parasites in patients’ blood and lymph, to a second meningo-

encephalitic stage when the parasites are assumed to invade the central nervous system (CNS). Late 

stage patients can present extensive neurological disorders and need to be treated with drugs able to 

cross the blood-brain barrier (BBB). These drugs can be highly toxic (i.e. melarsoprol) or associated to 

logistic constrains (i.e. eflornithine), therefore the exposure of S1 patients to these treatments 

should be avoided, since they can be safely treated with pentamidine or suramin.  

A patient is classified and treated as S2 after demonstration of the presence of parasites in the 

cerebrospinal fluid (CSF) and/or a counting of white blood cells (WBC) in CSF > 5/µL. However, 

current staging methods are unsatisfactory due to limited sensitivity, specificity or reproducibility, 

and not considered as a gold standard. Furthermore, due to a reduced efficacy of some S2 drugs 

observed during the last years, patients cannot be considered immediately cured but need to be 

followed after treatment to detect relapses. HAT follow-up consists in the finding of parasites in 

blood and CSF and in counting of CSF WBC each 6 months for two years. However, specific WHO 

guidelines to diagnose relapses are missing and the applied tools suffer from the same limitations 

highlighted for the staging. The need of alternative tools to WBC counting for both stage 

determination and treatment outcome evaluation is thus urgent and necessary to achieve a more 

reliable management of patients suffering from HAT. 
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Summary 

The aim of the present study was to identify and validate staging markers for the stratification 

of HAT patients before the treatment and to predict the outcome during the follow-up. By using 

complementary discovery approaches and integrating data published in the literature, we highlighted 

8 molecules, IgM, MMP-9, ICAM-1, VCAM-1, CXCL10, CXCL13, neopterin and B2MG, as the most 

promising T. b. gambiense staging markers. Through validation on a large multicenter cohort, we 

showed the high staging accuracy of neopterin (84% specificity and 100% sensitivity) for T. b. 

gambiense HAT and its potential for replacing the counting of WBC. To extend the utility of these 

markers, they were also evaluated for the treatment outcome prediction in patients suffering from T. 

b. gambiense and for staging T. b. rhodesiense. Interestingly, neopterin showed high accuracy in 

detecting relapses after treatment in T. b. gambiense patients and in shortening their follow-up as 

soon as 6 months (87% specificity and 92% sensitivity) or 12 months after treatment (97% specificity 

and 94% sensitivity). However, this marker did not show the same staging power when assessed on 

T. b. rhodesiense patients. For this form of HAT we highlighted IgM, MMP9 and CXCL13 as new 

promising staging markers, individually or combined into panels of three molecules with CXCL10. 

In conclusion, we propose neopterin as a new alternative to the counting of the WBC to 

ameliorate the stage determination and the evaluation of the outcome after treatment for patients 

suffering from T. b. gambiense sleeping sickness. Its introduction on the field as a rapid test might 

have a major impact on both patients’ management and disease control. Furthermore, our 

preliminary study on T. b. rhodesiense HAT suggests further investigations on this disease form to 

find new staging markers and to increase the knowledge on the physiopathology of HAT.  
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RÉSUMÉ 

La trypanosomiase humaine Africaine (THA), ou maladie du sommeil, est une maladie tropicale 

négligée qui atteint les communautés rurales de l’Afrique sub-saharienne. La maladie est provoquée 

par un parasite, le Trypanosoma brucei, qui est transmit à l’homme par la mouche tsétsé. En Afrique 

il existe deux sous-espèces de ce parasite, T. b. gambiense et T. b. rhodesiense, qui sont responsables 

des deux formes différentes de la maladie. La première, T. b. gambiense, induit la majorité des cas 

reportés (> 90%) et provoque une maladie chronique en Afrique centrale et de l’ouest. Le parasite T. 

b. rhodesiense, quant à lui, est responsable d’une maladie aigüe répandue en Afrique de l’est qui 

correspond approximativement à 5% des cas reportés.  

Dans les deux cas, la maladie évolue en deux stades. Le premier, le stade 1 (S1), se caractérise 

par la présence de parasites dans les compartiments sanguin et lymphatique. Le deuxième, le stade 

neuro-encéphalique ou stade 2 (S2), se caractérise par le passage du parasite au travers de la 

barrière hémato-encéphalique et par l’invasion du système nerveux central. Les patients au stade 2 

peuvent présenter des signes et symptômes neurologiques étendus et doivent obligatoirement être 

soignés avec des médicaments capables de traverser la barrière hémato-encéphalique. Toutefois, ces 

médicaments peuvent être très toxiques, comme le melarsoprol, ou très compliqués à administrer, 

notamment l’eflornithine, et l’exposition de patients S1 à ces molécules doit donc être évitée. 

Le classement des patients en stade 2 se fait sur la base de la détection des parasites dans le 

liquide céphalorachidien (LCR) et/ou d’un comptage des globules blancs (GB) dans le LCR supérieur à 

5 cellules/µL. Ces méthodes de détermination du stade ne sont pas satisfaisantes puisqu’elles ont 

une sensibilité, spécificité ou reproductibilité limitée. De plus, les patients souffrants de la THA ne 

peuvent pas être considérés guéris immédiatement après le traitement, puisqu’ils peuvent subir une 

rechute de la maladie. Un suivi post-thérapeutique est donc nécessaire. Ce suivi est réalisé par des 

visites qui s’effectuent tous le 6 mois pendant deux ans. Les patients sont alors testés pour la 

présence de parasites dans le sang et dans le LCR et les globules blancs sont comptés dans le LCR. 

Toutefois, dans l’état actuel des choses, il n’existe pas de recommandations spécifiques de l’OMS 

pour diagnostiquer des rechutes, et les méthodes actuellement utilisées souffrent des mêmes 
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Résumé 

limitations que celles précédemment décrites pour la détermination du stade. Des alternatives au 

comptage des GB sont donc réellement nécessaires pour aboutir à une meilleure gestion des patients 

souffrants de la maladie du sommeil.  

L’étude présentée ici a pour objectif d’identifier et de valider de nouveaux marqueurs pour la 

détermination du stade et l’évaluation du résultat post-thérapeutique pour la THA. Grâce à une 

approche de découverte multiple et à l’intégration des données bibliographiques, 8 molécules (IgM, 

MMP-9, ICAM-1, VCAM-1, CXCL10, CXCL13, néoptérine and B2MG) ont été sélectionnées comme les 

marqueurs les plus prometteurs pour la détermination du stade des patients souffrant de THA à T. b. 

gambiense. Lors de la validation de ces marqueurs sur une plus grande population, la néoptérine 

était la molécule la plus exacte pour la détermination du stade (84% spécificité, 100% sensitivité) et 

la plus prometteuse pour le remplacement du comptage des GB. Afin d’élargir leur utilité, ces 

marqueurs ont aussi été évalués pour le résultat du suivi post-thérapeutique des patients souffrant 

de la maladie à T. b. gambiense, ainsi que pour la détermination du stade des patients affectés par la 

forme rhodesiense. Dans le premier de ces deux cas, la néoptérine a montré une exactitude élevée 

pour la détection des rechutes et la réduction du suivi à 6 mois (87% spécificité et 92% sensibilité) ou 

à 12 mois (97% spécificité et 94% sensitivité) après le traitement. Toutefois, ce même marqueur 

n’était pas aussi efficace pour la détermination du stade pour la maladie à  T. b. rhodesiense. Pour 

cette forme de THA, les molécules IgM, MMP-9 et CXCL13, individuellement ou en combinaison avec 

CXCL10, étaient les meilleurs marqueurs du stade.  

Dans l’étude présentée dans ce manuscrit, nous proposons la néoptérine comme une nouvelle 

alternative au comptage des GB pour deux applications : la détermination du stade et du résultat 

après le traitement pour les patients souffrant de la THA à T. b. gambiense. L’introduction de ce 

marqueur sur le terrain sous forme d’un test rapide pourrait améliorer significativement la gestion 

des patients et le contrôle de la maladie. De plus, les résultats préliminaires obtenus pour la THA à T. 

b. rhodesiense peuvent représenter une base pour des recherches ultérieures sur la détermination 

du stade ainsi que pour la compréhension de la physiopathologie de la maladie du sommeil.   
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Chapter 1 

 

1. Human African trypanosomiasis (HAT) 

1.1 Overview on HAT 

Human African trypanosomiasis (HAT), also known as sleeping sickness, is a disease 

endemic in sub-Saharan Africa affecting mainly rural communities.1 The first reports on this 

disease date to the 18th century, when the naval surgeon John Atkins described the illness in West 

Africa.2 During the 20th century, the discoveries made by a number of investigators led to the 

characterization of the disease, its causing agent and its vector (Table 1).  

 

PRINCIPAL INVESTIGATORS FINDING 

T.M. Winterbottom, 1792 
Described a human illness associated with a cervical lymphoadenopathy and 
lethargy 

Livingstone, 1847 
Identified the tsetse fly as the vector of an illness affecting domestic animals called 
Nagana 

Bruce, 1894 Identified trypanosome parasites as the cause of Nagana 

Dutton and Todd, 1902 
Described trypanosomes as the causing agent of the illness described by 
Winterbottom in West Africa. They named the disease “Trypanosome fever” and 
the parasite “Trypanosoma gambiense” 

Castellani, beginning of 20th 
century 

Detected the presence of trypanosomes in patients’ cerebrospinal fluid 

Bruce, beginning of 20th century 
Demonstrated that the tsetse fly is responsible for the transmission of the disease 
to humans 

Stephens and Fantham, 1910 Discovered the Trypanosoma rhodesiense parasite in East Africa 
Kinghorn and Yorke, 1911 Demonstrated the transmission of Trypanosoma rhodesiense to humans 

Table 1 Summary of the most important findings leading to the characterization of human African 
trypanosomiasis.2,3 
 

 

Thanks to the improvements in medical and parasitological tools, we know today that 

sleeping sickness is a focal disease caused by an extracellular protozoa belonging to the genus 

Trypanosoma that proliferates in body fluids.4 

Two subspecies of this parasite are responsible for the human form of sleeping sickness: 

Trypanosoma brucei gambiense and Trypanosoma brucei rhodesiense. The letter parasite is also 

responsible for the animal form of the disease called Nagana.5 Animals represent reservoirs for 

the disease and play an important role in its transmission. These parasites are specifically 

transmitted to mammal hosts by tsetse flies of the genus Glossina, widespread in sub-Saharan 
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Africa. The geographical distribution of the tsetse fly determines the geographical distribution of 

the disease within the so-called tsetse belt (Figure 1A).4  

 

 

Figure 1 A) Geographical distribution of the tsetse fly within the tsetse belt; B) Representation of countries 
endemic for HAT, and the focal distribution of HAT; from Simarro et al.6 

 

 

T. b. gambiense and T. b. rhodesiense are the only two sub-species of trypanosome able to 

cause the human illness.4 The ability of these parasites in infecting humans has been attributed to 

their resistance to the trypanosome lytic factor present in human blood, to which the other 

species of parasite diffused in Africa, such as T. b. brucei, T. vivax and T. congolense,  are instead 

sensitive.7,8 The SRA gene, coding for the Serum Resistance Associated protein, has been 

identified as the resistance factor in T. b. rhodesiense,9,10 while the mechanism of resistance of T. 

b. gambiense is still unknown.  

The life cycle of gambiense and rhodesiense parasites is characterized by a cyclic 

transmission between the fly and the mammal host. A fly becomes infected when it takes a blood 

meal from a subject carrying the trypomastigote form of the parasite. Once in the fly gut, the 

parasite starts a development cycle which lasts for 3-4 weeks and ends with the generation of 
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metacyclic trypanosomes in the salivary gland. This metacyclic form is infective when transmitted 

to the host, where it starts multiplying by binary fission (Figure 2).5 A fly carrying the parasite 

remains infective for its whole life, however, only 0.1% of the flies carry mature parasites infective 

for humans and cattle.1 

 

 

Figure 2 Life cycle of African trypanosomes in the tsetse fly and in the human host 

From: http://www.dpd.cdc.gov/dpdx 
 

 

1.2 Epidemiology 

Sleeping sickness is endemic in 200 known foci in 36 countries of the sub-Saharan Africa3 

(Figure 1B). According to the last reports, less then 10’000 new cases have been reported in 

2009.4 Trypanosoma brucei gambiense is responsible for a chronic infection in 24 countries in 

Western and central Africa11 accounting for more than the 90% of all HAT reported cases. On the 

other hand, Trypanosoma brucei rhodesiense causes an acute infection in Eastern Africa and it is 

responsible for approximately 5% of reported cases.12 The two forms of parasite are 
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geographically separated by a thin line passing through Uganda, which is the only country where 

both forms are present.  

Historically, the prevalence of the disease followed waves of epidemic according mainly to 

the socio-political stability of the affected countries. After the last epidemic during the 90’s, WHO, 

together with NGOs, adopted a number of resolutions leading to a reduction of 69% and 21% of 

gambiense and rhodesiense reported cases during the period 1997-2006, respectively.11  

Currently, the disease is considered to be under control, with 19 of the 36 endemic 

countries registering no new cases in 200912 and a total number of reported cases of 7’139 in 

2010 (http://apps.who.int/neglected_diseases/ntddata/hat/hat.html). The real number of people 

suffering from sleeping sickness is, however, considered to be approximately three times higher.13 

Compared to other diseases endemic in Africa such as malaria, tuberculosis and HIV, the 

incidence of HAT is low and places it in a group of diseases called Neglected Tropical Diseases 

(NTD).14 However, considering the DALY (Disability Adjusted Life Year) index, an estimator of the 

years of healthy life lost by premature mortality or disability due to a specific disease, HAT is one 

of the most disabling neglected tropical diseases. According to the WHO Global Burden of Disease 

(GBD) study, in 2004 the DALYs lost due to HAT were considered of 1’609’041.15,16 

 

1.3 Clinical presentation and disease progression 

Sleeping sickness typically progresses through two stages. The first stage (stage 1, S1), or 

heamolymphatic stage, occurs after an incubation period that can vary from 1 to 3 weeks after 

the bite of the tsetse fly. This stage is characterized by the proliferation of parasites in the 

bloodstream and the lymphatic system. If stage 1 patients are not properly treated, the disease 

progresses to the second stage (stage 2, S2) or meningo-encephalitic stage, due to the invasion of 

the central nervous system (CNS).17 The disease is considered to be fatal if left untreated.18  

The speed of progression from the first to the second stage varies according to the form of 

the infecting parasite: for T. b. gambiense, stage one can last for months or years before to evolve 
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to the second stage, while in the case of T. b. rhodesiense the evolution to the second stage 

occurs within few weeks after infection.18  

The clinical manifestations of the two forms of HAT are different. A common feature is the 

unspecific clinical symptoms and signs presented by early stage patients, including general 

malaise, fever, headache, pruritus, oedema, splenomegaly, hepatomegaly and weight loss.19 

Often, stage 1 disease can mimic other illnesses endemic in the same regions, such as malaria and 

HIV, which can even coexist in patients affected by sleeping sickness.5 Two signs can be indicative 

of stage 1 disease: the Winterbottom’s sign (i.e. cervical lymphoadenopathy) for the gambiense 

form, and the inoculation chancre for the rhodesiense one.4 However, both these clinical signs 

have limited utility, since they rapidly disappear after infection. 

As the disease evolves into the second stage, the clinical symptoms and signs become more 

specific with appearance of neurological disorders of different entity as a consequence of the 

meningo-encephalitis.18 These neurological disorders are more evident in patients affected by the 

gambiense form.19 One of the most characteristic neurological complications of sleeping sickness, 

which gives the disease its name, is the dysfunction of the sleep-wake cycle, with daytime 

somnolence and an alteration of the normal sleep structures with the appearance of “SOREMPs” 

(sleep onset REM periods) events.20 The most common clinical features of late stage sleeping 

sickness caused by gambiense and rhodesiense parasites are summarized in Table 2.  
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S2 clinical presentation T. b. gambiense T. b. rhodesiense 
Entity of neurological involvement Extensive Mild 
Onset of neurological manifestations From several months to two years after 

infection 
Few weeks after infection 

Most important neurological 
manifestations 

- Constant headache 
- Impaired motor functions 
- Psychiatric changes 
- Pruritus 
- Weight loss 
- Wasting 
- Splenomegaly and hepatomegaly 
- Adenopathy 
- Sleep disorders  

- Tremors 
- Anaemia 
- Thrombocytopenia 
- Abnormal hepatic 
functions 
- Cardiac abnormalities 
- Sleep disorders 

Main cause of death Bacterial infections Cardiac complications 
Time interval between infection and 
death 

From months to years From 6 to 9 months  

Table 2 Principal features of the clinical presentation of late stage HAT caused by T. b. gambiense and T. b. 
rhodesiense.2,5,19 
 

 

1.4 Diagnosis and current clinical practice 

The diagnostic workflow for T. b. gambiense HAT patients consists in three steps: i) 

serological screening, ii) parasitological confirmation and iii) staging. The diagnostic workflow for 

patients suffering from T. b. rhodesiense HAT consists only in parasitological examination and 

staging. 

The serological screening of gambiense HAT is performed using the CATT (Card 

Agglutination Test for Trypanosomiasis), a test for the detection of antibodies against the parasite 

present in patients’ blood. This rapid and chip test has been introduced in 197821, however it is 

not effective for the detection of T. b. rhodesiense HAT. Despite its high specificity (95%) and 

sensitivity (87-98%) in detecting patients carrying parasites in their blood, its accuracy is not 

sufficient to introduce it as a diagnostic gold standard5. Furthermore, it has been reported a 

decreased accuracy of the CATT in some foci where particular strains of trypanosomes are 

present.22 Thus the diagnostic confirmation of both T. b. gambiense and T. b. rhodesiense is still 

based on the parasitological detection by microscopy of trypanosomes in blood, lymph or 

cerebrospinal fluid (CSF). A summary of the most used parasitological techniques and their limit of 

detection is reported in Table 3.  
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Technique Principle LOD 
(nb tryps/mL) SE% Notes 

LYMPH NODE 
ASPIRATE 

Detection by microscopy of 
motile trypanosomes in fresh 
preparation. 

50-100 40-80 Performed only when 
enlarged cervical lymph 
nodes are present. 

WET BLOOD 
FILM 

Examination by microscopy of 
finger prick blood. Easy and 
cheap. 

6000-10000 20 Not very useful for the 
detection of T. b. 
gambiense due to the low 
parasitemia. 

THICK BLOOD FILM Examination by microscopy of 
Geisma stained blood. Cheap and 
widely used on the field. 

600-5000 40 The SE can be increased by 
repeating the examination. 
It allows visualizing also 
other parasites. 

MICROHEMATOCRIT 
CENTRIFUGATION 
(mHCT) 

Centrifugation of finger prick 
blood in capillaries containing 
anticoagulant. Parasites are 
visualized by microscopy at the 
buffy coat. For each patient 6-8 
capillaries are examined. Cheap 
and used by mobile teams. 

500-600 50 The presence of microfilaria 
interferes with the test.   

QUANTITATIVE 
BUFFY COAT (QBC) 

Centrifugation of blood in 
capillary containing acridine 
orange and heparin to easily 
visualize trypanosomes under UV 
light. 

15-300 80 Requires relatively 
sophisticated material, it 
can detect plasmodium. 
The capillaries are not 
produced anymore. 

MINI-ANION 
EXCHANGE 
CENTRIFUGATION 
(mAECT) 

Separation and concentration of 
trypanosomes from venous blood 
by anion exchange 
chromatography. Parasites are 
then visualized by microscopy.   

15-100 80-90 Time consuming and 
expensive. Specific for 
trypanosomes. 

Table 3 Description of the methods currently used for the parasitological detection of trypanosomes in 
blood and/or lymph.5 LOD: limit of detection; SE%: sensitivity%. 
 

 

Current diagnostic tools have, however, some limitations, and it has been reported that 20-

30% of T. b. gambiense patients could be missed at diagnosis as a consequence of a low 

parasitemia.5,23,24 

Alternatives to the current serological and parasitological tools have been proposed, such 

as the Latex/Tbg,25,26 immunoassays,27 PCR for the amplification of specific DNA or RNA sequences 

of gambiense or rhodesiense parasites22,28,29 or proteomic fingerprint.30,31 However, the 

applicability of these approaches was hampered either by a lower accuracy compared to actual 

tools, or by a limited possibility of being used as field test. Recently a new isothermal PCR, called 

LAMP, has been developed and seems to be the most promising alternative to the classical 

parasitological examination.32,33   
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All patients having a positive parasitological examination need to undergo a lumbar 

puncture for stage determination in order to determine the treatment to be administered. As 

recommended by WHO,34 stage determination is based on the counting of leukocytes, the finding 

of parasites and the measurement of the protein concentration in CSF. Due to the low 

reproducibility and the controversy concerning the recommended cut-off, protein concentration 

is no more performed.19 

Late stage HAT is defined by CSF white blood cells (WBC) > 5 cells/µL and/or parasites 

detected in patients’ CSF. Both examinations should be performed soon after the lumbar 

puncture due to the low stability and rapid lyses of leukocytes and trypanosomes in CSF. In case 

of high CSF parasitemia, trypanosomes can be visualized directly in the counting chamber during 

the WBC counting by microscopy. However, more frequently, parasites need to be concentrated 

using the double centrifugation35 or the modified single centrifugation techniques36 to increase 

the sensitivity. 

Despite WHO recommendations, a gold standard for stage determination is still missing as 

current staging tools present a number of limitations.37 The detection of parasites in CSF is not 

sensitive enough to be used as a unique staging method, while the counting of the leukocytes has 

limited specificity and reproducibility.11,38,39 Furthermore, the cut-off of 5 WBC/µL of CSF is not 

universally accepted and some countries apply a cut-off for staging at 10 or 20 cells/µL.38 This led 

to the introduction of a third “intermediate stage” or “early-late stage”, represented by patients 

having WBC between 5 and 20/µL of CSF and no parasite detected. These patients have, in fact, 

been reported to be potentially cured with stage 1 drugs.40,41 

 

1.5 Treatment and post-therapeutic follow-up 

The choice of the treatment for HAT patients strictly depends on the form of the infecting 

parasite and on the stage of the disease. This aspect underlines the importance of a correct 

stratification: stage 2 patients need to be treated with drugs able to cross the blood-brain barrier 
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(BBB) and to diffuse in the central nervous system, but, since these drugs can be highly toxic, the 

exposure of S1 patients to them should be limited. Currently, stage 1 patients can be treated with 

pentamidine (T. b. gambiense) or with suramin (T. b. rhodesiense); both these drugs are relatively 

safe and cause only reversible side effects.42  

Interestingly, low levels of pentamidine have been detected in patients’ CSF, so that it has 

been proposed for the treatment of intermediate patients.40 However this is not recommended as 

a routine clinical practice. 

Till few years ago, the treatment of late stage patients was, based on melarsoprol, an 

arsenic derivate compound effective in treating both gambiense and rhodesiense diseases. This 

drug is associated to severe, and sometimes fatal, side effects. The most important one is 

represented by a post-treatment reactive encephalopathy (PTRE) that occurs in 4.7% of 

gambiense patients and in 8% of rhodesiense patients, and causes the death in 44% and 57% of 

them, respectively.42 Furthermore, an increased relapse rate after melarsoprol treatment has 

been observed during the last years in some foci,42,43 probably due to the development of 

resistant parasite strains.44  

Unlikely, melarsoprol is the only treatment choice available for T. b. rhodesiense late stage 

patients; while T. b. gambiense S2 patients can be treated with eflornithine or NECT (nufurtimox-

eflornithine combination therapy).12,45 

Eflornithine has been introduced as first line treatment for S2 gambiense HAT after the 

demonstration of its efficacy and its lower toxicity compared to melarsoprol.46 However, this drug 

presents some limitations, mainly associated to a complicated administration, high costs and 

logistic constrains. Furthermore, adverse drug reactions are common after treatment with 

eflornithine, and a high risk of development of resistance to this drug exists.42 The combination of 

eflornithine with the oral drug nifurtimox as NECT should be preferred. NECT has the advantage 

of reducing the amount of eflornithine to be administered, thus reducing costs, and of decreasing 

the risk of development of resistant strains.42,47 
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Even so, none of these drugs represents an optimal treatment choice, and investigations to 

find new therapies able to safely treat both stage 1 and stage 2 patients or to ameliorate 

melarsoprol therapy for rhodesiense patients are ongoing.48-50 

After treatment, patients cannot be considered immediately cured as relapses can occur 

(mainly for late stage cases). To early detect treatment failures or to confirm cure, HAT patients 

need to be followed for two years after treatment. The follow-up consists in the examination of 

blood and CSF for the presence of parasites, and in the counting of CSF WBC. These investigations 

are performed at the end of the treatment and then they are repeated each 6 months till the 

accomplishment of a follow-up of two years.51  

According to WHO,51 a relapse is diagnosed following the detection of trypanosomes in any 

body fluid at any time of follow-up. Patients without detected parasites, but having WBC ≥ 20/µL 

in CSF at any time of follow-up are classified as probable relapse. Both relapses and probable 

relapses are considered as treatment failures and should be re-treated. However, this does not 

reflect the current clinical practice and different criteria have been proposed and applied on the 

field.51,52 A major drawback in the current practice for the detection of treatment failures is 

represented by the lack of a generally accepted cut-off for the WBC counting. Two important 

studies have recently been published proposing new algorithms for the detection of cases of 

treatment failure and for the reduction of the follow-up at 6 and 12 months after the end of the 

treatment.53,54 The lack of a cut-off for the counting of the WBC is not the only limitation of 

current tools. As already described for the staging, cell counting and parasite finding suffer in 

specificity and sensitivity, respectively.  

 

1.6 Pathogenesis 

Thanks to a variety of studies in experimental models (mainly mouse, rat and primate) and 

a limited number of studies on human post-mortem samples, many aspects of HAT pathogenesis 
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in both blood and CNS have been clarified. Even if many mechanisms still need to be understood, 

it is now clear that the host immune response plays a central role in HAT pathogenesis.17  

HAT in the blood compartment 

One of the most interesting mechanisms characterizing the pathogenesis of sleeping 

sickness is the antigenic variation of trypanosomes, which allows parasites to escape the host 

immune response. In hosts’ body fluids, the surface of the parasite is covered with variant surface 

glycoproteins (VSG) and the 10% of the whole parasite genome encodes for different VSG.55 One 

VSG type is expressed at one time, and the trypanosome switches to a different one as soon as 

the host immune response becomes effective. This mechanism has two main consequences: the 

development of waves of parasitemia in patients’ blood, and the inefficiency of the host immune 

response in achieving a complete clearance of parasites.56 This process of antigenic variation has 

so far hampered the development of vaccines against HAT57 and, despite the efforts in trying to 

target non- or less-variable parasite antigens, for the moment the production of anti-HAT vaccines 

does not seem to be a short term reality.58 

The host immune response is, however, effective in killing most of the parasites, leading to 

the release in body fluids of soluble VSG (sVSG) linked to glycosylphosphatidyl-inositol (GPI) 

anchors. The GPI-sVSG complexes are highly immunogenic and further stimulate the immune 

response.17,59 Four central inflammatory mechanisms are elicited by the parasites. Briefly, 

parasites can directly activate macrophages and B cells (i.e. innate immunity activation); activated 

B cells will in turn produce antibodies able to clear circulating parasites expressing the specific 

VSGs. Peptides derived from GPI-sVSG can then be expressed on the surface of antigen presenting 

cells in association with MHC II molecules leading to the activation of Th lymphocytes and the 

type 1 cytokine immune response. Th lymphocytes participate in the further activation of B 

lymphocytes (Th dependent activation) to achieve an increased production of antibodies. Th cells 

are also involved in the production of IFN-γ, which further activates macrophages and induces the 

release of trypanocidal factors, such as TNF-α and NO.56,60,61   
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HAT in the central nervous system 

The neuroinflammatory response in late stage HAT presents some peculiar characteristics 

including the early activation of macrophages and astrocytes, the presence of perivascular 

infiltrates of inflammatory cells (perivascular cuffing) and of Mott cells (plasma cells containing 

IgM), and the up-regulation of inflammatory cytokines.61-63 

The activation of astrocytes is one of the earliest events in the neuro-pathogenesis of 

HAT.64 Through studies in mouse models, it has been proposed that this activation could occur 

prior to the development of the inflammatory response in the brain.18  

Activated astrocytes and macrophages are two important sources of cytokines and 

chemokines in the brain. These include IFN-γ, IL-10, TNF-α, IL-8 and IL-6.17,18 It has been proposed 

that the balance between pro- and counter-inflammatory cytokines can determine the outcome 

of the disease and the clinical manifestations.17 Cytokines and chemokines are also involved in the 

process of leukocytes transmigration across the BBB.65,66 This mechanism, in fact, requires a 

chemotactic gradient, for the recruitment of leukocytes to the site of inflammation, and a number 

of interactions between surface molecules of leukocytes and endothelial cells (integrins and 

adhesion molecules), which mediate the passage of leukocytes through the basement 

membrane.63,66 Leukocytes are then sequestrated in the perivascular space and matrix 

metalloproteinases are needed for the further passage through the basement membrane and the 

glial limitans to reach the brain parenchyma.67,68  

An important role in the neuroinflammation is also played by IFN-γ, which seems to be 

involved in the penetration of the parasites into the brain.69 Although this mechanism of 

penetration is not completely understood, the most widely accepted theory indicates that 

trypanosomes penetrate in the CNS where the barrier is more permissive, such as at the choroid 

plexus, through a temporary opening of the tight junctions, but without the destruction of the 

integrity of the BBB.70 Further investigations are needed to better explain the spatio-temporal 
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relation of leukocytes and parasites penetration in the brain and the development of the immune 

response. A graphical representation of these events and their relation is reported in Figure 3.  
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Figure 3 Principal mechanisms involved in the neuro-inflammation of HAT. The sequelae of events leading 
to the invasion of the CNS and the development of a neuro-inflammatory response has been derived from 
studies in animal models and human samples. Figure adapted from Kennedy PG, 200418 and Rodgers J, 
201063. MΦ=macrophage. 
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2. The quest for new HAT biomarkers 

2.1 Disease biomarkers 

According to a definition given in 2001 by a Working Group of the National Institutes of 

Health (NIH), a biomarker, or biological marker, is a characteristic that is objectively measured 

and evaluated as an indicator of normal biological processes, pathogenic processes, or 

pharmacologic responses to a therapeutic intervention.71 Examples of clinically useful biomarkers 

are the measurement of low density lipoprotein cholesterol (LDL-C) as indicator of risk for cardio-

vascular diseases,72 C-reactive protein as indicator of inflammation73 or serum prostate specific 

antigen (PSA) as a marker for prostate cancer.74 

The development of new disease biomarkers for clinical use has been recently described as 

a 5 steps process consisting in: i) discovery and verification of potential candidates; ii) validation 

through the development of pre-clinical assays; iii) test of biomarkers utility in prospective 

longitudinal studies; iv) prospective screening and v) determination of the impact of the 

biomarker on disease control and management.75 Although proposed for cancer biomarkers, this 

workflow can easily be applied to other pathologies. 

Disease biomarkers are currently a widely studied topic of research. Different approaches 

can be used to discover new molecules able to diagnose or prognosticate specific disease states 

or to indicate the effects of a therapeutic intervention. Thanks to the recent technological 

improvements, some popular approaches today consist in the systematic evaluation of variations 

in gene expression (i.e. transcriptomics), protein expression (i.e. proteomics) and metabolite 

production (i.e. metabolomics).76-78 Furthermore, the introduction of new bioinformatics analyses 

and tools allows integrating the information obtained with the different “omics” techniques to 

obtain a more complete evaluation of the mechanisms leading to the pathological condition,79 as 

well as the combination of markers into panels to achieve an increased accuracy.80 However, 

despite the high number of studies proposing new potential biomarkers, only few of them 

subsequently enter clinical validation studies for the assessment of their potential application. 
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Most of them, in fact, show limited accuracy, usually expressed in term of specificity and 

sensitivity, when validated on larger cohorts. This aspect highlights the importance of the 

validation studies to determine the clinical utility of a newly discovered marker. The most 

commonly used indicators of the diagnostic or prognostic accuracy of a marker are listed in Table 

4.    

 

Indicator Abbreviation Formula Definition 
TRUE POSITIVE TP  Patients correctly classified as positive 
TRUE NEGATIVE TN  Patients correctly classified as negative 
FALSE POSITIVE FP  Patients incorrectly classified as positive  
FALSE NEGATIVES FN  Patients incorrectly classified as negative 
ACCURACY ACC (TP+TN)/(P+N) Proportion of correctly classified patients in the population 
SPECIFICITY SP TN/(TN+FP) Proportion of negative patients correctly rejected by the test 
SENSITIVITY SE TP/(TP+FN) Proportion of positive patients correctly detected by the test 
POSITIVE 
PREDICTIVE VALUE PPV TP/(TP+FP) Proportion of positive tests that correctly indicates positive 

patients 
NEGATIVE 
PREDICTIVE VALUE NPV TN/(TN+FN) Proportion of negative tests that correctly indicates negative 

patients 

POSITIVE 
LIKELIHOOD RATIO LR+ SE/(1-SP) 

Likelihood of the test being positive in positive patients 
compared to the likelihood of the test being positive in 
negative patients 

NEGATIVE 
LIKELIHOOD RATIO LR- (1-SE)/SP 

Likelihood of the test being negative in positive patients 
compared to the likelihood of the test being negative in 
negative patients 

Table 4 Definition of the most important clinical indicators of marker accuracy. Adapted from80,81. P = 
positive results (TP+FP), N = negative results (TN+FN).  
 

2.2 Biomarkers & HAT 

The reduction in the number of reported cases of sleeping sickness observed during the last 

years12 indicates that the disease could potentially be eliminated.11 However, many aspects in 

patients’ management need further improvements. The weakest points are currently represented 

by the stage determination, the evaluation of the outcome after treatment, for which diagnostic 

gold standards are still missing, and the therapeutic intervention. Despite the efforts to try to find 

new drugs able to safely treat both stages of disease, in some cases, treatment is still based on 

the use of obsolete and toxic drugs, such as melarsoprol, or drugs difficult to administer and 

whose distribution in remote rural areas represents an important issue. These aspects underline 

the central need of a correct stage determination. On the other hand, the early detection of cases 
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of treatment failures is essentially to promptly re-treat relapsing patients. Improved tools in both 

these areas are also essential to keep the disease under control. Current methods for both stage 

determination and treatment outcome evaluation, i.e. counting of WBC and detection of 

parasites, are unsatisfactory (see paragraph 1.4 and 1.5) and alternative tools are strongly 

needed. New HAT markers should, however, present some characteristics associated to the 

nature of sleeping sickness as a tropical neglected disease. To be clinically useful for HAT, a 

biomarker should in fact not only be highly accurate, but should also have the potential of being 

translated into a cheap and easy to use rapid field test for mass population applications.  

A number of studies have been led to try to identify new markers for stage determination 

and/or treatment outcome evaluation. Late stage HAT and relapses of late stage disease are 

considered to be characterized by a meningo-encephalitis. Thus, it is not surprising that most of 

the studies performed so far focused on the finding of CSF biomarkers. The choice of focusing on 

CSF can find two main explanations: i) both stage 1 and stage 2 patients have parasites in their 

blood, making the probability of finding a plasma marker able to discriminate those patients 

having parasites in the brain from those who have not, very difficult and challenging, ii) CSF 

examination is part of the current diagnostic workflow, thus a CSF biomarker would not represent 

a worsening of the current clinical practice. Only few examples can be found in the literature 

focusing on HAT plasma markers, however the most interesting published results concerned 

mainly the observation of decreased plasma levels of molecules such as NO , IFN-γ82 or IL-1083 

after treatment rather than the comparison of pre-treatment plasma markers between stages. 

 

2.3 CSF as a source of disease biomarkers 

Cerebrospinal fluid is the body fluid that best reflects the physiological or pathological state 

of the central nervous system due to its proximity with CNS structures.84,85 It is mainly produced at 

the choroid plexus, were it is separated by the blood circulation through the blood-CSF barrier. 

CSF is produced at a flow-rate of approximately 500mL/24h86 and its composition is strictly 
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regulated by the selectivity of the BBB.85 The CSF proteome is for its most part composed by 

proteins derived from blood and, as it happens in plasma, albumin and immunoglobulins 

represent approximately 70% of the total CSF protein amount.87 The 20% of CSF proteins are 

synthesized in the brain, although they are rarely considered brain specific.86,88  

CSF protein content is of particular clinical utility since increased protein concentration can 

be indicative of neurological disorders. This increase can be the result of either a BBB dysfunction, 

thus an increased passage of proteins from the blood to the CSF, or of an increased intrathecal 

synthesis.86 These conditions can be evaluated considering that: i) the albumin present in the CSF 

exclusively originate from blood; ii) in normal conditions the ratio between albumin concentration 

in blood and CSF (QAlb) is constant and iii) in normal conditions, for those proteins that can be 

synthesized in the brain such as IgG, the relation between QIgG and QAlb is constant. An increased 

QAlb is thus considered to be indicative of BBB brain barrier dysfunction, while the evaluation of 

QIgG and QAlb through Reibergrams can highlight the intrathecal origin of proteins (e.g. IgGIF).85,88 

The assessment of the intrathecal synthesis of immunoglobulins can be particularly helpful 

as it can indicate an inflammatory process occurring in the brain.88,89 Furthermore, the humoral 

immune response in the brain has some important and peculiar characteristics such as the 

absence of the switch between IgM and IgG, a low decay of CSF antibodies and an increased cell 

count,88 which together considered can further help in evaluating pathological conditions. 

These characteristics make CSF an important source of biomarkers for the diagnosis, 

prognosis or for therapeutic decision for many malignant conditions affecting the CNS. Classical 

examples of biochemical markers of clinical utility are represented by the detection of oligoclonal 

bands in the CSF for the diagnosis of multiple sclerosis,90 Aβ42 protein, total and phosphorylated 

tau protein for Alzheimer’s disease91 and 14-3-3 protein for Creutzfeldt-Jakob disease.92  

 

2.4 New CSF tools for HAT stage determination and treatment outcome evaluation  
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Cerebrospinal fluid has been extensively investigated for the finding of new staging markers 

and new tools for the detection of treatment failure in HAT. 

The increased concentration of immunoglobulins in the CSF of HAT late stage patients is 

known since long time.93 More recently it has been shown that IgM is the predominant class 

found in the CSF of S2 patients and their intrathecal production was demonstrated,41,94 indicating 

the presence of a brain inflammatory process not associated to damages to the BBB. IgM, and in 

particular those of intrathecal origin, are actually considered the best alternative to the counting 

of the WBC for staging T. b. gambiense HAT. A rapid agglutination test for the evaluation of IgM 

concentration in the CSF was developed (Latex/IgM).25,95,96 High correlation between the 

Latex/IgM end titre and the intathecal IgM production was shown,96 however, there are still not 

enough evidences to introduce it into clinical practice for stage determination. The same 

approach has also been tested for the evaluation of the outcome after treatment during the 24 

months post-therapeutic follow-up. Latex/IgM, combined to the counting of the WBC, was able to 

accurately detect relapses at 18 months, but CSF IgM levels showed a slow normalization during 

time in cured patients.97 

Another alternative proposed for both applications is the amplification of specific parasite 

DNA sequences by PCR. This approach is highly specific, however its global accuracy for stage 

determination and treatment outcome evaluation under field conditions has still not be 

determined yet.98,99 

Other approaches that have been proposed include the detection of auto-antibodies 

against brain proteins (galactocerebroside and neurofilament),100,101 the detection of B-cells 

expressing CD19 through the formation of rosettes102,103 and the recording of the sleep patterns 

characteristic of HAT sleep disturbances through polysomnography.20,104 This latter approach 

represents the only non-invasive alternative proposed so far. All these methods need further 

investigations to determine their accuracy for stage determination and/or treatment outcome 

evaluation on large populations, and to assess the possibility of their use under field conditions.  
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As explained in the paragraph 1.6, it is now well recognized that the inflammatory response 

within the brain is responsible for the neuro-pathogenesis of HAT and that the balance between 

pro- and anti-inflammatory cytokines determines the outcome and the clinical manifestations of 

the disease.18,105 Therefore, it is not surprising that a number of studies focused on the evaluation 

of immune mediators as indicators of the CNS involvement, even if the temporal relation between 

the penetration of the parasites in the CNS, the development of the neuro-inflammation and the 

onset of clinical manifestations of late stage HAT is still not understood. 

This approach led to the identification of molecules over-expressed in the CSF of late stage 

patients that could be potentially used as biomarkers. A summary of the most important findings 

is reported in Table 5. 

Despite their potential as diagnostic markers of the meningo-encephalitic stage of T. b. 

gambiense or T. b. rhodesiense HAT, they further verification in prospective longitudinal studies is 

strongly required.  

 

Marker Form of HAT Reference 
IL-1β Tbg 106 
CXCL8 Tbg 106 
CCL-2 Tbg 106 
CCL-3 Tbg 106 
IL-10* Tbr & Tbg 83,97,107,108 
IL-6 Tbr & Tbg 107,108 
Neopterin Tbr 107 
IL-8 Tbg 108 
Lipocalin-2 Tbr & Tbg 109 
SLPI Tbr & Tbg 109 
CXCL10 Tbr & Tbg 109,110 
IFN-γ Tbg 110 
CXCL13 Tbg 111 

Table 5 List of immune-related factors proposed for the staging and/or follow-up of HAT patients. Tbg: T. b. 
gambiense; Tbr: T. b. rhodesiense. *IL-10 was evaluated for both staging and follow-up applications.  
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3. Aim of the project 

The lack of a generally accepted gold standard for stage determination and treatment 

outcome evaluation represents a major limitation in the management of patients suffering from 

HAT. Based on the need of new alternatives to current methods, the aim of the project here 

presented, was to identify CSF markers able to accurately diagnose the meningo-encephalitic 

involvement characterizing HAT late stage and relapsing patients. Based on the integration of 

different discovery approaches, the ultimate goal was to characterize cerebrospinal fluid 

biomarkers for three different applications: i) staging T. b. gambiense patients; ii) treatment 

outcome evaluation for T. b. gambiense patients; iii) staging T. b. rhodesiense patients.  

A classical workflow for biomarker discovery and validation was first applied for the 

investigation of T. b. gambiense HAT. This form of disease was preferred to T. b. rhodesiense due 

its higher prevalence (>90% of cases) and, as a consequence, the availability of larger study 

cohorts. The CSF proteome of patients affected by T. b. gambiense HAT was thus first investigated 

using complementary proteomics approaches, i.e. 2D gels and quantitative mass spectrometry, to 

assess whether differentially expressed proteins could distinguish between stage 1 and stage 2 

patients (Chapter 2).  

The technical limitations of proteomics tools, however, do not allow detecting all proteins, 

and those less abundant are often missed. Based on the hypothesis that the inflammatory 

response is central in the pathogenesis of CNS disease, a number of immune-related factors as 

well as 3 brain damage markers, H-FABP, GSTπ-1 and S100β,112-114 were tested using 

immunoassays on a small number of CSF samples (Chapter 3 and 4), to highlight molecules able to 

stratify patients.  

Altogether considered, and with the addition of some potential markers taken from the 

literature or tested by the Institute of Tropical Medicine (ITM - Antwerp, Belgium), a list 

comprising 36 candidate biomarkers for the staging of gambiense sleeping sickness was obtained. 

A statistical selection was performed to highlight the 8 best molecules (IgM, B2MG, neopterin, 
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ICAM-1, VCAM-1, MMP-9, CXCL10 and CXCL13), which showed the highest accuracy as staging 

tools. These 8 molecules were tested on a multicenter cohort encompassing 512 T. b. gambiense 

patients collected in three different countries (Chapter 5). To try to extend the potential utility of 

these markers, they were also assessed as test-of-cure on a large population of T. b. gambiense 

patients followed after treatment, comprising S2 patients cured and S2 patients experiencing a 

relapse, to evaluate their ability in detecting treatment failures and their potential in shortening 

the follow-up (Chapter 6). 

Finally, a small population of patients suffering from the acute form of sleeping sickness, 

i.e. T. b. rhodesiense HAT, was investigated to determine whether the same markers could be 

used for the stratification before treatment of both forms of HAT (Chapter 7). 

 A global view of all the results reported in the different chapters will be given in chapter 8, 

together with the discussion of the most important implications of the present study and the 

future perspectives.  
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The first step towards the identification of biomarkers for stage determination in patients affected by 

sleeping sickness consisted in the comparison of CSF samples taken from early and late stage patients 

affected by T. b. gambiense HAT, using proteomics strategies.  

Two complementary approaches have been applied: two-dimensional gel electrophoresis, for the 

investigation of CSF samples from 9 HAT patients, and quantitative mass spectrometry based on tandem 

mass tag (TMT) labelling on pooled CSF samples. By combining the results of the two approaches we 

obtained a list of proteins over-expressed in the CSF of HAT late stage patients.  

Based on protein functions, the potential involvement on disease progression and on the novelty for 

HAT staging, we selected beta-2-microglobulin, osteopontin and complement factor H for further 

verifications using immunoassays.  

This work was published in 2010 in Molecular and Cellular Proteomics. My contribution consisted in 

performing 2-DE experiments, data analyses and markers verification and in writing the paper.  
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SUMMARY 
Human African trypanosomiasis (HAT), or sleeping sickness, is a parasitic disease endemic in sub-

Saharan Africa, transmitted to humans through the bite of a tsetse fly. The first or 
haemolymphatic stage of the disease (S1) is associated with presence of parasites in the 
bloodstream, lymphatic system and body tissues. If patients are left untreated, parasites cross the 
blood-brain barrier (BBB) and invade the cerebrospinal fluid (CSF) and the brain parenchyma, 
giving rise to the second or meningoencephalitic stage (S2). Stage determination is a crucial step 
in guiding the choice of treatment, as drugs used for S2 are potentially dangerous. Current staging 
methods, based on counting white blood cells (WBC) and demonstrating trypanosomes in CSF, 
lack specificity and/or sensitivity. In the present study, we used a number of proteomic strategies 
to discover new markers with potential for staging HAT.  

CSF samples were collected from patients infected with Trypanosoma brucei gambiense in the 
Democratic Republic of Congo. The stage was determined following the guidelines of the national 
control program. The proteome of the samples was analysed by two-dimensional gel 
electrophoresis (n=9), and by sixplex tandem mass tag (TMT) isobaric labeling (n=6) quantitative 
mass spectrometry. Overall, 73 proteins were over-expressed in patients presenting the second 
stage of disease. Two of these, osteopontin and beta-2-microglobulin, were confirmed to be 
potential markers for staging HAT by Western blot and ELISA. The two proteins significantly 
discriminated between S1 and S2 patients with high sensitivity (68% and 78%, respectively) for 
100% specificity, and a combination of both improved the sensitivity to 91%. The levels of 
osteopontin and beta-2-microglobulin in CSF of S2 patients (µg/ml range), as well as the fold 
increased concentration in S2 compared to S1 (3.8 and 5.5 respectively) make the two markers 
good candidates for the development of a test for staging HAT patients.   

 
 
 
INTRODUCTION 
Human African trypanosomiasis (HAT), or sleeping 
sickness, is caused by an extracellular protozoan 
parasite of the genus Trypanosoma, which is 
transmitted through the bite of a tsetse fly (genus 
Glossina). Two morphologically identical subspecies of 
the parasite, are responsible for the two 

geographically and clinically different forms of HAT: a 
chronic form, widespread in West and Central Africa, 
caused by T. b. gambiense, and an acute form, 
endemic in eastern Africa, caused by T. b. 
rhodesiense.1 In both forms of the disease, parasites 
are initially localized in the blood stream, lymph, and 
peripheral tissues; this is the first or haemolymphatic 
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stage (S1). During this stage, patients present generic 
clinical features that are common to other infectious 
diseases such as HIV, malaria and tuberculosis (TB), 
which can co-exist with HAT, thus making its early 
diagnosis difficult.2 If treatment is not carried out, the 
disease progresses to the second or 
meningoencephalitic stage (S2) after trypanosomes 
cross the blood-brain barrier (BBB) and invade the 
central nervous system (CNS). This phase is 
characterized by a broad range of neurological signs 
that are indicative of CNS involvement.1 Diagnosis of 
HAT is based on parasitological demonstration of 
parasites in blood or lymph-node aspirate.3 All positive 
or suspect patients have to undergo a lumbar 
puncture and cerebrospinal fluid (CSF) examination, to 
determine whether they have second stage disease.4 
According to the World Health Organization (WHO) 
guidelines, the meningoencephalitic stage is defined 
by the presence of parasites in CSF and/or a white 
blood cell (WBC) count of more than 5 cells per µl.5 
Other parameters, such as intrathecal IgM production 
could also provide additional information to 
determine whether the CNS is involved.6,7 
Treatment of HAT patients varies depending on the 
infecting parasite and the stage of disease.5,8 S2 drugs 
in current use, including melarsoprol, eflornithine, and 
a combination of nifurtimox and eflornithine have a 
number of limitations, such as a high rate of toxicity 
(melarsoprol causes death to 5% of treated patients),9 
complex logistics and mode of administration.6,10 
Consequently, staging is a vital step in the diagnosis 
and treatment of HAT. However, the poor specificity 
or sensitivity of WBC counting and of parasitological 
techniques for demonstration of parasites in CSF, 
highlight the need for discovery of better tools for 
staging the disease.  
Several attempts have been made during the last 
decade to identify potential biomarkers able to 
discriminate between the two stages of sleeping 
sickness. Most of the efforts focused on cytokines and 
chemokines, since the patient’s immune system plays 
a crucial role in the brain pathology.11,12,13,14 
Proteomic approaches are increasingly being applied 
in biomedical research and clinical medicine to 
investigate body fluids as a source of biomarkers,15 
including the diagnosis of neurological disorders such 
as Alzheimer’s disease,16 Parkinson’s disease17 and 
multiple sclerosis.18,19 The protein composition of CSF 
is strictly regulated and can reflect the physiological or 
pathological state of the CNS.15 Thus in the present 
study, we addressed the challenge of staging HAT by 
analysing CSF from T. b. gambiense patients using two 
complementary proteomic strategies: a classical 

approach based on two-dimensional gel 
electrophoresis (2-DE), and quantitative mass 
spectrometry (MS) using isobaric tandem mass tag 
(TMT) technology (sixplex TMT® MS/MS).20  
 
EXPERIMENTAL PROCEDURES 
Samples - The CSF samples used in the present study 
were collected at Dipumba hospital in Mbuji-Mayi 
(East Kasai province, Democratic Republic of Congo) as 
part of a longitudinal study monitoring the outcome of 
treated HAT patients, whose results are described 
elsewhere.21 The patients were enrolled prospectively 
using the following inclusion criteria: presence of 
trypanosomes in lymph node aspirate, blood or CSF, 
age ≥ 12 years, and living within a 100 km radius 
around Mbuji-Mayi. The exclusion criteria were 
pregnancy, follow-up not guaranteed, moribund 
condition, haemorrhagic CSF, and serious concurrent 
illness such as tuberculosis, bacterial or cryptococcal 
meningitis. No information on their HIV status was 
available at the moment of inclusion, but HIV 
prevalence was retrospectively found to be 3.1%.21  No 
systematic testing for malaria was done, but since the 
prevalence of the disease in the region is high, anti-
malarial drugs were administered to all patients prior 
to treatment for HAT. A lumbar puncture was 
performed on each patient and the CSF examined 
within 30 minutes to determine the stage of disease 
before treatment.22 This was done counting CSF WBC 
in disposable counting chambers (Uriglass, Menarini, 
Vienna, Austria) under a microscope. When the 
number of WBC was less than 20/µl, a second count 
was carried out. The modified single centrifugation 
method23 was used to determine whether parasites 
were present in the CSF. The stage of disease was 
established in accordance with the guidelines of 
national sleeping sickness control program (PNLTHA). 
Patients with a WBC count of ≤ 5/µl and no 
trypanosomes were classified as S1, and those with > 5 
WBC/µl and/or trypanosomes in the CSF as S2. The 
patients were further classified based on three 
categories of neurological signs as described by 
Hainard et al.14: absent (no neurological signs), 
moderate (at least one major neurological sign but no 
generalised tremors) or severe (at least two major 
neurological signs, including generalised tremors).  
The CSF used in the present study was taken from the 
supernatant after the MSC, frozen in liquid nitrogen, 
shipped in dry ice, and stored at -80°C until use. The 
samples were handled at room temperature (30-35°C) 
for not more than 30 minutes between collection and 
freezing. They were then thawed and aliquoted, such 
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that a different aliquot was used for each subsequent 
test.  
The ethical committees of The Ministry of Health, DRC 
and of the University of Antwerp, Belgium approved 
the study. Patients, or their relatives, were informed 
about the objectives and modalities of the study, and 
provided written consent prior to inclusion.  
 
Analytical 2-DE gels - Five S1 and 4 S2 CSF samples 
(without significant difference in age and sex) were 
analysed by 2-DE. For each sample, 250 µl were 
precipitated with cold acetone prior to protein 
separation. Two-DE experiments were performed as 
described by Sanchez et al.,24 except for the second 
dimension separation, which was performed on 12.5% 
polyacrylamide gels.  
 
Preparative 2-DE gels - Duplicate preparative 2-DE 
gels were obtained by separating a pool of S2 CSF 
samples (n = 5, final volume 250 µl), in order to 
generate protein spots for identification by MS. The 
protocol was similar to that used for the analytical gels, 
apart from the staining procedure. In order to enable 
subsequent identification, preparative gels were 
stained following the protocol for MS-compatible 
silver staining,25 and the protein spots cut from the 
gels manually.   
 
Image analysis - Gel images were analysed by 
ImageMaster™ 2D Platinum 6.0 software (GE 
Healthcare, Uppsala, Sweden). Selection of 
differentially expressed protein spots was done by 
carrying out inter-class statistical analysis using the 
Kolmogorov-Smirnov test comparing the percentage 
volume of all matched spots. All protein spots whose 
percent volume was significantly different between 
the two groups (p value < 0.05) were considered. 
Additionally, S2/S1 ratios were calculated based on 
the corresponding mean spot % Vol, and finally only 
spots with a ratio higher than 2 were selected for 
identification by MS. 
 
In gel tryptic protein digestion - Excised protein spots 
were in-gel digested as described by Burgess et al.26 
for identification by MALDI TOF-TOF MS (37 spots) and 
LTQ-OT MS (52 spots). After peptide extraction, 
samples were completely dried under speed vacuum. 
MALDI TOF-TOF MS – Samples were desalted and then 
spotted in duplicate onto a 384-well MALDI plate. 
Matrix (α-cyano-4-hydroxycinnamic acid in H2O/ACN 
50:50, 10 mM NH4H2PO4) was then added and mass 
spectra were acquired with a MALDI TOF-TOF 4800 
analyzer (Applied Biosystems, Foster City, CA) using 

the positive ionization mode and an m/z scan window 
of 800-4000 Th. The 20 most intense precursors were 
then subjected to MS/MS analysis. Argon was used as 
collision gas with the medium collision energy mode. 
 
LTQ-OT MS -  Electrospray ionization (ESI) LTQ-OT MS 
was performed on a LTQ Orbitrap XL from Thermo 
Electron (San Jose, CA, USA) equipped with a 
NanoAcquity system from Waters (Milford, MA, USA). 
Separation was run on a home-made analytical 
column using a gradient of H2O and CH3CN. Mass 
spectra were acquired in the positive mode with an 
m/z window of 400-2000 Th. A maximum of 4 
precursors were selected for collision-induced 
dissociation with analysis in the LTQ (isolation width of 
2 m/z). The normalized collision energy was set to 35%.  
 
Protein identification – Peak lists were generated 
using either the 4000 Series Explorer software from 
Applied Biosystem (MALDI TOF/TOF) or the embedded 
software (extract MSN.exe) from Thermo Electron 
(LTQ-OT). This was followed by searching for peak lists 
individually against UniProt-Swiss-Prot database (57.4 
of 16-Jun-2009, 565634 protein entries) using Phenyx 
2.6 (GeneBio, Geneva, Switzerland). Homo sapiens 
taxonomy (40335 protein entries) was specified for 
database searching. Variable amino acid modification 
was oxidized methionine, while carbamidomethylation 
of cysteines was set as fixed modification. Trypsin was 
selected as the enzyme. The peptide p value was 1 E-6. 
Protein accession number and peptide scores were set 
up at 7.0 for both instruments. The minimum peptide 
length was six amino acids. The parent ion tolerance 
was 1.0 Da for MALDI TOF-TOF and 10 ppm for LTQ-OT. 
The scores were set to have a false discovery rate 
below 1%.  For all subsequent analyses, only proteins 
identified with two different peptide sequences were 
kept. 
 
Quantitative mass spectrometry with sixplex TMT - 
Eighteen age and sex matched CSF samples, 
comprising 9 S1 and 9 S2, were pooled in groups of 
three to obtain 6 different pools (i.e. 3 S1 and 3 S2 
pools).  
 
Depletion by immunoaffinity – Each pool was spiked 
with 1 μg of bovine β-lactoglobulin (Sigma, St Louis, 
MO, USA) and then subjected to depletion of fourteen 
abundant proteins using MARS Hu-14 column (Agilent 
Technologies, Wilmington, DE, USA). After collection 
of the flow-through fractions (containing unbound 
proteins), buffer was exchanged with H2O using 
AMICON ultra-15 centrifugal filter units (Millipore, 
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Billerica, MA, USA) and samples dried completely 
under speed vacuum. 
 
Table 1 Characteristics of the population assessed 
with ELISA for verification experiments were mainly 
performed as described by Dayon et al.20 
  Stage 1 (S1) Stage 2 (S2) 
Population n 21 37 
Gender Male 8 24 
 Female 13 13 
Age Median (range) 32 (14-60) 35 (16-65) 
WBC/μL Median (range) 2 (0-5) 91 (6-2064) 
Patients with  
parasites in CSF 

n 0 25 

Neurological 
signs* 

Absence 11 10 
Moderate 10 21 
Severe 0 5 

*Neurological signs were not reported for one patient 
 
Reduction, alkylation, digestion, and TMT labelling – 
Reduction, alkylation, digestion, and TMT labelling 
were mainly performed as described by Dayon et al.20 
Briefly, reduction was carried out for 1 hour at 60°C 
after addition of TCEP 50 mM. Alkylation was done 
with IAA 400 mM (30 minutes in the dark) and 
overnight digestion was performed at 37°C with 
freshly prepared trypsin (0.2 μg/μl). Each sample was 
then labelled with one of the 6 TMT reagents 
(Proteome Sciences, Frankfurt, Germany) according to 
manufacturer’s instructions. The three pools 
corresponding to S1 patients were labelled with TMTs 
126.1, 128.1 and 130.1 respectively. Pools 
corresponding to S2 patients were labelled with the 3 
other TMTs (i.e. 127.1, 129.1 and 131.1). All the 
samples were finally pooled and evaporated under 
speed-vacuum. 
 
Off-gel electrophoresis – Off-gel electrophoresis was 
performed according to manufacturer’s instructions 
(Agilent). Briefly, desalted and dehydrated samples 
were reconstituted in OFFGEL solution. Focusing was 
done on an IPG dry strip (13 cm, pH 3-10, linear; GE 
Healthcare) set up with a 12-well frame, for 20 kVh 
with a maximum current of 50 µA and power of 200 
mW. The collected fractions were desalted, 
evaporated under speed-vacuum and stored at -20°C. 
 
Liquid chromatography (LC) MALDI TOF-TOF MS – LC-
MS/MS was performed as described by Dayon et al.20 
Each sample was subjected to reverse-phase 
chromatography using an Alliance LC system (Waters) 
and deposited directly on a MALDI plate using a home-
made spotter. After matrix addition, mass spectra 
were acquired with a MALDI TOF-TOF 4800 analyzer as 
described before. 

LC ESI LTQ-OT MS - ESI LTQ-OT MS was performed as 
described elsewhere.27 Mass spectra were acquired in 
the positive mode with an m/z window of 400-2000 Th. 
A maximum of 3 precursors were selected for high-
energy C-trap dissociation with analysis in the OT. The 
normalized collision energy was set to 40% for HCD. 
 
Protein identification – Generation of peak lists was 
done in the same way as for 2-DE identifications, using 
either the 4000 Series Explorer software from Applied 
Biosystems (MALDI TOF/TOF) or the embedded 
software (extract_MSN.exe) from Thermo Electron 
(LTQ-OT). The peak lists generated from the 12 off-gel 
fractions were analysed as described for 2-DE, with 
the following modifications. TMT-sixplex amino 
terminus and TMT-sixplex lysine (+229.1629 Da) were 
additionally set as fixed modifications. The AC and 
peptide scores were set up at 7.7 for the analysis with 
MALDI TOF-TOF and 12.5 for the analysis with LTQ-OT 
with a false peptide discovery rate evaluated at 0.95% 
and 0.99% respectively. The parent ion tolerance was 
set to 1.1 Da for MALDI TOF-TOF and to 6 ppm for 
LTQ-OT. Bos taurus taxonomy (8168 entries) was 
separately specified to search for the spiked LACB. For 
all analyses, only proteins identified with two different 
peptide sequences were selected. To search for 
parasite proteins, a database restricted to Homo 
sapiens and Kinetoplastida taxonomies (92136 protein 
entries) was created using the FASTA files available 
from Uniprot (www.uniprot.org) and the same 
parameters described earlier were applied.  
 
Protein quantification - Quantification of proteins was 
mainly done following the procedure described by 
Dayon et al.,20 who demonstrated the accuracy of 
relative quantitation with TMT method using both 
protein mixture model and CSF samples and estimated 
a technical variation between 7% and 20%. The 
following procedure was used in the present study. 
Based on the data obtained with Phenyx, TMT 
reporter peak intensities (or area under peak for 
MALDI TOF-TOF results) of each identified peptide 
were extracted (Supporting MS information). An 
isotopic purity correction was done for each reporter 
based on the isotopic distribution of sixplex-TMT 
provided by the manufacturer. Isotopic purity 
equations were calculated using Maple software 
(Maple 11, Maple Inc., Waterloo, Canada). Peptides 
with missing reporter intensities were removed from 
the quantification. Spiked LACB was used to minimize 
experimental biases, and a normalization of the 
reporter intensities by the sum of all the reporter 
intensities was performed. A S2/S1 ratio was 
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calculated for each peptide as the sum of S2 channels 
(127.1, 129.1 and 131.1) divided by the sum of S1 
channels (126.1, 128.1 and 130.1). Peptide ratios were 
further subjected to outlier removal using the Outlier 
software(http://www.sediment.unigoettingen.de/staff
/dunkl/software/outlier.html).  
This web-free software computes 4 different outlier 
tests: the Grubbs test, the Dixon test, the IQR test, and 
the Gauss g-test. A peptide was considered an outlier 
and the protein removed from the quantification if 
one of these tests was positive. The protein ratio 
S2/S1 was calculated as the geometric mean of its 
corresponding peptide ratios. For each protein ratio, 
the geometric standard deviation (SD) was calculated 
as described by Tan et al. 28 and the coefficient of 
variation (CV) determined as the SD divided by the 
protein ratio, and multiplied by 100. To determine the 
cut-off threshold for considering a protein 
differentially expressed between the two stages, a 
method based on random ratios was applied. For each 
identified peptide, the normalized intensities of S1 
reporters were duplicated in order to mimic a sixplex 
experiment (126.1, 128.1, 130.1, 126.1*, 128.1* and 
130.1*). All these intensities were then randomly 
mixed and ratios calculated as described above: sum 
(126.1*, 128.1*, 130.1*) / sum (126.1, 128.1, 130.1). 
The SD was evaluated among the random ratios 
obtained. In an ideal case, all the ratios calculated 
should be equal to one. Thus, the significant cut-off 
threshold to consider a protein up-regulated in S2 
patients was determined as 1 + 2 SD.28 The 
corresponding cut-off for down-regulated proteins 
was calculated as the reciprocal value. The results of 
these calculations are presented in Supporting MS 
information. Quantified proteins presenting a CV > 
50% were removed. Proteins quantified with both 
instruments were only excluded if in both cases the CV 
was higher than 50%. 
 
Western blot - The expression of complement factor H 
(CFH), osteopontin (OPN), and beta-2-microglobulin 
(B2MG) was evaluated by Western blot in 4 S1 and 4 
S2 CSF samples. Goat anti-complement factor H 
polyclonal antibody (Calbiochem – Merck, Darmstadt, 
Germany) was used at a concentration of 8.4 µg/ml. 
Mouse anti-osteopontin and mouse anti-beta-2-
microglobulin monoclonal antibodies (Abcam, 
Cambridge, UK) were used at a final concentration of 1 
µg/ml and 5 µg/ml respectively. All HRP-conjugated 
secondary antibodies were purchased from Dako 
(Glostrup, Denmark) and applied at 1:1000 (anti-
mouse secondary antibody) and 1:2000 (anti-goat 
secondary antibody) dilutions. The images obtained 

were analysed with ImageQuant™ TL 7.0 (GE 
Healthcare) and band volume data analysed with 
GraphPad Prism software (version 4.03, GraphPad 
software Inc., San Diego, CA, USA) to determine 
significant differences. 
 
ELISA - The concentrations of CFH, OPN and B2MG 
were measured in CSF of HAT patients using 
commercially available sandwich ELISA kits (B2MG, 
Calbiotech, CA, USA; OPN, R&D Systems, MN, USA; 
CFH, Hycult Biotech, NL, USA), following 
manufacturer’s instructions. Detailed description of 
patients whose CSF was analysed are reported in Table 
1. CSF samples were diluted 1:50 for CFH and 1:101 for 
OPN and B2MG. After colour development, 
absorbance was read on a Vmax Kinetic microplate 
reader (Molecular Devices Corporation, Sunnyvale, CA, 
USA) at a wavelength of 450 nm. The concentration of 
the 3 proteins in the CSF samples was back-calculated 
using either 4-PL or 5-PL curves (SoftMax Pro software, 
Molecular Devices, CA, USA) based on the measured 
respective standard values. 
 
Data and statistical analysis - Descriptive statistics 
were performed using GraphPad Prism 4.03 software. 
As none of the proteins presented a normal 
distribution (Kolmogorov-Smirnov test), differences 
between groups were tested with the non-parametric 
Mann-Whitney U test (comparison between 2 groups) 
and Kruskal-Wallis test followed by Dunn's post-hoc 
test (comparison between 3 groups). Statistical 
significance for the tests was set at 0.05 (2-tailed test). 
The concentrations of the different molecules were 
considered as independent variables. Bivariate non-
parametric correlations using the Spearman rho 
coefficient were carried out with statistical 
significance set at 0.01 (2-tailed test). To calculate 
sensitivity and specificity of individual predictors with 
respect to staging, the specific receiver operating 
characteristic curve of each analyte was determined. 
The cut-off value was selected as the threshold 
predicting stage 2 patients with 100% specificity. 
Aabel software (version 2.4.2, Gigawiz Ltd. Co., Tulsa, 
OK, USA) was used for box plots. 
 
Protein combination and panel selection - To 
evaluate the possibility of improving the potential of 
the 3 molecules in staging HAT patients, they were 
combined in a panel as described by Hainard et al. 14. 
Briefly, the optimized cut-off values were obtained by 
modified iterative permutation-response calculations 
(rule-induction-like) using the 3 analytes. Each cut-off 
value was changed iteratively by quantiles of 2% 
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increment and sensitivity determined after each 
iteration, until a maximum sensitivity for 100% 
specificity was achieved. 
 
RESULTS 
Two-dimensional gel electrophoresis – The protein 
expression patterns of the 9 CSF samples separated by 

2-DE, just before image analysis, showed macroscopic 
differences between the two stages of disease, 
principally in expression of immunoglobulin. IgM and 
IgG heavy and light chains were particularly increased 
in samples from second stage compared to first stage 
patients, as previously shown by nephelometry.7 The 
data on percent spot volume provided by the 

 
Table 2A Protein spots over-expressed in stage 1 CSF samples 
Spot # MW pI DB entry Description S1/S2Ratio 
1 23'010.01 6.15 P02753 Plasma retinol-binding protein (1-176) 3 
 69'366.70 5.98 P02768 Serum Albumin  
2 75'181.46 6.84 P02787 Serotransferrin (Transferrin)  2.29 
 49'306.61 6.55 P01871 Ig mu chain C region  
3 45'265.84 5.40 P01011 Alpha-1-antichymotrypsin His-Pro-less  8.48 
 53'154.22 5.96 P01019 Angiotensin-3 (Ang III)  
 53'863.55 5.13 Q96KN2 Beta-Ala-His dipeptidase   
4 46’342.31 6.12 P36955 Pigment epithelium-derived factor (PEDF) 2.43 
5 77'049.89 6.97 P02787 Serotransferrin (Transferrin) 2.25 
6 18'698.03 8.68 P41222 Prostaglandin-H2 D-isomerase 3.19 
7 18'698.03 8.68 P41222 Prostaglandin-H2 D-isomerase 2.89 
 11'608.85 6.04 P01834 Ig kappa chain C region  
 11.236.69 5.56 P01842 Ig lambda chain C region  
8 50'062.57 5.97 P10909 Clusterin alpha chain (Apo J) 3.38 
9 34'236.69 5.56 P02649 Apolipoprotein E (Apo E)  3.03 
10 46'342.31 31 P36955 Pigment epithelium-derived factor (PEDF) 3.58 
11 18'698.03 8.68 P41222 Prostaglandin-H2 D-isomerase 4.07 
 11'236.52 7.90 P01842 Ig lambda chain C region  
 11'608.85 6.04 P01834 Ig kappa chain C region  
12 23'511.57 5.02 P02763 Alpha-1-acid glycoprotein 1 (AGP 1) (OMD 1) 51.99 
 23'602.63 5.13 P19652 Alpha-1-acid glycoprotein 2 (AGP 2) (OMD 2)  
13 20'168.93 6.22 P05452 Tetranectin (TN)  5.99 
14 69'366.70 5.98 P02768 Serum Albumin 11.16 
 80'640.64 5.64 P06396 Gelsolin (ADF) [ISOFORM 2]  
 49'306.61 6.55 P01871 Ig mu chain C region  
15 69'366.70 5.98 P02768 Serum Albumin 3.24 
 
 
Table 2B Protein spots over-expressed in stage 2 CSF samples 
Spot # MW pI DB entry Description S2/S1Ratio 
16 15'998.41 7.13 P68871 LVV-hemorphin-7 2.64 
 11'731.17 6.46 P61769 Beta-2-microglobulin form pI 5.3   
 69'366.70 5.98 P02768 Serum Albumin  
17 11’608.65 6.04 P01834 Ig kappa chain C region 2.00 
 11'236.52 7.90 P01842 Ig lambda chain C region  
18 11'608.85 6.04 P01834 Ig kappa chain C region 4.68 
 11'236.52 7.90 P01842 Ig lambda chain C region  
 69'366.70 5.98 P02768 Serum Albumin  
19 11'731.17 6.46 P61769 Beta-2-microglobulin form pI 5.3  2.02 
20 75'181.46 6.84 P02787 Serotransferrin (Trnasferrin)  5.25 
 51'790.42  P01871 Ig mu chain C region [ISOFORM 2]  
 11'608.85 6.04 P01834 Ig kappa chain C region  
21 13'714.57 6.41 P61769 Beta-2-microglobulin form pI 5.3  1.77 
22 11'608.85 6.04 P01834 Ig kappa chain C region 6.17 
23 11'608.85 6.04 P01834 Ig kappa chain C region 5.02 
24 11'608.85 6.04 P01834 Ig kappa chain C region 12.06 
 69'366.70 5.98 P02768 Serum Albumin  
25 11'236.52 7.90 P01842 Ig lambda chain C regions 9.43 
26 26'855.73 7.57 Q92876 Kallikrein-6 9.07 
 11'608.85 6.04 P01834 Ig kappa chain C region  
 31'105.92 8.60 P01857 Ig gamma-1 chain C region  
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Table 2C Protein spots expressed only in stage 2 CSF samples 
Spot # MW pI DB entry Description 
27 49'306.61 6.55 P01871 Ig mu chain C region [ISOFORM 2] 
28 11'139.59 7.91 P04080 Cystatin-B 
 69'366.70 5.98 P02768 Serum Albumin 
29 11'236.52 7.90 P01842 Ig lambda chain C region 
30 85'532.90 6.81 P00751 Complement factor B Bb fragment 
 49'306.61 6.55 P01871 Ig mu chain C region 
31 11'608.85 6.04 P01834 Ig kappa chain C region 
32 49'761.12 5.68 P01019 Angiotensin-3 (Ang III)  
33 69'366.70 5.98 P02768 Serum Albumin 
34 69'366.70 5.98 P02768 Serum Albumin 
 36'105.92 8.60 P01857 Ig gamma-1 chain C region 
 11'608.85 6.04 P01834 Ig kappa chain C region 
35 69'366.70 5.98 P02768 Serum Albumin 
36 75'181.46 6.84 P02787 Serotransferrin (Transferrin)  
 69'366.70 5.98 P02768 Serum Albumin 
 37'654.65 6.26 P01876 Ig alpha-1 chain C region 
 11'608.85 6.04 P01834 Ig kappa chain C region 
37 75'181.46 6.84 P02787 Serotansferrin (Transferrin)  
 69'366.70 5.98 P02768 Serum Albumin 
38 113'715.57 4.92 Q02413 Desmoglein-1 (DG1) (DGI) 
 
 
software were used to evaluate protein spots 
expression. This resulted in 754 spots matched 
between S1 and S2 master gels, of which 59 had a p 
value < 0.05. The 59 comprised 25 spots expressed in 
S2 gels only, 13 over-expressed in S2 gels compared to 
S1 with an average percent volume ratio S2/S1 larger 
than 2, and 21 over-expressed in S1 compared to S2 
(average percent volume ratio S1/S2 > 2). Among the 
59 spots, 52 were visualised and excised from the 
preparative S2 gels and subsequently analysed by LTQ-
OT MS and/or with MALDI TOF-TOF MS. Out of the 52 
spots, 38 (73.1%) were successfully identified as 
corresponding to 25 different proteins, as shown in 
Table 2a-c and in Figure 1.  
 
Quantitative mass spectrometry with sixplex TMT - 
The six TMT-labelled pools were subjected to protein 
identification and relative quantitation using both 
MALDI TOF-TOF MS and LTQ-OT MS. With MALDI TOF-
TOF MS, 128 proteins were identified from a total of 
916 tryptic peptides. In the same way, LTQ-OT MS 
allowed the identification of 141 proteins from a total 
of 3334 tryptic peptides (Supporting MS information). 
In all, 172 proteins were identified, each with at least 
two unique peptides. Among these proteins, 97 were 
identified with both instruments, 44 with LTQ-OT only 
and 31 with MALDI TOF-TOF only. Interestingly, no 
parasite protein was identified after the simultaneous 
search against Homo sapiens and Kinetoplastida 
databases. 

After removal of the unquantifiable and outlier 
peptides, the ratio and corresponding SD were 
calculated for each protein (Supporting MS 
information). The significant cut-off thresholds were 
then evaluated for each set of data as described 
before. With MALDI-TOF-TOF MS, the SD for random 
S1 ratio was 0.323, thus 1.65 (1 + 2 SD) was selected as 
the up-regulation significant threshold ratio (S2/S1) 
and reciprocally, 0.61 was identified as the down-
regulation significant threshold. With ESI LTQ-OT MS, 
calculated SD was 0.370 and up-regulation and down-
regulation thresholds were 1.74 and 0.57 respectively 
(Supporting MS information). According to these 
thresholds, one protein (i.e. C-reactive protein) was 
down-regulated while 59 were significantly up-
regulated in second stage patients. Out of the 59 
proteins, 29 were quantified with both MS 
instruments, 8 with the LTQ-OT only and 22 with the 
MALDI TOF-TOF only (Supporting Tables S1 a-c).  
The two proteomic approaches used in the present 
study identified 85 proteins differentially expressed 
between S1 and S2 HAT. Among these, 73 were over-
expressed in S2 CSF samples. The two discovery 
techniques were highly complementary as, among all 
proteins over-expressed in S2 patients, only 
immunoglobulin chains, beta-2-microglobulin and 
complement factor B were identified with the two 
approaches. Three over-expressed proteins, including 
complement factor H, osteopontin and beta-2-
microglobulin were chosen for verification by 
immunoassay methods on a larger number of patients.    
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Figure 1 Representative 2-DE image of cerebrospinal fluid from stage 1 (A) and stage 2 (B) HAT patients. Master gels 
obtained separating 250 µl of CSF of a S1 (A) and a S2 patient (B). For each gel, proteins were separated on 18 cm pH 
3-10 NL IPG-strips (GE Healthcare). The second dimension was performed on 12.5% polyacrylamide gels and proteins 
were finally visualized with silver staining. The 38 identified protein spots are reported on the gels. Spots 1-15: spots 
over-expressed in stage 1 patients (S1/S2 > 2.0, p value < 0.05); spots 16-26: spots over-expressed in stage 2 patients 
(S2/S1 > 2.0, p value < 0.05); spots 27-38: spots expressed only in stage 2 patients. The approximate pI and MW (kDa) 
have been assigned according to the CSF SWISS-2DPAGE map available on the ExPASy website 
(http://www.expasy.org/ch2d/).  

      52 

http://www.expasy.org/ch2d/


Chapter 2 

 

Table 3 Staging performance of the 3 verified proteins according to the different techniques 

 
 
 

 
 
Figure 2 Western blot results for B2MG, OPN and CFH. Expression of B2MG, OPN and CFH in cerebrospinal fluid of 
early and late stage HAT patients (n = 8). The same volume for each sample (10 µl for B2MG, 20 µl for OPN and CFH) 
was analysed on a 12.5% (B2MG) or 10% (OPN and CFH) polyacrylamide gel. Bars represent the mean quantified band 
volume with the respective standard error. * corresponds to significant p value < 0.05; ns corresponds to non 
significant p value (Mann-Whitney U test). Images of the corresponding analysed bands are presented below each 
graph. 

 
 

 
 
Figure 3 Box-plot of B2MG, OPN and CFH concentrations according to HAT staging. ELISA results representing the 
measured concentrations (ng/ml) in S1 and S2 CSF samples of B2MG (n = 58), OPN (n = 57), and CFH (n = 52). Median 
and mean are represented as a solid line in the box and a diamond, respectively. Whisks are defined as 5th-95th 
percentile with outliers. Half-width of the notch was calculated automatically by the software. *** and * correspond 
to a significant difference between the two groups, respectively < 0.0001 and < 0.05 (Mann-Whitney U test). S1: stage 
1 samples; S2: stage 2 samples. 
 
 
Verification by Western blot – CFH was identified as 
over-expressed using the TMT approach, with S2/S1 
ratios of 1.93 and 1.97 for LTQ-OT and MALDI TOF-TOF 
instruments respectively. The detection of CFH with a 

polyclonal anti-CFH antibody on Western blot resulted 
in the visualization of two intense bands (50 and 170 
kDa) among other weaker ones (data not shown). 
According to the molecular weight, the higher band 

 Quantitative MS (n=18) Western blot (n=8) ELISA (n=52-58) 

Protein name Ratioa SDa Ratio p valueb Ratio p valueb % AUC % Sensitivity % Specificity 
Beta-2-microglobulin 
(B2MG) 6.33 / 4.90 1.78 / 1.98 2.37 <0.05 5.51 <0.0001 92 78 100 

Osteopontin 
 (OPN) 3.64 0.28 6.00 <0.05 3.83 <0.0001 85 68 100 

Complement factor H 
(CFH) 1.93 / 1.97 0.22 / 0.30 1.29 ns 1.51 <0.05 73 31 100 
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most likely corresponded to the complete form of CFH, 
while the lower one might correspond to the factor H-
like protein 1 (FHL-1), obtained from alternative 
splicing.29 However, when considered together or 
separately, the volumes of the two bands were not 
significantly different between the S1 and S2 groups 
(Table 3 and Figure 2). Western blot results confirmed 
the over-expression of OPN in the CSF of S2 patients, 
which was previously detected with the TMT approach 
(MALDI TOF/TOF MS ratio S2/S1 = 3.64). The acidity 
and characteristic behaviour of the protein during gel 
separation30 is likely to hinder its visualization on 2-DE 
gels. Although the reported molecular weight is 
approximately 35 kDa, the observed 55 kDa band 
should correspond to the principal form of OPN as the 
protein undergoes extensive post-translational 
modifications, which make its molecular weight higher 
than the theoretical one.30 In Western blot the 

quantified volume of this 55 kDa band was 
significantly increased in S2 compared to S1 patients 
(p value < 0.05, Mann-Whitney U test; median band 
volume S2/S1 ratio = 6.00) (Table 3 and Figure 2). 
The third protein, B2MG, was identified with both 
discovery techniques. Three spots were identified as 
B2MG on 2-DE gels and the geometric mean of the 
percentage volume ratio S2/S1 of the three spots was 
of 2.11. With quantitative MS B2MG was identified 
with S2/S1 ratios of 6.33 (LTQ-OT MS) and 4.90 
(MALDI TOF-TOF MS) (Table 3). These results were 
confirmed by Western blot, where a single 12 kDa 
band was visualized in all HAT samples, with  a 
statistically significant increase in band volume in S2 
samples (p value < 0.05, Mann-Whitney U test) (Figure 
2) and a calculated ratio on the median band volume 
S2/S1 of 2.37 (Table 3). 

 

 
Figure 4 Box-plot of B2MG, OPN, CFH concentrations and WBC number, classified according to the presence of the 
parasite in CSF. Median and mean are represented as a solid line in the box and a diamond, respectively. Whisks are 
defined as 5th-95th percentile with outliers. Half-width of the notch was calculated automatically by the software. *** 
and ** correspond to a significant difference between the two groups, respectively < 0.0001 and < 0.01 (Mann-
Whitney U test). T-: patients without parasite in CSF; T+: patients having parasites in CSF. 
 
 
Verification by ELISA – All CSF samples analysed by 
ELISA were classified in 2 groups based on their stage 

(21 S1 and 37 S2). The concentrations of B2MG and 
OPN resulted significantly increased in the CSF of S2 
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patients (p < 0.0001, Mann-Whitney U test). CFH 
showed a significant, but less marked, increased 
concentration in the same group of patients (p < 0.05, 
Mann-Whitney U test) (Figure 3). In order to assess 
the sensitivity and specificity of the three molecules, 
ROC curves were built (Supporting Figure S1). The 
staging efficiency of the 3 molecules was evaluated 
using the AUC and the sensitivity for 100% specificity. 
Indeed, this configuration (maximum of specificity) 
avoided false negatives, such that a patient positive 
with the test was truly in the second stage. CFH had 
the lowest AUC (0.723) and a sensitivity of 31% (95% 
CI; 17-49%) for 100% specificity. OPN and B2MG 
showed higher performances with AUC of 0.848 and 
0.915, and sensitivity of 68% (95% CI; 50-82%) and 
78% (95% CI; 62-90%) respectively. The S2/S1 ratio 

was calculated for each molecule, based on the 
median value of each group of patients. This ratio 
corresponded to 1.51 for CFH, which was the lowest, 
and 3.83 and 5.51 for OPN and B2MG respectively 
(Table 3). To evaluate the staging potential of the 
three molecules further, we assessed the correlation 
between their concentration in CSF and the number of 
WBC, the reference staging method. B2MG and OPN 
showed a high correlation with the number of WBC, 
with Spearman rho coefficients at 0.725 and 0.723 
respectively. There was also a significant correlation 
between CFH and the number of WBC but with a 
lower Spearman rho coefficient (0.562) compared to 
the others. Detailed results for the 3 molecules are 
reported in Supporting Table S2. 

 
 

 

 
 
Figure 5 Box-plot of B2MG, OPN, CFH concentrations and WBC number, classified according to the severity of 
neurological signs. Median and mean are represented as a solid line in the box and a diamond, respectively. Whisks 
are defined as 5th-95th percentile with outliers. Half-width of the notch was calculated automatically by the software. 
*** corresponds to a significant difference between the two groups < 0.0001; ** corresponds to a significant 
difference < 0.01 and * < 0.05; ns indicates a non significant difference (Dunn’s post-hoc test). Abs: absence of 
neurological signs; Mod: moderate neurological signs; Sev: severe neurological signs.  
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The concentration of the three molecules was then 
evaluated in relation to the presence or absence of 
parasites in CSF, and the neurological signs reported 
before treatment. The 3 proteins were significantly 
increased in the CSF of patients with parasites in CSF 
(Figure 4), with p values < 0.0001 for B2MG and OPN, 
and < 0.01 for CFH. When the severity of neurological 
signs was considered, CFH could only discriminate 
between the absence and the presence of severe 
neurological signs with a p value < 0.05 (Kruskal-Wallis 
test) (Figure 5). OPN showed a lower p value (p < 
0.001, Kruskal-Wallis) and significantly discriminated 
between all the groups, except between the moderate 
and severe ones. B2MG had the lowest p value (p < 
0.0001, Kruskal-Wallis) and significantly discriminated 
between absent and severe neurological signs, as well 
as between the moderate and severe ones (Figure 5).  
When the three molecules were combined using the 
RIL process, a panel comprising B2MG (cutoff: 1802.5 
ng/ml) and OPN (cutoff: 408.8 ng/ml) that 
discriminated between first and second stage disease 
with a sensitivity of 91% for 100% specificity was 
identified (Supporting Figure S1). This panel gave a 
positive test response (i.e. S2 patient identification) 
any time the concentration of one molecule was 
above its cut-off value. 
 
DISCUSSION 
In this study, we analysed CSF samples from T. b. 
gambiense infected patients with a combination of 
proteomic strategies to identify new biomarkers that 
could complement or replace current methods of 
staging HAT. A total of 73 host proteins whose 
expression was increased in patients presenting the 
second stage of disease were identified. No parasite 
proteins were identified with the applied approaches, 
probably because CSF samples were first centrifuged 
for the parasitological examination23 leading to 
removal of all parasites and cells.  
The application of two different proteomic strategies 
was particularly useful in obtaining complementary 
information, such that only few proteins were 
commonly found. This can be explained if the different 
workflows as well as the intrinsic limitations 
associated to both techniques are taken into account. 
All samples analysed by TMT mass spectrometry were 
first depleted of the 14 most abundant proteins while 
whole CSF samples were separated by 2-DE. Further, 
2-DE is based on protein separation with potential 
identification of specific protein isoforms but also loss 
of hydrophobic proteins, while TMT quantitative mass 
spectrometry is based on peptide separation. Many 

steps in the workflow of the latter approach could lead 
to peptide loss, such as the use of TCEP for protein 
reduction,31,32 peptide-gel interaction during the off-
gel electrophoresis separation, and the peptide 
tagging. In addition, proteins identified with 1 unique 
peptide were excluded from subsequent analysis. The 
use of more optimized protocols, especially for the 
TMT MS approach, could therefore lead to the 
discovery of less abundant proteins or specific 
trypanosome antigens. These antigens are known to 
be present in host’s CSF,33 but probably they are not 
concentrated enough to be detected with the 
techniques applied in the present study. 
A preliminary analysis of the functions of the proteins 
identified indicates that they are involved in the 
immune response, both cell-mediated and humoral, as 
well as in cell-cell adhesion and transport. The 3 
proteins chosen for further verification, CFH, OPN and 
B2MG, were differentially expressed between the 2 
stages (i.e. S2/S1 ratios higher than 2 for 2-DE, and 
higher than 1.65 or 1.74 for TMT MS), and to our 
knowledge, they have never been described in HAT 
patients. Furthermore, based on their known 
functions, these proteins could potentially be involved 
in disease progression.  
It is well established that many pathogens can find 
mechanisms to escape the host immune response and 
one of the main targets of these evasion mechanisms 
is the complement cascade.34 Trypanosomes are able 
to activate the alternative complement pathway in 
blood,35 while decreased complement activation was 
reported during the 80’s in infective cultures of T. cruzi, 
responsible for Chagas’ disease.36 Complement factor 
H is the principal inhibitor of the alternative pathway, 
and is also involved in the protection of epithelial, 
endothelial, and some cancer cells against 
complement action.37 In our population of T. b. 
gambiense patients, over-expression of CFH during the 
second stage of disease was only confirmed with ELISA. 
Despite the high similarity between the results 
obtained by TMT and ELISA, a well established 
quantitative method widely applied in clinical 
research,38 CFH did not come out as a promising 
marker for staging HAT, since the AUC was only 0.73, 
which was below the 0.8 arbitrary limit that we 
established for considering a test as having staging 
potential. Furthermore, the ratio calculated from the 
TMT results was close to the cut-off for considering a 
protein over-expressed in S2 patients. 
The data for OPN and B2MG were very promising, 
with both discriminating S1 and S2 patients with high 
accuracy, as indicated by the elevated AUC values. 
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OPN, also known as early T lymphocyte activation 1 
(Eta-1), is expressed by a variety of immune and non-
immune cells, including brain cells, macrophages and 
activated Th1 cells,30,39 and is believed to act as a pro-
inflammatory cytokine.40 The protein is a ligand for 
two classes of adhesion molecules: CD44, expressed 
on activated and memory T cells, and different types 
of integrins, including αVβ3 and α4β1, expressed by T 
lymphocytes. It also binds VCAM-1, which, in turn, is 
expressed on cytokine-activated endothelial cells.41 At 
the same time, OPN induces the production of 
interferon-γ (IFN-γ) and IL-12 by macrophages, and 
inhibits the production of IL-10,42 participating in the 
polarization of the cellular immune response towards 
the Th1 type involved in phagocytosis and killing of 
microbes. Expression of OPN is highly increased during 
chronic inflammatory diseases or tissue injury, 
especially in proximity of activated T cells and 
monocytes/macrophages.43 The protein has been 
extensively studied in multiple sclerosis, where it 
appears to be involved, through the α4β1 integrin, in 
the entry of effector T-cells in the brain,41 and through 
CD44 receptor, in the permanence of T cells at the site 
of inflammation. Recent information has suggested 
that the levels of OPN in CSF are not disease specific, 
but can point to involvement of the CNS or damage to 
the blood-brain barrier (BBB).44,45 The levels of OPN in 
the CSF of S2 HAT patients analysed in the present 
study were significantly higher than in S1 patients, 
suggesting an association between CSF OPN and 
disease progression.  
B2MG, found differentially expressed with both 
discovery approaches, was revealed to have the 
highest staging potential. This 11.8 kDa protein, 
expressed on the surface of all nucleated cells, is non-
covalently associated to the MHC class I molecules and 
therefore involved in cellular immune response 
against invading pathogens mediated by cytotoxic T-
lymphocytes CD8+.46 A number of studies have 
reported that the levels of free B2MG in body fluids 
are increased in many malignant conditions47 and they 
can be an indicator of a high cellular turnover.48 It has 
been suggested that the levels of B2MG could 
correlate with both the degree of CNS involvement 
and neuronal damage in children with symptomatic 
congenital CMV infection.48 Furthermore, proteomic 
and non-proteomic approaches have associated B2MG 
with many neurological disorders, including 
Alzheimer’s disease16,19 and cancers.47 In the present 
study, CSF B2MG was significantly elevated in second 
stage patients, enabling the molecule to distinguish S1 
and S2 patients with the best sensitivity and specificity.  

The potential of B2MG and OPN as new markers for 
staging HAT patients was further supported by a highly 
significant correlation between their levels and the 
number of WBC in CSF. Furthermore, when compared 
with the number of WBC, CSF B2MG and OPN were 
better indices of both the presence of parasites in 
patients’ CSF and the severity of neurological signs. 
Finally, when the concentrations of both proteins 
were considered together as a panel, they identified 
S2 patients with a sensitivity of 91%.  
The CSF concentration of OPN and B2MG in both S1 
and S2 HAT patients was relatively high (µg/ml range). 
This finding could be particularly relevant in the 
development of an antibody-based field test such as a 
lateral-flow assay, resulting in major improvement in 
accuracy of staging and reduction in costs, although 
still limited by the necessity of a lumbar puncture. The 
lumbar puncture could be eliminated during staging of 
HAT patients only if markers could be found in 
patients’ blood. However, preliminary tests for B2MG 
on 30 plasma samples (15 S1 and 15 S2) did not reveal 
any significant differences between S1 and S2 (data 
not shown), probably as a consequence of the 
presence of parasites in the blood of both groups of 
patients.  
In order to further validate the potential of CSF OPN 
and B2MG in staging HAT, a larger multi-centric cohort, 
including T. b. gambiense and T. b. rhodesiense 
patients, as well as control CSF from patients with 
other infectious diseases (e.g. TB, and HIV), will be 
carried out.  
In conclusion, the present study has revealed beta-2-
microglobulin and osteopontin as good markers that 
could potentially replace WBC count in staging HAT 
patients. Treatment of HAT patients is hampered by 
lack of safe drugs effective for both stages of the 
disease. Erroneous determination of the stage could, 
in fact, have serious consequences on the safety and 
health of patients, with S1 patients being 
unnecessarily exposed to the toxicity of stage 2 drugs, 
and S2 patients not getting cured with stage 1 drugs, 
and thus exposed to the risk of relapses and death. 
The present discovery of biomarkers that increase the 
accuracy of staging HAT represents an important 
improvement for guiding treatment decision.  
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SUPPORTING INFORMATION 
Supporting Table S1a Proteins found over-expressed 
with both instruments (A: LTQ-OT MS, B: MALDI TOF-
TOF). 
Supporting Table S1b Proteins found over-expressed 
with LTQ-OT MS. 
Supporting Table S1c Proteins found over-expressed 
with MALDI TOF-TOF MS. 

Supporting Table S2 Detailed results for the three 
molecules tested in respect with the stage of the 
disease. 
Supporting Figure S1 ROC curves for B2MG, OPN, CFH, 
and the panel composed of B2MG and OPN. Cut-off 
values for each molecule [ng/ml] and for the panel are 
reported as a point with the corresponding numeric 
value on each ROC curve. Percentage sensitivity set for 
100% specificity is reported in brackets on each graph. 
Area under the ROC curve (AUC) is also given.  
Supporting MS information (.xls file) 
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Biomarkers for staging HAT 

 

The discovery of new disease biomarkers can be achieved through the evaluation of molecules, 

potentially involved in disease progression, based on their molecular function and on bibliographic 

knowledge. Since it has been proposed that the inflammatory process may play a central role in the 

development of HAT brain disease, which characterizes second stage patients, we hypothesized that 

immune related factor could be differentially expressed in the CSF of early and late stage patients. 

In the present study, we investigated the CSF levels of 13 immune-mediators and 3 brain damage 

markers using immunoassays (either bead suspension assays or ELISAs) on a population comprising 100 T. b. 

gambiense patients, 21 stage 1 and 79 stage 2. 

This study, published in PLoS NTD in 2009, highlighted the high staging power of CXCL10, individually 

or combined into a panel of three molecules with CXCL8 and H-FABP. I partially contributed in analysing the 

data and writing the manuscript, mainly the discussion. 
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SUMMARY 
Background Human African trypanosomiasis (HAT), also known as sleeping sickness, is a parasitic 

tropical disease. It progresses from the first, haemolymphatic stage to a neurological second stage 
due to invasion of parasites into the central nervous system (CNS). As treatment depends on the 
stage of disease, there is a critical need for tools that efficiently discriminate the two stages of 
HAT. We hypothesized that markers of brain damage discovered by proteomic strategies and 
inflammation-related proteins could individually or in combination indicate the CNS invasion by 
the parasite. 

Methods Cerebrospinal fluid (CSF) originated from parasitologically confirmed Trypanosoma brucei 
gambiense patients. Patients were staged on the basis of CSF white blood cell (WBC) count and 
presence of parasites in CSF. One hundred samples were analysed: 21 from stage 1 (no 
trypanosomes in CSF and ≤5 WBC/µL) and 79 from stage 2 (trypanosomes in CSF and/or >5 
WBC/µL) patients. The concentration of H-FABP, GSTP-1 and S100β in CSF was measured by ELISA. 
The levels of thirteen inflammation-related proteins (IL-1ra, IL-1β, IL-6, IL-9, IL-10, G-CSF, VEGF, 
IFN-γ, TNF-α, CCL2, CCL4, CXCL8 and CXCL10) were determined by bead suspension arrays. 

Results CXCL10 most accurately distinguished stage 1 and stage 2 patients, with a sensitivity of 84% 
and specificity of 100%. Rule Induction Like (RIL) analysis defined a panel characterized by CXCL10, 
CXCL8 and H-FABP that improved the detection of stage 2 patients to 97% sensitivity and 100% 
specificity. 

Conclusion This study highlights the value of CXCL10 as a single biomarker for staging T. b. 
gambiense-infected HAT patients. Further combination of CXCL10 with H-FABP and CXCL8 results 
in a panel that efficiently rules-in stage 2 HAT patients. As these molecules could potentially be 
markers of others CNS infections and disorders, these results should be validated on a larger 
multi-centric cohort including other inflammatory diseases such as cerebral malaria and active 
tuberculosis. 

 
 
INTRODUCTION 
Human African trypanosomiasis (HAT), also called 
sleeping sickness, is a parasitic disease that occurs in 
sub-Saharan Africa. More than sixty million people are 
at risk of being infected. The World Health 
Organization (WHO) has reported impressive progress 

since 1995 in the control of HAT, leading to a 
substantial reduction of new cases detected yearly to 
10’800 in 2007. The total number of cases is now 
estimated to be between 50’000 and 70’000 per year.1 
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AUTHOR SUMMARY 
The actual serological and parasitological tests used 
for the diagnosis of human African trypanosomiasis 
(HAT), also known as sleeping sickness, are not 
sensitive and specific enough. The card agglutination 
test for trypanosomiasis (CATT) assay, widely used for 
the diagnosis, is restricted to the gambiense form of 
the disease and parasitological detection in the blood 
and cerebrospinal fluid (CSF) is often very difficult. 
Another very important problem is the difficulty to 
stage the disease; a crucial step in the decision of the 
treatment to be given. While eflornithine is difficult to 
administer, melarsoprol is highly toxic with incidences 
of reactive encephalopathy as high as 20%. Staging, 
which could be diagnosed as early (stage 1) or late 
(stage 2), relies on the examination of CSF for the 
presence of parasite and/or white blood cell (WBC) 
counting. However, the parasite is rarely found in CSF 
and WBC count is not standardised (cutoff set 
between 5 and 20 WBC per µL). In the present study, 
we hypothesized that an early detection of stage 2 
patients with one or several proteins in association 
with clinical evaluation and WBC count would improve 
staging accuracy, and allow more appropriate 
therapeutic interventions.  
 
The parasite that causes HAT belongs to the 
Trypanosoma brucei family with two subspecies, 
Trypanosoma brucei gambiense and Trypanosoma 
brucei rhodesiense, responsible for the human disease. 
Trypanosomes are transmitted to humans by the bite 
of a tsetse fly and are initially confined to the blood, 
lymph nodes and peripheral tissues. This corresponds 
to the first stage (early stage; or haemolymphatic 
stage) of the disease. After an unknown period that 
varies from weeks to months, the parasites invade the 
central nervous system (CNS). This is called the second 
stage (late stage; or neurologic; or meningo-
encephalitic stage) of HAT.  
Clinical symptoms of HAT are not specific for the 
disease, and definite diagnosis is always based on 
parasitological examination of body fluids. The card 
agglutination test for trypanosomiasis (CATT), an assay 
that is based on trypanosome-specific antibody 
detection, is widely used for mass screening. However, 
it suffers from limited sensitivity and restricted to the 
T. b. gambiense form of the disease.2 A positive 
parasitological diagnosis must always be followed by 
stage determination, which is performed by 
examination of the cerebrospinal fluid (CSF). This is a 
vital step in the diagnostic process, as the treatment 
differs depending on the stage of the disease. If HAT 

patients are not treated, they always die.3-5 Early stage 
drugs are inefficient for late stage patients, and 
additionally, melarsoprol (MelB or Arsobal), which has 
been the most widely used drug to treat late stage 
patient, has itself an overall mortality rate of 5% due 
to its toxicity.6  As a consequence, melarsoprol has in 
many countries been replaced by eflornithine as the 
first line treatment for T. b. gambiense infections but 
the latter drug suffers from important logistic 
constraints. 
WHO defined late-stage HAT by the following criteria: 
presence of trypanosomes in CSF and/or an elevated 
WBC count above 5/μL of CSF.7 However, presence of 
WBC in the CSF is not specific for the disease and 
parasite detection methods are not sensitive enough 
[8]. Furthermore, recent studies suggest the need to 
increase the cutoff between the first and second 
stages to 10 or 20 WBC/μL.2,8,9 This has contributed to 
the concept of a potential intermediate stage of HAT 
with CSF WBC count >5 and ≤20 WBC/μL.10 There is 
therefore a critical need for a reliable and efficient 
staging tool that would replace or complement 
trypanosome detection and WBC count. 
Parasite migration and invasion of the CNS causes a 
neuroinflammatory process, associated with activation 
of microglial cells and astrocytes,11,12 and infiltration of 
the CNS with leukocytes (predominantly mononuclear 
cells).13 Cytokines and chemokines are known to be 
actively involved in this process. Thus, TNF-α, IL-6, 
CXCL8 and IL-10 concentrations have been 
demonstrated to be elevated in the CSF of late-stage 
patients11,14 and the IFN-γ level has been reported as 
associated with the severity of the late stage disease.15 
The levels of CCL2, IL-1β and CXCL8 have also been 
correlated with presence of parasites in the CSF and 
neurological signs in HAT patients.16 Additionally, 
levels of IL-1ra, G-CSF, VEGF, CCL4 and CXCL10 were 
found modulated in either the CSF or plasma of 
patients suffering from cerebral malaria,17-19 and could 
potentially be also modulated in HAT patients. 
Proteomic analysis of human body fluids has become 
an important approach for biomarkers discovery.20 In 
this context, we recently explored the concept of post-
mortem CSF as a model of massive and global brain 
insult,21 which allowed the identification of potential 
brain damage biomarkers by proteomics strategies. 
Indeed, heart-fatty acid binding protein (H-FABP), 
identified from post-mortem CSF, has been validated 
as a marker of stroke22 and Creutzfeldt-Jakob 
disease,23 respectively. Similarly, GSTP-1 was also 
found over-expressed in post-mortem CSF24 compared 
to ante-mortem, and was recently validated as an 
early diagnostic marker of stroke and traumatic brain 
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injury (Turck et al. Personal communication).  
Additionally, S100β protein has already been 
demonstrated to be a marker of blood-brain barrier 
(BBB) and neuronal damage25 as well as a useful serum 
biomarker of CNS injury and a potential tool for 
predicting clinical outcome after brain damage.26  
In this context, we hypothesized that markers of brain 
damage discovered by proteomic strategies as well as 
inflammation-related proteins could individually or in 
combination indicate the CNS invasion by the 
trypanosome parasite. We measured the CSF 
concentrations of H-FABP, GSTP-1, S100β and thirteen 
inflammation-related proteins (IL-1ra, IL-1β, IL-6, IL-9, 
IL-10, G-CSF, VEGF, IFN-γ, TNF-α, CCL2, CCL4, CXCL8 
and CXCL10) and evaluated their potential for staging 
the disease.  
 
MATERIAL AND METHODS 
Samples 
Samples originated from a prospective observational 
study on shortening of post treatment follow-up in 
gambiense human African trypanosomiasis (THARSAT), 
conducted between 2005 and 2008 at Dipumba 
hospital in Mbuji-Mayi (Kasai Oriental province, 
Democratic Republic of the Congo). Details of the 
THARSAT study design and results are reported 
elsewhere (D. Mumba Ngoyi, in preparation). The 
study protocol was approved by the Ministry of Health, 
Kinshasa, DRC and by the Ethical Committee of the 
University of Antwerp, Belgium. Briefly, 360 T. b. 
gambiense patients in total were enrolled into the 
THARSAT study. Inclusion criteria were 1° confirmed 
presence of trypanosomes in lymph nodes, blood or 
CSF; 2° ≥12 years old and; 3° living within a perimeter 
of 100 km around Mbuji-Mayi. Exclusion criteria were 
1° pregnancy; 2° no guarantee for follow-up; 3° 
moribund; 4° haemorrhagic CSF before treatment and; 
5° presence of another serious illness (active 
tuberculosis - treated or not, bacterial or cryptococcal 
meningitis). HIV and malaria were not considered as 
exclusion criteria. Each patient underwent a clinical 
examination. Staging of disease was based on CSF 
examination.  WBC count was performed in disposable 
cell counting chambers (Uriglass, Menarini) and was 
performed in duplicate when the first count was <20 
cells/µL. Trypanosomes were searched for in CSF by 
direct examination prior or during the cell counting 
procedure, followed by the modified single 
centrifugation method.27 Second stage patients were 
defined as having >5 WBC/µL and/or trypanosomes in 
the CSF. First stage patients were defined as having 0-
5 WBC/µL and no trypanosomes in the CSF.  Patients 
having >5 and ≤20 WBC/μL and no trypanosomes in 

CSF were defined and treated as stage 2 patients, but 
highlighted as being in the potential intermediate 
stage. Patients or their responsible were informed 
about the study objectives and modalities and were 
asked to provide written consent. Treatment was 
provided according to the guidelines of the national 
control program for HAT (PNLTHA).   
CSF samples were centrifuged immediately after 
collection. The supernatant remaining after the 
diagnostic procedure was aliquoted, stored and 
shipped frozen at -20°C or below. For the study 
reported here, a total of 100 CSF samples, taken 
before treatment, were tested. These samples 
originated from 21 stage 1 (S1) and 79 stage 2 patients 
(S2). S1 patients were age and sex matched with 21 S2 
patients. Remainder S2 patients were chosen in order 
to obtain homogenous median age values. Patients 
were classified into three categories of neurological 
signs; absent (no neurological signs), moderate (at 
least one major neurological sign but no generalised 
tremors) or severe (at least two major neurological 
signs including generalised tremors). Major 
neurological signs were defined as: daytime 
somnolence, sensory and gait disturbances, presence 
of primitive reflexes (Babinski’s sign, palmo-mental 
reflex, perioral reflex), modified tendon reflexes 
(exaggeration or abolition), abnormal movements 
such as tremor (fine, diffuse and generalised). 
Neurological signs were not reported for two patients. 
 
S100β, H-FABP and GSTP-1 measurements  
The concentration of S100β was measured using a 
commercially available sandwich ELISA assay kit 
(Abnova, Taiwan) following the manufacturer’s 
instructions. Briefly, calibrators, Quality control (QC) 
and CSF samples diluted 1:4 were incubated 2 hours 
on microtiter strips pre-coated with polyclonal anti-
cow S100β antibodies. After 3 washes, horseradish 
peroxidase (HRP) labelled anti-human S100β 
antibodies were added, incubated for 90 minutes and 
washed again before addition of the substrate solution 
(tetramethylbenzidine). Color development was 
stopped with sulphuric acid and absorbance was read 
on a Vmax Kinetic microplate reader, (Molecular 
Devices Corporation, Sunnyvale, CA, U.S.A.) at a 
wavelength of 450 nm. 
H-FABP concentration was also determined using a 
commercially available ELISA kit (Hycult Biotechnology, 
Uden, Netherlands) according to the manufacturer’s 
instructions. CSF samples (non-diluted) and standards 
were incubated (1 hour) together with peroxidase 
conjugated secondary antibodies in microtiter wells 
coated with antibodies recognizing human H-FABP. 
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After 3 washes, tetramethylbenzidine was added and 
color development was stopped by adding citric acid.  
The concentration of GSTP-1 was determined using a 
homemade ELISA as described by Allard et al.28 Briefly, 
biotinylated anti-GSTP-1 antibodies (2 μg/mL) (Biosite, 
California, USA) were coated onto a 96-well Reacti-
Bind NeutrAvidin coated Black Plates (Pierce, Rockford, 
IL) for 1 hour at 37°C. After 3 washes, CSF samples 
(diluted 1:4), quality controls and standards 
(recombinant GSTP-1 at concentrations ranging from 0 
to 100 ng/mL) were incubated for 1 hour at 37°C, and 
followed by a washing step. Alkaline phosphatase 
conjugated antibodies against human GSTP-1 (Biosite, 
California, USA) at 2μg/mL were added and incubated 
for 1 hour at 37°C. After 3 washes, Attophos AP 
fluorescent substrate (Promega, Madison, WI) was 
added and plates were read immediately on a 
SpectraMax GEMINI-XS (Molecular Devices 
Corporation, Sunnyvale, CA, U.S.A.) plate reader, using 
the kinetic mode. Vmax values were automatically 
calculated by the instruments based on relative 
fluorescence units (RFU) (λexcitation=444 nm and 
λemission=555 nm).  
Concentrations of S100β, H-FABP and GSTP-1 in the 
CSF samples were back-calculated using a linear 
calibration curve based on measured standards values. 
 
Bead suspension array 
The levels of thirteen cytokines and chemokines (IL-
1ra, IL-1β, IL-6, IL-9, IL-10, G-CSF, VEGF, IFN-γ, TNF-α, 
CCL2, CCL4, CXCL8 and CXCL10) were determined 
using the Bioplex bead suspension arrays according to 
the manufacturer’s instructions (Bio-Rad, Hercules, 
CA). Briefly, thirteen sets of color-coded polystyrene 
beads were conjugated separately with one of the 
thirteen different antibodies against the molecule of 
interest. All the sets were then mixed together by the 
supplier and delivered ready-to-use. An equal amount 
of beads was added to each well of a 96-well filter 
plate. After a series of washes, standards and samples 
(diluted 1:4) were added and incubated for 30 minutes 
at room temperature. After washing, a mix of the 
corresponding thirteen biotinylated detection 
antibodies was added and incubated 30 minutes at 
room temperature. After washing, streptavidin-
phycoerythrin (streptavidin-PE) was added for 10 
minutes. After a last series of washes, beads were re-
suspended in the provided assay buffer and each well 
was aspirated using the Bio-Plex system. Each bead 
was identified and the corresponding target 
simultaneously quantified based respectively on bead 
color and fluorescence. The concentration of each 
target was automatically calculated by the Bio-Plex 

Manager software using corresponding standard curve 
(5-PL regression) obtained from recombinant protein 
standards. 
 
Data and statistical analysis 
Descriptive statistics were performed using the SPSS 
(version 16.0, SPSS Inc., Chicago, IL, USA) and 
GraphPad Prism (version 4.03, GraphPad software Inc., 
San Diego, CA, USA) software. Because none of the 
markers presented a normal distribution in 
concentrations (Kolmogorov-Smirnov test), differences 
between groups were tested with non-parametric 
Mann-Whitney U test (comparison between two 
groups) and Kruskal-Wallis test followed by Dunn’s 
post-hoc test (comparison between three groups). 
Statistical significance for these tests was set at 0.05 
(2-tailed tests). The stage, the presence of the parasite 
in CSF and the severity of neurological signs were 
successively considered as the dependent variables. 
The different marker concentrations were considered 
as independent variables. Bivariate non-parametric 
correlations using the Spearman correlation 
coefficient were carried out with statistical 
significance set at 0.01 (2-tailed tests).  
To calculate the sensitivity and specificity of each 
individual predictor with respect to staging, the 
specific receiver operator characteristic (ROC) curve of 
each analyte was determined and the cutoff value was 
selected as the threshold predicting stage 2 patients 
with 100% of specificity (Figure S1). 
Aabel (version 2.4.2, Gigawiz Ltd. Co., Tulsa, OK, USA) 
was used for box plots, SPSS for scatter plots and R 
(version 2.8.0) 29 was used for plotting ROC curves.  
 
Panel development 
Panel selection was mainly performed as described by 
Reynolds et al.30 Briefly, the optimized cutoff values 
were obtained by modified iterative permutation-
response calculations (rule-induction-like, RIL) using 
only the molecules that presented a p value <0.0001 
(Mann-Whitney U test), an AUC above 75% and a 
significant Spearman correlation with WBC above 0.4 
(Table 2). Each cutoff value was changed iteratively by 
quantile of 2% increment and sensitivity was 
determined after each iteration until a maximum 
sensitivity was achieved for 100% specificity. The 
permutation–response calculations were conducted 
using a PERL program (ActivePerl version 5.10.0.1004, 
ActiveState Software Inc.) and data were coded in CSV 
format.  
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Table 1 Characteristics of the studied population 

    Stage 1 Stage 2 
Population n 21 79 
Gender Male 8 51 
  Female 13 28 
Age Median (range) 32.0 (14-60) 33.0 (13-65) 
WBC/μL Median (range) 2 (0-5) 126 (6-6304) 
Parasite in CSF n 0 64 
Neurological signs* Absence 11 11 
  Moderate 10 51 
  Severe 0 15 
>5 and ≤20 WBCμL 
No trypanosomes in 
CSF** 

n 0 8 

*Neurological signs were not reported for two patients 
** Correspond to the number of patients highlighted as 
being in the  
potential intermediate stage 
 
RESULTS 
Biomarker concentration as a function of disease 
stage 
The main characteristics of the 100 patients evaluated 
in this study are presented in table 1. The analytes 
were classified into three groups, based on the results 
presented in table 2. Criteria for the classification 
were the significance (Mann-Whitney U test), the AUC 
and the correlation with WBC. In the first group (GR1) 
comprising IL-1ra, G-CSF, CCL4, and VEGF, no 
significant difference in CSF concentrations between 
the two stages of HAT was observed. The second 
group (GR2) encompassed IFN-γ, IL-9, CCL2 and S100β, 
for which concentrations in the CSF were significantly 
different between stage 1 and stage 2 patients 
(0.001<p<0.01, Mann-Whitney U test). The third group 
(GR3) included GSTP-1, H-FABP, TNF-α, IL-1β, IL-6, IL-
10, CXCL8 and CXCL10, for which the difference 

between stages was highly significant (p<0.0001, 
Mann-Whitney U test) (Figure S2).  
To assess the sensitivity and specificity of these 
analytes for S2 HAT, ROC curves were built. GR1 and 
GR2 had a low to medium area under ROC curve (AUC) 
ranging from 54 to 70% and also displayed a low 
sensitivity in detecting S2 patients (4-13% for GR1 and 
10-44% for GR2, see Table 2) at a predefined 
specificity of 100%. GR3 showed higher AUC (79-95%), 
and sensitivities for identification of S2 patient up to 
84% (Table 2). CXCL10 appeared then as the most 
accurate predictor for staging, as, with a cutoff set at 
2080 pg/mL, this molecule identified 66 out of 79 late 
stage patients and ruled-out all the early-stage 
patients. 
 
Correlation between WBC and biomarker 
concentrations 
As the white blood cell count was one of the two 
reference staging parameters, we investigated the 
correlation between the concentrations of the sixteen 
biomarkers and the number of WBC in CSF (Table 2). 
There was no significant correlation in the 
concentrations of the first and second group of 
analytes (GR1 and GR2) with WBC, except for S100β, 
which had a significant but low Spearman rho 
coefficient (0.269, p<0.01). Otherwise, strong 
correlations were observed between WBC and the 
concentrations of GR3 biomarkers (GSTP-1, IL-1β, IL-6, 
H-FABP, TNF-α, IL-10, CXCL8 and CXCL10), with 
Spearman rho ranging from 0.417 to 0.732 (Table 2 
and Figure 1). 

 
Table 2 Detailed results for all the molecules tested in respect with the stage of the disease  

  Absence of parasite 
and ≤5 WBC/μL 

Presence of parasite 
and/or >5 WBC/μL 

Mann-Whitney U 
test 

Correlation 
with WBC 

ROC 
curve     

 Markers Median (range) Median (range) p value (spearman 
rho) % AUC Cutoff 

[pg/mL] 
Sensitivity,  
% (95% CI)a 

GR3 CXCL10 347.3 (24.3-2048.8) 14130.0 (24.3-128900.0) <0.0001 0.625** 95 > 2080.0 84 (74-91) 
  CXCL8 56.9 (1.3-96.5) 178.9 (1.6-1791.0) <0.0001 0.557** 94 > 97.1 82 (72-90) 
  IL-10 6.7 (0.9-19.6) 74.5 (2.1-573.1) <0.0001 0.702** 89 > 20.0 80 (69-88) 
  TNF-α 3.3 (0.5-8.4) 22.5 (1.0-295.4) <0.0001 0.636** 93 > 8.5 78 (68-87) 
  H-FABP 226.4 (19.8-564.0) 748.3 (0.0-16680.0) <0.0001 0.417** 86 > 571.8 62 (50-73) 
  IL-6 5.0 (0.2-57.7) 63.8 (0.8-3286.0) <0.0001 0.732** 94 > 58.0 52 (40-63) 
  IL-1β 0.1 (0.1-0.7) 0.6 (0.1-42.2) <0.0001 0.445** 80 > 0.7 48 (37-60) 
  GSTP-1 1272.9 (149.7-5026.9) 3014.0 (61.2-75810.0) <0.0001 0.437** 79 > 5078.0 24 (15-35) 
GR2 IFN-γ 68.7 (8.6-209.2) 100.4 (1.7-995.5) 0.0049 0.094 70 > 210.9 10 (4-19) 
  IL-9 23.4 (3.6-44.5) 30.7 (3.6-209.6) 0.0051 0.041 70 > 45.0 23 (14-34) 
  S100β 43.2 (4.9-113.0) 78.4 (0.0-353.0) 0.0053 0.269** 70 > 114.3 29 (19-40) 
  CCL2 428.1 (58.6-632.9) 590.2 (15.8-5391.0) 0.0055 0.156 70 > 664.7 44 (33-56) 
GR1 G-CSF 43.4 (2.4-209.8) 63.2 (2.0-785.9) 0.0866 (ns) -0.029 62 > 281.7 4 (1-11) 
  IL-1ra 817.3 (128.6-3087.6) 782.0 (34.0-11760.0) 0.5229 (ns) -0.065 55 > 3092.0 13 (6-22) 
  CCL4 94.2 (1.5-301.0) 91.9 (5.4-753.9) 0.5423 (ns) -0.143 54 > 316.6 5 (1-12) 
 VEGF 48.3 (20.0-215.7) 49.4 (3.5-1009.0) 0.9393 (ns) -0.105 54 > 222.4 9 (4-17) 
aSensitivity was set for a specificity of 100% (95% CI, 84-100) 
** Correlation is significant at the 0.01 level (2-tailed)   
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The levels of GR3 molecules in 8 potential 
intermediate stage patients (parasite not detected in 
CSF and having >5 and ≤20 WBC/μL) demonstrated 
the intermediate behaviour of this category with some 

patients appearing as S1 and others as S2 patients 
(Figure 1). Based on the above results, only the GR3 
molecules (GSTP-1, IL-1β, IL-6, H-FABP, TNF-α, IL-10, 
CXCL8 and CXCL10) were selected for further analyses.  

 
 

 
 
Figure 1 Scatter plots correlating the level of GR3 molecules with the WBC count. The horizontal dashed line 
corresponds to the cutoff value for the molecule that discriminates between S1 and S2 patients with a specificity of 
100%. The left vertical dashed line corresponds to the WBC count cutoff value used for staging. The second vertical 
dashed line indicates the suggested cutoff value for staging. Patients between these lines (>5 and ≤20 WBC/μL) 
corresponded to potential intermediate stage patients. The diagonal line corresponds to the linear regression. 
 
 
 
Parasites in CNS and biomarker concentrations 
GR3 molecule concentrations were classified 
according to the absence/presence of trypanosomes 
in CSF. GSTP-1, IL-1β, IL-6, H-FABP, TNF-α, IL-10, CXCL8 
and CXCL10 concentrations were significantly 
increased in patients with parasites in CSF (Figure 2, 

Table S1). The six biomarkers associated with 
inflammation had a lower p value (<0.0001, Mann-
Whitney U test) and higher AUC (ranging from 78% to 
89%) than H-FABP and GSTP-1 (0.001<p<0.05, Mann-
Whitney U test, AUCs of 69% and 64% respectively). 
Additionally, when only S2 patients were analysed, 
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CXCL10, IL-10 and TNF-α levels still demonstrated a 
significant difference between patients with or 

without trypanosomes in CSF (p<0.05, Dunn’s post-hoc 
test, Table S1).  

 
 
 

 
 
Figure 2 Box-plot of GR3 molecules and WBC classified according to the presence of the parasite in CSF. Median and 
mean are represented as a solid line in the box and a diamond respectively. Whisks are defined as 5th-95th percentile 
without outliers. Half-width of the notch was calculated automatically by the software. 
 
 
Neurological signs and biomarker concentrations 
The patients were classified with respect to the 
neurological signs reported (absence, moderate or 
severe) (Figure 3). All the GR3 molecules except GSTP-
1 showed a significant increase in concentration 
associated with higher severity of neurological signs 
(p<0.05, Kruskal-Wallis test). Indeed, CXCL10, CXCL8, 
IL-6, IL-10, IL-1β, and TNF-α concentrations were 
significantly different between patients without 
neurological signs and severe neurological signs 

(p<0.05, Dunn’s post-hoc test), as well as between 
patients with moderate and severe neurological signs 
(p<0.05, Dunn’s post-hoc test). H-FABP level was 
significantly different between patients without 
neurological signs and severe neurological signs 
(p<0.05, Dunn’s post-hoc test). Only the 
concentrations of CXCL10, IL-10 and TNF-α could 
distinguish between absence and moderate 
neurological signs (p<0.05, Dunn’s post-hoc test). 
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Figure 3 Box-plot of GR3 molecules and WBC classified according to the neurological signs. Median and mean are 
represented as a solid line in the box and a diamond respectively. Whisks are defined as 5th-95th percentile without 
outliers. Half-width of the notch was calculated automatically by the software. Neurological signs of two patients were 
not reported (n=98). 
 
 
Table 3 Detailed results for the three molecule panel in respect with the stage of the disease 

 Markers Number of 
negative test 

Number of 
positive test 

Mann-Whitney U 
test , p value 

% AUC  
(ROC curve) Panel cutoff  Sensitivity, 

% (95% CI)a 

Panel CXCL10 CXCL8 
H-FABP 23 77 <0.0001 99 ≥1 molecule above 

its cutoff valueb  97 (91-100) 
aSensitivity was set for a specificity of 100% (95% CI, 84-100) 
bCutoff values: CXCL10 > 2080.0 pg/mL, CXCL8 > 97.1 pg/mL and H-FABP > 571.8 pg/mL 
 
 
Panel selection 
In an effort to improve the global sensitivity of 
molecules in the prediction of second stage HAT, the 
GR3 molecules were combined using the rule 
induction like (RIL) approach. This resulted in the 

identification of a three-molecule panel characterized 
by CXCL10, CXCL8 and H-FABP (cutoff values were set 
at 2080.0, 97.1 and 571.8 pg/mL, respectively). A 
positive test (leading to identification of S2 patient) 
was obtained as soon as one of the three molecules 
included in the panel was above its cutoff value (Table 

      70 



Chapter 3 

 

3). The panel had a sensitivity of 97% (95% CI, 91-
100%) and, by definition, a specificity of 100% (95% CI, 
84-100%). This means that the panel could identify 77 
out of 79 stage 2 patients, and ruled-out all the 21 
stage 1 patients. Out of the 77 ruled-in S2 patients, 5 
were CXCL10 positive only (> 2080.0 pg/mL), 6 CXCL8 
positive only (> 97.1 pg/mL) and 3 H-FABP positive 
only (> 571.8 pg/mL). The rest of ruled-in S2 patients 
were identified with either 2 positive molecules (n=23) 
or 3 positive molecules (n=40). When this panel was 
applied on the intermediate stage patients (eight 
patients having >5 and ≤20 WBC/μL and no 
trypanosomes in CSF) only one patient gave a negative 
test response and thus 7 out of 8 patients were 
classified as S2.  
 
DISCUSSION 
In this study, including early and late stage HAT 
patients (n=100), we evaluated sixteen molecules as 
potential staging markers of HAT, to replace or 
complement trypanosome detection and WBC count. 
Eight of these molecules, CXCL10, CXCL8, IL-6, IL-10, IL-
1β, TNF-α, H-FABP and GSTP-1, presented 
concentrations significantly elevated in the CSF of late-
stage HAT patients. We demonstrated that the CSF 
concentration of CXCL10 is highly elevated in stage 2 
patients when compared to stage 1, highlighting this 
molecule as a potential new staging marker for 
sleeping sickness. A combinatorial approach has been 
applied in staging of HAT, in order to improve the 
sensitivity. This method has led to the identification of 
a panel consisting of CXCL10, CXCL8 and H-FABP, that 
identified late-stage patients with a sensitivity of 97% 
at 100% specificity.  
H-FABP is a small protein belonging to the fatty acid-
binding proteins (FABPs) and known to be expressed 
in the brain.31 In myocardial infarction, HFABP is 
quickly released after the tissue damage.32,33 It has 
been suggested that the release of H-FABP from 
damaged cells could be used for diagnosis of acute 
and chronic brain injuries.31 GSTP-1 is a member of the 
Glutathione S-transferase superfamily, playing a role 
in oxidative stress. Its expression in brain has not been 
well studied, but GSTP-1 seems to be the main isoform 
in brain34 and may function as a brain damage 
biomarker.24 Our results showed a higher level of both 
H-FABP and GSTP-1 in CSF of late stage patients 
compared to early stage patients. These two 
molecules are known to be associated with early brain 
cell death,24,31 which could be correlated with the 
observed increase of their concentration in late-stage 
HAT patients. From now, it is not know if these two 

molecules were also associated with the inflammatory 
process.  
Cytokines and chemokines play an important role in 
inflammatory processes and blood-brain barrier (BBB) 
dysfunction,35 and could therefore be potentially used 
as markers for staging HAT.11,16,36 In the present study, 
the measured levels of inflammation-related proteins 
in CSF showed significant differences according to the 
disease progression. Indeed, concentrations of IL-1β, 
IL-6, IL-10, TNF-α, CXCL8 and CXCL10 were increased in 
the CSF of patients in late stage HAT compared to 
those in early stage of the disease. In addition, the 
levels of IL-1β, IL-6, CXCL8 and IL-10 were similar to 
those already reported for T. b. gambiense HAT.11,16 IL-
1β is a pro-inflammatory cytokine that induces 
leukocytes infiltration37 and is rapidly expressed in 
response to brain damage.35 The high level of IL-1β 
found in CSF of stage 2 patients confirmed its probable 
association with the inflammatory process. 
Furthermore, its level was clearly correlated to the 
presence of severe neurological signs, supporting a 
potential release in relation to neurodegeneration. IL-
6 and IL-10 are both anti-inflammatory cytokines. 
Their increased level in the CSF according to the stage 
as well as the severity of the neurological signs 
confirmed their activation associated with disease 
progression. The concentration of the two molecules 
was significantly increased in patients with more than 
20 WBC/μL, which may suggest a probable expression 
after an already activated inflammatory process. 
Indeed, it has been demonstrated in vervet monkey 
models of HAT that IL-10 is associated with down-
regulation of pro-inflammatory cytokines (IFN-γ and 
TNF-α) in the late stage of T. b. rhodesiense disease.38 
The level of the pro-inflammatory chemokine CXCL8 
was also significantly elevated in CSF of S2 patients 
and correlated well with both presence of 
trypanosomes in CSF and severity of neurological signs. 
CXCL8 is a strong neutrophil attractant,16 which could 
thus not explain the good correlation of CXCL8 and the 
number of WBC (mainly B-lymphocytes) in CSF. 
However, its elevation in patients with a relatively low 
number of WBC (between 5 and 20/μL) suggests an 
early activation, which may play a role in BBB 
dysregulation.11 
The pro-inflammatory cytokine TNF-α has been 
reported as being involved in blood-brain barrier 
dysfunction.39 These authors also demonstrated that 
trypanosomes may induce synthesis of TNF-α. In the 
present study, the increasing level of TNF-α was 
associated with disease progression as well as the 
presence of the parasite in CSF. These results 
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suggested that parasites invasion into the CNS may 
lead to TNF-α production, which generated then CNS 
inflammation.14 Additionally, an elevation according to 
the severity of the neurological symptoms was 
observed, which may support the neurotoxic effect of 
this cytokine in HAT.35  
CXCL10, also known as IP-10, is a pro-inflammatory 
chemokine with a central role in inflammatory 
responses.40 The main effect of CXCL10 as a 
chemotactic molecule is activation of T cell migration 
to the site of inflammation, after binding to its 
receptor, CXCR3.41 The involvement of this chemokine 
in different CNS disorders has been demonstrated, 
such as viral meningitis42 and multiple sclerosis,43 
where increased CXCL10 levels in the CSF correlated 
with tissue infiltration of T lymphocytes.44 In our study, 
the concentration of CXCL10 increased with 
progression of the disease, and was highly correlated 
with the number of WBC in CSF. Many studies have 
pointed out astrocytes as the primary source of 
CXCL10 at the level of the CNS and showed that this 
molecule is responsible, as chemoattractant, for the 
influx of activated T lymphocytes in brain.43,45-47 
Indeed, there is a predominance of plasma cell 
infiltration in the brain of trypanosomiasis infected 
individuals. In addition, it has very recently been 
shown in a mouse model of HAT that CXCL10 may play 
an important role in T-cell recruitment into the brain 
parenchyma and is probably associated with brain 
invasion by trypanosomes.48 Furthermore, the early 
activation of cytokine production (TNF-α, IL-6, and IFN-
γ) by astrocytes and microglia in mice models infected 
with T. brucei before observation of an inflammatory 
response49 has confirmed an important role of 
astrocyte activation in CNS inflammatory response. In 
consequence, early astrocyte activation, which 
induces CXCL10 production, is probably linked with 
BBB dysfunction and may occur before the 
inflammatory process. These hypotheses were 
supported by the increase CXCL10 concentration 
observed in patients having >5 and ≤20 WBC/μL but 
without trypanosomes detected in the CSF. The 
CXCL10 level was also demonstrated to be elevated in 
patients with cerebral malaria, and pointed out as 
potentially inducing apoptosis of endothelial cells 
leading to BBB breakdown.17 Recent work has 
suggested that neuronal apoptosis associated with 
calcium dysregulation may be induced by CXCL10.50 
Even if mechanisms of CXCL10 mediated neurotoxicity 
remain unclear, we showed that the concentration of 
CXCL10 was correlated to the severity of neurological 
signs, supporting a possible involvement of this 

protein in neuronal injury pathways. Thus, CXCL10 
expression in late stage HAT patients may be 
associated with both cell death and inflammatory 
process. Finally, active tuberculosis and pregnancy, 
two exclusion criteria in this study, have also been 
reported as modulating the level of CXCL10.51,52 
Although they have only been evaluated on serum and 
whole blood samples so far, it is not excluded that 
these criteria could potentially induce CXCL10 
modulation in CSF. Nevertheless, our data 
demonstrated that CXCL10 is an efficient tool for 
staging patients, and suggested a potential role of 
CXCL10 as an early marker of parasite invasion into the 
CNS. 
As the investigated proteins may be involved in 
different biological mechanisms, we evaluated in this 
study a strategy to combine results of each molecule, 
in order to find a panel able to discriminate more 
accurately early and late stage patients. This 
highlighted a panel of three molecules, including 
CXCL10 (the most promising single molecule), CXCL8 
(another chemokine) and H-FABP (a marker of brain 
damage). With a specificity of 100%, this panel 
increased the sensitivity for staging of HAT patients up 
to 97% (compared to the 84% obtained with CXCL10 
taken individually). Although the number of 
“intermediate” patients was small, the panel appeared 
to classify them rather as S2 patients (7/8 patients). 
This supports the current recommendation by WHO to 
consider such patients as S2 patients and treat them 
with drugs used for late stage disease. However, there 
is a need for more studies on T. b. gambiense and T. b. 
rhodesiense patients, before and after treatment, as 
well as on other parasitic diseases such as cerebral 
malaria, to verify these results and assess the 
feasibility of using the three-molecule panel as a 
complement to WBC count. There are obviously some 
drawbacks concerning this approach. Firstly the 
obtained panel is not 100% sensitive and thus some 
stage 2 patients will not be detected. The influence of 
other possible co-infections should also be evaluated 
in order to determine if they significantly modulate 
the evaluated molecules. Indeed, the three molecules 
included in the panel could potentially all be markers 
of other CNS disorders. It is also evident that the 
methods described in this study could not be 
implemented in such a way directly in the field and 
should be first transformed into a more simplified 
technique as for example a lateral flow immunoassay. 
Another limitation is the continued requirement of the 
invasive lumbar puncture since the molecules 
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highlighted in this study have been evaluated on CSF 
samples.  
In conclusion, the present study demonstrated the 
utility of inflammation-related proteins and brain 
damage markers as indicators of the second stage of 
HAT but potentially in other CNS disorders as well. We 
highlighted the value of CXCL10 as an efficient staging 
biomarker for T. b. gambiense infected HAT patients. 
Additionally, a combination of CXCL10 with CXCL8 and 
H-FABP resulted in a highly sensitive tool for 
identification of late stage HAT patients. 
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SUPPORTING INFORMATION 
Figure S1 ROC curves of GR3 molecules and the panel. 
Cut-off value for each molecule [pg/mL] and for the 
panel is displayed by a point and a numeric value. In 
parenthesis, sensitivity (%) of each molecule was set 
for 100% specificity. Area under the ROC curve (AUC) 
is also given. 

Figure S2 Box-plot of GR3 molecules classified 
according to the stage of the disease. Median and 
mean are represented as a solid line in the box and a 
diamond respectively. Whisks are defined as 5th-95th 
percentile without outliers. Half-width of the notch 
was calculated automatically by the software. 

Table S1 Detailed results for GR3 molecules in 
function of the presence of trypanosomes in CSF 
(according or not to the stage) and the neurological 
signs. 
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MMP-9 and ICAM-1 for staging of HAT 

 

A central aspect, which characterizes HAT late stage, is the increased number of leukocytes in 

patients’ CSF. The entrance of WBC into the brain compartment is the result of a complex, but well 

described, process of cell recruitment to the site of inflammation. This involves a number of interactions 

between leukocytes and blood-brain barrier endothelial cells, under the influence of chemotactic and 

activating cytokines of different origins.  

We therefore tested the staging properties of 5 molecules, matrix metallopreoteinases (MMP-2 and 

MMP-9) and cell adhesion molecules (ICAM-1, VCAM-1 and E-selectin), by measuring their concentrations 

in the CSF of 63 T. b. gambiense HAT patients. Since in our previous study we highlighted new powerful 

staging markers, we compared the molecules here investigated to CXCL10, CXCL8 and H-FABP. An increased 

accuracy in stage determination was achieved when measuring MMP-9 or ICAM-1 compared to CXCL10, 

and the combination of these two markers with H-FABP allowed to perfectly discriminate (100% SP and SE) 

between the two categories of patients. 

These results have been published in 2011 in Tropical Medicine and International Health. I partially 

contributed to the experimental part, data analysis and writing of the manuscript. 
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SUMMARY 
Objectives A critical step before treatment of human African trypanosomiasis (HAT) is the correct 

staging of the disease. As late stage is established when trypanosomes cross the blood brain 
barrier and invade the central nervous system, we hypothesized that matrix metalloproteinases 
and cell adhesion molecules could indicate, alone or in combination, the disease progression from 
the first to the second stage of HAT. 

Methods We measured the levels of MMP-2, MMP-9, ICAM-1, VCAM-1 and E-selectin in the 
cerebrospinal fluid (CSF) of 63 Trypanosoma brucei gambiense infected patients (15 stage 1 and 
48 stage 2). Staging was based on counting of white blood cells (WBC) and/or parasite detection 
in CSF. Concentrations were obtained either by ELISA or multiplex bead suspension assays and 
results were compared with three known HAT staging markers (CXCL10, CXCL8 and H-FABP). 

Results ICAM-1 and MMP-9 accurately discriminated between stage 1 and stage 2 HAT patients 
with 95% sensitivity for 100% specificity, which was better than CXCL10 (93% SE for 100% SP), one 
of the most promising known markers. Combination of ICAM-1 and MMP-9 with H-FABP provided 
a panel that resulted in 100% of sensitivity and specificity for staging HAT.  

Conclusions ICAM-1 and MMP-9, alone or in combination, appeared as powerful CSF staging 
markers of HAT. Final validation of all newly discovered staging markers on a large multi-centric 
cohort including both forms of the disease as well as patients with other infections should be 
performed. 

 
 
 
INTRODUCTION 
Human African trypanosomiasis (HAT), or sleeping 
sickness, is a tropical disease occurring in sub-Saharan 
Africa, caused by the protozoan parasite Trypanosoma 
brucei (T. b.). Two forms of the disease affect humans, 
a chronic form caused by the Trypanosoma brucei 
gambiense subspecies, and an acute form due to 
Trypanosoma brucei rhodesiense.1 The disease evolves 
from a first haemolymphatic stage (stage 1, S1) to a 
second meningo-encephalitic stage (stage 2, S2), after 
parasites cross the blood-brain barrier (BBB) and 

invade the central nervous system (CNS).2 If untreated, 
disease outcome is always fatal.2 The treatment differs 
between the two stages and is more toxic and 
complicated in the case of second (late) stage disease. 
After diagnosis, patients therefore undergo a lumbar 
puncture for staging of sleeping sickness, which relies 
on cerebrospinal fluid (CSF) examination.3 Correct 
staging of patients with HAT remains a critical issue.4 
According to the WHO guidelines, the late stage is 
defined by the detection in the CSF of more than five 
white blood cells (WBC)/μl and/or the presence of 
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trypanosomes.5 However, higher thresholds for the 
WBC count as well as existence of a possible 
intermediate stage have been suggested.6 
Trypanosome detection in CSF defines the second 
stage, but direct finding suffers from sensitivity (SE).3 
In this context, discovery of new highly sensitive and 
specific staging markers is essential to replace or 
complement current staging methods. 
Relations between chemokine levels in CSF and HAT 
progression have been demonstrated7,8 and recently, 
CXC motif chemokine 10 (CXCL10), alone or in 
combination with interleukin-8 (CXCL8) and heart-type 
fatty acid-binding protein (H-FABP), has been 
highlighted as a powerful CSF staging biomarker.9,10 
Moreover, it has been suggested that trypanosomes 
may cross the BBB using a similar mechanisms as 
leukocyte infiltration into the CNS.2 Cell adhesion 
molecules (CAMs) and matrix metalloproteinases 
(MMPs) are known to be involved in BBB permeability 
11 and leukocyte extravasation.12 Studies have 
demonstrated the up-regulation of intercellular 
adhesion molecule 1 (ICAM-1), vascular cell adhesion 
molecule 1 (VCAM-1) and E-selectin (endothelial 
leukocyte adhesion molecule 1) associated with 
parasite infiltration into the CNS.13,14 The crucial role 
of matrix metalloproteinase-2 (MMP-2) and matrix 
metalloproteinase-9 (MMP-9) for WBC infiltration into 
the brain parenchyma has also been shown.15 In this 
context, we hypothesized that MMPs and CAMs could 
be used, alone or in combination, as HAT staging 
biomarkers. We measured the level of MMP-2, MMP-9, 
ICAM-1, VCAM-1 and E-selectin in the CSF of T. b. 
gambiense infected patients and evaluated their 
performances in the context of CNS invasion by the 
parasite. Levels of three other biomarkers (CXCL10, 
CXCL8 and H-FABP) previously shown to be efficient 
for staging were also measured and used for 
comparison. 
 
MATERIALS AND METHODS 
Samples 
Samples originated from a prospective study on 360 T. 
b. gambiense infected patients (THARSAT), conducted 
between 2005 and 2008 at Dipumba hospital in Mbuji-
Mayi (Kasai Oriental province, Democratic Republic of 
the Congo). Details of the THARSAT study design and 
results are reported elsewhere.16 The study was 
approved by the Ministry of Health, Kinshasa, DRC, 
and by the Ethical Committee of the University of 
Antwerp, Belgium. Written informed consent was 
obtained from the patients or their responsible before 
enrolment. In this study, a total of 63 CSF samples 
comprising 15 stage 1 (S1) and 48 stage 2 (S2) patients, 

taken before treatment, were tested (Table 1). The 
patients were chosen sequentially and were also 
classified according to their neurological condition 
(Table 1). The stage 1 and stage 2 groups did not differ 
significantly in terms of age and sex (chi-square or 
Mann-Whitney U test). Three categories of 
neurological signs were defined: absence (no 
neurological signs), moderate (at least one major 
neurological sign but no generalised tremors) and 
severe (at least two major neurological signs including 
generalised tremors). Major neurological signs were 
defined as: daytime somnolence, sensory and gait 
disturbances, presence of primitive reflexes (Babinski’s 
sign, palmo-mental reflex, perioral reflex), modified 
tendon reflexes (exaggeration or abolition), abnormal 
movements such as tremor (fine, diffuse and 
generalized). Disease staging was determined after 
CSF examination using the following criteria: patients 
with WBC ≤5/μl and no trypanosomes in CSF were 
classified as S1; patients with WBC >5/μl and/or 
trypanosomes in CSF corresponded to S2.  
 
Table 1 Characteristics of the selected population of 
patients with human African trypanosomiasis 

 Stage 1 Stage 2 
Population (n) 15 48 
Gender*   
   Male 6 32 
   Female 9 16 
Age, years (median, range)† 29  

(14-51) 
33  
(13-65) 

WBC/µl (median, range)‡ 3  
(1-5) 

94  
(6-2064) 

Detected trypanosomes in CSF (n)‡ 0 38 
Neurological signs§   
   Absence 9 7 
   Moderate 6 32 
   Severe 0 9 

* Chi-square test: ns; † Mann-Whitney: ns; ‡ Mann-Whitney: 
p <0.001; § Chi-square test: p =0.001. 
 
Matrix metalloproteinases (MMPs), cell adhesion 
molecules (CAMs) and chemokines measurements  
The concentrations of MMP-2, MMP-9, ICAM-1, 
VCAM-1, E-selectin, CXCL10 and CXCL8 were measured 
using commercially available multiplex bead 
suspension assay (mBSA) kits (R&D Systems, UK; 
Biorad, Hercules, CA) according to manufacturer’s 
instruction. Samples were diluted 1:4 with the 
corresponding provided buffer and assayed in 
duplicate. The concentration of each target was 
automatically calculated by the Bio-Plex Manager v4.1 
software using corresponding standard curves (5-PL 
regression) obtained with recombinant protein 
standards. 
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H-FABP measurement 
The concentration of H-FABP was measured using a 
commercially available ELISA (Hycult Biotechnology, 
Uden, Netherlands) following the protocol described 
elsewhere.10 
  
Panel selection 
Combinations of all evaluated proteins were 
performed to determine whether a panel could be 
more efficient for staging than the molecules alone. 
Optimized cut-off values were obtained by modified 
iterative permutation-response calculations (rule-
induction-like, RIL) as described in a previous study.10 

Data and statistical analysis 
Statistical analyses were performed using PASW v18 
and GraphPad Prism v4.03 software. Correlations and 
differences between groups were tested with non-
parametric tests (i.e. Mann-Whitney U test, Kruskal-
Wallis test, Dunn’s post hoc test and Spearman test). 
Marker’s SE was evaluated at 100% of specificity (SP). 
Overall accuracy was further assessed using the 
Youden index (Y = maximum [SE + SP − 1]) or partial 
area under ROC curve (pAUC) between 90 and 100% 
of SP.17 
 

 
Table 2 Detailed results for the cell adhesion molecules and metalloproteinases (Part A) as well as three other known 
human African trypanosomiasis markers (Part B) tested in respect with the stage of the disease 

 Stage 1 median (range) Stage 2 median (range) Ratio 
S2/S1 

P 
value* 

Correlation 
with WBC† 

pAUC‡ 
(%) 

Cut-off 
(pg/ml) 

% SE  
(95% CI)§ 

Part A         

MMP-9 67.0 (14.8-414.0) 3085.3 (175.7-22643.0) 46.0 <0.0001 0.742** 95 424.7 90 (77-97) 
ICAM-1 537.2 (116.1-1330.9) 8493.1 (604.6-39166.5) 15.8 <0.0001 0.794** 95 1450.6 90 (77-97) 
VCAM-1 9100.5 (1466.4-23567.9) 50625.6 (8894.3-195040.3) 5.6 <0.0001 0.750** 93 25729.1 85 (72-94) 
MMP-2 15354.8 (4010.0-38832.9) 39798.7 (10565.9-108146.1) 2.6 <0.0001 0.712** 78 39220.2 52 (37-67) 
E-selectin 24.4 (1.1-59.1) 53.2 (1.1-1234.9) 2.2 0.0152 0.527** 73 61.0 48 (33-63) 
Part B         

CXCL10 376.5 (24.3-2048.8) 11699.1 (24.3-65596.9) 31.1 <0.0001 0.667** 93 2079.7 83 (70-93) 
CXCL8 48.8 (1.3-96.5) 172.5 (1.6-1755.0) 3.5 <0.0001 0.548** 89 97.1 79 (65-90) 
H-FABP 264.8 (72.9-548.7) 759.8 (234.1-16680.7) 2.9 <0.0001 0.504** 84 552.6 67 (52-80) 
SE, sensitivity; SP, specificity. Median values (and ranges) are expressed in pg/ml. *p value according to the Mann-Whitney U test. 
†Spearman rho value [**significant correlation at the 0.01 level (two-tailed)]. ‡Partial AUC between 90% and 100% of SP. §SE was 
set for a SP of 100%. 
 
 
RESULTS 
HAT CSF staging 
As presented in Table 2 Part A, all the CAMs and the 
MMPs were able to discriminate the two stages of the 
disease with a high significance (p <0.0001, Mann-
Whitney U test) except E-selectin (p value =0.0152). E-
selectin and MMP-2 showed pAUC below 80% 
(respectively at 73% and 78%) whereas VCAM-1, 
ICAM-1 and MMP-9 presented higher pAUC ranging 
from 93% to 95% (Figure 1). The five molecules were 
able to identify S2 patients with SE ranging from 48% 
(E-selectin) up to 90% for ICAM-1 and MMP-9 (Figure 
1) for 100% SP. As the number of WBC is the current 
staging reference, we evaluated the correlation 
between this parameter and the analyte levels. All 
these molecules significantly correlated with the 
number of WBC, with ICAM-1 showing the highest 
correlation (Spearman rho coefficient of 0.794). The 
three already known markers, CXCL10, CXCL8 and H-
FABP were also able to significantly discriminate 
between the two stages (Table 2 part B) with pAUC, 
respectively, at 84%, 89% and 93%. These three 

molecules were also significantly correlated with the 
number of WBC.  
 
Presence of trypanosomes in the CSF 
To evaluate the relationship between the presence of 
parasites in the CSF and the concentration of the 
molecules, patients were classified into two groups: 
without (T-) and with (T+) detected trypanosomes in 
CSF (Figure 2 and Table S1). Concentrations of all 
MMPs and CAMs were significantly increased in T+ 
patients (p <0.01, Mann-Whitney U test). MMP-2 
presented the lowest pAUC at 65%, whereas the other 
molecules (ICAM-1, E-selectin, VCAM-1, and MMP-9) 
had pAUC either at 72% or 73%. MMP-2, E-selectin, 
MMP-9 and VCAM-1 produced Youden indices ranging 
from 0.16 to 0.64. ICAM-1 showed the highest one 
with a value at 0.84. WBC count was also considered 
as an independent variable to compare its 
performance relatively to the evaluated analytes. The 
number of WBC was significantly increased in 
association with the presence of parasites in CSF (p 
<0.0001, Mann-Whitney U test) yielding a pAUC of 
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59% and a Youden index of 0.53. CXCL10, CXCL8 and 
H-FABP presented pAUC at, respectively, 79%, 65% 

and 55% and Youden indices ranging from 0.16 to 0.74 
(Table S1). 

 
 

 
 
Figure 1 Roc curves of MMP-9, ICAM-1, VCAM-1, MMP-2 and E-selectin in cerebrospinal fluid for staging of human 
African trypanosomiasis. Dark grey boxes represent the partial area under the ROC (pAUC) displayed by the molecules 
between 90% and 100% of specificity (SP). Best sensitivity for 100% SP and pAUC% are indicated. 

 
Neurological signs 
As presented in Figure 3, patients were grouped 
according to their reported neurological signs (absent, 
moderate or severe). All the CAMs and MMPs, except 
E-selectin, presented a significant increase in 
concentration associated with the severity of the 
neurological signs (Table S1). However, MMP-9, ICAM-
1 and VCAM-1 showed lower p values (<0.0005, 
Kruskal-Wallis test) than MMP-2 and E-selectin. 
VCAM-1, ICAM-1 and MMP-9 were able to significantly 
discriminate between absence and moderate as well 
as between absence and severe neurological signs (p 
value, respectively, <0.05 and <0.01, Dunn’s post hoc 
test). E-selectin presented non-significant p values and 
MMP-2 only discriminated between absence and 
moderate neurological signs (p <0.05, Dunn’s post hoc 
test). CXCL10, CXCL8 and H-FABP significantly 
distinguished between the different neurological 
conditions (p <0.005, Kruskal-Wallis test). These three 
molecules discriminated between absence and 

moderate as well as between absence and severe 
neurological signs, but CXCL8 was the only one able to 
discriminate between moderate and severe 
neurological signs (p <0.05; Dunn’s post hoc test). WBC 
count presented significant differences between the 
three groups (p <0.005, Kruskal-Wallis test), 
discriminating between absence and moderate and 
between absence and severe neurological signs with p 
values, respectively, <0.05 and <0.01 (Dunn’s post hoc 
tests).  
 
Panel selection 
All the evaluated markers were combined using the 
RIL method explained earlier. This approach resulted 
in the identification of a three molecules panel able to 
detect S2 patients with 100% of both SE and SP. This 
panel was characterized by MMP-9, ICAM-1 and H-
FABP with cut-off values, respectively, at 424.7, 600.9 
and 391.4 pg/ml. A positive test response (i.e. 
identification of a S2 patient) was obtained as soon as 
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two molecules were above their cut-off values (Table 
3). This panel more accurately discriminated between 

S1 and S2 than the one made of CXCL10, CXCL8 and H-
FABP (Table 3), previously described.10 

 
 

 
 
Figure 2 Box plots of cerebrospinal fluid (CSF) levels of MMP-9, ICAM-1, VCAM-1, MMP-2, E-selectin and the WBC 
according to the presence or absence of parasites in CSF. T-, no detected parasites in CSF; T+, detected parasites in 
CSF. Median and mean are represented as a solid line in the box and a diamond, respectively. Whisks are defined as 
5th-95th percentile without outliers. All the p values are <0.0001. 
 
 
DISCUSSION 
This study has demonstrated that ICAM-1 and MMP-9 
have high staging performance, with a SE of 90% for 
100% SP. Furthermore, analysis of a combination of 
molecules allowed the selection of a panel comprising 
of MMP-9, ICAM-1 and H-FABP that detected S2 
patients with 100% SE and SP.  
The brain is protected from the free entry of 
molecules and pathogens by the BBB, mainly 
composed of endothelial cells. Second stage of HAT 
occurs when parasites cross the BBB, inducing a 
neuroinflammatory process associated with leukocyte 
infiltration into the CNS.18,19 CAMs play an important 
role in leukocyte migration through the BBB during 
inflammatory processes20,21 and are modulated in 
many CNS infections.22,23 In this study, the measured 
concentration of ICAM-1, VCAM-1 and E-selectin in 
CSF showed a significant increase according to disease 
progression. E-selectin is synthesized and expressed by 
endothelial cells during acute or chronic inflammatory 

processes, and it is a mediator of leukocyte-
endothelial interactions.21 The increased level of E-
selectin in the CSF of S2 patients is a further evidence 
of its probable association with the inflammatory 
process; additionally, the significant correlation 
between its concentration and WBC was coherent 
with a potential involvement of E-selectin in leukocyte 
trafficking.12 ICAM-1 and VCAM-1 belong to the 
immunoglobulin superfamily of adhesion molecules 
and are principally expressed by endothelial cells.24 
They are also implicated in leukocyte trafficking25 and 
in vitro studies demonstrated that the presence of T. b. 
gambiense parasites activates endothelial cells (the 
major cell population of the BBB) and enhances the 
expression of these two proteins.14 The increased 
concentration of ICAM-1 and VCAM-1 observed in the 
CSF of late stage patients, and the strong correlation 
with the number of WBC is a clear indication of their 
involvement in disease progression. Higher 
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Figure 3 Box plots of levels of MMP-9, ICAM-1, VCAM-1, MMP-2, E-selectin and the WBC in cerebrospinal fluid of 
patients with human African trypanosomiasis according to the neurological signs. Abs., absence of neurological signs; 
Mod., moderate neurological signs; Sev., severe neurological signs. Median and mean are represented as a solid line in 
the box and a diamond, respectively. Whisks are defined as 5th-95th percentile without outliers. ns, non-significant p 
value; *: p <0.05; **: p <0.01; ***: p <0.001 (Dunn’s post hoc test). 
 
Table 3 Detailed results for the three molecules panels 

Part C Markers No. of 
negative test 

No. of 
positive test 

Mann-Whitney U 
test , P value 

% pAUC* 
(ROC curve) 

Cut-off [no. of 
positive mol.] % SE (95% CI)† 

Panel 01 MMP-9 
ICAM-1 
H-FABP 

15 48 <0.0001 100 ≥2 molecules  100 (93-100) 

Panel 02 CXCL10 
CXCL8 
H-FABP 

16 47 <0.0001 99 ≥1 molecule 98 (89-100) 

SE, sensitivity; SP, specificity; pAUC, partial area under the ROC curve. *Partial AUC between 90% and 100% of SP. †SE was set for a 
SP of 100%.  
 
 
concentrations of ICAM-1 and VCAM-1 were also 
observed for patients with detected trypanosomes in 
CSF (T+), suggesting a possible up-regulation 
associated with the passage of trypanosomes across 
the BBB.13  
Matrix metalloproteinases are a family of proteases 
produced by a variety of cells, such as neurons, 
astrocytes and microglia.26 A subgroup of MMPs, the 
gelatinases, made of MMP-2 (gelatinase A) and MMP-
9 (gelatinase B), play an important role in 
neuroinflammation. They are involved in BBB 
permeability by attacking the extracellular matrix,11 as 
demonstrated in other CNS disorders, such as cerebral 
malaria,26 meningitis27 or multiple sclerosis.28 In our 

study, MMP-2 and MMP-9 were significantly elevated 
in the CSF of patients with second-stage HAT and were 
highly correlated with the number of WBC in CSF, 
confirming their role in BBB dysfunction associated 
with leukocyte penetration into the CNS.11 Indeed, it 
has been demonstrated that MMP-2 and MMP-9 
create a localized temporary opening of the glia 
limitans (part of the BBB) by selective cleavage of the 
β-dystroglycan subunit anchoring the astrocyte end-
feets to the parenchymal membrane.15 A clear 
association between these two MMPs and the 
presence of parasites in CSF has also been observed, 
supporting a probable association with trypanosome 
infiltration into the CNS. The observed modulation of 
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MMP-9 according to the severity of the neurological 
signs suggested a potential role in neuronal injury as 
described by Leib et al.29 in a rat model of meningitis. 
MMP-9 performed better than MMP-2 as a marker for 
staging HAT. Because MMP-9 is secreted during 
inflammatory processes, whereas MMP-2 is 
constitutively expressed in CSF,28 greater differences 
in concentrations could be observed for MMP-9, 
resulting in better staging performances. The roles of 
MMPs and CAMs in the pathogenesis of HAT remain to 
be clarified.  
CXCL10 was recently reported as a powerful CSF 
staging biomarker,9,10 which was confirmed by the 
present study, although the accuracy of ICAM-1 and 
MMP-9 for staging HAT was better. These two 
molecules showed also better accuracies than the 
WBC count regarding to the presence of parasites in 
the CSF and the progression of the neurological signs. 
In an effort to further improve SE and SP for the 
detection of S2 patients, we applied a marker 
combination strategy. The two best performing 
molecules, ICAM-1 and MMP-9, associated with H-
FABP, resulted in a panel able to detect all the S2 
patients and to rule out all the S1 (i.e. 100% of both SE 
and SP). Interestingly, the brain damage marker (H-
FABP), which was part of the panel reported in our 
previous study, was not a good marker on its own, but 
clearly improved the accuracy of staging when used in 
combination with ICAM-1 and MMP-9.  
This work therefore highlighted MMP-9 and ICAM-1 as 
powerful staging markers for T. b. gambiense HAT and 

demonstrated the utility, alone or in combination, of 
MMPs as well as CAMs to indicate the second stage of 
HAT. Nevertheless, deeper investigations on more 
patients are needed to validate the performance of 
these biomarkers. The influence of other concomitant 
diseases, such as malaria and HIV, should also be 
evaluated, as well as staging ability for patients 
infected with the T. b. rhodesiense parasite. All these 
molecules were also evaluated on plasma samples 
from a small cohort of patients with HAT (n=30; 15 S1 
and 15 S2), without showing any significant 
differences between the two stages of the disease. 
Thus, a major drawback remains the continuous need 
of lumbar puncture for staging.  
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In the study presented in this chapter we validated, on a large multicenter cohort, the staging ability 

of the 8 most promising markers for T. b. gambiense HAT: MMP-9, ICAM-1, VCAM-1, CXCL10, CXCL13, IgM, 

B2MG and neopterin. These eight molecules were chosen among a list comprising those discovered and 

verified by our group (Chapter 2, 3, and 4) and some markers already proposed in the literature for the 

staging of HAT.  

Through a two-step validation process we confirmed, first on a training cohort and then on a 

validation one, the high power of neopterin for the staging of T. b. gambiense patients, and we showed the 

high potential of this marker in replacing the counting of WBC. 

 This study was published in 2012 in PLoS ONE. My contribution consisted in performing part of the 

experiments and the whole data analysis and interpretation. I also wrote the manuscript. 
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SUMMARY 
Background Sleeping sickness, or human African trypanosomiasis (HAT), is a protozoan disease that 

affects rural communities in sub-Saharan Africa. Determination of the disease stage, essential for 
correct treatment, represents a key issue in the management of patients. In the present study we 
evaluated the potential of CXCL10, CXCL13, ICAM-1, VCAM-1, MMP-9, B2MG, neopterin and IgM 
to complement current methods for staging Trypanosoma brucei gambiense patients. 

Methods and Findings Five hundred and twelve T. b. gambiense HAT patients originated from 
Angola, Chad and the Democratic Republic of the Congo (D.R.C.). Their classification as stage 2 
(S2) was based on the number of white blood cells (WBC) (> 5/µL) or presence of parasites in the 
cerebrospinal fluid (CSF). The CSF concentration of the eight markers was first measured on a 
training cohort encompassing 100 patients (44 S1 and 56 S2). IgM and neopterin were the best in 
discriminating between the two stages of disease with 86.4% and 84.1% specificity respectively, at 
100% sensitivity. When a validation cohort (412 patients) was tested, neopterin (14.3 nmol/L) 
correctly classified 88% of S1 and S2 patients, confirming its high staging power. On this second 
cohort, neopterin also predicted both the presence of parasites, and of neurological signs, with 
the same ability as IgM and WBC, the current reference for staging. 

Conclusions This study has demonstrated that neopterin is an excellent biomarker for staging T. b. 
gambiense HAT patients. A rapid diagnostic test for detecting this metabolite in CSF could help in 
more accurate stage determination. 

 
 
INTRODUCTION 
Sleeping sickness, or human African trypanosomiasis 
(HAT), is a parasitic disease that affects rural 
communities in sub-Saharan Africa.1 More than 90% of 
HAT cases are caused by Trypanosoma brucei 
gambiense, responsible for the chronic form of the 
infection in Western and Central Africa.2 Sleeping 

sickness typically progresses from a haemolymphatic 
first stage (S1) to a meningo-encephalitic second stage 
(S2), when parasites cross the blood-brain barrier (BBB) 
and enter the central nervous system (CNS).3 As S1 
and S2 patients are treated with different drugs, a 
correct determination of the stage of disease is crucial. 
T. b. gambiense S1 patients are treated with 
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pentamidine, a drug that cannot be used to treat S2 
patients due to its low diffusion into the CNS.4 Most S2 
patients were until recently treated with melarsoprol, 
a toxic arsenic derivate that can cause fatal 
encephalopathy and for which increased treatment 
failure rates have been observed in different foci 
endemic for T. b. gambiense HAT.4,5 Since 2006 the 
use of eflornithine has increased and, with the 
subsequent introduction of nifurtimox-eflornithine 
combination therapy (NECT), there has been a drastic 
reduction of the use of melarsoprol in all countries 
endemic for T. b. gambiense HAT.6-9 Despite these new 
advances, difficulties in administration of eflornithine 
and NECT and associated high costs keep stage 
determination as a central issue in the management of 
HAT patients.  
Determination of the stage of disease is currently 
based on examination of the cerebrospinal fluid (CSF) 
for presence of parasites and counting of white blood 
cells (WBC). Detection of parasites by microscopy is a 
specific method and relatively easy to use in the 
field,10 but limited in sensitivity. To reduce the number 
of false negatives, i.e. stage 2 patients that would be 
wrongly treated with ineffective S1 drugs, parasite 
detection is complemented with counting of white 
blood cells in the CSF. According to WHO guidelines, 
S1 is defined as ≤ 5 WBC/µL and absence of 
trypanosomes in CSF, while S2 is defined as > 5 
WBC/µL and/or parasites in CSF.11 Despite WHO 
recommendations, a number of countries apply 
different thresholds to select the appropriate 
treatment,12 highlighting the lack of a generally 
accepted gold standard for staging.13 Furthermore, it 
has been shown that some patients having between 5 
and 20 WBC per microliter of CSF without detected 
parasites, or patients having ≤ 5 WBC and presence of 
parasites (i.e., early-late stage patients) can be cured 
with S1 drugs.14,15 
During the last decade, many studies have been 
conducted to rationalise stage determination in 
sleeping sickness. The use of PCR as surrogate for 
parasite detection in CSF showed promising results, 
16,17 but there is not enough evidence in the literature 
to define the diagnostic accuracy of PCR in terms of 
sensitivity and specificity for stage determination.10 
The most promising results were obtained with the 
detection of intrathecal IgM as indicator of CNS 
involvement in HAT patients.15,18,19 Detection of IgM 
was also translated into a rapid field test, 
LATEX/IgM.18,20 
Many other studies that investigated alternative 
staging markers highlighted a strong correlation 
between the levels of cytokines, chemokines and 

other immune-mediators in CSF, and disease 
progression.21 In the present study, we assess on a 
multi-centre cohort the CSF levels of six promising 
staging markers: B2MG, CXCL10, CXCL13, ICAM-1, 
VCAM-1 and MMP-922-27 plus neopterin, an indicator 
of activation of Th1 immune response,28 already 
investigated in the staging of T. b. gambiense (Krishna 
S., unpublished) and T. b. rhodesiense29 HAT. The 
concentration of total IgM was also measured on the 
same samples, as it currently represents the best 
alternative to counting WBC. The ability of all these 
markers to correctly stratify patients classified 
according to WHO staging criteria was first evaluated 
on a training cohort comprising 100 T. b. gambiense 
patients. The staging power of the best performing 
marker, was then validated on a larger multi-centre 
cohort (n=412) and compared to IgM and WBC. 
 
METHODS 
Ethics statement 
The National Ethical Committees of the countries 
where samples were collected (Angola, Chad and the 
Democratic Republic of the Congo – D.R.C.) approved 
the studies. HAT patients gave written informed 
consent before enrolment. Children (< 18 years) or 
patients with altered mental status, a common 
condition in late stage HAT, were included only after 
written informed consent from a parent or a guardian. 
All patients had the option of withdrawing from the 
studies at any time.  
Patients 
Cerebrospinal fluid samples of 1028 patients with 
evidence of trypanosomes in blood, lymph or CSF 
were received at the University of Geneva. The 
samples originated from patients identified through 
active and passive case finding between 2005 and 
2009 in Angola, Chad and the Democratic Republic of 
the Congo. Sample collection was done in the context 
of prospective diagnostic studies (THARSAT,30 
NEUROTRYP22,23 and FIND/CD19), or was directed by 
the WHO for a HAT specimen bank (Supporting Table 
S1 and Supporting Figure S1).  
Stage determination and treatment were performed 
in the designated treatment centres or by medical 
teams at the site of active screening, according to the 
policies of the national sleeping sickness control 
programs. The number of WBCs in CSF was 
determined by microscopy, and presence of parasites 
was determined during WBC counting or by using the 
modified single centrifugation method.31 Samples 
were aliquoted and stored at -80°C or in liquid 
nitrogen. The levels of biomarkers were evaluated on
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Table 1 Description of the training and the validation cohorts 
 Training cohort (n=100) Validation cohort (n=412) 
 Stage 1 (n=44) Stage 2 (n=56) Stage 1 (n=184) Stage 2 (n=228) 
Demography     
    Female, n * 19 17 102 98 
    Age (mean [SD]) † 34.4 [±13.4] 31.7 [±12.2] 32.4 [±14.9] 32.8 [±12.7] 
Geographical origin     
    Angola, n 8 13 38 68 
    Chad, n 8 3 17 13 
    D.R.C., n 28 40 129 147 
CSF examinations     
    Trypanosome positive, n  0 50 0 166 ‡ 
    WBC/µL (median [range]) 2 [1-5] 278.5 [11-1350] 2 [0-5] 161 [1-2000] 
Neurological signs     
    Absent, n 33 3 142 39 
    Present, n 10 51 36 186 
    NA, n ║ 1 2 6 3 

* Fisher’s exact test: training cohort, non significant differences; validation cohort, p value = 0.0133 
† Mann-Whitney U test: training and validation cohort, non significant differences 
‡ Information not available for one patient 
║ NA: not available information 
Stage was defined according to WHO guidelines.  

 
the CSF samples between December 2009 and August 
2010. 
For the present study, all patients were classified as S1 
or S2 according to WHO guidelines, i.e. S1 when ≤5 
WBC/µL and no parasites in CSF, S2 when >5 WBC/µL 
and/or trypanosomes in CSF, regardless of the cut-offs 
applied at the country level. Exclusion criteria were: 
age <12 years, spontaneous withdrawal from the 
study, insufficient volume of CSF, haemorrhagic CSF 
(>100 red cells/µL), or missing information to classify 
patients as S1 or S2 according to WHO criteria. 
Information on the neurological status of patients, 
including daytime somnolence, sensory and gait 
disturbances, presence of primitive reflexes 
(palmomental and perioral reflexes), modified tendon 
reflexes (exaggeration or abolition), Babinski’s sign, 
abnormal movements such as tremors (fine, diffused 
and generalized), was recorded when available. Due to 
the absence of systematic screening for malaria or HIV 
co-infections, we considered their prevalence not 
different between S1 and S2 patients. 
Five hundred and twelve patients were considered 
eligible for the present study and were used to create 
two study cohorts. A first training cohort of 100 
patients was established with 44 S1 and 56 S2 
randomly chosen from among all eligible patients. For 
the selection of S2 patients, those considered to be 
early-late stage (i.e., patients having 5 <WBC/µL ≤20 
and absence of parasites, or patients having ≤5 
WBC/µL and presence of parasites)14,15 were not 
included. The remaining 412 patients were included in 
the second cohort (i.e. the validation cohort). 
Estimating a staging AUC ≥90% for each marker based 

on the results obtained on the training cohort, the 
calculated power of the test on the validation cohort 
was equal to 1.  
Immunoassay procedures  
Commercially available human ELISA kits were used to 
determine CSF levels of CXCL13 (R&D Systems, UK), 
IgM (ICL, OR, USA), B2MG (Calbiotech, CA, USA) and 
neopterin (BRAHMS, Germany). Multiplex bead 
suspension assays (mBSA) were used to measure 
CXCL10 (Bio-Rad, CA, USA), MMP-9, VCAM-1 and 
ICAM-1 (R&D Systems). The assays were performed 
following manufacturers’ instructions. For each assay 
the limit of detection (LOD) was calculated as the 
mean concentration of the lowest standard less 2 
standard deviations. To all outliers (≤ LOD), a value 
corresponding to the mean of LODs divided by 2 was 
assigned. Variability (CV) between assays, evaluated 
using internal quality controls, was below 25%.  
Statistical analysis 
Data analysis was performed using IBM SPSS Statistics 
version 20.0.0 (IBM, NY, USA), GraphPad PRISM 
version 4.03 (GraphPad Software Inc.) and S+ version 
8.1 (TIBCO, Software Inc.). All statistical tests were 
two-tailed. Differences between two groups were 
assessed with the Mann-Whitney U test. For each 
biomarker, receiver-operating characteristic (ROC) 
curves, area under the curve (AUC), specificity (SP) and 
sensitivity (SE) were calculated from the pROC 
package.32 To minimize the number of false negatives, 
the staging cut-offs on the training cohort were 
calculated as the threshold corresponding to 100% 
sensitivity. 
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On the validation cohort, the specificity and sensitivity 
for discrimination between early and late stage 
patients were obtained by applying the cut-offs 
calculated on the training cohort. The same analysis 
was done on patients classified according to the 
absence (T-) or presence (T+) of parasites in the CSF; 
or according to the absence (NS-) or presence (NS+) of 
neurological signs. Confidence intervals at the 95% 
level on AUC, sensitivity, specificity and cut-off were 
computed with pROC. 
This work conforms to the STARD guidelines for 
reporting of studies on diagnostic accuracy. 
 
RESULTS 
Training cohort 
When assessed on a the training cohort, comprising 44 
early stage and 56 late stage T. b. gambiense patients 

(Table 1), the seven markers (CXCL10, CXCL13, 
neopterin, B2MG, ICAM-1, VCAM-1 and MMP-9) 
showed high ability to discriminate between the two 
groups of patients (AUC > 90% and p value < 0.0001, 
Mann-Whitney U test) (Table 2). The same results 
were obtained with IgM, confirming its value as a 
staging marker.18 To reduce the number of false 
negatives, i.e. S2 patients wrongly classified as S1, the 
threshold corresponding to 100% sensitivity was 
calculated for each marker. Only IgM and neopterin 
were >80% specific at 100% sensitivity. In particular, 
with a threshold concentration of 14.3 nmol/L (13.4-
30.3 95% CI), neopterin was 84% specific. Similar 
results were obtained with IgM (86.4% specificity) at a 
threshold concentration of 3.4 µg/mL (3.3-21 95% CI) 
(Table 2).  

 
    Table 2 Results obtained for the eight markers assessed on the training cohort 

Marker [S2]/[S1] AUC% (95%CI) Cut-off (95% CI) SP% (95% CI) * p value† 
IgM [µg/mL] 71.9 99.6 (98.9-100) 3.4 (3.3-21) 86.4 (75-95.5) < 0.0001 
Neopterin [nmol/L] 17.6 99.6 (99-100) 14.3 (13.4-30.3) 84.1 (72.7-93.2)  < 0.0001 
MMP-9 [pg/mL] 38.4 99.4 (98.4-100) 141.2 (126.9-1040) 72.7 (59.1-86.4) < 0.0001 
VCAM-1 [ng/mL] 3.8 95.5 (91.7-99.4) 15.2 (14.9-21.1) 68.2 (54.6-81.8) < 0.0001 
B2MG [ng/mL] 5.1 98.4 (96.7-100) 965 (927.5-1577) 63.6 (50-77.3) < 0.0001 
ICAM-1 [ng/mL] 5.4 97.7 (95.3-100) 1.3 (1.2-2.3) 61.4 (47.7-75) < 0.0001 
CXCL10 [pg/mL] 32.8 93.3 (88.9-97.8) 757.3 (706.4-1531.7) 43.2 (29.6-59.1) < 0.0001 
CXCL13 [pg/mL] 641.4 97.6 (94.9-100) <8.2 (<8.2-64.6) 0 (0-0) < 0.0001 

    Training cohort (n=100): Stage 1 n=44; Stage 2 n=56. Early-late stage patients were not included. 
    * Sensitivity was set to 100% 
    † Mann-Whitney U test 
    95%CI = 95% confidence interval; SP% = specificity %; SE% = sensitivity %. 
    The reported cut-off and SP% correspond to 100% SE. 

 
Validation cohort 
Neopterin and IgM were then measured on a 
validation cohort comprising 184 S1 and 228 S2 T. b. 
gambiense patients (Table 1). CSF neopterin at a 
threshold concentration of 14.3 nmol/L discriminated 
between early and late stage patients with 87.5% 
specificity (82.6-91.9 95% CI) and 88.2% sensitivity 
(83.8-92.1 95% CI) (Table 3). This means that 23 out of 
184 S1 patients were classified as stage 2 by neopterin 
(false positives) and 27 out of 228 S2 were classified as 
S1 (false negatives). Among these 27 false negatives, 
twenty three belonged to the early-late stage group, 
i.e. patients having between 5 and 20 WBC/µL with no 
trypanosomes in CSF or ≤5 WBC/µL and presence of 
trypanosomes in CSF. When all early-late stage 
patients (n=41) were excluded from the S2 group, the 
number of false negatives was only 4 patients, thus 
increasing the sensitivity of neopterin in determining 
the disease stage to 97.9% (95.7-99.5 95% CI), (Table 
4). Two of these 4 patients had ≤32 WBC/µL and 

neither showed evidence of parasites in CSF nor 
presence of neurological signs (Table 5).  
With a staging cut-off of 3.4 µg/mL, IgM correctly 
discriminated S1 and S2 patients, classified according 
to WHO guidelines, with 86.4% (81-91.3 95% CI) 
specificity (25/184 false positives) and 91.7% (87.7-
95.2 95% CI) sensitivity (19/228 false negatives) (Table 
3). When early-late stage patients were excluded, the 
number of false negatives decreased to 2 patients thus 
increasing the sensitivity of IgM in disease staging to 
98.9% (97.3-100 95%CI) (Table 4, Table 5). 
To compare neopterin and IgM with WBC, patients 
were classified according to absence or presence of 
trypanosomes in CSF or according to absence or 
presence of neurological signs, as these two 
conditions can be indicative of an advanced stage of 
disease. The ability of the two markers and WBC to 
discriminate between the two groups was then 
assessed through ROC curves. Neopterin (14.3 nmol/L) 
was the best discriminator between patients without 
parasites in CSF (n=245) and those with detected 

      92 



Chapter 5 

 

Table 3 Results obtained for IgM and neopterin on the validation cohort after application of the cut-off calculated on 
the training cohort  
Marker [S2/S1] AUC% (95% CI) Applied cut-off SP% (95% CI) SE% (95% CI) p value * 
IgM [µg/mL] 76.5 96.2 (94.4-98.0) 3.4 86.4 (81-91.3) 91.7 (87.7-95.2) < 0.0001 
Neopterin [nmol/L] 14.8 95.2 (93.2-97.1) 14.3 87.5 (82.6-91.9) 88.2 (83.8-92.1) < 0.0001 
Validation cohort (n=412): Stage 1 n=184; Stage 2 n=228. Early-late stage patients are included in S2 group. 
*Mann-Whitney U test. 95%CI = 95% confidence interval; SP% = specificity %; SE% = sensitivity %. 
 
 
Table 4 Results obtained for IgM and neopterin on the validation cohort after application of the cut-off calculated on 
the training cohort and removal of early-late stage patients (n=41) 
Marker AUC% (95% CI) Applied cut-off SP% (95% CI) SE% (95% CI) 
IgM [µg/mL] 99.2 (98.3-100) 3.4 86.4 (81.5-91.3) 98.9 (97.3-100) 
Neopterin [nmol/L] 99 (98-100) 14.3 87.5 (82.6-91.9) 97.9 (95.7-99.5) 
95%CI = 95% confidence interval; SP% = specificity %; SE% = sensitivity %. 
Early-late stage patients (n=41), i.e. patients having CSF WBC/µL ≤ 5 and presence of parasites in CSF (n=4) or patients having 
5<WBC/µL≤20 and absence of parasites in CSF (n=37), were excluded from the group of S2 patients. 
 
parasites (n=166), showing higher specificity (75.1%, 
69.8-80.4 95% CI) than WBC (68.6%, 62.9-74.3 95% CI) 
for similar levels of sensitivity (Table 6). 
When patients were grouped based on the absence 
(n=181) or presence (n=222) of neurological signs, the 
specificity and sensitivity of both neopterin and IgM 
were comparable to WBC (Table 7).  
Finally we assessed how neopterin and IgM classified 
early-late stage patients (n=41), defined as S2 
according to WHO guidelines. Based on the two 
markers, respectively 23 (56%) and 17 (41%) of these 
patients were classified as S1 instead of S2. Most of 
the early-late stage patients (71%) were classified as 
stage 1 by both neopterin and IgM. However, no 
relationship between the presence of neurological 
signs and the levels of the two markers could be 
demonstrated in the analyzed patients (Figure 1).  
 
DISCUSSION 
The lack of a generally accepted gold standard 
highlights the need of new tools that could replace 
WBC counting and complement trypanosome 
detection in the staging of T. b. gambiense sleeping 
sickness patients.13,33 The aim of the present study was 
to compare on a large multi-centre cohort of T. b. 
gambiense patients the ability of the best staging 
markers in CSF proposed in the literature13,21,33 to 
discriminate between S1 and S2 HAT patients. This is 
the first time that neopterin, IgM, CXCL13, ICAM-1, 
VCAM-1, MMP-9, CXCL10 and B2MG have been 
assessed on the same training population 
encompassing 100 T. b. gambiense HAT patients. This 
evaluation allowed a better comparison of their 
individual performances, leading to the selection of 
neopterin as a promising new staging marker for T. b. 
gambiense sleeping sickness. 

Due to the risk of relapses and even death when S2 
patients are misdiagnosed and treated as S1 patients, 
a highly sensitive marker is needed in order to reduce 
the number of false negative patients. A cut-off 
corresponding to 100% sensitivity was thus 
established on the training cohort, and neopterin 
emerged as the most powerful staging marker with 
specificity close to that of IgM, the best alternative to 
WBC proposed so far. 
Neopterin and IgM were further tested on a validation 
cohort encompassing 412 T. b. gambiense patients 
and the cut-offs calculated on the training cohort 
applied. The results obtained confirmed previously 
published data on the high staging power of IgM, for 
which a rapid, field applicable agglutination test was 
developed,18 as well as preliminary data on the high 
correlation between neopterin and WBC counts (S. 
Krishna, unpublished). The decreased sensitivity 
observed on the validation cohort was due to the 
presence of early-late stage patients in the S2 group. 
These patients are the most critical because in some 
cases they have been reported to be cured with 
pentamidine.14,34 When these patients were omitted 
from the validation cohort, the sensitivity of neopterin 
increased to 97.9% meaning that only 4 S2 patients, 
including 2 with trypanosomes in the CSF, were 
classified as false negatives. The value of neopterin as 
a staging tool was also supported by the results 
obtained for IgM, which showed very similar 
performance. Furthermore, both IgM and neopterin 
were shown to correlate with presence of parasites in 
CSF and neurological signs with the same accuracy as 
WBC count. 
A rapid assay for detection of neopterin in CSF might 
have potential to replace WBC counting for diagnosis 
of the meningo-encephalitic stage of HAT, in 
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Table 5 Detailed description of false negative patients obtained according to neopterin and IgM after removal of 
early –late stage patients from S2 group 
FN Patient Neopterin<14.3 nmol/L IgM<3.4 µg/mL WBC/µL Parasites Neurological signs 
# 1 Yes Yes 25 Absent Absent 
# 2 Yes No 32 Absent Absent 
# 3 Yes No 261 Present Present 
# 4 Yes Yes 282 Present Present 
FN: false negatives 
 
 
Table 6 Ability of WBC, IgM and neopterin in discriminating between patients without or with parasites in CSF 
T- vs. T+     
Marker AUC% (95% CI) Applied cut-off SP% (95% CI) SE% (95% CI) 
WBC (Cells/µL) 95.1 (92.8-97.4) 5.0 68.6 (62.9-74.3) 98.2 (95.8-100) 
IgM [µg/mL] 95.2 (93-97.3) 3.4 71.4 (65.7-77.1) 98.2 (95.8-100) 
Neopterin [nmol/L] 96.0 (93.9-98.0) 14.3 75.1 (69.8-80.4) 97.6 (95.2-99.4) 
T-: patients without evidence of parasite in CSF (n=245); T+: patients with parasite detected in CSF (n=166). Missing information for 
1 S2 patient.  
95%CI = 95% confidence interval; SP% = specificity %; SE% = sensitivity %. 
 
 
Table 7 Ability of WBC, IgM and neopterin in discriminating between patients without or with neurological signs 
NS- vs. NS+ 
Marker AUC% (95% CI) Applied cut-off SP% (95% CI) SE% (95% CI) 
WBC (Cells/µL) 86.2 (82.5-90.0) 5.0 72.4 (65.8-79.0) 83.8 (78.8-88.7) 
IgM [µg/mL] 84.5 (80.6-88.5) 3.4 71.8 (65.2-78.5) 80.6 (75.2-85.6) 
Neopterin [nmol/L] 88.2 (84.9-91.4) 14.3 78.5 (72.4-84) 81.5 (76.6-86.5) 
NS-: patients without neurological signs (n=181); NS+: patients with neurological signs (n=222). Missing information for 9 patients. 
95%CI = 95% confidence interval; SP% = specificity %; SE% = sensitivity %. 
 
 
combination with parasite detection in CSF. These 
important perspectives in the field of staging do not 
find application in the diagnosis of the disease, which 
is based on detection of parasite-specific antibodies 
using the CATT test as a screening tool, followed by 
parasitological confirmation of disease. It might also 
show potential for assessment of cure after treatment, 
within a shorter period compared to IgM and WBC 
count.30 Neopterin is a stable catabolic product of 
guanosine triphosphate (GTP) that is produced by 
interferon (IFN)-γ activated macrophages and 
dendritic cells.35 It has been proposed as a marker of 
disease activity in tuberculosis36,37 and of CNS 
involvement in HIV and T. b. rhodesiense HAT.29 A 
simple dipstick assay for semi-quantitative detection 
of neopterin in serum has already been found useful 
and practicable for other infectious diseases,38 
indicating the potential to assess neopterin in CSF with 
a rapid diagnostic test.  
The present study had a number of limitations that 
need to be considered. An important weakness was 
the absence of highly detailed and standardised 
information on patients’ neurological status or 
presence of concomitant infections such as HIV and 
malaria, which could help in interpretation of data. 

The markers reported here for staging are not specific 
for HAT. Sleeping sickness patients are exposed to 
other infections, and neopterin has already been 
proposed as marker for other diseases that are 
endemic in Africa.36 Thus, the effect of concomitant 
diseases on the levels of the markers should be 
investigated further.  
Another drawback is the absence of a gold standard to 
which the performance of neopterin, as well as the 
other molecules analysed, could be compared. In an 
effort to overcome this deficiency, the staging 
performance was correlated to the presence of 
parasites in CSF, neurological abnormalities and WBC 
counts, parameters used for disease staging in practice. 
Furthermore, neopterin was also compared to IgM, 
already validated as a staging marker.15,18 However, 
within the study cohorts, the methods used for 
parasite detection, WBC count and assessing 
neurological signs were not standardised, thus 
reducing the accuracy of original staging. Finally, the 
utility of the tested marker, including neopterin, in 
correct staging of early-late stage patients, i.e. 
patients having between 5 and 20 WBC/µL and no 
parasites in CSF, or patients having ≤5 WBC/µL and 
trypanosomes in CSF, cannot be assessed on the 
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Figure 1 Classification of HAT patients according to WBC and IgM, or according to WBC and neopterin. A) Comparison 
of the classification of HAT patients (validation cohort) according to WBC and IgM. The staging cut-off of 5 WBC/µL 
recommended by WHO is reported on the graph as well as the staging cut-off of 3.4 µg/mL for IgM calculated on the 
training cohort. Black dots represent stage 1 patients, white dots represent early-late stage patients and gray dots 
represent stage 2 patients. B) Detailed classification of early-late stage patients (n=41) according to IgM. Colours 
indicate the absence (white) or presence of neurological (black) signs. The staging cut-off of 5 WBC/µL recommended 
by WHO is reported on the graph as well as the staging cut-off of 3.4 µg/mL for IgM calculated on the training cohort. 
C) Comparison of the classification of HAT patients (validation cohort) according to WBC and neopterin. The staging 
cut-off of 5 WBC/µL recommended by WHO is reported on the graph as well as the staging cut-off of 14.3 nmol/L for 
neopterin calculated on the training cohort. Black dots represent stage 1 patients, white dots represent early-late 
stage patients and gray dots represent stage 2 patients. D) Detailed classification of early-late stage patients (n=41) 
according to neopterin. Colours indicate the absence (white) or presence (black) of neurological signs. The staging cut-
off of 5 WBC/µL recommended by WHO is reported on the graph as well as the staging cut-off of 14.3 nmol/L for 
neopterin calculated on the training cohort. NS+: presence of neurological signs; NS-: absence of neurological signs. 

 
 
 

95 



Neopterin for staging gambiense sleeping sickness 

 

current cohort. Some early-late stage patients have 
previously been reported to be cured with 
pentamidine.34 In the studied cohort, some of the 
early-late stage patients could have benefited from 
treatment with S1 drugs, as suggested by levels of 
neopterin and IgM that were below the proposed 
threshold values.  
The markers evaluated in the current study still rely on 
examination of CSF, which is the basis of actual staging. 
Ideally, alternative markers for staging should be 
detectable in plasma, thus avoiding lumbar punctures. 
Unfortunately, none of the markers investigated here 
was able to distinguish between S1 and S2 patients 
when measured in plasma (data not shown). 
In conclusion this study highlights the value of 
neopterin in CSF as a marker for the identification the 
meningo-encephalitic stage of gambiense HAT. A rapid 
diagnostic test for detection of this metabolite in 
patients’ CSF could become a valuable alternative to 
counting of WBC, still to be combined with parasite 
detection in CSF. The value of neopterin for follow-up 
after treatment should be investigated as well as its 
ability to stage Trypanosoma brucei rhodesiense HAT.  
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Staging sleeping sickness is not the only priority in the management of this neglected tropical disease. 

Due to the limited efficacy of some of the treatment currently used, the early detection of cases of relapse 

is essential to properly re-treat patients. 

In the work presented in this chapter, we hypothesized that the CSF markers previously shown to be 

able to indicate the advanced stage of the disease before the treatment, could potentially be used to 

indicate the re-appearance of the S2 disease during the follow-up. The 8 markers tested for the staging of T. 

b. gambiense HAT were, therefore, assessed on a small population of T. b. gambiense patients followed 

after treatment to assess their potential in detecting relapses. The best performing markers, i.e. neopterin 

and CXCL13, were then assessed on a larger population of patients followed after treatment. Neopterin 

showed the highest accuracy of discrimination between S2 cured and S2 relapsed patients. It was able to 

shorten the follow-up for patients as soon as 6 or 12 months after treatment with high accuracy. 

This work has been published in PLoS Neglected Tropical Diseases in 2013. I performed part of the 

experiments, I analyzed and interpreted the data and I wrote the manuscript.  
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SUMMARY 
Background Post-therapeutic follow-up is essential to confirm cure and to detect early treatment 

failures in patients affected by sleeping sickness (HAT). Current methods, based on finding of 
parasites in blood and cerebrospinal fluid (CSF) and counting of white blood cells (WBC) in CSF, 
are imperfect. New markers for treatment outcome evaluation are needed. We hypothesized that 
alternative CSF markers, able to diagnose the meningo-encephalitic stage of the disease, could 
also be useful for the evaluation of treatment outcome. 

Methodology/Principal findings Cerebrospinal fluid from patients affected by Trypanosoma brucei 
gambiense HAT and followed for two years after treatment was investigated. The population 
comprised stage 2 (S2) patients either cured or experiencing treatment failure during the follow-
up. IgM, neopterin, B2MG, MMP-9, ICAM-1, VCAM-1, CXCL10 and CXCL13 were first screened on 
a small number of HAT patients (n=97). Neopterin and CXCL13 showed the highest accuracy in 
discriminating between S2 cured and S2 relapsed patients (AUC 99% and 94%, respectively). 
When verified on a larger cohort (n=242), neopterin resulted to be the most efficient predictor of 
outcome. High levels of this molecule before treatment were already associated with an 
increased risk of treatment failure. At six months after treatment, neopterin discriminated 
between cured and relapsed S2 patients with 87% specificity and 92% sensitivity, showing a 
higher accuracy than white blood cell numbers. 

Conclusions/Significance In the present study neopterin was highlighted as a useful marker for the 
evaluation of the post-therapeutic outcome in patients suffering from sleeping sickness. 
Detectable levels of this marker in the CSF have the potential to shorten the follow-up for HAT 
patients to six months after the end of the treatment. 

 
 
 
INTRODUCTION 
Sleeping sickness, also known as human African 
trypanosomiasis (HAT), is a neglected parasitic disease 
widespread in sub-Saharan Africa where it mainly 

afflicts rural communities.1 According to the most 
recent published data, 10’000 new cases were 
reported in 2009.2 More than ninety percent of HAT  
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AUTHOR SUMMARY 
The reduction of the number of lumbar punctures 
performed during the follow-up of patients affected 
by sleeping sickness (HAT) is considered a research 
priority. Follow-up, consisting of the examination of 
cerebrospinal fluid (CSF) for presence of parasites and 
for the number of leukocytes, is necessary to assess 
treatment outcome. However, diagnosis of treatment 
failure is still imperfect and WHO encourages 
improvements in defining criteria.  
Many studies have attempted to standardize actual 
methods and to define a cut-off for the number of 
white blood cells in CSF to define relapses, while only 
few have proposed alternatives to current practice. 
Here we showed that neopterin, already proven to be 
a powerful marker for staging T. b. gambiense HAT, is 
also useful in evaluating post-therapeutic outcome. 
The measurement of neopterin concentrations in CSF 
during the follow-up may allow reduction in the 
number of lumbar punctures from five to three for the 
majority of cured patients.  
 
 
cases are caused by Trypanosoma brucei gambiense 
parasite, which is responsible for a chronic disease in 
Western and Central Africa.2 Without treatment the 
disease progresses through two stages. Immediately 
after infection the proliferation of the parasites in 
blood and lymph, gives rise to the haemolymphatic 
first stage (stage 1, S1). If stage 1 patients are not 
treated, the disease progresses to the second 
meningo-encephalitic stage (stage 2, S2) as a 
consequence of the penetration of the parasites into 
the central nervous system (CNS).2 HAT patients need 
to be treated according to their stage. Thus, S1 
patients should receive pentamidine treatment, while 
S2 patients can be treated using melarsoprol, 
eflornithine or NECT (nifurtimox-eflornithine 
combination therapy).3,4 However, patients cannot be 
considered cured immediately after treatment as 
parasites may persist in the host and the disease may 
reappear later on as a consequence of treatment 
failure.5 To assess the efficacy of the treatment, 
patients need to be followed for two years to detect 
relapses, or to confirm recovery.6 WHO still 
recommends 5 follow-up visits performed at the end 
of the treatment (EoT) and at 6, 12, 18 and 24 months 
after treatment.6 Visits consist of clinical assessments, 
examination of blood and cerebrospinal fluid (CSF) for 
the presence of trypanosomes and evaluation of the 
number of white blood cells (WBC) in the CSF. Optimal 
criteria to detect relapses accurately and early, when 

trypanosomes are not yet detectable, are being 
investigated. Several studies have tried to determine a 
cut-off for the number of WBCs, to predict relapses 
and to shorten the follow-up to less than 24 months 
after treatment.5,7,8 Recently, an algorithm based on 
the CSF WBC count at 6 and 12 months has been 
proposed and showed a high potential in shortening 
patient follow-up as soon as 6 months after 
treatment.5,8 However, the counting of WBC still has 
weaknesses, such as limited specificity and 
reproducibility, as already highlighted for the staging 
of HAT patients.9 New surrogate markers to assess the 
post-therapeutic outcome therefore represent an 
unmet need, as highlighted by WHO.10,11 
Very few alternative markers in CSF have been 
evaluated so far. These included DNA detection by 
PCR,12,13 IgM and trypanosome specific antibodies, 
total proteins and the level of the anti-inflammatory 
cytokine IL-10.14 However, when assessed at 6 and 12 
months after treatment, they showed lower accuracy 
as outcome predictors compared to WBC. 
We hypothesize that newly described CSF staging 
markers,15-23 able to indicate the presence of the 
second stage of sleeping sickness, could also indicate a 
reappearance of the infection in S2 patients after 
treatment. IgM, B2MG, CXCL13, CXCL10, MMP-9, 
VCAM-1, ICAM-1 and neopterin were first tested on a 
small cohort of HAT patients followed after treatment 
to carry out a preliminary selection of molecules with 
highest accuracy as outcome predictors. Markers with 
the highest accuracy (neopterin and CXCL13) were 
further validated on a larger number of patients and 
compared to WBC to assess the treatment outcome. 
 
METHODS 
Ethics statement 
The THARSAT study, from which patients originated, 
was approved by the Ministry of Health of the 
Democratic Republic of the Congo and by the 
Commission for Medical Ethics of the Institute of 
Tropical Medicine Antwerp, Belgium (reference 
04441472). All patients, or their legal representatives, 
gave written informed consent before enrolment. All 
patients had the possibility to withdraw from the 
study at any moment.  
 
Patients 
The present study was designed into two parts: a first 
screening of 8 markers on a small population, followed 
by the verification of the two most promising markers 
on a larger cohort. 
All patients were enrolled by either active or passive 
case finding in the Democratic Republic of the Congo 
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as part of the THARSAT study.8 Inclusion and exclusion 
criteria are reported elsewhere.8 
All patients had parasitologically confirmed HAT, 
either as primary cases (no previous HAT treatment) 
or as secondary cases (previously treated for HAT). 
Stage determination was performed through CSF 
examination for number of leukocytes and presence of 
parasites following modified single centrifugation.24 
Stage was defined according to WHO guidelines, i.e. 
stage 1 when WBC ≤ 5 cells/µL and absence of 
parasites, stage 2 when WBC > 5 cells/µL and/or 
parasites detected in CSF.6 Patients were treated 
according to their stage as reported by Mumba Ngoyi 
et al.8 After treatment, patients were followed up with 
visits planned at the end of the treatment (EoT) and at 
3, 6, 12, 18 and 24 months after treatment. Blood and 
CSF examinations were performed at each follow-up 
visit and outcome was determined as recommended 
by WHO.8,10 Briefly, cured patients were defined based 
on absence of trypanosomes during the follow-up and 
CSF WBC ≤ 20/µL at 24 months for stage 2, or CSF 
WBC ≤ 5/µL for stage 1. Confirmed relapses were 
diagnosed following the finding of parasites in CSF at 
any follow-up visit. Probable relapses were diagnosed 
following an increased count of WBC (more than 30 
WBC/µL compared to the lowest number of WBC 

obtained during the previous FU examinations) and/or 
aggravation of neurological signs, or WBC > 20/µL at 
24 months.8 Patients classified either as confirmed or 
probable relapses were considered as treatment 
failures.  
The patients investigated in the present study were 
selected among the 360 participants of the THARSAT 
study,8 after exclusion of those who died prior or 
during the follow-up, relapses of early stage patients, 
patients lost during the follow-up or for whom 2 or 
more interim follow-up visits were missing. 
Furthermore, patients whose diagnosis of relapse was 
based on the finding of parasites in blood (n=8) were 
also excluded, as they could potentially represent re-
infection cases. 
The screening cohort comprised S1 (n=19) and S2 
(n=78) primary cases. All S2 patients included in the 
screening cohort received melarsoprol treatment and 
only cases of treatment failure (i.e. S2 relapse) defined 
as confirmed relapse were chosen. Selected cured and 
relapsed S2 patients were matched for age and sex. 
Characteristics at baseline, i.e. observed at the 
moment of the diagnosis and before the treatment, of 
patients included in the screening cohort are reported 
in Supporting Table S1.  
 

 
 
 

Table 1 Characteristics at baseline of the verification cohort 
 S1 cured (n=21) S2 cured (n=114) S2 relapsed* (n=107) 
Demography    
Sex, F (n)† 14 (66.7%) 28 (24.6%) 33 (35.3%) 
Age, years [mean ± SD]‡ 37.3 [± 13] 34 [± 12.4] 34.3 [± 12.4] 
Pre-treatment CSF examination    
Trypanosome positive, n 0 104 100 
WBC/µL (median, range) 3 [1-5] 213 [2-1940] 267 [8-2064] 
Neurological signs    
Absent 13 15 13 
Present 8 99 94 
Treatment    
P 21 0 0 
E 0 42 2 
M 0 40 99 
M-E 0 1 0 
M-N 0 31 6 
Secondary case, n║ 0 66 9 

* n=27, probable relapse 
† No significant difference between S2 cured and S2 relapsed, Fisher’s exact test 
‡ No significant difference between S2 cured and S2 relapsed, Mann-Whitney U test 
║ Secondary case: patients already treated once for HAT 
P: pentamidine treatment; E: eflornithine treatment; M: melarsoprol treatment; M-E: combination of 
melarsoprol and eflornithine; M-N: combination of melarsoprol and nifurtimox. More details on treatment 
regimens are reported in8. 
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The verification cohort (n=242) comprised all patients 
of the THARSAT study considered eligible for the 
present study and for whom enough CSF sample 
volume was available to perform all the analyses. 
Eighty six patients were included in both screening 
and verification cohort. The characteristic at baseline 
of the verification cohort are reported in Table 1. 
More details on the verification cohort are reported in 
Supporting Figure S1.  
 
Immunoassays 
Cerebrospinal fluid levels of neopterin (Brahms, 
Thermo Fisher Scientific, Germany), IgM (ICL, OR, USA), 
B2MG (Calbiotech, CA, USA) and CXCL13 (R&D 
Systems, UK and RayBiotech, GA, USA), were 
measured using commercially available ELISA assays. 
The levels in CSF of CXCL10, MMP-9, ICAM-1 and 
VCAM-1 were measured using multiplex bead 
suspension assays (R&D Systems, UK).  
All assays were performed according to 
manufacturer’s instructions and the inter-assay 
variability was evaluated using quality controls 
(coefficient of variation - CV < 20%). A limit of 
detection (LOD, corresponding to the mean measured 
concentration for the lowest standard less 2 standard 
deviations) was calculated for each assay. To all 
outliers (≤LOD) a value corresponding to the mean of 
LODs divided by 2 was assigned. 
 
Statistical analysis 
All statistical analyses were performed using IBM SPSS 
Statistics version 20.0.0 (IBM, NY, USA) and STATA 
version 11.0 (StataCorp LP, TX, USA). Receiver 
operating characteristic (ROC) curves, area under the 
ROC curve (AUC), corrected partial AUC (pAUC), 
sensitivity (SE) and specificity (SP) were computed 
using the pROC package for S+ version 8.1 (TIBCO, 
Software Inc.).   
All statistical tests were two tailed and significance 
level was set at 0.05. Comparison between two groups 
was performed with the Mann-Whitney U test for 
independent variables or using the Wilcoxon signed 
rank test for dependent variables. Comparison 
between more than two independent variables was 
obtained through the Kruskal-Wallis test followed by 
post-test to assess differences between pairs. The 
accuracy of the markers in discriminating between 
cure and relapse was evaluated considering only stage 
2 patients.  
First analysis - screening 
ROC analysis was performed to assess the accuracy of 
the markers in discriminating between cured and 
relapsing patients. The AUC and the cut-off 

corresponding to the highest combination of 
specificity and sensitivity were calculated. Comparison 
was done between the levels of the markers measured 
in S2 patients at the moment of the relapse taking 
cured S2 patients at matched time points. The two 
best markers were selected for further analyses. 
Second analysis - verification 
Baseline risk factors, i.e. pre-treatment, for relapse 
were assessed using logistic regression and calculating 
the relative risk, prior and after adjustment for 
treatment. The following baseline variables were 
investigated for their association with an increased 
risk of treatment failure: sex, age, treatment, 
secondary cases, incomplete treatment, presence of 
parasites in CSF, number of WBC in CSF, presence of 
neurological signs and CSF concentrations of neopterin 
and CXCL13. The threshold in concentration of the two 
markers was determined using ROC curves and 
comparing their baseline levels in the two categories 
of late stage patients (cured and relapsed).  
The accuracy for the prediction of treatment outcome 
was evaluated for neopterin, CXCL13 and WBC at 
three, six and twelve months after treatment. 
Eighteen and 24 months were not tested due to the 
low number of patients experiencing a relapse later 
than 12 months after treatment in the THARSAT study. 
For each marker and at each time point of the follow-
up a highly sensitive cut-off was selected within an 
area under the ROC curve comprised between 90 and 
100% sensitivity (partial AUC - pAUC).25 Positive and 
negative likelihood ratios (LR+ and LR-, respectively) 
were calculated to better evaluate the association of 
the levels of the markers and the final outcome at the 
3 time points of follow-up considered.26 
 
RESULTS 
First analysis - screening 
The first analysis consisted in the evaluation of IgM, 
B2MG, CXCL10, CXCL13, MMP-9, VCAM-1, ICAM-1 and 
neopterin on a cohort of 97 patients. 
According to the AUC, neopterin and CXCL13 showed 
the highest accuracy in discriminating S2 cured and S2 
relapsed patients (Table 2). Neopterin showed a 
higher AUC, and both neopterin and CXCL13 showed 
higher sensitivity than the counting of leukocytes. 
The ability of neopterin and CXCL13 in following the 
disease progression in the different categories of 
patients was further confirmed through the kinetic 
profiles, where an increased concentration of the two 
markers in relapsing patients was highlighted 
(Supporting Figure S2). 
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Table 2 Performance of the markers on the screening cohort 
Marker AUC% (95%CI) Cut-off SP% (95%CI) SE% (95%CI) 
Neopterin [nmol/L] 99.1 (97.7-100) 64.4 100 (100-100) 92.3 (82.1-100) 
CXCL13 [pg/mL] 94.0 (88.9-99.2) 125.5 84.6 (71.8-94.9) 92.3 (82.1-100) 
ICAM-1 [ng/mL] 93.2 (87.0-99.4) 2.1 92.3 (82.1-100) 87.2 (76.9-97.4) 
CXCL10 [pg/mL] 90.0 (83.6-98.2) 2308.4 84.6 (71.8-94.9) 89.7 (79.5-97.4) 
B2MG [ng/mL] 89.2 (81.4-97.1) 2486.5 94.9 (87.2-100) 76.9 (64.1-89.7) 
MMP-9 [pg/mL] 88.8 (80.8-96.9) 814.8 84.6 (71.8-94.9) 87.2 (76.9-97.4) 
VCAM-1 [ng/mL] 86.2 (77.4-95) 38.5 94.9 (87.2-100) 69.2 (53.9-82.1) 
IgM [µg/mL] 81.2 (71.6-90.8) 75.9 66.7 (51.3-79.5) 87.2 (76.9-97.4) 
WBC (Cells/µL) 96.9 (93.9-100) 44.5 94.9 (87.2-100) 89.7 (79.5-97.4) 
Number of patients: 39 S2 relapsed vs. 39 S2 cured 
SP%: specificity %; SE%: sensitivity%; 95%CI: 95% confidence interval 
The reported cut-off corresponds to the best combination of specificity and sensitivity obtained for each marker 

 
 
Second analysis - verification 
Pre-treatment evaluation of the markers 
Neopterin and CXCL13 were investigated on a larger 
population comprising 242 patients (Table 1, 
Supporting Figure S1). Baseline characteristics of S2 
patients, cured and relapsed, were first analysed to 
evaluate whether they could already represent a risk 
of treatment failure (Table 3). An increased risk of 
relapse was associated with the received treatment 
and with the condition of being a primary case, i.e. 
never treated before for HAT. As these two conditions 
are strictly associated (primary cases were 
preferentially treated with melarsoprol), new relative 
risks were calculated after adjustment for treatment. 
This analysis highlighted an increased risk of relapse 
for patients presenting parasites in the CSF and a high 
count of WBC (≥ 100/µl) at diagnosis. 
At the time of the diagnosis, i.e. before treatment, the 
levels of neopterin and CXCL13 were higher in S2 
patients, cured or relapsed, compared to S1 (p 
value<0.0001, Kruskal-Wallis test, followed by post-
test paired comparison). Only neopterin was able to 
significantly discriminate (p<0.05) between cured S2 
patients and relapsed S2 patients already at baseline 
with AUC of 60% (52.8-67.74 95% CI), while CXCL13 
and WBC showed AUC of 55% (49.2-61, 95%CI) and 
56.8% (49.3-64.4), respectively. However, no 
significant differences were observed between the 
ROC curves (DeLong’s test for two correlated ROC 
curves) (data not shown).  
When the best cut-offs for discrimination between S2 
cured and relapsed patients at baseline (neopterin 
261.6 nmol/L and CXCL13 1734.1 pg/mL) were used to 
dichotomize the population, patients presenting high 
baseline levels of the markers were associated to a 
significantly higher risk for treatment failure (Table 3).  
 
Evolution of the markers after treatment 

A significant decrease in CSF concentration of 
neopterin, CXCL13 and white blood cells was observed 
in all S2 patients after treatment (p value < 0.0001, 
Wilcoxon signed rank test for paired samples) (data 
not shown). 
The evolution of the two markers and of WBC during 
further follow-up of HAT patients is represented in 
Figure 1. The levels of neopterin, CXCL13 and of WBC 
in S1 cured patients remained constantly lower than in 
S2 patients. In late stage patients confirmed to be 
cured at the end of the follow-up neopterin, CXCL13 
and WBC reached levels closer to those observed in S1 
patients cured already 3 months after treatment 
(Figure 1).  
In those patients experiencing a relapse, the levels of 
the two markers and of WBC, after having decreased 
following treatment administration, started to 
increase at 3 months after treatment when 43 
patients out of 105 already had a relapse or a 
probable relapse. Similarly, higher median 
concentration of neopterin and CXCL13 were observed 
in relapsing patients 6 and 12 months after treatment 
compared to cured S2 patients.  
ROC curves were built to assess the performance of 
neopterin, CXCL13 and WBC count in discriminating 
between cured S2 patients and S2 patients having a 
relapse 3, 6 and 12 months after treatment. Partial 
AUC (pAUC) between 90 and 100% of sensitivity and 
the best cut-off within this area were calculated (Table 
4). When measured in the CSF taken 3 months after 
treatment, neopterin and CXCL13 showed accuracy 
comparable to the one of WBC. However, six months 
after treatment, neopterin was a better predictor of 
the outcome than both CXCL13 and WBC with a 
negative likelihood ratio < 0.1 indicating a strong 
correlation between the levels of this marker and the 
ruling out of cured patients.  
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Table 3 Baseline risk factors for treatment failure in late stage patients 
  Treatment failure Unadjusted Adjusted for TT 
Baseline variable n/N RR p value RR p value 
Sex      

F 33/61 1  1  
M 74/160 0.85 0.28 0.88 0.31 

Age      
<25 27/55 1  1  
25-39 43/94 0.93 0.69 1 0.99 
>40 37/72 1.05 0.80 0.91 0.54 

Treatment      
E 2/44 1    
M 99/139 15.67 <0.0001   
M-E 0/1 0.00 <0.0001   
M-N 6/37 3.57 0.11   

Secondary case      
No 98/144 1  1  
Yes 9/77 0.17 <0.0001 0.94 0.90 

Incomplete treatment     
No 92/197 1  1  
Yes 15/24 1.34 0.10 1 0.96 

Parasites in CSF      
T- 7/17 1  1  
T+ 100/204 1.19 0.56 1.83 0.04 

CSF WBC/µL      
<100 17/46 1  1  
100-199 26/50 1.40 0.15 1.64 0.02 
200-399 32/69 1.25 0.39 1.52 0.04 
≥400 32/56 1.54 0.05 1.32 0.18 

Neurological signs      
NS- 12/27 1  1  
NS+ 95/194 1.1 0.67 1.28 0.24 

Neopterin [nmol/L]      
≤ 261.6 35/96 1  1  
>261.6 72/125 1.58 0.003 1.75 <0.0001 

CXCL13 [pg/mL]      
≤ 1734.1 17/50 1  1  
> 1734.1 90/171 1.55 0.04 1.55 0.02 

TT: treatment; E: eflornithine treatment; M: melarsoprol treatment; M-E: combination of melarsoprol and eflornithine; 
M-N: combination of melarsoprol and nifurtimox 
n/N: n=number of patients experiencing treatment failure, N=total number of patients 
RR: risk ratio 
T-: absence of parasite in CSF; T+: presence of parasites in CSF 
NS-: absence of neurological sings, NS+: presence of neurological sings 
Age and WBC/µL categories were defined according to Mumba Ngoyi D. et al.8 

 
 
 
At this time point, neopterin, at a CSF concentration of 
28 nmol/L was able to correctly classify as cured 97 
out of 111 patients, with only 5 false negatives. 
Similarly, a WBC count of < 11 cells/µL could correctly 
predict 90 out of 111 cured patients with 6 false 
negatives, while CXCL13 could only predict 71 out of 
111 cured patients. 
Finally, twelve months after treatment neopterin 
showed strong power to rule in (LR+ 35) and to rule 

out (LR- 0.06) S2 patients. At a concentration of 41.4 
nmol/L, it could correctly predict cure in 97% (93.6-
100 95%CI) of cured patients with only 1 relapsing 
patient miss-classified, compared to the 93% 
predicted by WBC (87.3-97 95%CI). CXCL13 showed 
again a lower accuracy, being able to predict cure in 
87% of cured patients (80.9-92.7% CI) (Table 4). 
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Figure 1 Kinetics of neopterin, CXCL13 and WBC during the follow-up. The variation in concentrations of the three 
markers in S1 cured patients, S2 cured patients and S2 relapsing patients are represented. Median concentrations at 
each time point are reported. Bars represent inter-quartile intervals. Numbers on the graphs represent the number of 
CSF samples assessed at each time point for each category of HAT patients. BT: before treatment; EoT: end of 
treatment; 3M, 6M, 12M: 3, 6, 12 months after treatment. FU: follow-up. 
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Table 4 Performances of neopterin, CXCL13 and WBC in discriminating between S2 cured and S2 relapsed patients 
Marker, Tx AUC% pAUC% Cut-Off SP% (95%CI) SE% (95%CI) LR+ LR- TN FN 
Neopterin [nmol/L]                   
3M 90 69.3 17.3 57.5 (48.7-66.4) 93.3 (88.6-98.1) 2.2 0.12 65 7 
6M 93.9 75.8 27.9 87.4 (81.1-92.8) 92.2 (84.4-98.4) 7.3 0.09 97 5 
12M 98.4 93.3 41.4 97.3 (93.6-100) 94.4 (83.3-100) 35.0 0.06 107 1 
CXCL13 [pg/mL]                   
3M 86 60.4 58.9 52.2 (42.5-61.1) 90.5 (84.8-96.2) 1.9 0.18 59 10 
6M 92.4 69.7 53.2 64 (55-73) 90.6 (82.8-96.9) 2.5 0.15 71 6 
12M 94.7 78.3 76.7 87.3 (80.9-92.7) 94.4 (83.3-100) 7.4 0.06 96 1 
WBC (Cells/µL)                   
3M 87.1 64.5 14.5 62.8 (54-71.7) 90.5 (84.8-96.2) 2.4 0.15 71 10 
6M 93.3 71.4 11.5 81.1 (73.9-88.3) 90.6 (82.8-96.9) 4.8 0.12 90 6 
12M 94.4 70.9 9.5 92.7 (87.3-97.3) 94.4 (83.3-100) 12.9 0.06 102 1 

3M, 6M, 12M: 3, 6, 12 months after treatment. Number of patients: 3M cured n=113, relapsed n=105; 6M cured n=111, relapsed 
n=64; 12M cured n=110, relapsed n=18. pAUC was calculated between 90 and 100% of sensitivity; SP% = specificity%; SE% = 
sensitivity%. Cut-off corresponds to the best combination if SP and SE within the pAUC. LR+: positive likelihood ratio, LR-: negative 
likelihood ratio; TN: true negatives, number of cured patients correctly classified; FN: false negatives, number of relapsing patients 
wrongly classified as cured.  
 
 
DISCUSSION  
The long post-therapeutic follow-up for patients 
affected with sleeping sickness is a major limitation in 
the management of HAT patients.6 A gold standard to 
detect treatment failures is still missing.10 New tools to 
achieve a better evaluation of treatment outcome, in 
terms of early detection of relapses and reduction of 
the time of follow-up are absolutely needed.11 The 
reduction of the current follow-up of two-years would 
not only have the advantage of reducing the number 
of lumbar punctures, but would also potentially 
increase the compliance rate, as after 6 months a 
decrease of the attendance rate has been reported.27  
In the present study, we investigated the ability of a 
number of molecules associated with an advanced 
stage of disease at diagnosis, as markers for treatment 
outcome.15 
The evaluation of IgM, B2MG, CXCL10, CXCL13, MMP-
9, ICAM-1, VCAM-1 and neopterin was performed on a 
first cohort of patients (n=97) followed after 
treatment. Neopterin, already highlighted as a 
powerful marker to stage T. b. gambiense HAT,15 
resulted here to be the most accurate discriminator 
between cured and relapsed patients, together with 
the chemoattractant chemokine CXCL13.  
The association of these molecules with the advanced 
stage of HAT at diagnosis, already reported,15,19 was 
confirmed. Furthermore, their high CSF concentration 
at baseline showed a strong association with an 
increased risk of treatment failure. When assessed 
during the complete follow-up, both neopterin and 
CXCL13 were able to indicate the recurrence of brain 

disease, as their concentration significantly increased 
in association with relapse.  
From a functional point of view, both markers might 
be associated with the immune-pathogenesis of HAT. 
CXCL13 is a chemokine involved in the recruitment of 
B and T lymphocytes to the site of inflammation and 
its potential involvement in HAT progression has 
already been proposed.19 Neopterin is a catabolic 
product of the GTP known as an indicator of the 
immune response activation, a central process in HAT 
late stage pathogenesis.28,29 However, further 
investigations are needed to better understand the 
role of these molecules in both disease progression 
and reappearance.  
Neopterin was here shown to be the most accurate 
marker for treatment outcome evaluation. When 
measured in the CSF of HAT patients 6 months after 
the end of the treatment, it was able to shorten the 
follow-up in 97 out of 111 S2 cured patients, thus 
potentially reducing the follow-up period and the 
number of lumbar punctures. 
The present study has a number of limitations. In the 
verification population, treatment failures were 
diagnosed either based on the reappearance of the 
parasites in the CSF, or based on a high number of 
white blood cell count (probable relapses). This could 
represent a bias as white blood cells are not 
considered as a gold standard for the detection of 
relapses, but for some patients it was considered as a 
diagnostic criterion to which our markers were 
compared. Interestingly, the concentration of 
neopterin and the number of WBC, but not CXCL13, 
was significantly lower in suspected relapses 

   108 



Chapter 6 

 

compared to confirmed relapses 6 months after 
treatment (data not shown), suggesting that some 
physiopathological differences may characterize the 
two groups.  
Most relapse cases included in the present study had 
received melarsoprol treatment, which was, at the 
moment of the study, the first line treatment in the 
Democratic Republic of the Congo. However, due to 
the high relapsing rate observed after melarsoprol 
treatment, the first treatment of choice for T. b. 
gambiense HAT has now changed to eflornithine and 
NECT therapies.3,4 Deeper investigations on a multi-
centric cohort including recoveries and failures after 
treatments other than melarsoprol are needed, as 
already done for the counting of leukocytes,5 even if 
low failure rates with NECT have been reported so 
far.30 
Another drawback may rely in the lack of specificity of 
neopterin. This metabolite has been reported to be an 
indicator of the immune activation in other 
pathological conditions including HIV.31,32 However, 
we observed significantly lower levels of neopterin in 
patients affected by cerebral malaria or meningitis 
when compared to HAT patients (data not shown). 
Better insights on the role of neopterin in the 
physiopathology of disease relapses could be achieved 
through the use of animal models, as already done for 
IL-10.33 
Due to its high ability in stage determination,15 
developments for the translation of neopterin in an 
ASSURED test34 for staging are ongoing. Here we 
extended the potential utility of this marker by 
showing its power as outcome predictor. In the 
present study, different cut-offs in neopterin 
concentration have been calculated, corresponding to 
the best performance of the marker at each time point 
of the follow-up. However, to be translated into 
clinical practice, a unique and highly accurate cut-off 
for the interim-follow up visits as well as a cut-off for 
the TOC visit should be determined, as it has been 
recently done for the WBC.5,8  
The reduction of the follow-up from 24 months to a 
maximum of 12 months would have the major 

advantage of a decreased number of lumbar 
punctures for patients and, as a consequence, an 
increased attendance rate. However, a further 
improvement in patients’ management would be the 
finding of test-of-cure markers in plasma. All 
molecules investigated here in CSF, were also assessed 
in the plasma of a small number of patients, but none 
of them was able to indicate the reappearance of the 
disease (data not shown). 
In conclusion, the present study demonstrated the 
accuracy of neopterin in predicting and detecting 
treatment outcome for HAT patients. Due to its power 
as both staging15 and follow-up marker for T. b. 
gambiense sleeping sickness, it is a promising 
candidate for further investigations in the field.  
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Markers for staging T. b. rhodesiense HAT 

 

In this chapter we addressed the problem of the stage determination in patients suffering from T. b. 

rhodesiense sleeping sickness, the acute form of the disease.  

The eight markers previously tested for the stage determination and treatment outcome evaluation 

in T. b. gambiense HAT, were assessed on a small population of T. b. rhodesiense patients. Interestingly, 

different staging abilities were observed on this population compared to the results obtained in our 

previous studies on gambiense HAT. IgM, MMP-9 and CXCL13 showed here the most promising results, 

individually or combined into panels of markers comprising CXCL13-CXCL10-MMP-9 or CXCL13-CXCL10-IgM. 

Even if deeper investigations are needed, the results reported in this manuscript are particularly 

interesting since they indicate the possibility of ameliorating the management of T. b. rhodesiense patients 

and pave the way for deeper investigation on the pathophysiological differences between the chronic and 

acute forms of HAT. 

The manuscript has been published in Clinical and Translational Medicine in January 2013. I 

contributed in performing part of the experiments, the whole data analysis, interpretation and writing of 

the paper.  
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SUMMARY 
Background Accurate stage determination is crucial in the choice of treatment for patients 

suffering from sleeping sickness, also known as human African trypanosomiasis (HAT). Current 
staging methods, based on the counting of white blood cells (WBC) and the detection of parasites 
in the cerebrospinal fluid (CSF) have limited accuracy. We hypothesized that immune mediators 
reliable for staging T. b. gambiense HAT could also be used to stratify T. b. rhodesiense patients, 
the less common form of HAT. 

Methods A population comprising 85 T. b. rhodesiense patients, 14 stage 1 (S1) and 71 stage 2 (S2) 
enrolled in Malawi and Uganda, was investigated. The CSF levels of IgM, MMP-9, CXCL13, CXCL10, 
ICAM-1, VCAM-1, neopterin and B2MG were measured and their staging performances evaluated 
using receiver operating characteristic (ROC) analyses. 

Results IgM, MMP-9 and CXCL13 were the most accurate markers for stage determination (partial 
AUC 88%, 86% and 85%, respectively). The combination in panels of three molecules comprising 
CXCL13-CXCL10-MMP-9 or CXCL13-CXCL10-IgM significantly increased their staging ability to 
partial AUC 94% (p value < 0.01). 

Conclusions The present study highlighted new potential markers for stage determination of T. b. 
rhodesiense patients. Further investigations are needed to better evaluate these molecules, alone 
or in panels, as alternatives to WBC to make reliable choice of treatment. 

 
 
 
INTRODUCTION 
Human African trypanosomiasis (HAT), commonly 
known as sleeping sickness, is a neglected tropical 
disease caused by the Trypanosoma brucei parasite 
and transmitted to humans through the bite of the 
tsetse fly.1 Two morphologically identical subspecies 
of parasites are responsible for the disease: 
Trypanosoma brucei gambiense and T. b. rhodesiense.2 

In both cases, the disease progresses from a 
haemolymphatic first stage (S1), to a meningo-
encephalitic second stage (S2). The latter reflects 
invasion of the central nervous system (CNS) by the 
parasites across the blood-brain barrier (BBB) with 
severe neurological complications, which can 
ultimately lead to coma and death, when untreated.3 
The two forms of HAT differ in their clinical 
presentations and geographic distribution. The 
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gambiense form is widespread in Central and Western 
Africa and is commonly considered to be a chronic 
infection, which slowly progresses from the first to the 
second stage. The rhodesiense form of sleeping 
sickness, that affects communities in Eastern Africa, is 
a more aggressive illness, which rapidly progresses to 
the meningo-encephalitic stage3 and accounts for less 
than 5% of all HAT cases.4 Contrary to T. b. gambiense, 
for which a relatively safe drug combination has 
recently been introduced for treatment of S2 
patients,4-6 treatment of S2 T. b. rhodesiense patients 
still relies on melarsoprol.7-9 Melarsoprol has been 
reported to cause reactive encephalopathies in 8% of 
T. b. rhodesiense treated patients, which are fatal in 
57% of them.8 As a drug to safely treat both stage 1 
and stage 2 patients is yet to be identified, and as S2 
treatment is associated with severe side effects and 
toxicity,8 stage determination remains a key step in 
the management of patients suffering from T. b. 
rhodesiense HAT. 
Staging is based on the examination of the 
cerebrospinal fluid (CSF) by microscopy. According to 
WHO, patients having ≤ 5 white blood cells (WBC) per 
microliter of CSF and absence of parasites are 
considered to be in the first stage of the disease, while 
patients having more than 5 WBC/µL and/or presence 
of parasites in the CSF are considered as S2.10 These 
methods suffer from limited specificity and 
reproducibility of the counting of WBC and lack of 
sensitivity in finding of parasites in CSF11,12 (Dieudonné 
Mumba Ngoyi, personal communication). 
The discovery of surrogate markers to complement or 
replace the counting of WBC in the staging of HAT is 
highly desired.11,13,14 Many studies have focused on 
the staging in T. b. gambiense HAT,13,15-20 while less 
attention has been paid to T. b. rhodesiense, with a 
paucity of data on staging markers.13,21,22 Some pro- 
and counter-inflammatory factors have been shown to 
be associated with the late stage of T. b. rhodesiense 
sleeping sickness, including IL-10, IL-6, CXCL10 and 
neopterin.13,21,22  
The aim of the present study was to investigate eight 
immune-related factors, shown to be powerful 
markers for stratification of T. b. gambiense HAT 
patients,13,15-20,23 as staging markers for T. b. 
rhodesiense sleeping sickness.  
 
METHODS 
Patients 
Eighty five patients (14 stage 1 and 71 stage 2) with 
evidence of parasites in blood, lymph or CSF were 
investigated in the present study (Table 1). Patients 
were enrolled by active or passive case finding in 

Malawi (NEUROTRYP study13) and Uganda (FINDTRYP 
study), in regions endemic for T. b. rhodesiense HAT. 
The studies were approved by the Ministry of Health 
and Population, Lilongwe, Malawi and by the Uganda 
National Council for Science and Technology (UNCST).  
All patients signed a written informed consent before 
inclusion into the study. Children (< 18 years old) or 
patients with altered mental status were only included 
in the studies after written consent of a parent or a 
guardian. All enrolled patients had the possibility to 
withdraw at any moment. Details on sample collection, 
inclusion and exclusion criteria of the two cohorts are 
reported in Supporting Table S1.  
CSF samples were collected by lumbar puncture and 
the number of WBC counted. The presence of 
parasites was determined using either the modified 
single centrifugation (Malawi)24 or double 
centrifugation (Uganda)25 methods. CSF samples were 
stored in liquid nitrogen at the site of collection, 
followed by storage at -80°C. Patients were diagnosed, 
staged and treated for HAT according to the guidelines 
of the national sleeping sickness control program of 
the country of sample collection.  
In the present study, patients’ stage was assigned 
according to WHO recommendations,10 i.e., stage 1 
when CSF WBC ≤ 5/µL and absence of parasite in CSF, 
stage 2 when CSF WBC > 5/µL and/or parasites 
detected in the CSF. Patients were excluded when 
information to classify them according to these criteria 
was not available.   
 
Table 1 Pre-treatment characteristics of the 
investigated patients 

* Fisher’s exact test, no significant differences 
† Mann-Whitney U test, no significant differences 
 
 
Immunoassays 
The levels of the markers were measured in pre-
treatment CSF using commercially available 
immunoassays (ELISA or multiplex bead suspension 
assay) following manufacturers’ instructions as 
reported elsewhere.23 These included IgM (ICL, OR, 
USA), B2MG (Calbiotech, CA, USA), neopterin 
(BRAHMS, Germany), CXCL10 (Bio-Rad, CA, USA), 

  Stage 1 (n=14) Stage 2 (n=71) 
Demography     
Sex, F (n)* 7 32 
Age, years [mean ± SD]† 37.1 [± 19.3] 36.9 [± 15.8] 
Geographical origin     
Malawi, n 3 27 
Uganda, n 11 44 
CSF examinations     
Trypanosome positive, n 0 64 
WBC/µL (median, range) 3 [2-5] 21 [4-1140] 
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VCAM-1, ICAM-1, CXCL13 and MMP-9 (R&D Systems, 
UK). 
 
Statistics 
Statistical analyses were performed using IBM SPSS 
Statistics version 20.0.0 (IBM, NY, USA). Comparisons 
between groups were performed using the Mann-
Whitney U test, setting the level of significance at 0.05. 
Correlations between molecules and the number of 
WBC were assessed through the Spearman correlation 
rho coefficient. ROC analyses were performed using 
pROC package for S+ version 8.1 (TIBCO, Software 
Inc.).26 All tests were two-tailed. 
To assess the staging ability of each marker and to 
compare their performances at high specificity, 
corrected partial areas under the ROC curves (pAUC) 
were calculated between 90 and 100% of specificity 
(SP).26 A cut-off corresponding to 100% specificity was 
also computed.  
To evaluate the power of the markers in predicting the 
presence of trypanosomes in CSF, patients were 
classified based on the absence (n=21) or presence 
(n=64) of parasites in their CSF. Complete AUC were 
then computed as well as the cut-off corresponding to 
the best combination of specificity (SP) and sensitivity 
(SE). 
Panels of markers were obtained using an in-house 
software, PanelomiX, based on a method of 
optimization of cut-off values by iterative combination 
of biomarkers and thresholds (rule-induction-like 

method).18 Highly specific combinations of three 
molecules were computed. Those showing the highest 
pAUC for discrimination between stage 1 and stage 2 
patients were kept. Statistical comparison between 
the pAUC of the panels and those of the individual 
markers was obtained through the Bootstrap test for 
two correlated ROC curves.  
 
RESULTS 
Concentration of markers in patients’ CSF 
The CSF levels of IgM, B2MG, MMP-9, CXCL13, CXCL10, 
ICAM-1, VCAM-1 and neopterin were measured on a 
population of 85 patients, comprising 14 stage 1 and 
71 stage 2 (Table 1). 
All molecules showed a higher CSF concentration in S2 
patients compared to S1. IgM, MMP-9 and CXCL13 
showed the highest fold increase (S2/S1 concentration 
ratio of 68, 12 and 187, respectively). However, the 
comparison using the Mann-Whitney U test, 
highlighted significant differences between the two 
stages for all markers (Table 2). These differences 
were confirmed when patients from Uganda (S1 n=11; 
S2 n=44) were considered separately, while only 
MMP-9, IgM and B2MG could significantly 
discriminate between Malawian S1 (n=3) and S2 (n=27) 
patients (Supporting Figure S1). Furthermore, all 
markers significantly correlated (Spearman correlation) 
with the number of WBC counted in the CSF, the 
current staging method, with MMP-9, CXCL13 and 
CXCL10 having a rho coefficient > 0.5 (Table 2). 

 
 
Table 2 Concentration of markers in early (S1) and late (S2) stage T.b. rhodesiense patients 
Marker [S1], median [S2], median [S2]/[S1] p value* Spearman rho† 
IgM [µg/mL] 0.96 65.4 68.1 <0.0001 0.491 
MMP-9 [pg/mL] 108.6 1309.9 12.1 <0.0001 0.554 
CXCL13 [pg/mL] 8.2 1531.2 186.7 <0.0001 0.529 
VCAM-1 [ng/mL] 22.6 67.3 3.0 <0.0001 0.372 
B2MG [ng/mL] 964 3447 3.6 <0.0001 0.426 
ICAM-1 [ng/mL] 1.99 9.6 4.8 <0.0001 0.457 
Neopterin [nmol/L] 41.2 112.9 2.7 0.001 0.360 
CXCL10 [ng/mL] 8.9 41.9 4.7 0.005 0.508 

* Mann-Whitney U test 
† Correlation between the number of CSF WBC and CSF levels for each marker. Correlation was significant at 0.01 level 
 
 
Staging ability of the markers 
ROC analyses were performed to further assess the 
ability of the markers to discriminate between S1 and 
S2 patients in terms of specificity and sensitivity. 
To highlight markers able to correctly rule out the 
highest number of S1 patients, partial AUC between 
90 and 100% of specificity were calculated together 

with a cut-off in marker concentration at 100% of SP 
(Figure 1, Supporting Table S2).  
IgM, MMP-9 and CXCL13 had a pAUC higher than 80%, 
but for 100% of specificity IgM showed higher 
sensitivity (SE 77%, 76.6-87.3 95% CI), compared to 
MMP-9 (72% SE, 60.6-81-7 95% CI) and CXCL13 (69% 
SE, 57.8-80.3 95% CI). 
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Figure 1 ROC curves representing the staging abilities of the eight markers. Dark gray areas represent the corrected 
pAUC between 90 and 100% of specificity obtained for each marker. Light gray zones represent a pAUC of 100%. The 
value of the cut-off corresponding to 100% specificity comprised within the pAUC is reported on each graph together 
with the corresponding sensitivity% (SE%). Additional results are reported in Additional Table 2.  

 
 
A second group of markers with a pAUC between 70-
80% comprised VCAM-1, B2MG, ICAM-1 and neopterin. 
CXCL10 was highlighted as the less accurate marker, 
with a pAUC of only 55% and 3% sensitivity for 100% 
specificity.  
To further assess the ability of the eight molecules to 
identify patients with advanced S2 HAT, patients were 
classified based on the absence (T-, n=21) or the 
presence (T+, n=64) of parasites in the CSF. The total 
area under the ROC curve was considered. All markers, 

except neopterin and CXCL10, discriminated between 
T- and T+ patients with AUC > 80% and with 
performances comparable to those of WBC (95% CI 
around AUC overlapping) (Table 3).  
Interestingly, when the specificity and sensitivity 
corresponding to the best cut-off were taken into 
account, the three best markers, i.e. IgM, MMP-9 and 
CXCL13, turned out to be more specific (SP > 85%) 
than WBC, which in turn was more sensitive (SE > 95%) 
(Table 3). 
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Table 3 Ability of markers to classify T.b. rhodesiense patients according to the presence of parasites in CSF 
Marker p value* AUC% (95% CI) Cut-off SP% (95% CI) SE% (95% CI) 
IgM [µg/mL] < 0.0001 84.5 (73.9-95.2) 17.8 85.7 (66.7-100) 81.3 (71.9-90.6) 
MMP-9 [pg/mL] < 0.0001 85.2 (74.3-96) 499.8 90.5 (76.2-100) 76.6 (65.6-85.9) 
CXCL13 [pg/mL] < 0.0001 80.4 (69.1-91.8) 200.3 90.5 (76.2-100) 73.4 (62.5-84.4) 
VCAM-1 [ng/mL] < 0.0001 83.2 (73.7-92.7) 43.9 76.2 (57.1-90.5) 78.1 (67.2-87.5) 
B2MG [ng/mL] < 0.0001 82.0 (71.3-92.7) 1462 66.7 (47.6-85.7) 85.9 (76.6-93.8) 
ICAM-1 [ng/mL] < 0.0001 83.3 (73-93.6) 4.7 81.0 (61.9-95.2) 73.4 (62.5-84.4) 
Neopterin [nmol/L] < 0.0001 75.5 (63.9-87.1) 69.4 81.0 (61.9-95.2) 65.6 (54.7-76.6) 
CXCL10 [ng/mL] 0.002 73.1 (59.3-86.8) 7.5 47.6 (28.6-66.7) 92.2 (84.4-98.4) 
WBC (Cells/µL) < 0.0001 87.4 (77.4-97.4) 6.5 71.4 (52.4-90.5) 95.3 (89.1-100) 

Patients without parasites detected in CSF, n=21; patients with parasite detected in CSF, n=64 
* Mann-Whitney U test 
SP% = specificity%; SE% = sensitivity%; 95% CI = 95% confidence interval 
 
 
Combination of markers into panels 
To evaluate whether a combination of markers could 
increase the staging ability, panels of three molecules 
corresponding to 100% specificity were calculated. 
Two different combinations showing the same staging 
performances (pAUC 94%, 89.9-97.3 95% CI; SE 87.3%, 
78.9-94.4 95% CI) were obtained. Both panels 
comprised CXCL10 (cut-off 2.24 ng/mL) and CXCL13 
(cut-off 23.3 pg/mL) in combination with either MMP-
9 (cut-off 499.8 pg/mL) or IgM (cut-off 17.8 µg/mL) 

(Table 4). Both panels were considered positive when 
at least two out of three molecules were above their 
cut-offs.  
When compared to the individual molecules, the two 
panels were significantly more accurate for stage 
determination (Bootstrap test for two correlated ROC 
curves, p<0.05). These combinations enabled the 
correct classification of all S1 patients (100% SP) and 
62 out of 71 S2 patients (87% SE). 

 
 
Table 4 Panels of markers for staging T.b. rhodesiense patients obtained through a combination of 3 molecules 
Panel Markers Cut-off pAUC% (95% CI)* SE% (95%CI)* p value† 
1 CXCL10 [ng/mL] 2.2 94 (89.9-97.3) 87.3 (78.9-94.4) 0.0001 
  CXCL13 [pg/mL] 23.3     0.01 
  MMP-9 [pg/mL] 499.8     0.01 
2 CXCL10 [ng/mL] 2.2 94 (89.9-97.3) 87.3 (78.9-94.4) 0.0001 
  CXCL13 [pg/mL] 23.3     0.01 
  IgM [µg/mL] 17.8     0.02 

* pAUC and SE% were calculated for 100% SP 
† Comparison between the pAUC (90-100% SP) of the panel and those of the markers individually considered obtained through the 
Bootstrap test for two correlated ROC curves 
Both panels are positive when ≥2 molecules are above their cut-off 
 
 
DISCUSSION 
Stage determination in T. b. rhodesiense sleeping 
sickness patients is a critical step in ensuring that the 
appropriate treatment is used.14 An imperfect gold 
standard for staging and the lack of a safe S2 drug 
highlight the need for new tools for staging this form 
of disease.27,28 In the present study we investigated, 
on a small population of patients suffering from T. b. 
rhodesiense HAT, a number of molecules (MMP-9, 
CXCL10, CXCL13, IgM, neopterin, ICAM-1, VCAM-1 and 
B2MG) known to be over-expressed in the CSF of late 
stage T. b. gambiense patients.23 Since melarsoprol is 
still the only treatment for S2 rhodesiense patients, we 
evaluated their staging ability as highly specific 
markers, to try to limit unnecessary exposure of 

patients to this toxic drug. IgM, MMP-9 and CXCL13 
were shown to be the most accurate discriminators 
between early and late stage disease (pAUC ≥ 85%) 
and showed the same accuracy as WBC in 
distinguishing between patients having parasites in 
their CSF from those without. Furthermore, 
combination of the molecules into panels of three 
markers (IgM-CXCL13-CXCL10 or MMP-9-CXCL13-
CXCL10) significantly increased the staging accuracy, 
leading to the correct classification of all S1 patients 
and 62 out of 71 S2 patients.  
All the markers investigated here are known to be 
involved in the immune response elicited by the 
presence of the parasite in the host. Interestingly, a 
different behavior of the 8 molecules was observed in 
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T. b. gambiense patients, which may reflect the 
differences in immunopathogenesis29 and clinical 
presentation3,30 of the two forms of HAT. It has already 
been proposed, for example, that different activation 
pathways of macrophages and astrocytes may take 
place in the two forms of HAT.22 Such differences may 
be responsible of the less accurate staging ability of 
neopterin on T. b. rhodesiense patients, compared to 
its very high staging power on T. b. gambiense patients.  
The role of IgM, the best individual marker in the 
present study, in disease progression has been 
extensively studied. An increased CSF concentration of 
IgM of intrathecal origin was shown to be a good 
indicator of brain involvement in HAT,15 leading to the 
development of a rapid latex agglutination test 
(Latex/IgM) for stage determination in the field.31 
However, when assessed under field conditions, this 
assay did not represent an advantage compared to 
counting of WBC.31 Furthermore, when used for 
evaluation of the outcome after treatment, IgM levels 
were not an optimal indicator of recovery due to their 
slow normalization.32 Studies in animal models have 
shown that HAT meningo-encephalitis is characterized 
by an increased number of leukocytes in the CNS.33 
CXCL13, also known as BCA-1, is a chemokine mainly 
produced by dendritic cells,34 which specifically 
attracts B and T lymphocytes to the site of 
inflammation.35 Its over-expression in CSF has been 
associated with increased WBC and intrathecal 
production of immunoglobulins in many pathological 
conditions,36,37 including late stage T. b. gambiense 
HAT.19 On the other hand, MMP-9 (matrix-
metalloproteinase 9), an enzyme involved in tissue 
homeostasis and remodeling,38,39 has been extensively 
studied in a number of pathologies affecting the 
CNS,39-42 in addition to T. b. gambiense HAT.17 Due to 
its ability to degrade β-dystroglycan, this protein has 
been proposed to be involved in the passage of 
leukocytes through the glia limitans to reach the brain 
parenchyma.43 However, the temporal relationship 
between the events leading to CNS invasion and the 
appearance of various signs and symptoms of nervous 
system dysfunction needs to be investigated further. 
The markers investigated in the present study were 
combined into panels in order to increase their 
accuracy in stage determination. The utility of this 
approach to achieve a better diagnostic accuracy has 
already been shown.18,44 Using this method, we 
highlighted highly specific combinations comprising 
CXCL13, CXCL10 and MMP-9 or IgM. Interestingly, 
CXCL10 was present in both panels. This molecule was 
not efficient in staging T. b. rhodesiense patients when 
considered individually. However, when combined to 

CXCL13 and MMP-9 or IgM, it helped in reaching a 
significantly increased staging accuracy. This 
chemokine, which specifically attracts T lymphocytes 
to the site of inflammation,45 was reported to be 
produced by activated astrocytes in trypanosome-
infected mice.46 The activation of astrocytes and 
macrophages are early events in stage 2 infection,47-49 
suggesting that CXCL10 may represent an early 
indicator of CNS involvement in HAT. 
Interestingly, the markers did not show the same 
staging performances when assessed on patients 
classified according to their geographic origin (i.e. 
Malawi or Uganda). Although the low number of 
Malawian S1 patients (n=3) certainly represents a bias 
and may be responsible for the differences observed, 
this result could reflect the variable clinical 
presentation of rhodesiense disease observed in 
different foci.27 This may suggest that potentially 
different markers will be needed to stage T. b. 
rhodesiense patients according to their geographical 
origin and the parasite strain.  
The present study has a number of limitations that 
should be considered. First, the data presented 
resulted from analyses on a small number of patients. 
This is a common problem associated to the 
investigation of this form of HAT. Collecting samples 
from T. b. rhodesiense patients is considerably difficult, 
not only due to the lower incidence of this disease 
compared to the gambiense form, but also as a 
consequence of a less effective active screening, since 
the CATT test can only detect T. b. gambiense cases.50 
To further evaluate the staging properties of the 
markers, larger cohorts of patients should be 
investigated. Moreover, due to the reported 
differences between T. b. rhodesiense HAT among foci, 
the results presented here should be validated in a 
more controlled set of patients (i.e. in which the same 
parasitological examinations were performed).  
Another drawback could be represented by the choice 
of selecting highly specific markers, with the 
consequence of compromising the sensitivity. 
Management of T. b. rhodesiense patients is far from 
being optimal, thus both choices of high specificity or 
sensitivity would be associated either to a risk of 
missing the diagnosis of late stage patients, or to the 
exposure of S1 patients to a highly toxic stage 2 drug, 
respectively. However, it should be emphasized that a 
new staging biomarker for rhodesiense HAT would be 
combined with the detection of parasites in CSF, which 
would increase the sensitivity, and with clinical 
evaluation of the neurological status of the patients.   
The absence of information on neurological signs 
exhibited by patients in the present study prevented 

   120 



Chapter 7 

 

an efficient assessment of the association between the 
levels of the markers and the signs of CNS involvement. 
This aspect is particularly important in the light of a 
recent publication on T. b. rhodesiense HAT reporting 
the poor association between disease progression, the 
levels of a number of cytokines and patients’ 
neurological manifestations.51  
The 8 markers investigated here behaved differently 
when assessed on T. b. gambiense or T. b. rhodesiense 
samples, underlining the differences between the two 
forms of disease, and suggesting that potentially new 
rhodesiense-specific markers could be discovered. 
Despite the high staging accuracy shown by the 
combinations of markers described in the present 
study (i.e. CXCL10-CXCL13-MMP-9 and CXCL10-
CXCL13-IgM), their translation into a rapid field 
diagnostic test could be difficult, due to a potential 
increase in the costs of production, suggesting that 
deeper investigations should be performed. The 
individual staging power of the molecules should be 
assessed on a larger cohort of T. b. rhodesiense HAT 
patients, including CSF samples collected during the 
post-therapeutic follow-up, and the possibility of their 
translation into a point-of-care test for stage 
determination in the field should be evaluated. 
Furthermore, their study in animal models, as already 
done for IL-10,52 could help in the further 
characterization of the role of these markers in 
disease progression. 
 
CONCLUSIONS 
The results presented in this work on T. b. rhodesiense 
sleeping sickness highlight the potential utility of IgM, 
MMP-9 and CXCL13, alone or combined with CXCL10 
in staging patients. We believe that this work has 
paved the way for further investigations on the role of 
these markers in detecting the meningo-encephalitic 

stage of T. b. rhodesiense HAT, and therefore making a 
more accurate choice of treatment.  
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patients classified according to the country of sample 
collection. 
For each country, differences between S1 and S2 were 
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1. Finding new HAT biomarkers 

The improvement of sleeping sickness patients’ stratification and management through the 

finding of new cerebrospinal fluid biomarkers has been a challenge since a long time.1,2 The current 

clinical practice for stage determination, based on the counting of the white blood cells and the 

finding of trypanosomes in patients’ CSF, is unsatisfactory and not considered as a gold standard.1,3 

As a consequence of an incorrect stage determination, patients may be unnecessary exposed to toxic 

drugs or to the risk of not getting cured. Additionally, the controversial stage determination, together 

with the decreased efficacy of some S2 drugs,4,5 imposes a post-therapeutic follow-up of two years to 

detect disease relapses. Follow-up visits, performed each 6 months for two years,6 consist as it 

happens for the staging, in the detection of trypanosomes in blood and CSF and the counting of WBC 

in CSF. In addition to the technical limitations already highlighted, precise WHO indications for the 

diagnosis of treatment failures are missing.  

The first objective of the project presented in this manuscript was to identify new markers for 

the stratification of patients suffering from T. b. gambiense HAT and to assess their value as 

alternatives to the counting of the WBC. A classical three phase workflow consisting in biomarker 

discovery, verification and validation was applied (Figure 1). The discovery was performed using two 

different approaches: 

I. The CSF proteome of S1 and S2 patients was investigated using either 2-DE (n=9) or six-plex   

TMT quantitative mass spectrometry (n=9), to highlight proteins differentially expressed 

between the two groups of patients (Chapter 2); 

II. Based on the hypothesis that inflammation plays an important role in disease progression, 

the CSF concentration of 23 immune-related factors or brain damage markers was assessed 

using immunoassays (n=16).  
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Figure 1 Graphic representation of the workflow applied for the identification of new markers for HAT. n max = 
highest number of patients tested during the discovery and verification phases. * = unpublished data. In red are 
indicated those markers highlighted as the most promising in each published study. BD markers = brain damage 

markers. 
 

 

A verification cohort comprising 100 patients collected in the Democratic Republic of the 

Congo (DRC), as part of the THARSAT study,7 was obtained through the collaboration with the 

Institute of Tropical Medicine (ITM) in Antwerp (Belgium). The most interesting molecules were 

verified on this cohort. B2MG and osteopontin (Chapter 2), previously discovered by proteomics, and 

a panel composed of CXCL10-CXCL8-H-FABP (Chapter 3) were shown as the most promising markers 

among those discovered.  

To expand the set of potential biomarkers for T. b. gambiense HAT, we did not limit our 

evaluations to those newly discovered, but we took advantage from molecules already proposed in 

the literature. A number of adhesion molecules (ICAM-1, VCAM-1, E-selectin) and matrix 
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metalloproteinases (MMP-2 and MMP-9) were tested on the verification cohort and the high staging 

power of MMP-9 and ICAM-1 was highlighted (Chapter 4). Altogether considered, we obtained a list 

of 24 verified proteins to which we added 12 more candidates tested either by our group or by ITM 

(unpublished data).  

The subsequent step towards the identification of new staging tools was the validation. A large 

multicenter cohort was collected comprising 512 T. b. gambiense patients enrolled in DRC, Chad and 

Angola (Chapter 5, Supporting Figure S1). Among the 36 candidates, we selected those having the 

highest potential as staging markers, by applying selection criteria based on the final objective of the 

study, i.e. to find a new tool for stage determination under field conditions. We selected only 

markers having i) AUC ≥ 90%, indicating a high discrimination ability between S1 and S2 patients; ii) 

median concentration in S2 patients ≥ 1 ng/mL and iii) 5-fold increased concentration in S2 patients 

compared to S1, in order to highlight those molecules, which could be more easily translated into a 

semi-quantitative point-of-care test (POCT). The results of this selection are reported in Table 1.     
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Marker n [S2] [S2]/[S1] AUC% Score 
Neopterin 27 74.90 19.7 100 3 
CXCL13 96 9.44 142.3 100 3 
ICAM-1 65 8.62 16.0 98 3 
MMP-9 64 3.10 42.5 98 3 
VCAM-1 65 53.3 5.9 96 3 
IgM 100 232000 69.5 95 3 
CXCL10 100 14.31 40.7 95 3 
B2MG 58 3688 5.5 91 3 
IL-6 100 0.06 12.8 94 2 
TNF-α 100 0.02 6.8 93 2 
Total protein 100 1176000 1.9 92 2 
Albumin 100 275000 3.3 90 2 
MMP-2 65 39.80 2.6 90 2 
CXCL9 38 0.10 8.9 89 1 
IL-10 100 0.07 11.1 89 1 
Osteopontin 57 686.10 3.8 85 1 
CXCL8 100 0.18 3.1 94 1 
hTAU 94 0.17 2.8 87 1 
H-FABP 100 0.75 3.3 86 1 
IL-1β 100 0.0001 6.0 80 1 
GSTπ-1 100 3.01 2.4 79 1 
CFH 52 2505 1.5 72 1 
E-Selectin 56 0.08 2.7 82 0 
CXCL11 37 0.06 1.4 73 0 
CCL2 100 0.59 1.4 70 0 
IFN-γ 100 0.10 1.5 70 0 
S100β 100 0.08 1.8 70 0 
IL-9 100 0.03 1.3 70 0 
G-CSF 100 0.06 1.5 62 0 
IL-1ra 100 0.78 1.0 55 0 
CCL4 100 0.09 1.0 54 0 
VEGF 100 0.05 1.0 54 0 
      

Latex/IgM 100 128 na 91  
IgMIF (%) 100 89 na 93  
QAlb 100 8.3 na 85  
Latex/Tbg 94 2 na 81  

 
Table 1 Classification of the 36 markers according to the established selection criteria, i.e. 

AUC ≥ 90%, [S2] ≥ 1ng/mL, [S2]/[S1] ≥ 5. The concentration of all markers is reported in ng/mL except 
for: Latex/IgM and Latex/Tbg, for which the test end titres are reported; IgMIF (IgM intrathecal 

fraction), which is expressed as a percentage of IgM in CSF produced intratechally; QAlb since it is a 
ratio of concentrations of albumin in CSF/serum. na = not applicable. n = number of patients of the 
validation cohort tested; [S1] = median S1 concentration; [S2] = median S2 concentration. Score: a 

point was assigned for each selection criteria accomplished.    
 

B2MG, CXCL10, CXCL13, IgM, MMP-9, neopterin, ICAM-1 and VCAM-1 were selected for 

validation. Neopterin was highlighted as the most accurate staging marker for T. b. gambiense HAT, 

able to correctly classify 161 out of 184 stage 1 patients and 201 out of 228 stage 2 patients (Chapter 

5). The high correlation of neopterin with the presence of trypanosomes and neurological signs 

further supported its association with the disease progression.  

To extend the potential clinical utility of the markers, we assessed whether they could detect 

the reappearance of the CNS disease after treatment and shorten the follow-up for patients. A 

population of 242 T. b. gambiense patients (DRC) followed for 2 years after treatment was 
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investigated. Neopterin showed again the highest accuracy in detecting relapses and it resulted to be 

able to shorten the follow-up as soon as 6 months after treatment with 87% specificity, and at 12 

months with 97% specificity (Chapter 6). 

As a final step, we tested whether the 8 markers could also be useful in staging patients 

suffering from the acute form of disease, i.e. caused by T. b. rhodesiense parasites. When assessed 

on a population comprising 85 T. b. rhodesiense patients collected either in Eastern Uganda or in 

Malawi, IgM, MMP-9 and CXCL13 resulted to be the most accurate staging markers, individually or 

combined into panels comprising CXCL13-CXCL10-MMP-9 or CXCL13-CXCL10-IgM (Chapter 7). 

 

2. HAT markers and neuro-pathogenesis 

The diagnostic accuracy, generally considered in terms of specificity and sensitivity, is not the 

only aspect that should be taken into account during the investigation of new disease biomarkers. An 

added value can be achieved through the evaluation of the potential involvement of the biomarkers 

in those mechanisms leading to the onset, progression or manifestations of a specific pathological 

state. 

As already stated in the introduction (Paragraph 1.6), the mechanisms characterizing the 

invasion of the CNS by the parasites and the development of extensive neurological disorders in HAT 

are still not completely understood. However, many findings in animal models suggest that the host 

inflammatory response may play a central role in disease pathogenesis.8-10 

Interestingly, but not surprisingly, the 8 markers here validated are all involved either in 

leukocyte extravasation, a mechanism likely associated to the increased number of WBC observed in 

late stage patients, or in the humoral and cellular host immune response (Table 2). This aspect is 

even more interesting for those molecules, such as B2MG and MMP-9, never proposed before for 

staging HAT. The potential implication of the 8 markers in the scenario of HAT neuro-pathogenesis is 

represented in Figure 2.  
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Marker Origin Main functions Evidences in HAT Evidences in other 
diseases 

ICAM-1 Expressed by a variety of 
cell types 
including endothelial cells 
11 

Mediator of leukocytes 
transmigration process and 
of antigen presentation 11 

Girard M, et al. 2005 12  
Masocha W, et al. 2007 
13 

Bacterial meningitis 
14, CNS infections15 

VCAM-1 Expressed by a variety of 
cell types 
including endothelial cells 
11 

Mediator of rolling and 
adhesion steps during 
leukocyte extravasation 
processes 11 

Girard M, et al. 2005 12  
Masocha W, et al. 2007 
13 

Bacterial meningitis 
14, CNS infections15 

MMP-9 Produced in the CNS by a 
variety of cells including T 
cells activated monocytes 
and macrophages 16 

Involved in the degradation 
of extracellular matrix and in 
leukocyte recruitment to the 
site of inflammation 16 

None Acute ischemic stroke 
17, multiple sclerosis 
18, cerebral malaria 
19,20 

Neopterin Produced by IFN-γ 
activated macrophages 
and dendritic cells 21,22 

Indicator of the activation of 
the inflammation; involved 
in oxidative stress but most 
of its functions are still 
unknown 21 

MacLean L, et al. 2006 
23 
 

Tuberculosis 24,25, HIV 
22 

CXCL10 Produced by glial cells 
and neurons 26 
 
 

Chemotactic effect on T 
lymphocytes for their 
recruitment to the site of 
inflammation 27,28  

Amin DN, et al. 2009 29 HIV, bacterial 
meningitis 26 

CXCL13 Produced by dendritic 
cells and macrophages, 
within the inflamed CSF 
30,31 
 

Attraction and regulation of 
the recruitment of B and T 
CD4+ lymphocytes to the 
site of inflammation 30,31  

Courtioux B, et al. 2009 
32 

Lyme neuroborreliosis 
33, multiple sclerosis 
34,35 

B2MG Expressed on the surface 
of all nucleated cells as 
part of the major 
histocompatibility 
complex I (MHC I) 36 

Involved in cellular immune 
responses against invading 
pathogens 36 

None CMV infection 37, 
Alzheimer’s disease 
38,39, cancers 40 

IgM Produced by B cells 41 
 

Involved in the host immune 
response 41 

Lejon V, et al. 2002 42 
Bisser S, et al. 2002 43 
Lejon V, et al. 2003 44 

Many conditions 
involving immune 
system activation 41 

Table 2 Summary of the molecular functions of the 8 markers investigated during the validation phase. 
References to studies concerning their investigation in HAT or in other pathological conditions are provided.
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Figure 2 Potential involvement of the 8 markers investigated in the present study in the neuro-pathogenesis of 

HAT. MΦ = macrophage. Adapted from Kennedy P, 2004 45 and Rodgers J, 2010 9. 
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3. Can we really replace WBC counting? 

The question of the real feasibility of replacing the counting of the leukocytes through the use 

of alternative CSF markers is a critical aspect in the evaluation of new HAT markers. The 

unsatisfactory performances of the counting of WBC for the detection of the CNS involvement is now 

well recognized.1,46 However, it is a relatively simple tool, that can be easily performed on the field 

and which requires basic equipments already used for the parasitological confirmation of disease 

diagnosis, such as microscopes. 

Here we proposed neopterin as a highly accurate alternative for stage determination and 

treatment outcome evaluation in T. b. gambiense patients. One of the main limitations of the 

validation approach adopted in the present study was the lack of a classification method that could 

be considered as a gold standard. The stratification of patients according to either their pre-

treatment stage or their outcome after treatment was, in fact, partially based on the counting of CSF 

WBC, which is the method that we intend to replace. This means that our markers could never be 

more accurate than WBC counting, that we actually consider imperfect. This is a common issue in all 

studies focusing on the finding of new staging markers.47 To partially overcome this problem, we 

classified patients based either on the presence of parasites in their CSF or on the neurological 

manifestations. These classifications, completely independent from WBC counting, allowed 

considering the number of leukocytes as a marker and comparing its performances to the other 

molecules.  

Another important aspect that should be taken into account is the potential lack of specificity 

of these markers for sleeping sickness. As stated above, they are all involved in the host immune 

response and some of them have already been investigated for other clinical applications (Table 2). 

Even so, it should be considered that all patients undergoing stage determination had already a 

primary diagnosis of sleeping sickness either in blood or lymph. Furthermore, in both staging and 

follow-up cases the evaluation of new CSF biomarkers will be combined to the finding of 

trypanosomes in CSF, as it is currently done for WBC. Trypanosome visualization in CSF is, for the 

moment, the only HAT specific tool for the detection of the presence of parasites in the brain. 
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However, neopterin and CXCL13 were tested on a small number of healthy endemic control patients 

and on patients suffering from pathologies other than HAT, including cerebral malaria, HIV and 

meningitis. The concentration of both markers was significantly higher in the pre-treatment CSF of S2 

patients and in the CSF of relapsing patients compared to both groups of controls (Chapter 8 

supporting information, Figure S1 and Figure S2).    

All these aspects, together with the utility of neopterin for both stage determination and 

treatment outcome evaluation, support the high potential for neopterin of being translated into 

clinical practice as alternative to the WBC counting. 

The value of the markers that we proposed for the staging of T. b. rhodesiense still needs to be 

validated. In particular, the assessment of their concentration in the CSF of patients followed after 

treatment could help in clarifying their kinetics during disease progression and reappearance. 

However, the difficult recruitment and follow-up of T. b. rhodesiense patients may hamper this type 

of analysis.  

 

4. Future perspectives 

4.1 Translation of neopterin into clinical practice: POCT & TOC 

The results presented in this manuscript indicate that neopterin has a strong potential of being 

translated into a rapid field test as a Point-Of-Care Test (POCT), for stage determination, and as Test-

Of-Cure (TOC), for the assessment of the post-therapeutic outcome. The evaluation of the inclusion 

of this metabolite in a rapid field test for stage determination is currently ongoing towards a 

collaboration between the Foundation for Innovative New Diagnostics (FIND, Geneva, Switzerland) 

and Standard Diagnostics (Korea). A simple neopterin dipstick has already been proposed for the 

semi-quantitative detection of serum neopterin in patients suffering from infectious diseases48 

supporting the feasibility of such a test. A neopterin lateral flow assay for stage determination may 

help in further investigating and determining an accurate cut-off for the application of neopterin 

during the follow-up. 
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4.2 New insights in HAT pathophysiology 

A very interesting result was the observation of different staging abilities of the markers when 

assessed on T. b. gambiense or T. b. rhodesiense patients. The two forms of disease are clinically 

different46 and it has been supposed that the two parasites may adopt and elicit different 

mechanisms leading to the establishment of the disease.23 The results presented in this manuscript 

further support this hypothesis. Deeper investigations should be performed to better determine the 

role of these markers in HAT neuro-pathogenesis using trypanosome infected animal models. 

Furthermore, the systematic comparison of samples taken from T. b. gambiense and T. b. 

rhodesiense patients, through proteomics and non-proteomics approaches, may help in better 

understanding the differences between the two diseases. Since the geographical distance between T. 

b. gambiense and T. b. rhodesiense foci in Uganda, the only country reporting both forms of disease, 

is reducing,49,50 a better comprehension of the two diseases could have a major impact on HAT 

management and control.  

 

4.3 From CSF markers to plasma markers 

The whole project presented in this manuscript focused on cerebrospinal fluid markers. An 

important improvement for patients would be, however, the availability of plasma markers in order 

to limit the number of lumbar punctures. A plasma marker would find great utility in the post-

therapeutic follow-up rather than in staging for two main reasons: 

I. S2 patients experiencing a relapse have in most cases absence of parasites in blood but 

presence in CSF, increasing the likelihood of having a plasma protein increased only when a 

relapse occurs;  

II. The high number of lumbar punctures performed during the follow-up is a cause of low 

attendance rate to the follow-up. 

The 8 markers here investigated were all tested in the plasma of a small number of S1 (n=15) 

and S2 (n=15) patients, as well as in the plasma taken during the follow-up of relapsing patients 
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(n=10). However, significant differences in the plasma levels were highlighted neither for the staging 

nor for the follow-up (Chapter 8 supporting information, Figure S3 and Figure S4).  

We thus hypothesized that proteins over-expressed in the plasma taken at the time of the 

relapse (R) compared to the plasma taken at the end of the treatment (EoT), could be identified using 

proteomics strategies. Similarly to what was done for the discovery of new CSF staging markers 

(Chapter 2), we set up a six-plex TMT quantitative MS workflow to analyze plasma samples obtained 

during the follow-up of two relapsing patients. The applied workflow is represented in Figure 3. 

 

 

Figure 3 Proteomics workflow applied for the investigation of plasma samples taken during the follow-up of 2 
HAT relapsing patients. In the upper part is described the sample preparation; in the table are reported the 

proteins identified differentially expressed between R and EoT, the box-plot represents the verification of the 
over-expression of lumican by western blot. BT = before treatment; EoT = end of the treatment; R = relapse. 
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Eleven proteins were identified as over-expressed in the plasma taken at the time of the 

relapse compared to the sample taken at the end of the treatment with an R/EoT ratio ≥ 1.5 in both 

patients separately considered (Figure 3). Among these proteins, lumican, a small leucine-rich repeat 

proteoglycan of approximately 40KDa,51 showed the highest fold-increased over-expression. Its 

expression has been documented in a variety of tissues, where it has been shown to be involved in 

the maintenance of the homeostasis of tissue structure and in cellular migration, adhesion and 

proliferation.51 Recently, it has also been suggested a role of this protein in the host innate immune 

response and bacterial pathogens recognition.52 The significant over-expression of this protein in the 

plasma at the time of the relapse was further confirmed using western blot on a larger number of 

patients (Figure 3). 

These preliminary results pave the way for deeper investigations on plasma TOC biomarkers. 

Such a marker could have a major impact on the management of HAT patients during the follow-up. 

A plasma marker with a high negative predictive value could be used for patients’ screening during 

the follow-up through a simple blood finger prick instead of a lumbar puncture. Only patients with a 

blood positive test would then be investigated by lumbar puncture for trypanosome detection and 

WBC counting or neopterin levels evaluation. A reduction in the number of lumbar punctures during 

the follow-up would have significant benefits for patients and would probably increase the 

attendance rate at interim visits. 

Based on the promising preliminary results obtained, further verification of the value of 

lumican and of the other proteins identified as over-expressed are ongoing through the development 

of a selected reaction monitoring (SRM) assay for the investigation of larger cohorts. 

 

5. Impact of the study and conclusions 

The huge efforts made by WHO, NGOs and other research institutions during the last decade 

had a major impact on the control of HAT. The intensive control strategies and the introduction of 

safer, even if not optimal, drugs,53,54 led to a considerable reduction in the number of reported 

cases.3,54 Today, the incidence of sleeping sickness is considered under control and its elimination is 
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thought to be possible.3 However, to reduce to zero the incidence of the disease, these control 

measures need to be kept and reinforced. 

In this context, the identification of HAT biomarkers reported in the present manuscript may 

be particularly important. The use of neopterin for the stage determination of T. b. gambiense 

patients, together with the recent introduction of eflornithine,54 would help in achieving a more 

reliable treatment of patients and, as a consequence, a decreased rate of treatment failures.  

Furthermore, neopterin could also be used during the follow-up to early detect relapses and to 

reduce the number of lumbar punctures by shortening the follow-up from 24 months to, at 

maximum, 12 months. The possibility of using the same marker for the two applications would, in 

addition, have benefits in terms of costs of production and personnel training. With our results we 

showed that there are strong evidences for the replacement of WBC counting for T. b. gambiense 

HAT. Longitudinal prospective studies will define the clinical utility and the benefits for patients of 

neopterin.  

The results presented here also highlight the problem of T. b. rhodesiense HAT, the neglected 

form of this neglected disease. Despite the difficulties in sample collection, due to the lower 

prevalence compared to T. b. gambiense and to the lack of an effective tool for the active case 

detection, efforts should be done to ameliorate the management of patients suffering from the 

acute form. Furthermore, the decrease in the number of rhodesiense cases reported by WHO was 

lower compared to the one observed for the gambiense,53 indicating that even if accounting for less 

than 5% of reported cases, this disease is still an health problem and could play a central role in 

disease re-emergence.  
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