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7 Kekulé Institute of Organic Chemistry and Biochemistry, University of Bonn, Bonn, Germany, 8 Institute of

Medical Microbiology, Immunology and Hygiene, Technical University of Munich, Munich, Germany, 9 Center

for Global Health, School of Medicine, Technical University of Munich, Munich, Germany, 10 Department of

Neurology, Medical University Innsbruck, Innsbruck, Austria, 11 Department of Neurology, Muhimbili

University of Health and Allied Sciences, Dar es Salaam, Tanzania, 12 German-West African Centre for

Global Health and Pandemic Prevention (G-WAC), Partner Site Bonn, Bonn, Germany, 13 Department of

Neurology, Technical University of Munich, Munich, Germany, 14 Department of Community Medicine and

Global Health, Institute of Health and Society, University of Oslo, Oslo, Norway, 15 Department of Global

Health and Social Medicine, Harvard Medical School, Boston, Massachusetts, USA

‡ KA and JK share first authorship on this work. AH, LEL-H and ASW share last authorship on this work.

* kathrin.arndts@ukbonn.de (KA); hoerauf@uni-bonn.de (AH); andrea.winkler@tum.de (ASW)

Abstract

Previous studies have described the association of onchocerciasis (caused by Onchocerca

volvulus) with epilepsy, including nodding syndrome, although a clear etiological link is still

missing. Cases are found in different African countries (Tanzania, South Sudan, Uganda,

Democratic Republic of the Congo, Central African Republic and Cameroon). In our study

we investigated immunological parameters (cytokine, chemokine, immunoglobulin levels) in

individuals from the Mahenge area, Tanzania, presenting with either epilepsy or nodding

syndrome with or without O. volvulus infection and compared them to O. volvulus negative

individuals from the same endemic area lacking neurological disorders. Additionally, cell dif-

ferentiation was performed using blood smears and systemic levels of neurodegeneration

markers, leiomodin-1 and N-acetyltyramine-O, β-glucuronide (NATOG) were determined.

Our findings revealed that cytokines, most chemokines and neurodegeneration markers

were comparable between both groups presenting with epilepsy or nodding syndrome.

However, we observed elevated eosinophil percentages within the O. volvulus positive epi-

lepsy/nodding syndrome patients accompanied with increased eosinophilic cationic protein

(ECP) and antigen-specific IgG levels in comparison to those without an O. volvulus
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infection. Furthermore, highest levels of NATOG were found in O. volvulus positive nodding

syndrome patients. These findings highlight that the detection of distinct biomarkers might

be useful for a differential diagnosis of epilepsy and nodding syndrome in O. volvulus

endemic areas.

Trial-registration: NCT03653975.

Author summary

A lot of epidemiological studies suggest that an infection with the filarial nematode Onch-
ocerca volvulus is a risk factor for a certain form of epilepsy which includes the nodding

syndrome. The seizures occur suddenly in previously healthy children between the ages of

3 and 18 years and the disease is an important public health problem in onchocerciasis-

endemic regions with inadequate or lacking onchocerciasis elimination programmes. So

far, no exact pathophysiological mechanisms were detected that shed light on how the par-

asite can trigger the seizures, although many factors have been investigated. However,

most studies lack an accurate determination of an active/chronic O. volvulus infection;

rather, they rely on the presence of circulating antibodies, which is only evidence of previ-

ous exposure to the parasite (and therefore positive in most people living in endemic

areas. Within our study, we included participants from the Mahenge area, Tanzania, who

were displaying epilepsy/nodding syndrome in absence or presence of a PCR-determined

O. volvulus infection. We could show that the group of O. volvulus infected patients dis-

played higher levels of eosinophils, antigen-specific immunoglobulin levels as well as

increased levels of a worm-related metabolic product (NATOG), which might be used as a

potential diagnostic biomarker of the disease in future studies.

Introduction

Infections with the filarial parasite Onchocerca volvulus can cause river blindness. The disease

is not usually induced by adult worms, but rather elicited by the death of their offspring, the

microfilariae (MF), which pass through the skin and cornea (causing dermatitis with depig-

mentation and itching and visual impairment leading to blindness in a minority of infected

persons) [1]. However, there is increasing evidence that infection with filariae may also be

associated with epilepsy which is why the term onchocerciasis-associated epilepsy (OAE) has

been introduced. OAE seems to start without any obvious cause, in previously healthy chil-

dren, between the ages of 3–18 years. Cases are reported in areas of high ongoing or past

onchocerciasis transmission in various regions of sub-Saharan Africa including Uganda, Tan-

zania, the Democratic Republic of the Congo, the Central African Republic, Cameroon and

South Sudan [2–5]. OAE has public health implications in endemic regions; with more than

381,000 people estimated to be affected in 2015 [6]. Nodding syndrome, an epilepsy disorder

that is characterised by head nodding seizures (repeated, involuntary forward bobbing), has

also been associated with the presence of O. volvulus infections [4,7–10]. The disease may be

accompanied by stunting, wasting, physical deformities, delayed sexual development, and psy-

chiatric disorders in addition to neurological deterioration [11–14]. Nodding syndrome has

been discussed to be associated with genetic traits of the parasite, distinct types of O. volvulus
parasites (i.e., savannah versus forest), or a genetic contribution of the affected patients them-

selves [12,15,16]. So far, there is no available biological diagnostic test for identification of
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early signs/symptoms that would enable timely treatment of neurological disorders of affected

individuals [7].

Although an association between infections with O. volvulus and epilepsy has been reported

since the 1930s, the pathophysiological pathway(s) involved in this manifestation remain

unclear. Treatment studies with ivermectin (IVM), a medication typically used to combat the

transmission stage (MF) of O. volvulus, have shown decreased incidence rates in new onset

epilepsy cases in O. volvulus endemic areas [17–20]. In addition, an association between sei-

zure severity and microfilarial density has been described [21]. However, MF are rarely

detected in the cerebrospinal fluid of affected individuals and they have not been shown to

penetrate the blood–brain barrier [22–24] but this might not exclude the crossing of worm

proteins. In post-mortem studies, neuropathological examination of brains from people suffer-

ing from OAE reported the presence of accumulated tau proteins which are a marker of neuro-

degeneration [25,26], whereas another study postulated that a neuroinflammation rather than

a tauopathy is the cause of OAE [23]. Additionally, antibodies against leiomodin-1, an actin-

binding protein mainly present in human muscle but also in human neurons, have been impli-

cated in the development of autoimmune neuropathology since those antibodies display cross-

reactivity with O. volvulus antigens, more precisely with tropomyosin and tropomodulin. This

has been supported by the fact that serum samples of patients with nodding syndrome positive

for leiomodin-1 antibodies were shown to have neurotoxic properties to neuronal cells in
vitro, however, those autoantibodies were also present in healthy village controls, although to a

lesser extent [27,28]. Another study in patients with OAE did not find any evidence for the

involvement of leiomodin-1 antibodies in the pathogenesis of OAE [29], therefore, other

immunological factors might also contribute to the development of epilepsy/nodding syn-

drome in O. volvulus endemic areas. Asymptomatic O. volvulus-infected individuals have

dominant type 2 immune, regulatory and anti-inflammatory responses [30–34]. However,

hyperreactive onchocerciasis patients, showing severe pathology, are characterized by an

accentuated Th17/Th2 phenotype in comparisons to individuals with a generalised phenotype

with no or minimal pathology [35]. Since OAE was linked to neuroinflammation [23],

immune profiling of patients with or without O. volvulus infection who suffer from epilepsy/

nodding syndrome needs to be performed to elucidate their causes.

To gain insights into the pathophysiology of nodding syndrome and other epilepsy disor-

ders that occur in O. volvulus endemic areas, we present detailed immunological data of our

study performed between 2014 and 2015 in the Mahenge area of Tanzania. Results were com-

pared between nodding syndrome patients and those with other epilepsy disorders either with

or without an O. volvulus infection determined via PCR. In addition, immunological parame-

ters of O. volvulus negative individuals who were free of neurological disorders from the same

endemic region were studied with regards to both neurological and immunological factors.

Material and methods

Ethics statement

Written informed consent was obtained from all individuals; for children and for patients who

were unable to give consent, e.g., because of cognitive impairment, written informed consent

was obtained by a parent or legal guardian. Ethical approval was provided by the University of

Heidelberg (project number S-2018/2014), the University of Tübingen (project number 483/

2014BO1), the University of Bonn (project number 261114), the Technical University of

Munich (project number 285/14), Germany and the Muhimbili University of Health and

Allied Sciences (MUHAS, Ref. No. 2014-10-06/AEC/Vol.IX/12), Tanzania. The trial is regis-

tered at ClinicalTrials.gov (Identifier: NCT03653975).
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Study setting and data collection

The study was performed in the Mahenge area, Ulanga district, in south eastern Tanzania

between November 2014 and April 2015. The majority of the included individuals with epi-

lepsy/nodding syndrome were already known patients at the Mahenge Epilepsy Clinic or at

surrounding public health facilities where they received their anti-seizure medications

monthly. Furthermore, by use of local radio announcements and involving key local govern-

ment workers, potential patients with nodding syndrome were encouraged to attend the

Mahenge Epilepsy Clinic on specific dates for further evaluation. Before inclusion in the study,

diagnosis of epilepsy and nodding syndrome was reviewed by TW (neuropaediatrician) and

JK (neurology resident): Diagnosis of epilepsy was made according to the operational clinical

definition of epilepsy of the International League Against Epilepsy [36], based on clinical infor-

mation, including interictal routine-EEG in all cases that were willing to have one performed

(95/106). Individuals with nodding syndrome had to fulfil the diagnostic criteria of probable

or confirmed nodding syndrome according to the WHO epidemiologic surveillance case defi-

nition for study enrolment [37].

To collect clinical data, a standardised questionnaire was used, which was approved by

supervising neurologists (WM, ASW, ES). It was written in English and translated in both Kis-

wahili, a widely spoken national language and into Kipogoro, the local language in the

Mahenge area. Local nurses supported the researcher team in informing the individuals about

the study by translating and back translating, if any questions arose regarding informed con-

sent. Patients with co-infections such as HIV and TB, concomitant cardiovascular, renal,

immunologic, or hematologic diseases based on current/past medical history and clinical

examination were excluded from the present study and directed to specific health facilities for

treatment.

The study site has had a high endemicity of onchocerciasis since the early last century [38]

and is among the main transmission foci in Tanzania. For serological-parasitological analysis,

blood, urine and skin samples were ascertained at the Mahenge Epilepsy Clinic. Skin biopsies

were taken at the iliac crest (two per individual) as previously described [33] and were immedi-

ately investigated microscopically for the presence of O. volvulus-specific MF. Skin snips were

stored in isopropanol and then transported to Bonn, Germany, where a specific real-time PCR

was performed to determine the presence of O. volvulus and/or Wolbachia endobacteria infec-

tion (OvwFtsZ/actin duplex real-time PCR, performed by CL) [39]. Thus, our cohort consisted

of patients presenting with epilepsy/nodding syndrome who were O. volvulus positive

(Ov+EpNd) or negative (EpNd) by PCR. In addition, volunteer relatives and caregivers of

patients without neurological signs/symptoms were recruited from the waiting area of the

Mahenge Epilepsy Clinic. Furthermore, village controls from the same villages that patients

came from were also included as not every patient came with a suitable and consenting volun-

teer relative to the Mahenge Epilepsy Clinic. We were unable to perform age and sex matching

at the individual level, but the median age and sex distribution was not significantly different

between the groups (Table 1). Plasma and urine samples were collected at the Mahenge Epi-

lepsy Clinic and stored at -20˚C until further use in Bonn, Germany. Neurocysticercosis was

not assessed as at that time there was no pig smallholder business in the Mahenge area. More-

over, neurocysticercosis is characterized by a later onset of epilepsy with people usually

experiencing their first seizure after the age of 20 years [40].

Assessment of immune cell composition in peripheral whole blood

Blood smears were screened for their cellular compositions. Samples were fixed on microscope

slides using methanol and stained following immersion in a standard Giemsa stain solution
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(Merck KGaA, Darmstadt, Germany) for 20 minutes. The cellular composition was deter-

mined after classifying 100 immune cells per individual under a 100x magnification with an

Axioscope microscope (Zeiss, Oberkochen, Germany) in a blind manner to avoid bias.

Immune cells included macrophages/monocytes, lymphocytes, neutrophils and eosinophils.

Assessment of cytokines, immunoglobulins, neurodegeneration markers,

chemokines and leiomodin-1

Plasma samples from included participants were analysed for the content of IFN-γ (detection

limit 4 pg/ml), IL-6 (detection limit 2 pg/ml), IL-10 (detection limit 2 pg/ml), total IgG4

(detection limit 31.3 ng/ml), total IgE (detection limit 7.8 ng/ml) (Thermo Fisher Scientific,

Bender MedSystems GmBH, Vienna, Austria) and eosinophil cationic protein (ECP, detection

limit 30 pg/ml, Aviscera Bioscience, Inc, Santa Clara, USA) using human ELISA kits according

to the manufacturer’s instructions. Leiomodin-1 levels (detection limit 0.295 ng/ml) were mea-

sured using the Human Leiomodin-1 ELISA Kit from EIAab, Wuhan, China in accordance

with the manufacturer’s instructions. Levels of O. volvulus-specific IgE and IgG1-4 were also

measured as described previously [33]. All plates were measured using a SpectraMAX ELISA

reader (Molecular Devices, Sunnyvale, USA) with wavelength correction (450 nm and 570

nm) and analysed with SOFTmax Pro 3.0 software. In addition, chemokine levels and neuro-

degeneration markers were analysed via Luminex technology using the Chemokine 9-Plex

Human ProcartaPlex Panel 1 and the 9-plex ProcartaPlex Human Neurodegeneration Panel 1

kit (Thermo Fisher Scientific, Schwerte, Germany), respectively. The limits (upper limit of

quantification/lower limit of quantification) of the chemokines and neurodegeneration mark-

ers in pg/ml were as follows: eotaxin (2,350/0.57), Gro-α (3,225/3.15), IL-8 (8,950/2.19), IP-10

(6,000/1.46), MCP-1 (3,850/3.76), MIP-1α (2,288/2.23), MIP-1β (7,050/6.88), RANTES (200/

0.78), SDF-1α (14,475/14), amyloid-β 1–40 (1847,000/451), amyloid-β 1–42 (1,700/0.42), FGF-

21 (35,400/8.64), kallikrein-6 (22,800/5.57), NCAM-1 (221,900/54), neurogranin (41,600/10),

tau-pt181 (2000/1.95), tau total (80,000/20) and TDP-43 (393,200/96). Data were acquired

using a MAGPIX Luminex system (Luminex Corporation, Austin, TX, USA) and analysed

with ProcartaPlex Analyst software version 1.0 (Thermo Fisher Scientific).

Determination of N-acetyltyramine-O, β-glucuronide (NATOG) levels in

urine samples

Urine samples were investigated for NATOG levels as described recently [41]. In brief,

removal of debris from thawed urine samples was accomplished by centrifugation at 19,000 x

Table 1. Characteristics of study cohort.

CTRL (n = 38) EpNd (n = 45) OV+ EpNd (n = 61) p value

Median age [range] 25.5 years [13–54] 21.5 years [7–38] 21 years [7–50] p = 0.732

Sex 50.0% males 48.8% males 42.6% males p = 0.722

50.0% females 51.2% females 57.4% females

Individuals with seizures in last 12 months 0% 73.7% 71.9% p = 0.851

MF+ individuals 0% 0% 55.7% p< 0.001

MF/g of skin [mean, range] 0 0 7.48 [0.50–114.2]

According to their diagnostic status, individuals were categorized as CTRL (without O. volvulus infection and epilepsy disorder or nodding syndrome), EpNd (with

epilepsy disorders or nodding syndrome) or OV+ EpNd (O. volvulus infected presenting epilepsy disorders or nodding syndrome). p values denote statistical differences

between the groups for that parameter tested by chi square test.

https://doi.org/10.1371/journal.pntd.0011503.t001
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g at room-temperature (RT) for 10 minutes using a FA-45-30-11 Eppendorf centrifuge

(Eppendorf AG, Hamburg, Germany). A maximum of 100 μl of urine supernatant was trans-

ferred into a new 1 ml Eppendorf tube (Eppendorf AG) containing 400 μl ice-cold methanol

(>99.92% MeOH, Merck, Darmstadt, Germany) and 20 μl of D3-NATOG (= 0.36 nmol); used

as an internal standard. D3-NATOG was synthesised as described previously [41]. An addi-

tional centrifugation step at 19,000 x g for 10 minutes at RT was performed to precipitate pro-

teins from the solution and the resulting supernatant was transferred into a new vial. Solutions

were placed into a CHRIST AVC 2–18 speedvac (Martin Christ Gefriertrocknungsanlagen

GmbH, Osterode, Germany) for at least 1.5 hours to dry the sample. Dried samples were

reconstituted with 300 μl of ice-cold MeOH and centrifuged at 19,000 x g for 10 minutes at

RT. Supernatants were transferred into glass inlets (VWR International GmbH, Darmstadt,

Germany) and again placed in the CHRIST AVC 2–18 speedvac (30˚C for 1.5 hours at 210 x g

RPM to remove solvents). Remaining sample material was dissolved in 100 μl water and

MeOH (95:5) solution and stored in autosampler vials (VWR International GmbH, Darm-

stadt, Germany). Samples were then separated by liquid chromatography with a SUPELCOSIL

ABZ+Plus column (Merck, Darmstadt, Germany) and analysed through a quadrupole time of

flight capable Agilent 6530 Q-TOF mass spectrometer (Agilent, Santa Clara, USA) with

accompanying electrospray ionization as described [41]. Measurements and qualitative analy-

sis were assessed using the Agilent MassHunter software (Agilent). According to their reten-

tion times and mass spectra, standards of NATOG and D3-NATOG were injected to identify

their standard peaks following fragmentation. NATOG and D3-NATOG were eluted at 19.5–

20.5 minutes and measured after fragmentation (transition of m/z 356.135 to 121.065 and

359.157 to 121.065 respectively) [41].

Statistical analyses

Statistical tests to compare different parameters between the indicated groups were performed

on Prism software (GraphPad Prism, version 9.4.1). Before testing for statistical significances

between the groups, we performed a D’Agostino-Person omnibus normality test to test the dis-

tribution of the values. Kruskal Wallis followed by Dunn’s multiple comparisons tests were

used to compare control individuals and people with epilepsy and those with nodding syn-

drome with or without an O. volvulus infection determined by PCR. For comparisons of con-

tinuous parameters, the Spearman correlation test was used. P-values of� 0.05 were

considered significant.

Results

Study characteristics

In total, we recruited 187 individuals that initially participated in the study and provided skin

snips for the performance of the O. volvulus-specific PCR. Out of these 187 individuals, only

144 provided blood samples of whom 106 cases suffered from epilepsy/nodding syndrome

consisting of 61 individuals with O. volvulus infection (OV+EpNd) and 45 individuals without

O. volvulus infection (EpNd). Additionally 38 controls who were O. volvulus PCR negative

were included as depicted in Table 1. Since not all blood and urine samples were available, fur-

ther analysis was continued with 144 individuals consisting of 25.53% children (�18 years,

50% males, 50% females) and 74.47% adults (>19 years, 42.3% males, 57.7% females). The

group of 144 individuals was composed of EpNd individuals who were O. volvulus positive

(OV+EpNd, n = 61) or negative (EpNd, n = 45) by PCR, and 38 controls who were O. volvulus
PCR negative (Table 1). Age and gender distribution was comparable between the three groups

and the number of seizures within the last 12 months also did not differ between EpNd and
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OV+EpNd groups. The overall median of age at investigation was 22 years [range 7–54 years]

and the median of age at onset of nodding syndrome or epilepsy was 9 years [range 2–46

years]. Most individuals worked as farmers (98/144) or still went to school (12/144). Informa-

tion on current anti-seizure medication and history of ivermectin intake in the past five years

(via WHO African Programme for Onchocerciasis Control) [42] are listed in S1 Table. The

overall data set of the study population is shown in S4 Table.

Elevated levels of eosinophils in OV+EpNd individuals

Blood smear samples were investigated microscopically with regards to the cellular composi-

tion. Levels of monocytes (Fig 1A) or neutrophils (Fig 1B) were not significantly altered

between the groups; however, the percentage of lymphocytes was decreased in both patient

groups when compared to uninfected control individuals and this was significant in the

OV+EpNd individuals (Fig 1C). Moreover, the percentage of eosinophils was significantly

increased in OV+EpNd individuals when compared to either the CTRL or EpNd groups

Fig 1. OV+EpNd individuals are characterized by elevated levels of eosinophils. Blood smears from all patients were screened for their cellular

composition and cells were counted for OV- individuals without neurological disease (CTRL, n = 15), those presenting epilepsy/nodding with

(OV+EpNd, n = 40) or those without an O. volvulus infection (EpNd, n = 24) at 100x magnification. Graphs show box whiskers with median,

interquartile ranges and outliers of (A) monocytes, (B) neutrophils, (C) lymphocytes and (D) eosinophils. Statistical differences were obtained with

Kruskal-Wallis followed by a Dunn’s multiple comparison test.

https://doi.org/10.1371/journal.pntd.0011503.g001
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(Fig 1D), suggesting that the immune cell composition in peripheral blood is changed in O.

volvulus infected patients.

Distinct chemokine profiles in OV+EpNd individuals

Since we observed that eosinophils (a common hallmark of helminth infections) were

increased in OV+EpNd individuals (Fig 1D), we measured eosinophilic cationic protein

(ECP), a ribonuclease superfamily member that has helminthotoxic properties [43]. Levels of

ECP in plasma were decreased in EpNd individuals when compared to the other groups, and

achieved significance when compared to OV+EpNd individuals (Fig 2A). In addition, levels of

eosinophils correlated significantly with those of ECP (Spearman-rho = 0.318, p = 0.013, all

individuals included). Furthermore, we measured a panel of chemokines, including eotaxin,

which are engaged in cell recruitment and function of immune cells. Interestingly, eotaxin was

significantly lower in the OV+EpNd group when compared to CTRL individuals (Fig 2B), and

the same was observed regarding SDF-1α levels (Fig 2C). However, levels of MIP-1α were sig-

nificantly higher in the OV+EpNd individuals when compared to the CTRL group (Fig 2D).

Individuals presenting EpNd alone showed significantly elevated levels of both MCP-1 (when

compared to OV+EpNd individuals, Fig 2E) and Gro-α (in comparison to CTRL individuals,

Fig 2F). Levels of IL-8, IP-10, MIP-1β and RANTES were also measured, but no significant dif-

ferences were observed between the groups (S2 Table). These data highlight that the presence

of an O. volvulus-infection in individuals displaying EpNd conditions alters their chemokine

profile, indicating the potential for chemokines to be potential biomarkers for diagnosis.

Fig 2. Altered chemokine levels in OV+EpNd individuals. Levels of (A) ECP from plasma samples (CTRL, n = 16, EpNd, n = 32, OV+EpNd, n = 51) were

determined using ELISA. Levels of plasma-derived (B) eotaxin, (C) SDF-1α, (D) MIP-1α, (E) MCP-1 and (F) Gro-α were determined using Luminex

technology (CTRL, n = 17, EpNd, n = 32, OV+EpNd, n = 54). Graphs show box whiskers with median, interquartile ranges and outliers. Statistical differences

were obtained with Kruskal-Wallis followed by a Dunn’s multiple comparison test.

https://doi.org/10.1371/journal.pntd.0011503.g002
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OV+EpNd individuals are characterized by increased IL-10 and IL-6 levels

Next, we measured levels of IFN-γ, IL-10 and IL-6 in plasma samples. Whereas levels of IFN-γ
were all under the detection limit, IL-10 and IL-6 levels were higher in both patient groups,

but only significantly increased in OV+EpNd individuals when compared to CTRL individuals

(Fig 3A and 3B). The elevated IL-10 levels in the OV+EpNd group correspond to similar find-

ings in previous O. volvulus-related studies that were profiled in other endemic communities

within Sub-Saharan Africa [33,35,44].

Up-regulation of O. volvulus-specific Ig levels in OV+EpNd individuals

IL-10 is a known inducer of IgG4 responses during O. volvulus infections [31,33]. Since we

observed elevated levels of this anti-inflammatory cytokine, we also measured levels of O. volvu-
lus-specific immunoglobulins in plasma samples of all three groups. As expected, levels of O.

volvulus-specific IgG1-4 were significantly higher in the OV+EpNd group when compared to

CTRL and EpNd individuals (Fig 4A–4D). Moreover, when correlated with MF, it was revealed

that all of the O-volvulus-specific IgG levels correlated significantly with the microfilarial load

(MF/mg of skin, S3 Table). Neither O. volvulus-specific IgE nor the ratio of IgG4/IgE was signif-

icantly altered between the groups (Fig 4E and 4F). In addition, levels of total IgE and IgG4

were determined by commercially available ELISAs (S2A and S2B Fig). There was an increase

in both parameters within the OV+EpNd group and significantly higher levels of IgE were

found in comparison to the CTRL group and the EpNd group (S2A Fig). The elevated O. volvu-
lus-specific IgG levels in the OV+EpNd group confirmed not only their infection state but, in

association with the other markers, suggests a special immune profile for this patient group.

Elevation of neurodegenerative markers in all individuals with epilepsy

disorders

Next, we explored the potential association of neurodegenerative proteins in EpNd individuals

and whether these were altered with concurrent O. volvulus infections. For this, we performed

a Luminex assay that measured nine different neurodegenerative markers in plasma samples.

When compared to CTRL, levels of amyloid-β 1–42 and TDP-43 were significantly elevated in

Fig 3. Elevated IL-10 and IL-6 levels in OV+EpNd patients. Levels of (A) IL-10 and (B) IL-6 from plasma samples (CTRL, n = 16, EpNd, n = 32,

OV+EpNd, n = 51) were determined using ELISA. Graphs depict box whiskers with median, interquartile ranges and outliers. Statistical significances

between the indicated groups were obtained with Kruskal-Wallis followed by a Dunn’s multiple comparison test.

https://doi.org/10.1371/journal.pntd.0011503.g003
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both EpNd and OV+EpNd individuals (Fig 5A and 5B respectively). Neurogranin was

increased in EpNd and OV+EpNd patients when compared to the CTRL individuals, albeit

only significantly in the former group (Fig 5C). There were no significant differences detected

between any of the three groups upon measuring amyloid-β 1–40, FGF-21, kallikrein-6,

NCAM-1, tau total and tau pT181 (S2 Table). These findings show that these three neurode-

generative markers (amyloid-β 1–42, TDP-43 and neurogranin) are associated with seizures

per se independent of an O. volvulus infection.

Leiomodin-1 levels are reduced in EpNd patients with O. volvulus
co-infection

Leiomodin-1 is a factor that is debated regarding its influence on OAE/nodding syndrome

since antibodies against leiomodin-1 in the brain are cross-reactive against tropomyosin found

Fig 4. Increased antigen-specific IgGs in OV+EpNd patients. Levels of (A) O. volvulus-specific IgG1, (B) IgG2, (C) IgG3, (D) IgG4, (E) IgE and (F) the ratio

of IgG4/IgE from plasma samples (CTRL, n = 16, EpNd, n = 32, OV+EpNd, n = 51) were determined using ELISA. Graphs depict box whiskers with median,

interquartile ranges and outliers. Statistical significances between the indicated groups were obtained with Kruskal-Wallis followed by a Dunn’s multiple

comparison test.

https://doi.org/10.1371/journal.pntd.0011503.g004

Fig 5. Up-regulated neurodegeneration markers in patients with epilepsy/nodding syndrome. Levels of neurodegeneration markers

of included individuals from plasma samples (CTRL, n = 17, EpNd, n = 32, OV+EpNd, n = 54) were determined using Luminex

technology. Data depict concentrations of (A) amyloid-β 1–42 (B) TDP-43 and (C) neurogranin. Graphs show box whiskers with

median, interquartile ranges and outliers. Since data were non-parametric, statistical significances between the indicated groups were

obtained with Kruskal-Wallis followed by a Dunn’s multiple comparison test.

https://doi.org/10.1371/journal.pntd.0011503.g005
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in some O. volvulus infected individuals and may therefore induce neurotoxicity [27]. Levels

of leiomodin-1 were determined via ELISA from all three investigated groups. However, sig-

nificantly increased levels were only found in the EpNd cohort when compared to the

OV+EpNd and CTRL groups (Fig 6).

Increased urinary NATOG levels in OV+EpNd individuals and

predominant in O. volvulus infected individuals presenting with nodding

syndrome

N-acetyltyramine-O, β-glucuronide (NATOG) was previously described as a potential non-

invasive biomarker of O. volvulus infections [45,46]. The metabolite NATOG results from the

nematode-derived tyramine that is subsequently metabolised in the mammalian host, and has

been observed to be significantly increased in O. volvulus positive patients with epilepsy com-

pared to controls with or without O. volvulus infection [47]. We determined levels of NATOG

in our Tanzanian cohort using liquid chromatography–mass spectrometry and found signifi-

cantly increased levels of NATOG (median 4.61 μM, IQR: 1.1–17.75) in the OV+EpNd patients

when compared to CTRL individuals (median 0.35 μM, IQR: 0.15–0.923) as well as compared

to the EpNd group cohort (median 1.18, IQR: 0.30–3.79), albeit not significantly (Fig 7A).

Moreover, levels correlated slightly with MF counts (Spearman-rho = 0.285, p = 0.026) and

stronger with the OV copies/μl per se (Spearman-rho = 0.521, p<0.001). Finally, we deter-

mined the levels of NATOG in individuals presenting with either epilepsy (Ep) or nodding

syndrome (Nd) separately with or without O. volvulus infection (Fig 7B). Here, the median uri-

nary NATOG concentration was significantly higher in the OV+Nd group (median 8.90 μM,

IQR: 3.60–25.24) when compared to either the CTRL group (median 0.35 μM, IQR: 0.15–

0.923) or individuals with epilepsy without concomitant O. volvulus infection (median 0.57,

Fig 6. Elevated levels of leiomodin-1 in EpNd patients. Levels of leiomodin-1 were measured via ELISA from plasma

samples (CTRL, n = 16, EpNd, n = 32, OV+EpNd, n = 51). Graph shows box whiskers with median, interquartile

ranges and outliers. Since data were non-parametric, statistical significances between the indicated groups were

obtained with Kruskal-Wallis followed by a Dunn’s multiple comparison test.

https://doi.org/10.1371/journal.pntd.0011503.g006
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IQR: 0.18–2.96), but not significantly increased with regards to OV+EP patients (median 1.65,

IQR: 0.17–4.49). Thus, our findings show that urine-derived NATOG levels are increased in

O. volvulus positive patients with nodding syndrome.

Discussion

Although several epidemiological studies have shown a potential association between epilepsy

and infection with the filarial nematode O. volvulus in different African countries [2–5], the

mechanisms inducing pathogenesis are still unknown. Within our study, we aimed to investi-

gate different immune parameters, neurodegeneration markers and the O. volvulus biomarker

NATOG in patients from endemic areas presenting with nodding syndrome or other epilepsy

disorders with or without a concomitant O. volvulus infection, determined via PCR of skin

snips. These measured parameters were additionally compared to those of O. volvulus-unin-

fected and epilepsy/nodding syndrome-free individuals. We observed that OV+EpNd and

EpNd patients display altered immune cell populations in the peripheral blood and modified

chemokine and cytokine expression in plasma compared to the control cohort. In contrast,

most of the measured parameters were not significantly altered between EpNd patients with or

without concomitant O. volvulus infection. However, we could show that NATOG can differ-

entiate between O. volvulus infected patients with nodding syndrome and those with epilepsy

without filarial infection but not those with epilepsy with filarial infection.

Peripheral blood cells were already described to play a role during epileptic seizures [48].

With regards to neutrophils, we did not observe any alteration between the groups, whereas

lymphocytes were significantly decreased in the peripheral blood of OV+EpNd patients. Low

lymphocyte counts might also be the result of the O. volvulus infection per se, as untreated

patients with onchocerciasis have been described to have lymphocytopenia [49]. Increased

eosinophils are a hallmark of parasitic infections [50], and, indeed, we observed significantly

higher percentages of eosinophils in our OV+EpNd group. This was in line with a previous

publication from Winkler et al. investigating a population of nodding syndrome patients [12].

In contrast, the level of eosinophils in the O. volvulus-free EpNd were comparable to those of

the control group.

Fig 7. Increased NATOG levels in patients with nodding syndrome. Levels of NATOG from included individuals from urine samples

were determined using liquid chromatography mass spectrometry. NATOG levels of individuals without neurological diseases with and

without an O. volvulus infection (CTRL, n = 12, EpNd, n = 18, OV+EpNd, n = 31) (A), individuals are further subdivided into those with

epilepsy and nodding syndrome with or without an O. volvulus infection (CTRL, n = 12, Ep, n = 12, OV+EpNd, n = 19, Nd, n = 6,

OV+Nd, n = 12) (B). Graphs show box whiskers with median, interquartile ranges and outliers. Since data were non-parametric,

statistical significances between the indicated groups were obtained with Kruskal-Wallis followed by a Dunn’s multiple comparison test.

https://doi.org/10.1371/journal.pntd.0011503.g007
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Since we have seen significant differences in the cellular composition of our study partici-

pants, we measured chemokines that are crucial for their recruitment and activity. The pro-

inflammatory and helminthotoxic eosinophilic cationic protein [33,43] produced by eosino-

phils was detected at lower levels in O. volvulus negative EpNd patients compared to the O. vol-
vulus positive population. However, the OV+EpNd individuals did not display higher ECP

concentrations than the control individuals, despite having significantly higher eosinophil

counts. ECP is described to be up-regulated in Sowda patients who suffer from severe dermati-

tis [51], in contrast, our O. volvulus-infected individuals did not show severe pathology, which

might explain the unaltered production of ECP when compared to the control individuals.

Another important factor involved in the recruitment of eosinophils is eotaxin. In contrast

to the higher percentages of eosinophils, we found decreased eotaxin levels in OV+EpNd indi-

viduals. This indicates that, although OV+EpNd individuals are characterized by higher levels

of blood eosinophils, these cells seem not to be functionally active, at least during the time

point of our observation. It might be of interest to determine their activity status during or

shortly after an epileptic seizure. Furthermore, we measured significantly reduced levels of

SDF-1α (CXCL12) in the OV+EpNd cohort compared to the control individuals. SDF-1α is

described as major player at the interface of the immune and the nervous system [52]; elevated

in elderly patients with autoimmune or late onset epilepsy [53]. Again, it would be interesting

to see how the SDF-1α levels are modulated during or after a seizure.

Levels of Gro-α of EpNd patients were also significantly elevated compared to the control

individuals, while OV+EpNd individuals showed similar levels as the control cohort. Gro-α is

usually involved in neutrophil chemotaxis and degranulation during inflammation [54]. Inter-

estingly, it was shown that it is also involved during the development of human temporal lobe

epilepsy [55]. Although levels of neutrophils were slightly increased in the EpNd individuals,

their percentages did not correlate with the levels of Gro-α. Still, there might be a shift from

neutrophils to eosinophils in O. volvulus infected patients. Interestingly, MCP-1 (CCL2), a

cytokine involved in the recruitment of monocytes and other immune cells, i.e., neutrophils to

inflammatory sites [56], was also increased in the EpNd cohort compared to OV+EpNd indi-

viduals. In a previous study, higher levels of MCP-1 were found in brain tissue of patients with

intractable epilepsy [57]. However, the findings are not comparable to the results of the study

by Ogwang et al. [58], in which decreased concentrations of MCP-1 were detected in plasma

samples of nodding syndrome individuals compared to healthy controls. The different out-

come of the measurements could be due to differences in patient inclusion; their study

included individuals with nodding syndrome based on the presence of OV-16 antibodies, a

marker for exposure to O. volvulus, rather than examination and detailed history focused on

nodding syndrome.

In addition, we found increased levels of MIP-1α in OV+EpNd patients. This chemokine is

associated with the activation of inflammatory monocyte responses [59]. Although we

observed a tendency of elevated levels of monocytes within both EpNd groups, they did not

correlate with the chemokine. A recent pilot study by Vieri revealed no differences of MIP-1α
levels between patients with epilepsy in O. volvulus endemic areas and control individuals [60].

However, in contrast to our study, they investigated cerebrospinal fluid samples and the defini-

tion of cases was again based on the presence of OV-16 antibodies, which makes a direct com-

parison of the results difficult.

Furthermore, the neurodegeneration markers amyloid-β 1–42, and TDP-43 were signifi-

cantly elevated in OV+EpNd and EpNd individuals when compared to the control partici-

pants. In contrast, a previous study from Hotterbeekx did not detect a signal for TDP-43 with

immunohistochemistry of post-mortem brain samples from individuals with nodding syn-

drome and OAE [23]. Higher levels of neurogranin were also seen in both groups presenting
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with nodding syndrome and other epilepsy disorders in our study population. This observa-

tion is in line with a recent publication that described that neurogranin can be used as a bio-

marker for epilepsy since serum levels of people with epilepsy were higher in comparison to

those of healthy individuals [61]. Taken together, our data indicate that these three neurode-

generation markers are independent of an O. volvulus infection and more related to the occur-

rence of seizures per se.
Individuals with a generalized form of the O. volvulus infection are characterized by high

levels of IL-10 [31,33,35,44]. Indeed, we observed increased levels of IL-10 in OV+EpNd indi-

viduals compared to the control cohort. However, levels of IL-6 were also increased in both

patient populations when compared to the control individuals, and were significant for the

OV+EpNd patients (EpNd versus CTRL p = 0.077) in line with previous findings connecting

elevated IL-6 plasma levels to temporal lobe epilepsy [62,63].

Consistent with elevated IL-10 levels, increased O. volvulus IgG4 levels are also a hallmark of

individuals with the generalized form of the O. volvulus infection [31,35,44]. Whereas antigen-

specific IgE levels were not altered, we detected the highest IgG4 levels within the OV+EpNd

group again confirming that participants did not suffer from severe O. volvulus associated

pathology like dermatitis. Interestingly, levels of O. volvulus-specific IgG1-3 were significantly

increased when compared to the other groups, which confirmed our PCR data and subsequent

classification of patients. Since we have seen additional correlations of the MF load with the dif-

ferent IgGs, future studies should investigate the potential differences between MF+ and ami-

crofilaridermic individuals with nodding syndrome and other epilepsy disorders in more detail.

Antibodies against specific O. volvulus antigens, i.e. tropomyosin and tropomodulin, were

shown to be cross-reactive with leiomodin-1, which has recently been demonstrated to be

present in human neurons and has been implicated in neurotoxicity in patients with nodding

syndrome infected with O. volvulus [27]. It is still unclear how these cross-reactive antibodies

are involved in the development of epilepsy-related disorders in onchocerciasis regions. A pre-

vious study by Hotterbeekx et al. [29] performed in the Democratic Republic of Congo and

South Sudan was not able to confirm the presence of leiomodin-1 in the brain tissue of individ-

uals with OAE nor in serum or cerebrospinal fluid samples. In our cohort, we observed signifi-

cantly increased levels of leiomodin-1 in EpNd individuals when compared to OV+EpNd

indicating no link of this parameter and the parasitic infection. The comparison of the differ-

ent studies is difficult since, for example, people with nodding seizures are described to have a

more severe epilepsy and higher microfilarial loads compared to people with other forms of

onchocerciasis associated epilepsy [21,29]. In addition, in our study we only had leiomodin

data from 10 MF+ individuals with nodding syndrome. Further studies with more participants

are needed to investigate this connection.

Finally, we investigated the O. volvulus biomarker NATOG from urine samples of our partic-

ipants. Another study could show that the mean NATOG content was elevated in urine of O.

volvulus-infected individuals compared to non-infected individuals, however, NATOG levels

could vary strongly [41]. Hotterbeekx and colleagues recently showed an association of

NATOG levels in the urine of O. volvulus-positive individuals (OV-16 RDT-positive antibodies

and/or MF) from the Democratic Republic of Congo [24]. In our cohort, we were able to

observe significantly higher NATOG levels in OV+EpNd patients when compared to the control

group. Additionally, the divided subpopulations had significantly elevated NATOG levels in

OV+ Nd individuals. Thus, future studies with increased patient sample size within the nodding

syndrome group could confirm if NATOG is a potential biomarker for nodding syndrome.

In summary, this study investigated the potential of O. volvulus modulated immune profiles

of individuals suffering from epilepsy in O. volvulus endemic areas in comparison to individu-

als without neurological disorders. Although some significant distinctions within the
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measurements of cytokine and neurodegeneration markers were observed between the OV+

and OV- groups and controls (summarized in Fig 8), these did not allow straightforward con-

clusions which might be the result of the low number of participants within each group. We

did not subdivide our OV+EpNd cohort according to presence or absence of MF since the

group numbers for individual analysed parameters were too low. However, in future studies,

analysis of OV+EpNd individuals should also include the comparison of MF status. Addition-

ally, Th2 cytokines, as markers for helminthic infections should be integrated in these future

studies which was not possible in our study due to the limitation of the plasma volume. It

should be noted that recruitment of patients and collection of their samples was not performed

at specific time points (e.g., shortly after or during an epileptic seizure) and the discrimination

of patients with nodding syndrome and onchocerciasis associated epilepsy is difficult, relying

on questionnaires (e.g., on the information of relatives) in remote areas. Therefore, more

investigations are needed which take into account the time points of the last seizure and their

frequencies. Moreover, future studies would need to measure factors specifically expressed in

cerebrospinal fluid as well as the inclusion of an additional group of individuals without neu-

rological disorders but with an active O. volvulus infection. Measurements of NATOG from

urine samples suggests that the OV+EpNd group can be differentiated from the controls. A

simplified version of this method, for example as a rapid antibody test, could support diagnos-

tic methods in the field, particularly in children that are reluctant to undergo invasive meth-

ods. NATOG levels were even more pronounced in OV+Nd+ patients than in OV+Ep+

patients (albeit not significantly). However, further studies with higher patient numbers are

needed to clarify the potential of NATOG as a biomarker for nodding syndrome.
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Supervision: Manuel Ritter, Kenneth Pfarr, Erich Schmutzhard, William Matuja, Achim

Hoerauf, Laura E. Layland-Heni, Andrea S. Winkler.

Validation: Josua Kegele.

Writing – original draft: Kathrin Arndts, Josua Kegele, Manuel Ritter, Laura E.

Layland-Heni, Andrea S. Winkler.

Writing – review & editing: Kathrin Arndts, Josua Kegele, Manuel Ritter, Kenneth Pfarr,

Erich Schmutzhard, Achim Hoerauf, Laura E. Layland-Heni, Andrea S. Winkler.

References
1. Brattig NW, Cheke RA, Garms R. Onchocerciasis (river blindness)—more than a century of research

and control. Acta Trop. 2021; 218:105677. https://doi.org/10.1016/j.actatropica.2020.105677 PMID:

32857984

2. Colebunders R, Njamnshi AK, van Oijen M, Mukendi D, Kashama JM, Mandro M, et al. Onchocerciasis-

associated epilepsy: From recent epidemiological and clinical findings to policy implications. Epilepsia

Open. 2017; 2(2):145–52. https://doi.org/10.1002/epi4.12054 PMID: 29588943

3. Vieri MK, Hotterbeekx A, Mandro M, Siewe Fodjo JN, Dusabimana A, Nyisi F, et al. Serotonin Levels in

the Serum of Persons with Onchocerciasis-Associated Epilepsy: A Case-Control Study. Pathogens.

2021; 10(6). https://doi.org/10.3390/pathogens10060720 PMID: 34201076

4. Colebunders R, Kaiser C, Basanez MG, Olliaro P, Lakwo T, Fodjo JNS. Reducing onchocerciasis-asso-

ciated morbidity in onchocerciasis-endemic foci with high ongoing transmission: A focus on the children.

Int J Infect Dis. 2022. https://doi.org/10.1016/j.ijid.2022.01.042 PMID: 35074518

5. Metanmo S, Boumediene F, Preux PM, Colebunders R, Siewe Fodjo JN, de Smet E, et al. First descrip-

tion of Nodding Syndrome in the Central African Republic. PLoS Negl Trop Dis. 2021; 15(6):e0009430.

https://doi.org/10.1371/journal.pntd.0009430 PMID: 34143783

6. Vinkeles Melchers NVS, Mollenkopf S, Colebunders R, Edlinger M, Coffeng LE, Irani J, et al. Burden of

onchocerciasis-associated epilepsy: first estimates and research priorities. Infect Dis Poverty. 2018; 7

(1):101. https://doi.org/10.1186/s40249-018-0481-9 PMID: 30253788

7. Idro R, Ogwang R, Kayongo E, Gumisiriza N, Lanyero A, Kakooza-Mwesige A, et al. The natural history

of nodding syndrome. Epileptic Disord. 2018; 20(6):508–16. https://doi.org/10.1684/epd.2018.1012

PMID: 30530420

8. Colebunders R, Siewe Fodjo JN, Hopkins A, Hotterbeekx A, Lakwo TL, Kalinga A, et al. From river

blindness to river epilepsy: Implications for onchocerciasis elimination programmes. PLoS Negl Trop

Dis. 2019; 13(7):e0007407. https://doi.org/10.1371/journal.pntd.0007407 PMID: 31318857

9. Vieri MK, Hendy A, Mokili JL, Colebunders R. Nodding syndrome research revisited. Int J Infect Dis.

2021; 104:739–41. https://doi.org/10.1016/j.ijid.2021.02.006 PMID: 33556614

10. Mazumder R, Lagoro DK, Nariai H, Danieli A, Eliashiv D, Engel J Jr., et al. Ictal Electroencephalo-

graphic Characteristics of Nodding Syndrome: A Comparative Case-Series from South Sudan, Tanza-

nia, and Uganda. Ann Neurol. 2022; 92(1):75–80. https://doi.org/10.1002/ana.26377 PMID: 35438201

11. Foger K, Gora-Stahlberg G, Sejvar J, Ovuga E, Jilek-Aall L, Schmutzhard E, et al. Nakalanga Syn-

drome: Clinical Characteristics, Potential Causes, and Its Relationship with Recently Described Nod-

ding Syndrome. PLoS Negl Trop Dis. 2017; 11(2):e0005201. https://doi.org/10.1371/journal.pntd.

0005201 PMID: 28182652

12. Winkler AS, Friedrich K, Konig R, Meindl M, Helbok R, Unterberger I, et al. The head nodding syndrome

—clinical classification and possible causes. Epilepsia. 2008; 49(12):2008–15. https://doi.org/10.1111/

j.1528-1167.2008.01671.x PMID: 18503562

13. Tumwine JK, Vandemaele K, Chungong S, Richer M, Anker M, Ayana Y, et al. Clinical and epidemio-

logic characteristics of nodding syndrome in Mundri County, southern Sudan. Afr Health Sci. 2012; 12

(3):242–8. https://doi.org/10.4314/ahs.v12i3.1 PMID: 23382736

14. Sejvar JJ, Kakooza AM, Foltz JL, Makumbi I, Atai-Omoruto AD, Malimbo M, et al. Clinical, neurological,

and electrophysiological features of nodding syndrome in Kitgum, Uganda: an observational case

series. Lancet Neurol. 2013; 12(2):166–74. https://doi.org/10.1016/S1474-4422(12)70321-6 PMID:

23305742

PLOS NEGLECTED TROPICAL DISEASES Immunoprofiling of epilepsy and nodding syndrome patients from Tanzania

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011503 August 3, 2023 17 / 20

https://doi.org/10.1016/j.actatropica.2020.105677
http://www.ncbi.nlm.nih.gov/pubmed/32857984
https://doi.org/10.1002/epi4.12054
http://www.ncbi.nlm.nih.gov/pubmed/29588943
https://doi.org/10.3390/pathogens10060720
http://www.ncbi.nlm.nih.gov/pubmed/34201076
https://doi.org/10.1016/j.ijid.2022.01.042
http://www.ncbi.nlm.nih.gov/pubmed/35074518
https://doi.org/10.1371/journal.pntd.0009430
http://www.ncbi.nlm.nih.gov/pubmed/34143783
https://doi.org/10.1186/s40249-018-0481-9
http://www.ncbi.nlm.nih.gov/pubmed/30253788
https://doi.org/10.1684/epd.2018.1012
http://www.ncbi.nlm.nih.gov/pubmed/30530420
https://doi.org/10.1371/journal.pntd.0007407
http://www.ncbi.nlm.nih.gov/pubmed/31318857
https://doi.org/10.1016/j.ijid.2021.02.006
http://www.ncbi.nlm.nih.gov/pubmed/33556614
https://doi.org/10.1002/ana.26377
http://www.ncbi.nlm.nih.gov/pubmed/35438201
https://doi.org/10.1371/journal.pntd.0005201
https://doi.org/10.1371/journal.pntd.0005201
http://www.ncbi.nlm.nih.gov/pubmed/28182652
https://doi.org/10.1111/j.1528-1167.2008.01671.x
https://doi.org/10.1111/j.1528-1167.2008.01671.x
http://www.ncbi.nlm.nih.gov/pubmed/18503562
https://doi.org/10.4314/ahs.v12i3.1
http://www.ncbi.nlm.nih.gov/pubmed/23382736
https://doi.org/10.1016/S1474-4422%2812%2970321-6
http://www.ncbi.nlm.nih.gov/pubmed/23305742
https://doi.org/10.1371/journal.pntd.0011503


15. Johnson TP, Sejvar J, Nutman TB, Nath A. The Pathogenesis of Nodding Syndrome. Annu Rev Pathol.

2020; 15:395–417. https://doi.org/10.1146/annurev-pathmechdis-012419-032748 PMID: 31977293

16. Benedek G, Abed El Latif M, Miller K, Rivkin M, Ramadhan Lasu AA, Riek LP, et al. Protection or sus-

ceptibility to devastating childhood epilepsy: Nodding Syndrome associates with immunogenetic finger-

prints in the HLA binding groove. PLoS Negl Trop Dis. 2020; 14(7):e0008436. https://doi.org/10.1371/

journal.pntd.0008436 PMID: 32639997

17. Colebunders R, Nelson Siewe FJ, Hotterbeekx A. Onchocerciasis-Associated Epilepsy, an Additional

Reason for Strengthening Onchocerciasis Elimination Programs. Trends Parasitol. 2018; 34(3):208–

16. https://doi.org/10.1016/j.pt.2017.11.009 PMID: 29288080

18. Chesnais CB, Nana-Djeunga HC, Njamnshi AK, Lenou-Nanga CG, Boulle C, Bissek AZ, et al. The tem-

poral relationship between onchocerciasis and epilepsy: a population-based cohort study. Lancet Infect

Dis. 2018. https://doi.org/10.1016/S1473-3099(18)30425-0 PMID: 30268645

19. Levick B, Laudisoit A, Tepage F, Ensoy-Musoro C, Mandro M, Bonareri Osoro C, et al. High prevalence

of epilepsy in onchocerciasis endemic regions in the Democratic Republic of the Congo. PLoS Negl

Trop Dis. 2017; 11(7):e0005732. https://doi.org/10.1371/journal.pntd.0005732 PMID: 28708828

20. Mandro M, Siewe Fodjo JN, Dusabimana A, Mukendi D, Haesendonckx S, Lokonda R, et al. Single ver-

sus Multiple Dose Ivermectin Regimen in Onchocerciasis-Infected Persons with Epilepsy Treated with

Phenobarbital: A Randomized Clinical Trial in the Democratic Republic of Congo. Pathogens. 2020; 9

(3). https://doi.org/10.3390/pathogens9030205 PMID: 32164367

21. Siewe Fodjo JN, Mandro M, Mukendi D, Tepage F, Menon S, Nakato S, et al. Onchocerciasis-associ-

ated epilepsy in the Democratic Republic of Congo: Clinical description and relationship with microfilar-

ial density. PLoS Negl Trop Dis. 2019; 13(7):e0007300. https://doi.org/10.1371/journal.pntd.0007300

PMID: 31314757

22. Konig R, Nassri A, Meindl M, Matuja W, Kidunda AR, Siegmund V, et al. The role of Onchocerca volvu-

lus in the development of epilepsy in a rural area of Tanzania. Parasitology. 2010; 137(10):1559–68.

https://doi.org/10.1017/S0031182010000338 PMID: 20388236

23. Hotterbeekx A, Lammens M, Idro R, Akun PR, Lukande R, Akena G, et al. Neuroinflammation and Not

Tauopathy Is a Predominant Pathological Signature of Nodding Syndrome. J Neuropathol Exp Neurol.

2019; 78(11):1049–58. https://doi.org/10.1093/jnen/nlz090 PMID: 31553445

24. Hotterbeekx A, Raimon S, Abd-Elfarag G, Carter JY, Sebit W, Suliman A, et al. Onchocerca volvulus is

not detected in the cerebrospinal fluid of persons with onchocerciasis-associated epilepsy. Int J Infect

Dis. 2020; 91:119–23. https://doi.org/10.1016/j.ijid.2019.11.029 PMID: 31786246

25. Lei P, Ayton S, Finkelstein DI, Adlard PA, Masters CL, Bush AI. Tau protein: relevance to Parkinson’s

disease. Int J Biochem Cell Biol. 2010; 42(11):1775–8. https://doi.org/10.1016/j.biocel.2010.07.016

PMID: 20678581

26. Pollanen MS, Onzivua S, Robertson J, McKeever PM, Olawa F, Kitara DL, et al. Nodding syndrome in

Uganda is a tauopathy. Acta Neuropathol. 2018. https://doi.org/10.1007/s00401-018-1909-9 PMID:

30219940

27. Johnson TP, Tyagi R, Lee PR, Lee MH, Johnson KR, Kowalak J, et al. Nodding syndrome may be an

autoimmune reaction to the parasitic worm Onchocerca volvulus. Sci Transl Med. 2017; 9(377).

28. Nauen DW, Haffner MC, Kim J, Zheng Q, Yin H, DeMarzo AM, et al. Putative Autoantigen Leiomodin-1

Is Expressed in the Human Brain and in the Membrane Fraction of Newly Formed Neurons. Pathogens.

2020; 9(12). https://doi.org/10.3390/pathogens9121036 PMID: 33321732

29. Hotterbeekx A, Vieri MK, Ramberger M, Jozefzoon-Aghai A, Mandro M, Tepage F, et al. No Evidence

for the Involvement of Leiomodin-1 Antibodies in the Pathogenesis of Onchocerciasis-Associated Epi-

lepsy. Pathogens. 2021; 10(7). https://doi.org/10.3390/pathogens10070845 PMID: 34357995

30. Hoerauf A, Satoguina J, Saeftel M, Specht S. Immunomodulation by filarial nematodes. Parasite Immu-

nol. 2005; 27(10–11):417–29. https://doi.org/10.1111/j.1365-3024.2005.00792.x PMID: 16179035

31. Adjobimey T, Hoerauf A. Induction of immunoglobulin G4 in human filariasis: an indicator of immunoreg-

ulation. Ann Trop Med Parasitol. 2010; 104(6):455–64. https://doi.org/10.1179/

136485910X12786389891407 PMID: 20863434

32. Arndts K, Deininger S, Specht S, Klarmann U, Mand S, Adjobimey T, et al. Elevated Adaptive Immune

Responses Are Associated with Latent Infections of Wuchereria bancrofti. PLoS Negl Trop Dis. 2012; 6

(4):e1611. https://doi.org/10.1371/journal.pntd.0001611 PMID: 22509424

33. Arndts K, Specht S, Debrah AY, Tamarozzi F, Klarmann Schulz U, Mand S, et al. Immunoepidemiologi-

cal profiling of onchocerciasis patients reveals associations with microfilaria loads and ivermectin intake

on both individual and community levels. PLoS Negl Trop Dis. 2014; 8(2):e2679. https://doi.org/10.

1371/journal.pntd.0002679 PMID: 24587458

PLOS NEGLECTED TROPICAL DISEASES Immunoprofiling of epilepsy and nodding syndrome patients from Tanzania

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011503 August 3, 2023 18 / 20

https://doi.org/10.1146/annurev-pathmechdis-012419-032748
http://www.ncbi.nlm.nih.gov/pubmed/31977293
https://doi.org/10.1371/journal.pntd.0008436
https://doi.org/10.1371/journal.pntd.0008436
http://www.ncbi.nlm.nih.gov/pubmed/32639997
https://doi.org/10.1016/j.pt.2017.11.009
http://www.ncbi.nlm.nih.gov/pubmed/29288080
https://doi.org/10.1016/S1473-3099%2818%2930425-0
http://www.ncbi.nlm.nih.gov/pubmed/30268645
https://doi.org/10.1371/journal.pntd.0005732
http://www.ncbi.nlm.nih.gov/pubmed/28708828
https://doi.org/10.3390/pathogens9030205
http://www.ncbi.nlm.nih.gov/pubmed/32164367
https://doi.org/10.1371/journal.pntd.0007300
http://www.ncbi.nlm.nih.gov/pubmed/31314757
https://doi.org/10.1017/S0031182010000338
http://www.ncbi.nlm.nih.gov/pubmed/20388236
https://doi.org/10.1093/jnen/nlz090
http://www.ncbi.nlm.nih.gov/pubmed/31553445
https://doi.org/10.1016/j.ijid.2019.11.029
http://www.ncbi.nlm.nih.gov/pubmed/31786246
https://doi.org/10.1016/j.biocel.2010.07.016
http://www.ncbi.nlm.nih.gov/pubmed/20678581
https://doi.org/10.1007/s00401-018-1909-9
http://www.ncbi.nlm.nih.gov/pubmed/30219940
https://doi.org/10.3390/pathogens9121036
http://www.ncbi.nlm.nih.gov/pubmed/33321732
https://doi.org/10.3390/pathogens10070845
http://www.ncbi.nlm.nih.gov/pubmed/34357995
https://doi.org/10.1111/j.1365-3024.2005.00792.x
http://www.ncbi.nlm.nih.gov/pubmed/16179035
https://doi.org/10.1179/136485910X12786389891407
https://doi.org/10.1179/136485910X12786389891407
http://www.ncbi.nlm.nih.gov/pubmed/20863434
https://doi.org/10.1371/journal.pntd.0001611
http://www.ncbi.nlm.nih.gov/pubmed/22509424
https://doi.org/10.1371/journal.pntd.0002679
https://doi.org/10.1371/journal.pntd.0002679
http://www.ncbi.nlm.nih.gov/pubmed/24587458
https://doi.org/10.1371/journal.pntd.0011503


34. Metenou S, Dembele B, Konate S, Dolo H, Coulibaly SY, Coulibaly YI, et al. At Homeostasis Filarial

Infections Have Expanded Adaptive T Regulatory but Not Classical Th2 Cells. J Immunol. 2010; 184

(9):5375–82. https://doi.org/10.4049/jimmunol.0904067 PMID: 20357251

35. Katawa G, Layland LE, Debrah AY, von Horn C, Batsa L, Kwarteng A, et al. Hyperreactive Onchocerci-

asis is Characterized by a Combination of Th17-Th2 Immune Responses and Reduced Regulatory T

Cells. PLoS Negl Trop Dis. 2015; 9(1):e3414. https://doi.org/10.1371/journal.pntd.0003414 PMID:

25569210

36. Fisher RS, Acevedo C, Arzimanoglou A, Bogacz A, Cross JH, Elger CE, et al. ILAE official report: a

practical clinical definition of epilepsy. Epilepsia. 2014; 55(4):475–82. https://doi.org/10.1111/epi.12550

PMID: 24730690

37. Dowell SF, Sejvar JJ, Riek L, Vandemaele KA, Lamunu M, Kuesel AC, et al. Nodding syndrome. Emerg

Infect Dis. 2013; 19(9):1374–84. https://doi.org/10.3201/eid1909.130401 PMID: 23965548

38. Greter H, Mmbando B, Makunde W, Mnacho M, Matuja W, Kakorozya A, et al. Evolution of epilepsy

prevalence and incidence in a Tanzanian area endemic for onchocerciasis and the potential impact of

community-directed treatment with ivermectin: a cross-sectional study and comparison over 28 years.

BMJ Open. 2018; 8(3):e017188. https://doi.org/10.1136/bmjopen-2017-017188 PMID: 29605818

39. Abong RA, Amambo GN, Chounna Ndongmo PW, Njouendou AJ, Ritter M, Beng AA, et al. Differential

susceptibility of Onchocerca volvulus microfilaria to ivermectin in two areas of contrasting history of

mass drug administration in Cameroon: relevance of microscopy and molecular techniques for the mon-

itoring of skin microfilarial repopulation within six months of direct observed treatment. BMC Infect Dis.

2020; 20(1):726. https://doi.org/10.1186/s12879-020-05444-2 PMID: 33008333

40. Monteiro L, Nunes B, Mendonca D, Lopes J. Spectrum of epilepsy in neurocysticercosis: a long-term

follow-up of 143 patients. Acta Neurol Scand. 1995; 92(1):33–40. https://doi.org/10.1111/j.1600-0404.

1995.tb00463.x PMID: 7572058

41. Wewer V, Peisker H, Gutbrod K, Al-Bahra M, Menche D, Amambo NG, et al. Urine metabolites for the

identification of Onchocerca volvulus infections in patients from Cameroon. Parasit Vectors. 2021; 14

(1):397. https://doi.org/10.1186/s13071-021-04893-1 PMID: 34380554

42. WHO. Weekly epidemiological record: African Programme for Onchocerciasis Control: progress report,

2013–2014. 2014; 49:551–60.

43. Tischendorf FW, Brattig NW, Buttner DW, Pieper A, Lintzel M. Serum levels of eosinophil cationic pro-

tein, eosinophil-derived neurotoxin and myeloperoxidase in infections with filariae and schistosomes.

Acta Trop. 1996; 62(3):171–82. https://doi.org/10.1016/s0001-706x(96)00038-1 PMID: 9025985

44. Doetze A, Satoguina J, Burchard G, Rau T, Loliger C, Fleischer B, et al. Antigen-specific cellular hypor-

esponsiveness in a chronic human helminth infection is mediated by T(h)3/T(r)1-type cytokines IL-10

and transforming growth factor-beta but not by a T(h)1 to T(h)2 shift. Int Immunol. 2000; 12(5):623–30.

https://doi.org/10.1093/intimm/12.5.623 PMID: 10784608

45. Globisch D, Moreno AY, Hixon MS, Nunes AA, Denery JR, Specht S, et al. Onchocerca volvulus-neuro-

transmitter tyramine is a biomarker for river blindness. Proc Natl Acad Sci U S A. 2013. https://doi.org/

10.1073/pnas.1221969110 PMID: 23440222

46. Globisch D, Eubanks LM, Shirey RJ, Pfarr KM, Wanji S, Debrah AY, et al. Validation of onchocerciasis

biomarker N-acetyltyramine-O-glucuronide (NATOG). Bioorg Med Chem Lett. 2017; 27(15):3436–40.

https://doi.org/10.1016/j.bmcl.2017.05.082 PMID: 28600214

47. Hotterbeekx A, Dusabimana A, Mandro M, Abhafule GM, Deogratias W, Siewe Fodjo JN, et al. Urinary

N-acetyltyramine-O,beta-glucuronide in Persons with Onchocerciasis-Associated Epilepsy. Pathogens.

2020; 9(3).

48. Wang H, Liu S, Tang Z, Liu J. Some cross-talks between immune cells and epilepsy should not be for-

gotten. Neurol Sci. 2014; 35(12):1843–9. https://doi.org/10.1007/s10072-014-1955-6 PMID: 25253631

49. Soboslay PT, Dreweck CM, Hoffmann WH, Luder CG, Heuschkel C, Gorgen H, et al. Ivermectin-facili-

tated immunity in onchocerciasis. Reversal of lymphocytopenia, cellular anergy and deficient cytokine

production after single treatment. Clin Exp Immunol. 1992; 89(3):407–13. https://doi.org/10.1111/j.

1365-2249.1992.tb06971.x PMID: 1516257

50. Mitre E, Klion AD. Eosinophils and helminth infection: protective or pathogenic? Semin Immunopathol.

2021; 43(3):363–81. https://doi.org/10.1007/s00281-021-00870-z PMID: 34165616

51. Tischendorf FW, Brattig NW, Burchard GD, Kubica T, Kreuzpaintner G, Lintzel M. Eosinophils, eosino-

phil cationic protein and eosinophil-derived neurotoxin in serum and urine of patients with onchocercia-

sis coinfected with intestinal nematodes and in urinary schistosomiasis. Acta Trop. 1999; 72(2):157–73.

https://doi.org/10.1016/s0001-706x(98)00088-6 PMID: 10206116

52. Guyon A. CXCL12 chemokine and its receptors as major players in the interactions between immune

and nervous systems. Front Cell Neurosci. 2014; 8:65. https://doi.org/10.3389/fncel.2014.00065 PMID:

24639628

PLOS NEGLECTED TROPICAL DISEASES Immunoprofiling of epilepsy and nodding syndrome patients from Tanzania

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011503 August 3, 2023 19 / 20

https://doi.org/10.4049/jimmunol.0904067
http://www.ncbi.nlm.nih.gov/pubmed/20357251
https://doi.org/10.1371/journal.pntd.0003414
http://www.ncbi.nlm.nih.gov/pubmed/25569210
https://doi.org/10.1111/epi.12550
http://www.ncbi.nlm.nih.gov/pubmed/24730690
https://doi.org/10.3201/eid1909.130401
http://www.ncbi.nlm.nih.gov/pubmed/23965548
https://doi.org/10.1136/bmjopen-2017-017188
http://www.ncbi.nlm.nih.gov/pubmed/29605818
https://doi.org/10.1186/s12879-020-05444-2
http://www.ncbi.nlm.nih.gov/pubmed/33008333
https://doi.org/10.1111/j.1600-0404.1995.tb00463.x
https://doi.org/10.1111/j.1600-0404.1995.tb00463.x
http://www.ncbi.nlm.nih.gov/pubmed/7572058
https://doi.org/10.1186/s13071-021-04893-1
http://www.ncbi.nlm.nih.gov/pubmed/34380554
https://doi.org/10.1016/s0001-706x%2896%2900038-1
http://www.ncbi.nlm.nih.gov/pubmed/9025985
https://doi.org/10.1093/intimm/12.5.623
http://www.ncbi.nlm.nih.gov/pubmed/10784608
https://doi.org/10.1073/pnas.1221969110
https://doi.org/10.1073/pnas.1221969110
http://www.ncbi.nlm.nih.gov/pubmed/23440222
https://doi.org/10.1016/j.bmcl.2017.05.082
http://www.ncbi.nlm.nih.gov/pubmed/28600214
https://doi.org/10.1007/s10072-014-1955-6
http://www.ncbi.nlm.nih.gov/pubmed/25253631
https://doi.org/10.1111/j.1365-2249.1992.tb06971.x
https://doi.org/10.1111/j.1365-2249.1992.tb06971.x
http://www.ncbi.nlm.nih.gov/pubmed/1516257
https://doi.org/10.1007/s00281-021-00870-z
http://www.ncbi.nlm.nih.gov/pubmed/34165616
https://doi.org/10.1016/s0001-706x%2898%2900088-6
http://www.ncbi.nlm.nih.gov/pubmed/10206116
https://doi.org/10.3389/fncel.2014.00065
http://www.ncbi.nlm.nih.gov/pubmed/24639628
https://doi.org/10.1371/journal.pntd.0011503


53. Han Y, Yang L, Liu X, Feng Y, Pang Z, Lin Y. HMGB1/CXCL12-Mediated Immunity and Th17 Cells

Might Underlie Highly Suspected Autoimmune Epilepsy in Elderly Individuals. Neuropsychiatr Dis

Treat. 2020; 16:1285–93. https://doi.org/10.2147/NDT.S242766 PMID: 32547032

54. Baggiolini M, Dewald B, Moser B. Human chemokines: an update. Annu Rev Immunol. 1997; 15:675–

705. https://doi.org/10.1146/annurev.immunol.15.1.675 PMID: 9143704

55. Di Sapia R, Zimmer TS, Kebede V, Balosso S, Ravizza T, Sorrentino D, et al. CXCL1-CXCR1/2 signal-

ing is induced in human temporal lobe epilepsy and contributes to seizures in a murine model of

acquired epilepsy. Neurobiol Dis. 2021; 158:105468. https://doi.org/10.1016/j.nbd.2021.105468 PMID:

34358616

56. Singh S, Anshita D, Ravichandiran V. MCP-1: Function, regulation, and involvement in disease. Int

Immunopharmacol. 2021; 101(Pt B):107598. https://doi.org/10.1016/j.intimp.2021.107598 PMID:

34233864

57. Wang C, Yang L, Zhang J, Lin Z, Qi J, Duan S. Higher expression of monocyte chemoattractant protein

1 and its receptor in brain tissue of intractable epilepsy patients. J Clin Neurosci. 2016; 28:134–40.

https://doi.org/10.1016/j.jocn.2015.07.033 PMID: 26810469

58. Ogwang R, Muhanguzi D, Mwikali K, Anguzu R, Kubofcik J, Nutman TB, et al. Systemic and cerebrospi-

nal fluid immune and complement activation in Ugandan children and adolescents with long-standing

nodding syndrome: A case-control study. Epilepsia Open. 2021; 6(2):297–309. https://doi.org/10.1002/

epi4.12463 PMID: 34033255

59. Lechner CJ, Gantin RG, Seeger T, Sarnecka A, Portillo J, Schulz-Key H, et al. Chemokines and cyto-

kines in patients with an occult Onchocerca volvulus infection. Microbes Infect. 2012; 14(5):438–46.

https://doi.org/10.1016/j.micinf.2011.12.002 PMID: 22202179

60. Vieri MK, Hotterbeekx A, Raimon S, Abd-Elfarag G, Mukendi D, Carter JY, et al. Cytokines and Oncho-

cerciasis-Associated Epilepsy, a Pilot Study and Review of the Literature. Pathogens. 2021; 10(3).

https://doi.org/10.3390/pathogens10030310 PMID: 33799934

61. Kalkan A, Demirel A, Atis SE, Karaaslan EB, Ferhatlar ME, Senturk M. A new biomarker in the differen-

tial diagnosis of epileptic seizure: Neurogranin. Am J Emerg Med. 2022; 54:147–50. https://doi.org/10.

1016/j.ajem.2022.02.010 PMID: 35152125

62. Liimatainen S, Fallah M, Kharazmi E, Peltola M, Peltola J. Interleukin-6 levels are increased in temporal

lobe epilepsy but not in extra-temporal lobe epilepsy. J Neurol. 2009; 256(5):796–802. https://doi.org/

10.1007/s00415-009-5021-x PMID: 19252806

63. Li G, Bauer S, Nowak M, Norwood B, Tackenberg B, Rosenow F, et al. Cytokines and epilepsy. Seizure.

2011; 20(3):249–56. https://doi.org/10.1016/j.seizure.2010.12.005 PMID: 21216630

PLOS NEGLECTED TROPICAL DISEASES Immunoprofiling of epilepsy and nodding syndrome patients from Tanzania

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011503 August 3, 2023 20 / 20

https://doi.org/10.2147/NDT.S242766
http://www.ncbi.nlm.nih.gov/pubmed/32547032
https://doi.org/10.1146/annurev.immunol.15.1.675
http://www.ncbi.nlm.nih.gov/pubmed/9143704
https://doi.org/10.1016/j.nbd.2021.105468
http://www.ncbi.nlm.nih.gov/pubmed/34358616
https://doi.org/10.1016/j.intimp.2021.107598
http://www.ncbi.nlm.nih.gov/pubmed/34233864
https://doi.org/10.1016/j.jocn.2015.07.033
http://www.ncbi.nlm.nih.gov/pubmed/26810469
https://doi.org/10.1002/epi4.12463
https://doi.org/10.1002/epi4.12463
http://www.ncbi.nlm.nih.gov/pubmed/34033255
https://doi.org/10.1016/j.micinf.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22202179
https://doi.org/10.3390/pathogens10030310
http://www.ncbi.nlm.nih.gov/pubmed/33799934
https://doi.org/10.1016/j.ajem.2022.02.010
https://doi.org/10.1016/j.ajem.2022.02.010
http://www.ncbi.nlm.nih.gov/pubmed/35152125
https://doi.org/10.1007/s00415-009-5021-x
https://doi.org/10.1007/s00415-009-5021-x
http://www.ncbi.nlm.nih.gov/pubmed/19252806
https://doi.org/10.1016/j.seizure.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21216630
https://doi.org/10.1371/journal.pntd.0011503

