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Abstract

Clinical manifestations in onchocerciasis range from generalized onchocerciasis (GEO) to the rare but severe hyperreactive
(HO)/sowda form. Since disease pathogenesis is associated with host inflammatory reactions, we investigated whether Th17
responses could be related to aggravated pathology in HO. Using flow cytometry, filarial-specific cytokine responses and
PCR arrays, we compared the immune cell profiles, including Th subsets, in individuals presenting the two polar forms of
infection and endemic normals (EN). In addition to elevated frequencies of memory CD4+ T cells, individuals with HO
showed accentuated Th17 and Th2 profiles but decreased CD4+CD25hiFoxp3+ regulatory T cells. These profiles included
increased IL-17A+, IL-4+, RORC2+ and GATA3+CD4+ T cell populations. Flow cytometry data was further confirmed using a
PCR array since Th17-related genes (IL-17 family members, IL-6, IL-1b and IL-22) and Th2-related (IL-4, IL-13, STAT6) genes
were all significantly up-regulated in HO individuals. In addition, stronger Onchocerca volvulus-specific Th2 responses,
especially IL-13, were observed in vitro in hyperreactive individuals when compared to GEO or EN groups. This study
provides initial evidence that elevated frequencies of Th17 and Th2 cells form part of the immune network instigating the
development of severe onchocerciasis.
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Introduction

Onchocerciasis is a neglected tropical disease causing both

health and socioeconomic problems [1]. Elicited by the parasitic

nematode Onchocerca volvulus (Ov), it is transmitted through the

bite of infected black flies (genus Simulium). Characteristic disease

symptoms include dermatological disorders and eye lesions that

can lead to blindness [2]. Two polar forms of clinical manifesta-

tions can occur: generalized onchocerciasis (GEO) presenting mild

skin disease or the hyperreactive form (HO) exhibiting severe skin

inflammation (also called sowda if inflammation is unilaterally

predominant) [3–5]. Although 99% of infected people live in

Africa, small pockets of endemicity can be found in Yemen and

Central and Southern America [2]. Over 37 million people are

currently infected and within those, around 1% develop HO [6].

In endemic areas, putative immune individuals or endemic

normals (EN) are persons, who despite permanent exposure to the

parasite, remain without infection or clinical signs of disease [4,5].

Variations in host immune responsiveness include a spectrum of

clinical manifestations ranging from i) GEO individuals with high

parasite loads, mild pathology but strong regulatory responses to ii)

HO individuals presenting few worms but varying degrees of

dermal pathology (acute and chronic papular onchodermatitis,

leopard skin, and depigmentation); the term ‘‘sowda’’ is reserved

for unilateral, extreme hyperreactivity [3–6]. Onchocerca are long-

living and are renowned for modulating host immune regulatory

mechanisms [3,5,6,7]. Adult female worms encase themselves in so

called onchocercomas in the skin that are composed of various cell

types [5,6,8,9]. CD4+ T cells have been reported to be the

predominant IL-10 secreting cells in onchocerciasis [10]. However,
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due to the infrequency of HO cases, few studies have addressed the

types of cytokine secreting Th subsets or cellular immune profiles in

these individuals. Since Th17 cells have been associated with

helminth-induced overt pathology [11,12] we determined here

whether they are active in HO individuals. When compared to

GEO and EN groups, HO individuals presented elevated Th17 and

Th2 profiles which were accompanied by reduced numbers of

Foxp3+ regulatory T cells (Treg). Upon PCR array analysis, Th17

and Th2-related genes were also up-regulated in HO patients.

These data suggest that preventing the development of HO should

focus on tipping the Treg/Th17 balance towards a more regulated

response.

Methods

Study population and ethics
In 2011, adult O. volvulus-infected male and female (21–55

years) individuals from an endemic region in Ghana were

recruited within the study: "Enhanced Protective Immunity

Against Filariasis (EPIAF)", (http://www.filaria.eu/projects/

projects/epiaf.html). Ethical clearance was given by the Commit-

tee on Human Research Publication and Ethics at the University

of Science and Technology in Kumasi, and the Ethics Committee

at the University Hospital Bonn. For comparison, samples were

collected from 16 mixed gender infection-free volunteers (27–55

years) that had resided in the same area for at least 10 years (EN).

These individuals were negative for MF, had no palpable

onchocercomas, and had no pathology related to onchocerciasis.

Written informed consent was obtained from all individuals.

Parasitological assessment and antigen preparation
All infected individuals presented at least one nodule and/or

skin lesions and were screened for the presence of dermal

microfilariae (MF/mg skin) as previously described [13,14,15].

Infections with other intestinal helminths (schistosomes, ascaris)

and protozoa (Plasmodium) were diagnosed using standard

methods (Kato-Katz, finger prick and urine analysis) and all

individuals donating samples for this study were free of such

infections. A soluble antigen extract from O. volvulus adult worms

(OvAg) was prepared as previously described [15]. In preceding

experiments, thawed PBMCs from infected individuals were

cultured with the antigen over 7 days to determine the optimal

time-point for cytokine measurement (S1A-D Fig.).

In vitro cell culture and cytokine assessment
PBMCs isolation was performed as previously described [15]

and followed by cryo-preservation in liquid nitrogen until required

[16]. PBMCs were thawed slowly (37uC) and then washed with

RPMI 1640 medium supplemented with 10% FCS, gentamycin,

penicillin/streptomycin (50 mg/ml) and L-glutamine (292.3 mg/

ml), all from PAA (Linz, Austria). In 96-well plates,

16105 PBMCs/well were left unstimulated or stimulated with

OvAg (20 mg/ml) or aCD3/aCD28microbeads (40,000 beads/

ml, Dynal/Invitrogen, Carlsbad, USA) in duplicate for 7 days.

Cytokine levels were measured from pooled supernatants using a

human FlowCytomix Multiplex Th1/Th2/Th9/Th17/Th22 13-

plex kit (eBioscience, San Diego, CA, USA). Data were acquired

on a FACS Canto flow cytometer (BD Biosciences, Heidelberg,

Germany) and analyzed using FlowCytomix Pro3.0 software

(eBioscience).

Flow cytometry
All reagents were obtained from eBioscience and staining was

done as previously described [17]. 16105 cells/100 ml staining

buffer were incubated for 30 mins (4uC) with either 1) anti-human

CD3-PerCP-Cy5.5, CD16-FITC (clone CB16) and CD56-PE PE

(clone CMSSB); 2) anti-human CD4-APC (clone OKT4), anti-

CD45RO-FITC (clone UCHL1) and CD45RA-PerCP-Cy5.5

(clone HI100); 3) CD8-APC (clone SK1) and CD14-FITC (clone

61D3) or 4) CD19-APC (clone HIB19) and CD27-FITC (clone

LG7F9). For intracellular staining, cells were activated with a Cells

Stimulation Cocktail (phorbol 12-myristate 13-acetate {PMA} and

Ionomycin) plus Brefeldin A and monensin (eBioscience) for

6 hours. Thereafter, cells were stained with anti-CD4-APC and to

assess Treg levels, anti-human CD25-PECy7 (clone BC96) was

added as well. After employing Fix-Perm reagent (eBioscience),

cells were blocked with normal rat serum and then incubated for

30 mins (4uC) with either 1) anti-human T-bet-PE (clone

eBio4B10) and IFN-c-FITC (clone 4S.B3); 2) GATA3-PE (clone

TWAJ) and IL-4-FITC (clone B-S4) 3) RORC2-PE (clone AFKJS-

9) and IL-17A-FITC (clone eBio64DEC17) or 4) Foxp3-FITC

(clone 236A/E7) and IL-10-PE (clone JES3-9D7). After further

washing cells were re-suspended in fix-perm buffer (eBioscience).

To correct spectral overlap, fluorescence compensation was done

using UltraComp ebeads (eBioscience). Data were acquired and

analyzed using a FACS Canto flow cytometer and software (BD

Biosciences).

PCR Array analysis
Gene expression profiles were quantified using the Human

Th17 autoimmunity and inflammation PCR array and RT2SYBR

Green Mastermix kit (Qiagen, Hilden, Germany) according to

protocol. In short, PBMCs were stimulated with aCD3/aCD28

microbeads for 3 hours and RNA was extracted using Trizol

(Invitrogen). DNA was digested using the DNA-free kit (Invitro-

gen) and the concentration and the purity of RNA was determined

using the NanoDrop 1000 (Peqlab, Erlangen, Germany). Extract-

ed RNA was reverse transcribed using Qiagen Master mix

(Qiagen,) and incubated in the Primus Thermocycler (MWG-

Biotech, Ebersberg, Germany). Amplification was performed on

the RotorGene 6000 (Corbett Research, Sydney, Australia). Data

Author Summary

Onchocerciasis, also known as river blindness is a tropical
disease causing health and socioeconomic problems in
endemic communities especially sub-Saharan Africa. The
disease is transmitted by a filarial nematode called
Onchocerca volvulus, which is spread by the bite of
infected Simulium black flies. Characteristic disease symp-
toms include dermatological disorders and eye lesions that
can lead to blindness. Two polar forms of clinical
manifestations can occur: generalized onchocerciasis
(GEO) presenting mild skin disease or the hyperreactive
form (HO) exhibiting severe skin disorders and inflamma-
tion. The immunological determinants behind such
disease polarization are still not fully clarified. Here, we
compared the immune profiles of individuals presenting
these two polar forms with those of endemic normals (EN):
individuals who have no clinical or parasitological evi-
dence of infection despite ongoing exposure to the
infectious agent. We could show that HO individuals, in
contrast to GEO and EN, simultaneously presented
elevated Th17 and Th2 profiles which were accompanied
by reduced numbers of Foxp3+ regulatory T cells. This
study provides initial evidence that elevated frequencies of
Th17 and Th2 cells form part of the immune network
associated with severe onchocerciasis.

Th17/Th2 and Pathological Onchocerciasis
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were analyzed by RT2 profiler PCR Array data analysis 3.5

software (Qiagen).

Statistical analysis
Statistical analyses were performed using PRISM 5 programme

(GraphPad Software, Inc., La Jolla, USA). Since most of the

variables did not show a normal distribution, the following tests

were chosen: to compare three groups a Kruskal-Wallis-test was

performed and, if significant, followed by a Mann-Whitney–U test

for a further comparison of the groups. P-values of 0.05 or less

were considered significant.

Results

Individuals presenting HO display higher frequencies of
monocytes and memory T cells

To distinguish differences in the immune cell profiles of

individuals with onchocerciasis, we analyzed PBMCs for the

frequency of innate and adaptive cell populations. Individuals with

GEO had significantly less CD8+ T cells when compared to EN

(Fig. 1A). When compared to levels in EN, both CD16brightCD56dim

and CD16dimCD56brightNK populations were significantly lower in

GEO and HO individuals but no differences could be observed

between infected groups (Fig. 1B and C). CD3+CD16+ but not

CD3+CD56+NKT cells were also lower in GEO but not HO

individuals (Fig. 1D and 1E). Whereas no differences could be

observed in the frequency of memory B cells (Fig. 1F), significantly

elevated numbers of monocytes (CD14+ cells) were identified in HO

individuals (Fig. 1G). When compared to GEO and EN groups, HO

individuals displayed higher amounts of memory CD4+CD45RO+

(Fig. 1H) but significantly less naive T cells (Fig. 1I). These data were

also reflected when calculated on absolute cell numbers.

Hyperreactive individuals exhibit dominant IL-4 and IL-
17A-producing CD4+ T cells

Next, we determined the frequency of cytokine producing CD4+

T cells. CD4+IFN-c+ T cells were significantly higher in EN when

compared to either infected group (Fig. 2A). However, CD4+ T

cells from GEO individuals did produce more IFN-c than cells

from HO individuals (Fig. 2A). In contrast, infected groups

displayed significantly elevated frequencies of IL-4-secreting

CD4+ T cells when compared to EN groups (Fig. 2B). Moreover,

Fig. 1. Higher frequencies of monocytes and memory T cells in HO individuals. Isolated PBMCs from EN and individuals presenting either
generalized (GEO) or hyperreactive onchocerciasis (HO) were stained with a combination of antibodies to determine the frequencies of CD8+ T cells
(A); NK cells [CD3-CD16brightCD56dim (B) and CD3-CD16dimCD56bright (C)]; NKT cells [CD3+CD16+ (D) and CD3+CD56+ (E)]; CD19+CD27+ memory B cells
(F); CD14+ monocytes (G); memory CD4+ T cells (H) and naive CD4+ T cells (I). Graphs show box whiskers (tukey) with outliers from EN n = 10, GEO
n = 10 and HO n = 6. Asterisks show statistical differences (Kruskal-Wallis and Mann Whitney test) between the groups indicated by the brackets (*p,
0.05, **p,0.01).
doi:10.1371/journal.pntd.0003414.g001
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T cells from HO individuals produced more IL-4 than cells from

GEO persons (Fig. 2B). Whereas IL-17A-producing CD4+ T cells

appeared to be a unique characteristic in HO individuals

(Fig. 2C), those with GEO had a dominant IL-10 phenotype

(Fig. 2D).

Higher expression of CD4+Foxp3+ but not
CD4+CD25hiFoxp3+ T cells in hyperreactive individuals

In association with their elevated numbers of IFN-c-producing

CD4+ T cells (Fig. 2A), EN had significantly higher frequencies of

CD4+T-bet+ T cells when compared to HO individuals (Fig. 3A).

Strikingly, the Treg associated transcription factor Foxp3 was

strongly expressed by CD4+ T cells from hyperreactive individuals,

even when compared to GEO individuals (Fig. 3B). Therefore, we

expanded our profile panel to include CD25hi expressing CD4+ T

cells using a previously described protocol and gating strategy

[17,18]. Interestingly, the inclusion of CD25hi cells dramatically

changed the profile of CD4+ regulatory T cell profile in HO

individuals since both CD4+CD25hi (Fig. 3C) and CD4+CD25hi-

Foxp3+ (Fig. 3D) subsets were higher in GEO individuals. This

suggests the presence of Foxp3+ effector CD4+ T cells in persons

with HO.

Th17 and Th2 profiles are enhanced in individuals with
hyperreactive onchocerciasis

Correlating with the elevated IL-4 and IL-17 cytokine

expression, CD4+ T cells from HO individuals had significantly

higher levels of both GATA3 (Fig. 4A) and RORC2 (Fig. 4B)

transcription factors. In addition, the ratio of CD4+IL-17A+/

CD4+IL-4+ T cells was higher in individuals with HO (Fig. 4C)

when compared to the GEO group. This trend remained when

comparing the ratio CD4+RORC2+/CD4+CD25hiFoxp3+ in HO

individuals with both GEO and EN groups (Fig. 4D). Using a

Th17-based PCR array, we compared expression levels of Th17,

Th2 and Treg related genes in GEO and HO individuals. As

shown in Fig. 4E, IL-17 associated genes, such as IL17A, IL17C,

IL17D, IL17F, RORC and STAT3, were all up-regulated in cells

from HO individuals. The genes of cytokines known to be

required for the induction of Th17 cells such as IL-6, IL-1b, TGF-

b1, IL-21 and IL-23A [19,20] and the IL22 gene were also highly

up-regulated in HO persons (Fig. 4F). With regards to Th2-related

genes and the Treg-associated foxp3 expression, the IL13 gene

presented the strongest fold increase and correlated to the elevated

gene expression of GATA3 and STAT6 (Fig. 4G). In correlation

with elevated amounts of CD4+Foxp3+ cells in HO individuals,

Fig. 2. Hyperreactive individuals exhibit a dominant IL-4 and IL-17 phenotype. Isolated PBMCs from EN (n = 10) and O. volvulus-infected
individuals presenting either GEO (n = 10) or HO (n = 6) were activated with a cell stimulation cocktail for 6 hours. Thereafter, cells were stained with
an anti-CD4 antibody and after fixation and permeabilization further stained with anti-human antibodies specific for IFN-c (A), IL-4 (B), IL-17A (C) and
IL-10 (D). Intracellular cytokine expression was determined on the CD4+ T cell population by flow cytometry. Graphs show percentages as box
whiskers (tukey) with outliers. Asterisks show statistical differences (Kruskal-Wallis and Mann Whitney test) between the groups indicated by the
brackets (*p,0.05, **p,0.01, ***p,0.001).
doi:10.1371/journal.pntd.0003414.g002

Th17/Th2 and Pathological Onchocerciasis
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foxp3 gene expression in these patients was also upregulated

(Fig. 4G).

Elevated Ov-specific Th2 but not Th17 responses in
hyperreactive onchocerciasis individuals

To measure filarial-specific responses from cyro-preserved

PBMCs, cells were cultured with OvAg for 7 days: the optimal

time-point for cytokine production (S1A-D Fig.). When compared

to EN or GEO groups, PBMCs from HO individuals secreted

significantly more IL-5 and IL-13 when activated with either

OvAg or aCD3/aCD28 (Fig. 5A-D). Cultures from all groups

produced little IL-10 in response to OvAg (Fig. 5E), although

infected individuals did produce more IL-10 than control cultures

upon activation with aCD3/aCD28 (Fig. 5F). Cultures from EN

secreted significantly more IFN-c upon activation with OvAg

(Fig. 5G) which correlates with their CD4+ T cell cytokine profile

shown in Fig. 2A. The dampened IFN-c responses from cells of

HO individuals was not reflected upon aCD3/aCD28 activation

indicating that failure to produce IFN-c was not a deficit of Th1

cells but dampened filarial-specific IFN-c-producing cells

(Fig. 5H). The induction of Th17 cells requires IL-6, IL-1b,

TGF-b and IL-23 [19]. In contrast to the high amounts of IL-17A

secreting CD4+ T cells observed by flow cytometry (Fig. 2C), upon

culturing with OvAg, only low levels of IL-17A were detected in

the culture supernatants in the HO group. Nevertheless, the basal

levels of IL-17A were significantly higher than the basal levels in

culture supernatants from the GEO group (Fig. 6A). Upon

activation with aCD3/aCD28 however, cells from HO individuals

presented significantly higher levels of IL-17A when compared to

both EN and GEO group (Fig. 6B), reflecting again the findings

via flow cytometry (Fig. 2C). IL-6 levels from cultures of PBMCs

from HO individuals were significantly higher than the other

groups (Fig. 6C and D). As with IL-17A, no significant differences

in the levels of IL-22 or IL-1b following stimulation with OvAg

were observed (Fig. 6E and G respectively). However, after

activation with aCD3/aCD28, PBMCs cultures from HO

individuals secreted elevated amounts of IL-22 and IL-1b when

compared to EN and GEO groups (Fig. 6F and H respectively).

Thus, although the overall filarial-specific Th17-related responses

were not highly significant in hyperreactive individuals, these

cytokines were enhanced upon aCD3/aCD28 activation indicat-

ing a biased Th17 inflammatory profile.

Fig. 3. Hyperreactive onchocerciasis individuals present higher frequencies of CD4+Foxp3+ but not CD4+CD25hiFoxp3+ T cells.
PBMCs from EN and O. volvulus-infected GEO or HO individuals were activated with a cell stimulation cocktail for 6 hours. Thereafter, cells were
stained for CD4 and the transcription factors T-bet (A) or Foxp3 (B). PBMCs fractions were also stained with CD25 to assess the numbers of
CD4+CD25hi (C) and CD4+CD25hiFoxp3+ (D) T cells in each individual (EN n = 16, GEO n = 16, HO n = 6). Cell population frequencies were determined
via flow cytometry. Graphs show percentages as box whiskers (tukey) with outliers. Asterisks show statistical differences (Kruskal-Wallis and Mann
Whitney test) between the groups indicated by the brackets (*p,0.05, **p,0.01, ***p,0.001).
doi:10.1371/journal.pntd.0003414.g003
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Discussion

Cases of HO are infrequent (probably 1% of the infected

population) and the underlying etiology has only partially been

elucidated [4,5,6]. After comparing cellular immune profiles we

have determined that an accentuated Th17/Th2 phenotype forms

part of the immune network which drives the development of

hyperreactive onchocerciasis. Th1 cells do not contribute to this

stage of pathogenesis since T-bet+ and IFN-c producing CD4+ T

cells in HO individuals were significantly lower when compared to

EN. Indeed, both CD4+IFN-c+ T cells and IFN-c levels released

following OvAg stimulation by PBMCs were significantly higher in

the EN group. The association of IFN-c and putative immunity in

endemic-residing individuals has been demonstrated in studies

investigating reactions to L3 larvae [21]. Cooper et al. further

demonstrated that early exposure to infection elicited elevated

IFN-c responses to OvAg but not L3 larvae [22]. Since recent

reports have suggested that Wolbachia, the endosymbiotic bacteria

in O. volvulus, are the principal activator of innate and Th1

inflammatory immunity [4], these responses may stem from

exposure to worms and/or bacteria.

Previous studies have noted that HO individuals present

elevated numbers of peripheral leucocytes including eosinophils

but not neutrophils [23,24]. Brattig et al. [23] also found no

differences in CD19+ B cells and expanding on those findings we

observed no alterations in memory B cells either. Interestingly,

GEO individuals presented reduced numbers of CD8+ T cells, NK

and NKT cells. Since these individuals have higher worm burdens

there is likely elevated amounts of helminth-derived glycolipids

and glycoproteins, which may lead to migration of NK and NKT

cells into the skin, resulting in decreased numbers in blood. In

contrast to O. volvulus-infected individuals, EN presented elevated

CD16brightCD56dim and CD16dimCD56bright NK cells. The role of

NK cells during filariasis is not well defined although studies with

the murine model, Litomosoides sigmodontis, showed that depletion

of NK cells enhanced worm load and Th2 responses [25]. Previous

in vitro investigations using PBMCs from healthy individuals

demonstrated that NK activation and consequential apoptosis

resulted from contact with IL-12-producing monocytes after

stimulation with filarial antigens [26]. Therefore, the observed

increase of monocytes in HO individuals could be initiated by a) an

elevated requirement of phagocytosis due to increased apoptotic

material, b) increased stimulation due to dying or dead filariae or c)

simply elevated APC requirement due to hyperreactivity.

An increased requirement for antigen presentation in HO

individuals would correlate with their elevated levels of memory

CD4+ T cells, an immunological difference not previously

reported between the two polar versions of O. volvulus infection.

In association, CD45RO+ cells have been observed in nodules

from sowda individuals via immunohistochemistry [27]. Alongside

the immunohistochemical observations of Foxp3+ and TGF-b+

cells in nodules of GEO but not HO individuals [8,9], our current

data substantiates the known regulatory phenotype in GEO

persons. Indeed, we show that GEO individuals have higher

frequencies of CD4+IL-10-producing T cells which further

correlates with studies demonstrating IL-10-secreting Tr1 cells

cloned from tissue surrounding the onchocercomas [28]. More-

over, CD4+ T cells have been shown to be the largest producers of

IL-10 in O. volvulus-infected individuals via flow cytometry and

although nearly a fifth of those cells further secreted IL-4 hardly

any produced IFN-c [10]. It will be interesting to investigate

multifunctional Th17 cells in onchocerciasis, especially HO

individuals. Surprisingly, the number of CD4+Foxp3+ T cells

were elevated in HO individuals and following PCR array analysis

we also observed higher gene expression levels of foxp3 in this

group without mitogen stimulation. However, upon analysis of the

classical Treg phenotype (CD4+CD25hiFoxp3+), we confirmed

that GEO patients have higher numbers of this regulatory T cell

population. Although mitogen stimulation during the flow

cytometry process could have boasted Foxp3 levels in T cells per

Fig. 4. Immune profiles of hyperreactive onchocerciasis individuals are associated with elevated Th2 and Th17 factors. PBMCs
isolated from EN (n = 16) and O. volvulus-infected GEO (n = 16) or HO (n = 6) individuals were activated with a cell stimulation cocktail for 6 hours.
Thereafter, cells were stained for CD4 and the transcription factors GATA3 (A) or RORC2 (B). Ratios of CD4+lL-17A+ vs. CD4+IL-4+ T cells (C) and
CD4+RORC2+ vs. CD4+CD25hiFoxp3+ (D) were determined for each individual. Cell population frequencies were determined using flow cytometry.
Graphs show percentages as box whiskers (tukey) with outliers. Asterisks show statistical differences (Kruskal-Wallis and Mann Whitney test) between
the groups indicated by the brackets (*p,0.05, **p,0.01, ***p,0.001). (E–G) After PBMCs were stimulated with aCD3/aCD28 (40,000 beads/ml) for
3h, RNA was extracted and transcribed into cDNA. Thereafter, PCR Arrays were performed using the RT2 Profiler PCR Array Human Th17 kit. Bars show
fold change 6 SEM increase in the indicated gene expression between four age-matched males presenting either GEO or HO forms of infection.
doi:10.1371/journal.pntd.0003414.g004
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se, future studies will be required to investigate whether these

CD4+Foxp3+ T cells in the HO individuals have any functional

relevance or simply reflects the hyperresponsive profile in these

patients [5,29].

A major new finding in this present study is the dominant

Th17/Th2 phenotype in HO individuals. Indeed, comparing the

cytokine profiles of activated PBMCs from infected individuals

revealed that HO patients secreted higher amounts of IL-5 and IL-

13 but not IL-10. Such observations were further confirmed via

PCR arrays since Th2 genes, especially IL-13, were up-regulated

in HO individuals. This correlates to studies showing an increased

likelihood for developing sowda in persons carrying the Arg110

variant of IL-13 which leads to higher IL-13 signalling [30]. Th2

responses in filarial infections are linked to infection resistance

[31,32] and microfilariae can elicit pro-inflammatory responses

when they are degenerated or moribund [33]. Thus, a potential

scenario for developing hyperresponsiveness may be that deviated

Th2 responses provoke microfilariae death, which in turn induces

a Th17 phenotype. It will be interesting to investigate in the future

whether such elevated Th17 responses are induced by microfilar-

iae-derived antigen preparations or recombinant microfilarial

proteins. In the study performed here, CD4+IL-17A-secreting T

cells were 4 times higher in HO individuals and this dominant

Th17 phenotype was further confirmed by the higher expression

of RORC2 at both the protein and mRNA level. Interestingly, the

pronounced IL-17A phenotype was further observed upon TCR

activation and the basal level of this cytokine was significantly

higher in culture supernatants from PBMCs of HO individuals

when compared to the GEO group. Th17 cells are promoted by

the inhibition of Foxp3 by IL-6 and elevated TGF-b and IL-1b
responses. IL-1b, especially in synergy with IL-23, plays an

essential role in the induction and expansion of Th17 cells [34]. In

the PCR array, all essential Th17-related genes were up-regulated

in HO individuals including IL-22, IL-23A, IL-21, RORC2 and

STAT3 genes. Although other genes such as IL-6 and IL-1b were

also up-regulated in HO individuals, further investigations would

be required to ascertain whether they have other functions than

just the induction of Th17 responses. From the 84 analysed genes,

16 were down-regulated in the HO patients and included CCR4,

TLR4, the IL-7R and members of the IL-12 family. Interestingly,

since environments which enhance IL-7/IL-7R signalling favour

alloreactive and autoreactive T cells expansion due to Treg

inhibition [35], this would fit to the diminished Treg

(CD4+CD25hiFoxp3+) numbers in the HO group.

A protective role of Th2 cytokines elicited during helminth

infection, especially in regards to mediating milder forms of

pathology, is well established [36]. Recent studies have reported

relevant associations between pathology and Th17 characteristics

[37]. For example, IL-17A producing cells have been shown to

play a significant role in allergic rhinitis [38], allergic contact

dermatitis [39] and other immunoinflammatory disorders includ-

ing psoriatic arthritis, multiple sclerosis and asthma [37,40,41].

Indeed, with regards to the latter, strong Th17/Th2 immune

responses during allergic asthma result in different clinical

manifestations [41]. The relationship between pathology and

Th17 cells has been extensively studied in murine schistosome

models and revealed that Th17 cells instigated the development of

aggravated egg-induced pathology in schistosomiasis [42]. Indeed,

the more pronounced granulomatous inflammation in Schistosome
japonicum infections, was ameliorated upon neutralization of IL-

17 in vivo [43]. Interestingly, co-infection of S. mansoni with the

nematode Heligmosomoides polygyrus in CBA mice, that develop

severe immunopathology, reduced granuloma development and

diverted the dominant IL-17 and IFN-c granuloma-secreting

phenotype into one producing Th2-related cytokines instead [44].

The mechanisms behind this modulatory capacity of H. polygyrus
requires further investigation but it has been suggested that it

might lie in changes to the gut microbiota [45]. In lymphatic

filariasis (LF), increased Th17 responses have been observed in

individuals with chronic lymphoedema and are prominent in

patients who have cleared bloodstream microfilariae [38]. This

raises the question therefore whether microfilariae normally down-

regulate Th17 responses to extend their survival. A recent study on

Schistosoma haematobium-infected individuals has also revealed an

association between Th17 responses and enhanced pathology [12].

Nevertheless, despite the association of pathology and Th17 cells

our findings in O. volvulus-infected individuals differ from those

studies in two regards: 1) Patients presenting filarial lymphoedema,

had elevated Th1 and Th17 but not Th2 responses following

filarial-specific re-stimulation and had no alterations in the amount

of secreted IL-10 either [11]. 2) In the study using S. haematobium-
infected children [12], Treg frequencies were equal amongst the

infected and control groups whereas in the HO cohort studied

here, individuals had reduced numbers of IL-10+CD4+ and

CD25hiFoxp3+CD4+ Treg when compared to the GEO group.

Indeed when investigating the Th17/Treg balance, the ratio of

CD4+IL-17A+/CD4+IL-10+ and CD4+RORC2/CD4+CD25hi-

Foxp3+ was higher in the HO group suggesting prominent Th17

responses in HO persons and dominant Treg in GEO individuals.

Thus, although Th17 cells appear to be a common denominator in

helminth-infected individuals displaying severe pathology, each

type of infection appears to have created its own subtle

collaboration of immune parameters such as Treg or IL-10.

Indeed, we show here that the Th17 milieu in individuals with HO

is uniquely linked to elevated Th2 responses as well.

Supporting Information

S1 Fig. Optimal time point for collecting cell culture
supernatants. Thawed PBMCs (16105/well) from Onchocerca
volvulus-infection free individuals (n = 4) were left alone (Cont.) or

stimulated with either O. volvulus antigen extract (20 mg/ml) or

aCD3/aCD28 (40,000 beads/ml). Supernatants were collected on

day 1 (d1), 3 (d3) and 7(d7). Secretion levels of IFN-c (A), IL-10

(B), IL-5 (C), and IL-17A (D) were then measured by ELISA. Bars

represent mean 6 SD of cytokines levels.

(TIF)
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