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Abstract

Background: Follow-up of treated human African trypanosomiasis (HAT) patients has been a routine practice for
confirming cure and early detection of treatment failure.

Objective: The aim of this study was to verify whether the neopterin and CXCL13 biomarkers are suitable for
determining the stage of disease, and for monitoring the efficacy of treatment in a vervet monkey model of HAT.

Methods: Six monkeys were infected with Trypanosoma brucei. Late stage disease was induced by sub-curative
treatment with diminazene aceturate (DA) from 28 days’ post-infection (dpi). When relapses occurred, the animals
were treated curatively with melarsoprol (Mel B) from 82 dpi. Blood and cerebrospinal fluid (CSF) samples were
collected at weekly intervals and assessed for parasitosis, as well as tested for neopterin and CXCL13 by ELISA, for
a period of 39 weeks.

Results: The concentration of neopterin in serum increased rapidly after infection in early disease (stage 1),
peaking at 14 dpi. Levels then dropped rapidly to pre-infection levels by 35 dpi. In contrast, there was a marginal
increase in CSF neopterin during early infection, with a minor peak at 21 dpi. Serum CXCL13 increased rapidly from
7 dpi, peaking at 28 dpi, after which the levels dropped upon sub-curative treatment with DA. The concentration of
CXCL13 in CSF also increased gradually in early stage disease and continued to rise after sub-curative treatment
with DA. Curative treatment with Mel B resulted in its gradual decline, reaching pre-infection levels 105 days later.

Conclusions: The changes in CSF neopterin and CXCL13 correspond to important time-points and stages of the
disease. That peak levels coincided with time of relapses demonstrates the potential of these biomarkers in staging
and detecting treatment failure. Moreover, the rapid fall in CSF neopterin after curative treatment confirms its great
potential for use in development of a test of cure.

Keywords: Trypanosomiasis; Neopterin; CXCL13; Parasitaemia; Test
of cure; Late stage

Introduction
Human African trypanosomiasis (HAT), also known as sleeping

sickness, is a tsetse-transmitted neglected tropical disease (NTD)
caused by protozoan parasites of the genus Trypanosoma. The disease
is endemic in resource limited settings in 36 sub-Saharan African
countries, with more than 70 million people estimated to live at
varying risks of infection [1]. There are two forms of HAT; an acute
one caused by T. rhodesiense is endemic in eastern and southern
Africa, and a chronic form by T. gambiense occurs in central and
western Africa.

Human African trypanosomiasis progresses from an early
haemolymphatic or stage one (S1) disease, to a late neurologic or stage
two (S2) disease after parasites invade and cause damage to the central
nervous system (CNS). Disease stage determination is critical in order
to guide the choice of treatment in confirmed cases [2,3]. The
distinction between S1 and S2 disease is based on examination of the
CSF by microscopy. Patients are considered to be in S2 if parasites are
demonstrated in the CSF, or the number of CSF white blood cells
(WBC) exceed 5 cells/µl. These parameters are however insensitive and
non-specific, and have attracted considerable debate [2-8].

A number of studies have identified biomarkers with potential for
staging HAT and detecting treatment failure [4-6]. A good test of cure
biomarker is one that would decrease rapidly after successful
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treatment, in order to reduce the risk of patients being lost to follow-
up. Neopterin, a low molecular weight pteridine synthesized by
activated macrophages and dendritic cells after interferon-γ (IFN- γ)
stimulation, has been reported as a good S2 marker for both T.
rhodesiense [7] and T. gambiense HAT [6]. It has also been shown to
have strong predictive value for treatment outcome in T. gambiense
HAT.

In an investigation of 512 T. gambiense HAT patients, CSF IgM and
neopterin were the best in discriminating between the two stages (S1
and S2) of disease, with 86.4% and 84.1% specificity, respectively, at
100% sensitivity [6]. When a validation cohort (412 patients) was
tested, neopterin correctly classified 88% of S1 and S2 patients,
confirming its high staging power [6]. Subsequent studies also showed
that CSF neopterin decreased rapidly in cured HAT patients and
remained elevated in those who later relapsed [8].

CXCL13 is a chemokine ligand that is known to be expressed by
stromal cells within B cell follicles in secondary lymphoid tissues [9].
Cerebrospinal fluid CXCL13 is correlated with inflammatory disease
activity in various CNS diseases, such as multiple sclerosis and Lyme
neuroborreliosis (LNB) [10] where it plays a critical role as a suitable
marker of B cell recruitment [11].

The present study was carried out to assess the suitability of CSF
neopterin and CXCL13 in determining the stage of disease and
monitoring treatment efficacy in a vervet monkey model of HAT. As
HAT is associated with massive immunological reactions and invasion
of the CNS by parasites, this study was also used to improve our
understanding of the changes in neopterin and CXCL13 in serum and
CSF in different phases of the disease, and after sub-curative and
curative treatment.

Materials and Methods

Trypanosomes
The trypanosome isolate used in this study was T. brucei GUTat 1

initially obtained from the biobank of the international livestock
research institute (ILRI) in Nairobi and maintained in the institute of
primate research (IPR) biobank. The isolate was passaged three times
in irradiated (500 rad) mice, then cryopreserved in liquid nitrogen. For
this study, the cryopreserved isolate was thawed and 10 Swiss white
mice infected by intraperitoneal injection with approximately 104
parasites. Six to 7 days after infection, when parasitaemia in the mice
was at its peak, they were euthanized by CO2 inhalation, and
approximately 0.5 ml of blood drawn by cardiac puncture. The blood
was then diluted serially in phosphate saline glucose (PSG), to a final
concentration of 104 trypanosomes/ml, and used to infect each of the
experimental animals.

Experimental animals
Eight vervet monkeys (Chlorocebus aethiops), including 4 males

and 4 females, weighing between 2.0 and 6.0 kg, were used in the study.
The monkeys were housed individually in 90 cm × 60 cm × 60 cm
stainless steel cages at ambient temperatures of 18°C to 25°C, under
biosafety level II animal holding conditions, and were allowed visual
contact with conspecifics. The animals were first kept for a period of 90
days before infection, during which they were adapted to handling by
technicians, screened for zoonotic diseases and treated for ecto- and
endoparasites. Only disease-free animals were used in the study. They
were maintained on commercial food (chow-Goldstar Feeds ® Ltd.,

Nairobi, Kenya), supplemented with fresh fruits and vegetables.
Drinking water was provided ad libitum.

Study design
Six monkeys were infected by intravenous (iv) injection with

approximately 104 trypanosomes in 1 ml PSG, while the other two
were kept as uninfected controls. Each animal was evaluated daily for
clinical signs. The animals were monitored for parasitaemia by daily
examination of ear-prick blood by microscopy, and the parasitaemia
scored using a rapid matching method [12].

Twenty-eight days’ post-infection (dpi), the animals were treated by
intramuscular injection with diminazene aceturate (DA) (Veriben®,
Sanofi, France) at a dose of 5 mg/kg body weight (bwt) for 3
consecutive days. When relapse parasitaemia was observed in half of
the animals, they were all treated with melarsoprol (Mel B) (Arsobal®
Specia, France) at a dose of 3.6 mg/kg iv, for 4 consecutive days from
82 dpi. This treatment has been shown to cure animals in late stage
disease [13]. The animals were monitored up to 267 dpi, a six-month
follow-up period for confirming cure, then they were euthanized by iv
injection with 20% sodium pentobarbitone (Euthatal®, Lundbeck,
Denmark) at a dose of 100 mg/kg bwt.

Sample collection and initial analysis
Every week starting two weeks before infection, the monkeys were

anaesthetized using ketamine hydrochloride (Agrar® Agrar, Holland) at
dose of 10 mg/kg bwt iv. Four ml of blood were drawn from the
femoral vein, and 2 ml placed in a plain vacutainer and allowed to
stand for 1-2 hours, after which serum was separated and stored at
-20°C, whereas the remaining two ml of blood were placed in an
ethylene diamine tetra acetic acid (EDTA) coated vacutainer for
hematological analysis. The animals’ level of anaemia was determined
by assessing the packed cell volume (PCV). A lumbar puncture was
performed and the CSF examined immediately for the presence of
trypanosomes, and the number of WBC were counted as previously
described [13]. One ml of CSF was collected into an Eppendorf tube
and stored at -20°C for laboratory analysis.

Neopterin assay
The concentration of neopterin in serum and CSF was determined

using a competitive sandwich ELISA, according to manufacturer’s
instructions (Neopterin ELISA, DRG Instruments, Marburg,
Germany). Briefly, a volume of 25 µL of serum or CSF, standards and
controls were added in duplicate to pre-coated anti-neopterin plates
and incubated with 1/100 dilution of enzyme conjugate for two hours
at room temperature. After washing, enzyme substrate was added and
plates incubated for 30 minutes. The reaction was stopped using 1 M
sulphuric acid and the absorbance read at 450 nm on an ELISA
microplate reader (DYNEX MRX, Germany).

CXCL13 assay
The concentration of CXCL13 in serum and CSF was determined

using an indirect ELISA, according to the manufacturer’s instructions
(Quantikine ELISA human CXCL13, R&D Systems, MN, USA).
Briefly, a volume of 100 µL of assay diluent was added to each well to
which was then added 50 µL of serum or CSF, standards and controls
in duplicate. The plate was then covered and incubated for two hours
at room temperature. After washing, 200 µL of conjugate was added to
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each well and incubated for two hours at room temperature. After the
second wash, enzyme substrate solution was added and the plate
incubated for 30 minutes in the dark. The reaction was stopped using 1
M sulphuric acid, and the absorbance read at 450 nm in an ELISA
microplate reader (DYNEX MRX, Germany).

Data analysis
Data was managed in spreadsheets which were then analyzed using

GraphPad Prism version 5.0 for Windows (GraphPad software, USA).
The mean ± SEM was established for all the tests at each sampling
point. Differences between means were compared using Student’s t-test
and ANOVA. The differences in mean values were considered to be
statistically significant when P<0.05.

Ethical approval
All protocols and procedures used in this study were reviewed and

approved by the institutional review committee (IRC) of the institute of
primate research (IPR), Kenya.

Results

Clinical signs
The monkeys exhibited clinical signs of disease from between 2 and

4 dpi, coinciding with appearance of parasites in the blood, and were
most pronounced between 7 and 21 dpi. These included a starry hair
coat, loss of appetite, high mean body temperature of 39.1°C
(range=38.9°C to 40.1°C), inactivity and hunching, enlargement of the
spleen and peripheral lymph nodes, pallor of mucous membranes, with
all animals experiencing a weight loss ranging between 0.4 kg and 1 kg,
and oedema of the face and genitalia.

The animals’ clinical signs improved for a short period between 12
and 21 dpi, but thereafter deteriorated with progress of disease.
Infected animals rapidly developed anaemia, demonstrated by a
decrease (P<0.05) in percentage PCV [14], from a pre-infection mean
of 45.3% to a mean of 24.9% by 28 dpi (Figure 1).

Figure 1: Mean changes in packed cell volume (PCV) in vervet
monkeys infected with T. brucei GUTat 1 (n=6), then treated sub-
curatively with diminazene aceturate (DA) from 28 days’ post-
infection (dpi), and curatively with melarsoprol (MelB) from 82 dpi
and uninfected controls (n=2).

Sub-curative treatment with DA from 28 dpi resulted in a rapid
improvement in the animals’ health condition. They regained their
appetite, the body temperature normalized, the level of oedema
decreased; they became more active, and there was an improvement in
the PCV.

Starting 60 dpi however, the level of activity decreased again, and
neurological signs appeared, including staring, hunching, loss of
mobility, partial blindness and sleepiness. The animals recovered
quickly after curative treatment with MelB, and all clinical signs
disappeared within 4 to 6 weeks after treatment.

Parasitaemia and CSF parasitosis
The animals developed patent parasitemia between 2 and 4 dpi, with

a mean parasitemia of 105 trypanosomes/ml which increased rapidly
to a first peak of approximately 109 trypanosomes/ml at 9 dpi, and
remained elevated, with only minor fluctuations, up to 28 dpi when
they were treated with DA (Figure 2). Trypanosomes disappeared from
the blood after treatment with DA from 28 dpi, then relapses occurred
from 70 dpi, and by 82 dpi, two animals had parasites in blood, and a
third animal that displayed mild clinical aggression succumbed
suddenly (76 dpi), despite the absence of relapse parasitaemia.

Trypanosomes were observed in the CSF of five monkeys from 7
dpi, and in all the animals from 14 dpi. Subsequently, trypanosomes
persisted in the CSF until the animals were treated with Mel B from 82
dpi. No parasites were observed in the CSF of any animal after
treatment with Mel B.

Figure 2: Mean changes in parasitemia in vervet monkeys infected
with T. brucei GUTat 1 (n=6), then treated sub-curatively with
diminazene aceturate (DA) from 28 days’ post-infection (dpi) and
curatively with melarsoprol (MelB) from 82 dpi and un-infected
controls (n=2).

Cerebrospinal fluid white blood cells
The mean changes in CSF WBC in monkeys before and after

infection, and following sub-curative and curative treatment. While no
WBC were found before infection, all infected animals showed an
elevation of WBC before sub-curative treatment with DA at 28 dpi,
coinciding with the first observation of parasites in the CSF. White
blood cell count in CSF remained elevated in all infected animals until
treatment with MelB was administered at 82 dpi when levels returned
to normalcy. Thereafter, the levels remained within pre-infection
ranges throughout the rest of the monitoring period. The were no
changes in CSF WBC in uninfected controls.

Citation: Maranga DN, Ngotho MJ, Mwadime VM, Adino TA, Kagira J, et al. (2017) Cerebrospinal Fluid Neopterin and CXCL13 are Suitable
Biomarkers for Staging and Detection of Treatment Failure in a Non-Human Primate Model of Human African Trypanosomiasis. J
Neuroinfect Dis 8: 246. doi:10.4172/2314-7326.1000246

Page 3 of 6

J Neuroinfect Dis, an open access journal
ISSN: 2314-7326

Volume 8 • Issue 2 • 1000246



Figure 3: Changes in mean CSF WBC counts in un-infected
controls (n=2) and vervet monkeys infected with T. brucei GUTat 1
(n=6), then treated sub-curatively with diminazene aceturate (DA)
from 28 days’ post-infection (dpi) and curatively with melarsoprol
(Mel B) from 82 dpi.

Serum neopterin
The changes in concentration of neopterin in the serum of monkeys

infected with T. brucei, then treated with DA and later with MelB are
shown in Figure 3. The mean serum concentration of neopterin in
uninfected animals was 0.98 ng/ml ± 0.08 ng/ml (range=0.206 ng/ml
to 1.516 ng/ml). After infection, the concentration increased rapidly
from 7 dpi, coinciding with the first wave of parasitaemia, rising
significantly above pre-infection levels (p<0.05) to reach a mean peak
of 57.3 ng/ml ± 18.29 ng/ml at 14 dpi. This was followed by a
progressive decline, reaching pre-infection levels by 35 dpi, which was
sustained throughout the rest of the study period. These changes were
not affected by treatment with either DA or MelB.

Figure 4: Mean changes in serum neopterin in vervet monkeys
infected with T. brucei GUTat 1 (n=6) and uninfected controls
(n=2). The infected animals were treated sub-curatively with DA
from 28 dpi and curatively with Mel B from 82 dpi.

Cerebrospinal fluid neopterin
The changes in CSF neopterin in infected monkeys and following

treatment with DA and Mel B are shown in Figure 4. The mean CSF
concentration of neopterin in uninfected animals was 0.32 ng/ml ±
0.02 ng/ml (range=0.15 ng/ml to 0.75 ng/ml). In infected animals, a
marginal increase in CSF neopterin was observed from 7 dpi, reaching
a peak of 2.11 ng/ml ± 0.66 ng/ml at 21 dpi. This peak was observed 7
days after the peak in serum neopterin, and was followed by a decline,
to pre-infection levels 42 dpi, 7 days after serum neopterin reached
pre-infection levels. When the concentrations of neopterin in serum
and CSF at each sampling point were compared before treatment, the
levels in CSF were more than 10 times lower than in serum. After sub-
curative treatment with DA, a second increase in CSF neopterin was

observed in the infected animals, starting at 42 dpi, rising significantly
above pre-infection levels (p<0.05), and peaking at 70 dpi with mean
levels of 5.85 ng/ml ± 2.23 ng/ml. After curative treatment with Mel B,
CSF neopterin declined rapidly, to pre-infection levels within the next
7 days.

Figure 5: Mean changes in concentration of neopterin in the CSF of
vervet monkeys infected with T. brucei GUTat 1 (n=6), followed by
sub-curative treatment with DA from 28 dpi, then curative
treatment with Mel B from 82 dpi and uninfected controls (n=2).

Serum CXCL13
The changes in serum CXCL13 in infected and uninfected control

animals are shown in Figure 5. The mean concentration of CXCL13 in
uninfected animals was 28.27 pg/ml ± 2.7 pg/ml. There was a rapid
increase in serum CXCL13 from 7 dpi, coinciding with the first wave of
parasitaemia. Levels increased significantly above pre-infection levels
(p<0.05), to a peak mean concentration of 458.91 pg/ml ± 8.01 pg/ml
at 28 dpi, when the animals were sub-curatively treated with DA.
Following treatment with DA from 28 dpi, levels decreased rapidly, to
slightly above pre-infection levels over the next 14 days. After the
decrease, serum CXCL13 remained higher than pre-infection levels, up
to 112 dpi, when the levels normalized.

Figure 6: Mean changes in serum CXCL13 in vervet monkeys
infected with T. brucei GUTat 1 (n=6), followed by sub-curative
treatment with diminazene aceturate (DA) from 28 dpi, then
curative treatment with melarsoprol (Mel B) from 82 dpi and
uninfected controls (n=2).

Cerebrospinal fluid CXCL13
The changes in concentration of CXCL13 in the CSF of monkeys

after infection with T. brucei, followed by treatment with DA, then Mel
B, are shown in Figure 6. Levels of CSF CXCL13 showed a slow,
gradual increase rising significantly above pre-infection levels (p<0.05)
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starting from 14 dpi up to 28 dpi. Unlike neopterin, CSF CXCL13
levels continued to rise after treatment with DA, to a mean peak of
460.13 pg/ml ± 30.63 pg/ml at 82 dpi when curative treatment with
Mel B was initiated. Treatment with Mel B from 82 dpi was followed by
a slow decline in CSF CXCL13, reaching pre-infection levels 9 weeks
later (Figure 7).

Figure 7: Mean changes in the concentration of CXCL13 in the CSF
of vervet monkeys infected with T. brucei GUTat 1 (n=6), followed
by sub-curative treatment with diminazene aceturate (DA) from 28
dpi, then curative treatment with melarsoprol (Mel B) from 82 dpi
and uninfected controls (n=2).

Discussion
The animals used in this study developed acute disease after

infection with T. brucei GUTat 1, and progressed to the advanced or S2
disease after sub-curative treatment with DA, which was cured after
treatment with MelB. The same behavior was reported in other studies
using vervet monkeys infected with T. rhodesiense [13]. When animals
infected for more than 21 days are treated with the dosage regime of
DA described here, all parasites in the blood and organs die, except the
ones in the brain. The parasites in the CNS are protected from this
treatment because DA does not cross the blood-brain barrier [15]. The
parasites continue multiplying and causing damage in the CNS,
leading to the neurological signs that are characteristic of S2 HAT. This
is consistent with the present study where both biomarkers and WBC
increased progressively in the CSF, while remaining at pre-infection
levels in the blood.

This study has demonstrated that serum and CSF neopterin and
CXCL13 are good markers of the progression of disease and detection
of treatment failure in vervet monkeys infected with T. brucei, while in
addition, neopterin is a good marker for cure. An increase in the
concentration of both biomarkers in both serum and CSF was
observed 7 dpi, coinciding with the onset of clinical signs, parasitaemia
and demonstration of parasites in the CSF. The peaks of neopterin in
serum and CSF at 14 dpi and 21 dpi respectively appeared not to be
influenced by treatment with DA or presence of trypanosomes. The
concentration of neopterin in serum at each sampling point before
treatment was several times higher than in the CSF. These changes are
consistent with an acute phase response (APR) that occurs in T. brucei
infections, and were correlated with the early onset of parasitaemia and
rapid deterioration in clinical signs. The most pronounced clinical
signs were observed during the second and third weeks of infection,
followed by slight improvement during the fourth week before the
animals were treated with DA. In previous studies, dogs infected with
T. brucei developed a similar APR, demonstrated by a rapid increase in

C-reactive protein (CRP), which coincided with the first wave of
parasitaemia [16]. A significant positive association between neopterin
and CRP has also been reported in women with transient hypertension
of pregnancy and women with preeclampsia [17]. In the present study,
the concentration of serum neopterin started to fall more than one
week before sub-curative treatment with DA, in spite of a persistently
high parasitaemia. That the decline coincided with improvement in
clinical signs is further indication that the initial increase was part of
an APR. In other studies, serum neopterin has been shown to increase
early in infection before CRP, ahead of antibody production [18].

CSF neopterin is a useful marker of inflammation in a broad range
of acute and chronic CNS disorders, and is a significantly more
sensitive marker of inflammation than CSF pleocytosis [19].
Production of relevant amounts of neopterin occurs only in the
monocytes/macrophages and astrocytes of humans and primates, but
not in other animal species [20]. An increase in neopterin precedes the
appearance of specific antibodies in serum, on average by one week. It
has been investigated as an informative biomarker of the CNS immune
activation of viral infections such as HIV associated dementia [20],
cardiovascular risk assessment [21], and as a prognostic marker in
cancer treatment [22].

Neopterin is produced by monocytes and macrophages after
stimulation by IFN-γ produced by Th1 lymphocytes [23], while
African trypanosomiasis is associated with early activation of the
reticuloendotherial system (RES), comprising of the monocyte/
macrophage system [6]. The early increase in serum neopterin
observed in this study is consistent with activation of the RES by the
trypanosome infection. Neopterin was detected in the CSF from 7 dpi,
and it increased up to 21 dpi, then declined to pre-infection levels by
35 dpi. The CSF level of neopterin during this period was always
several times lower than the serum levels, and changes in CSF
occurred one week after serum. It is therefore likely that the neopterin
observed in CSF in early disease was of blood origin and not produced
intrathecally. Previous studies have shown that there is a gradient
between serum and CSF neopterin of a ratio of 1:40 [24].

Despite the persistence of parasites in the CSF after treatment with
DA 28 dpi, CSF neopterin decreased transiently, and only increased
again from 49 dpi, to peak around 70 dpi, coinciding with relapse
parasitaemia. This would support the view that the observed increase
in neopterin in the CSF during the first three weeks after infection was
caused by massive inflammatory processes in the whole body as part of
an APR, and that the neopterin detected in CSF at that time was of
blood origin. The subsequent increase in CSF neopterin with
advancing disease could have resulted from intrathecal production
after invasion of the CNS by parasites. Trypanosomes in the CNS
would have stimulated T lymphocytes to produce IFN-Y, which then
stimulated invading monocytes and macrophages to produce
neopterin within the CNS [6]. Continued inflammatory activities in
the CNS, caused by invading parasites, present only in the CNS and
not in the rest of the body, would explain the difference in neopterin
levels between the CSF and serum. Unlike during the APR when
inflammatory activities outside the CNS contributed to the observed
high levels of serum neopterin, no increase in serum neopterin
occurred during late stage disease and after treatment. This could be
because inflammatory activities were confined to the CNS, and the
neopterin draining from the CNS would not accumulate in the blood
since it is cleared rapidly through the kidneys [21].

The CSF levels of neopterin decreased rapidly after curative
treatment with Mel B, to pre-infection levels within 7 days. Neopterin
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is a good marker of ongoing inflammation [19]. In this study, curative
treatment may have stopped inflammatory processes in the entire
body, resulting in the rapid decrease in CSF neopterin. This rapid
reduction in CSF neopterin after parasites are killed confirms that it
would be an excellent biomarker for use as a test of cure for HAT.

Unlike neopterin, the concentration of CXCL13 in both serum and
CSF continued to rise until the animals were treated with DA 28 dpi.
During this period, CXCL13 was more than 3 times higher in serum
than in CSF. Treatment with DA was followed by a decline in serum
CXCL13, to slightly above pre-infection levels within 14 days. After the
decrease, serum CXCL13 remained elevated above pre-infection levels
up to 112 dpi, when the levels normalized. Conversely in CSF, CXCL13
was not affected by treatment with DA, and continued to rise, to a peak
82 dpi when the animals were treated curatively with MelB.

There was a slow decrease in CSF CXCL13 after curative treatment
with MelB, to pre-infection levels 105 days after treatment possibly due
to trypanosome free-floating antigen persisting even after treatment
causing a sustained activation of B-cells and subsequent stimulation of
CXCL13. This has been reported in previous vervet models where CSF
IgM and IgG levels were detectable even after curative treatment
throughout duration of experiment [5]. A similar slow decrease in CSF
CXCL13 after treatment has been observed in patients with gambiense
HAT [25] and neurosyphilis [26]. The slow and gradual decrease in
CSF CXCL13 means that this biomarker would not be suitable for a
test of cure.

The continued increase in levels of neopterin and CXCL13 in the
CSF after sub-curative treatment with DA indicates that both
biomarkers can be used to detect treatment failure in a T. brucei vervet
monkey model of HAT. Neopterin could in addition be used for a test
of cure, as the CSF levels of this biomarker decrease rapidly after
curative treatment. The monkey model of HAT used in this study also
provides an excellent opportunity to improve our understanding of the
pathogenesis of the disease.
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