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Abstract

Lymphatic filariasis, onchocerciasis and loiasis are widespread neglected tropical diseases causing serious public health
problems and impacting the socio-economic climate in endemic communities. More than 100 million people currently
suffer from filarial infections but disease-related symptoms and infection-induced immune mechanisms are still ambigu-
ous. Although most infected individuals have dominant Th2 and regulatory immune responses leading to a homeostatic
regulated state, filarial-induced overt pathology like lymphedema, dermal pathologies or blindness can occur.
Interestingly, besides dominant Th2 and regulatory T cell activation, increased Thl7-induced immune responses were
associated with filarial infection and overt helminth-induced pathology in humans. However, the immunological mecha-
nisms of Th17 cells and the release of IL-17A during filarial infections remain unclear. To decipher the role of IL-17A
during filarial infection, we naturally infected IL-17A ™" and wildtype C57BL/6 mice with the rodent filariae Litomosoides
sigmodontis and analysed parasite development and immune alterations. Our study reveals that infected IL-17A-deficient
C57BL/6 mice present reduced worm burden on days 7 and 28 p.i. but had longer adult worms on day 28 p.i. in the
thoracic cavity (TC), the site of infection. In addition, infiltration of CD4* T cells, CD4*Foxp3* regulatory T and func-
tional CD4*Roryt"pStat3* Th17 cells in the TC was reduced in IL-17A-deficient mice accompanied by reduced eotaxin-1
and CCL17 levels. Furthermore, mediastinal lymph node cells isolated from IL-17A™" mice showed increased filarial-
specific IFN-y but not IL-4, IL-6, or IL-21 secretion. This study shows that Th17 signalling is important for host immune
responses against filarial infection but appears to facilitate worm growth in those that reach the TC.
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responses in vivo (Korn et al. 2009) and the promotion of T-
bet expression and thus inflammatory actions of Th17 cells
(McAleer and Kolls 2011). In many settings, Th17 cells con-
tribute to inflammation through the recruitment of neutrophils
and instigate the release of pro-inflammatory mediators,
chemokines and metalloproteinases (Korn et al. 2009;
Eyerich et al. 2017).

In endemic communities, filarial infections in man remain
a public health concern, and currently, 100 million individuals
suffer from either lymphatic filariasis (LF), onchocerciasis or
loasis, placing filariasis amongst the major causes of global
morbidity (Klion and Nutman 2011; Ramaiah and Ottesen
2014; World Health Organization 2016). Filaria-like
Wuchereria bancrofii modulate human immune responses so
that most individuals carry numerous worms and present a
homeostatic regulated state including elevated IL-10,
TGF-f3, regulatory T cells (Treg) and I1gG4. Severe forms of
the disease are associated with higher levels of IgE and IL-4
but low worm burden (Hoerauf et al. 2005; Adjobimey and
Hoerauf 2010; Arndts et al. 2012). Interestingly, Th17 cells
have been associated with helminth-induced overt pathology
(Katawa et al. 2015) including elevated expression levels of
Th17 cytokine family members (IL-17A, IL-17F, IL-21, IL-
23) in peripheral blood mononuclear cells (PBMCs) from LF
patients with chronic pathology (Babu et al. 2009). However,
Metenou et al. also observed increased basal levels of IL-
17A*CD4" T cells in filarial-infected patients when compared
to endemic normals (Metenou et al. 2010). Our previous stud-
ies have shown that PBMCs isolated from amicrofilaremic LF
patients secrete more IL-17 levels upon activation with «CD3/
«CD28 compared to endemic normals (Arndts et al. 2012)
and moreover that Th17 cell frequencies are elevated in hy-
perreactive onchocerciasis and reduced in endemic normals
accompanied with elevated CD4*IFN-y* frequencies
(Katawa et al. 2015). Despite these observations, the immu-
nological mechanisms associated with parasite control and
disease progression in regard to Th17 signalling are not fully
understood.

Thus, to further decipher the role of IL-17A in early phase
of infection, we determined whether the lack of IL-17A during
infection with Litomosoides sigmodontis altered parasite bur-
den or immune responses like IFN-y secretion in mice. This
rodent filaria is employed to investigate many aspects of im-
mune systems and pathways observed in human filarial infec-
tions (Hiibner et al. 2009). Interestingly, L. sigmodontis infec-
tions in laboratory mouse strain are strain-specific since
whereas infections in C57BL/6 mice are cleared after
moulting into adult worms, BALB/c mice are fully permissive
allowing the release of microfilariae, the worm’s offspring
(Hiibner et al. 2009). Within this study, we demonstrate that
in the absence of IL-17A, infected IL-17A-deficient C57BL/6
mice present significantly reduced worm burden on days 7
and 28 p.i., but longer individual worms compared to
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C57BL/6 wildtype (WT) controls on day 28 p.i.
Overall, IL-17A™"" mice had reduced immune cell infil-
tration within the thoracic cavity (TC; the site of infec-
tion), especially reduced absolute cell numbers of CD4"
T cells, CD4*Foxp3™ Treg, CD4*Roryt*pStat3* and
CD4*Roryt™pStat3™ IL-17A" Th17 cells. In regard to
immune responses, eotaxin-1 and CCL17 levels in the
TC of IL-17A-deficient mice were reduced, and more-
over, mediastinal lymph node (mLN) cells isolated from
IL-17A™" mice showed increased filarial-specific IFN-y
but not IL-4, IL-6 or IL-21 secretion and reduced Thl7
cell frequencies. Taken together, this study investigates
the role of IL-17A during L. sigmodontis infection and
shows that IL-17A influences worm development through the
dampening cellular responses in the site of infection and plays
an important role in host immunity against this filarial
nematode.

Methods

Animal maintenance, infections with L. sigmodontis
and parasite recovery

Wildtype C57BL/6 and IL-17A-deficient C57BL/6 mice were
bred at the IMMIP, University Hospital of Bonn, under SPF
conditions in accordance with German animal protection laws
and EU guidelines 2010/63/E4. Animal studies conducted in
this manuscript were approved (84-02.04.2014.A301) by the
local government authorities: Landesamt fiir Natur, Umwelt
und Verbraucherschutz NRW, Germany. Verification of the
genotyping was carried out using the following PCR primers:
primer 1, 5" ACTCTTCATCCACCTCACACGA-3'; primer
2, 5'-GCCATGATATAGACGTTGTGGC-3'; and primer 3,
5'-CAGCATCAGAGACTAGAAGGGA-3'. Primers 1 and 2
were used to detect wildtype allele (1.3 kb), and primers 1 and
3 were used to detect mutant allele (0.5 kb) (Nakae et al.
2002). The life cycle of L. sigmodontis was maintained in
house using infected cotton rats and recovered adult worms
were used as the source of L. sigmodontis antigen (LsAg)
preparation (Rodriogo et al. 2016). Protein concentrations of
antigenic extracts were determined using the Advanced
Protein Assay (Cytoskeleton, ORT, USA) and aliquots of ster-
ile LsAg were frozen at — 80 °C until required. Mice were
infected using infected tropical mites as previously described
(Hiibner et al. 2009; Volkmann et al. 2003) and worms were
recovered from the TC of individual mice 7 and 28 days p.i. to
microscopically determine life stages, gender and length.

TC lavage and cell differentiation analysis

Cytospins were prepared to analyse the composition of infil-
trating immune cells within the TC fluid. To obtain TC cells,
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the cavity was rinsed with PBS and the resulting TC
fluid was then centrifuged at 1200 rpm for 8 min at
4 °C. Cells were then used for flow cytometry analysis.
Blood smears from individual mice were prepared using
5 ul of peripheral blood. Slides were then stained with Diff-
Quick staining kit and cell populations were determined by
analysing 100 cells/slide.

Filarial-specific cell culture assays

For bulk cell assays, 5 x 10° erythrocyte-depleted mLN cells
from individual mice were plated in 96-well round-bottomed
plates in RPMI 1640 medium containing 10% FCS, 1% Pen/
Strep, 1% L-glutamine and 0.1% gentamycin (Thermo Fisher
Scientific). Cells were left either unstimulated (Cont.) or stim-
ulated with either xCD3/xCD28 (5 png/1.25 pg/ml;
eBiocience, Frankfurt, Germany) or LsAg (50 pg/ml) for
72 h at 37 °C. Supernatants were then removed and analysed
for chemokines and cytokines.

Cytokine and chemokine determination

Cell culture supernatants and TC fluid were analysed for cy-
tokine and chemokine levels by ELISA according to the man-
ufacturer’s instructions (IL-6, RANTES, granzyme B,
eotaxin-1, CCL17: R&D systems, Wiesbaden-Nordenstadt,
Germany; IL-4: BD, Heidelberg, Germany; IFN-y, IL-21:
eBioscience). ELISA plates were read and analysed at 450
and 570 nm using a Spectra Max 340pc384 photometer and
SOFTmax Pro 3.0 software (Molecular Devices, Sunnyvale,
CA, USA).

Flow cytometry staining

Absolute cell counts from the mLN and TC of individual mice
were determined using the CASY® Cell Counter and
Analyser System Model TT (Roche Innovatis AG,
Reutlingen, Germany). FACS staining was performed as pre-
viously described (Rodriogo et al. 2016). In brief, cells were
fixed and permeabilised with intracellular fixation and
permeabilisation buffer set (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. Thereafter, cells were
stained with combinations of fluorophores (FITC, PE, PE-
Cy7, PerCp-Cy5.5, APC) conjugated with anti-mouse CD4,
CDI11b, Foxp3, F4/80, GR1, Ly6c, pStat3 (Y705), Roryt
(eBioscience) and IL-17A (Biolegend, San Diego, USA)
monoclonal antibodies to determine distinct cell populations.
Expression levels were determined using the FACS Canto
flow cytometer (BD Bioscience) and analysed with FlowJo
v10 software (FlowJo, LLC, USA).

Statistical analysis

Statistical differences were determined using the software
SPSS (IBM SPSS Statistics 22; Armonk, NY) and
GraphPad Prism 5 (GraphPad Software, Inc., San Diego,
CA, USA). Statistical significances between two groups were
analysed using unpaired ¢ tests or Mann-Whitney U test and
comparison between more than two groups was analysed
using ANOVA or Kruskal-Wallis tests for parametrically and
non-parametrically distributed data, respectively.

Data availability The datasets used and/or analysed during the
current study are available from the corresponding author up-
on reasonable request.

Results

L. sigmodontis-infected IL-17A-deficient C57BL/6
mice have reduced worm burden

To assess whether the lack of IL-17A during infection altered
worm burden and development in C57BL/6 mice, worm
numbers and life stages were determined in IL-17A-
deficient mice on day 28 p.i. This time point corresponds
to the final moulting of L4 into adult worms (Hiibner et al.
2009). In general, no anatomopathological differences
could be observed between WT and IL-17A-deficient mice
but IL-17A™"" mice had a significantly lower worm burden
than the infected WT group (Fig. 1a). This was reflected in
the significantly reduced number of adult worms in the IL-
17A™" mice (Fig. 1b). Worm burden analysis includes dif-
ferentiating motile free-living worms and worms already
encapsulated by host immune cells which form nodules—
“granuloma-like structures”. However, 43.5% of WT and
40% of IL-17A™"" mice had nodules, and in addition, fe-
male to male ratio was also equal between IL-17 7~ and
WT mice. Nevertheless, adult female and male worms
were significantly longer in IL-17A-deficient mice than
adult worms recovered from WT infected mice (Fig. 1c).
These data provide an indication that the absence of IL-
17A supports worm clearance in the early phase of infec-
tion but also promotes worm growth in the TC. Therefore,
to investigate the influence of IL-17A on an earlier time
point, we analysed worm burden on day 7 p.i. since this
time point corresponds to the migration of L3 larvae into
the TC and the onset of moulting to L4 stages (Hiibner et al.
2009). Indeed, IL-17A-deficient mice have again significantly
lower worm burden compared to WT mice (Fig. 1d),
suggesting that the lack of IL-17A supports worm clear-
ance during the migration of L3 larvae through the skin
into the coelomic cavities.
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Comparable absolute cell numbers of monocytes,
macrophages, neutrophils and eosinophils
within the TC

Next, we studied changes in the TC, the site of L. sigmodontis
infection. Upon analysis of absolute cell numbers, infected
IL-17A™" mice had a significantly reduced influx of immune
cells when compared to WT mice (Online Resource 1a). To
further differentiate immune cells within the TC, flow cytom-
etry was performed and absolute numbers of monocytes, mac-
rophages, neutrophils and eosinophils (Fig. 2) were analysed
according to the applied gating strategy (Online Resource 2).
Flow cytometry-based analysis of the infiltrating immune
cells at the site of infection revealed comparable absolute cell
numbers of monocytes (Fig. 2a), macrophages (Fig. 2b), neu-
trophils (Fig. 2¢) and eosinophils (Fig. 2d). In blood, the fre-
quency of cell populations was also comparable between both
knockout and wildtype infected animals (Online Resource 3).
Next, we measured parameters in the lavage fluid from the TC
of individually infected mice which were previously shown to
be important for Th17 development (IL-6, IL21 and IL-23) or
L. sigmodontis infection (RANTES, eotaxin-1, granzyme B,
CCL17) per se. IL-6 (Fig. 3a), IL-21 (Fig. 3b) and CCL5/
RANTES (regulated on activation, normal T cell expressed
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and secreted; Fig. 3c) levels were comparable between infect-
ed IL-17A™" and WT mice. Levels of CCL11/eotaxin-1 were
significantly increased in infected WT controls (Fig. 3d),
despite the fact that eosinophil numbers in the TC were
comparable between the two infected groups of mice
(Fig. 2d), confirming previous results which showed that
eosinophil migration to the site of infection is independent
of eotaxin-1 secretion (Gentil et al. 2014). Levels of gran-
zyme B were equal between infected WT and IL-17A™
mice (Fig. 3e) and no IL-23 could be detected in either
group. In addition, CCL17 levels were significantly re-
duced in infected IL-17A~"" mice compared to WT controls
(Fig. 3f).

L. sigmodontis-infected IL-17A-deficient mice present
dominant filarial-specific IFN-y responses

To determine whether the lack of IL-17A altered filarial-
specific recall, cell cultures were prepared from mediastinal
lymph nodes (mLN) from infected mice and either left alone
(Cont.) or re-stimulated for 72 h with LsAg: an antigen source
prepared from adult L. sigmodontis worms. Thereafter, the
resulting supernatant was tested for levels of IFN-y
(Fig. 4a), IL-4 (Fig. 4b), IL-6 (Fig. 4c) and IL-21 (Fig. 4d).
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Fig. 2 Flow cytometry-based differentiation of TC cells revealed
comparable monocyte, macrophage, neutrophil and eosinophil numbers.
Groups of WT and IL-17A™"~ C57BL/6 mice were infected with L.
sigmodontis for 28 days. Within the TC, the site of infection, the
absolute number of CD11b*SiglecF Ly6c¢* monocytes (a),
CDI11b*SiglecF F4/80* macrophages (b), CD11b*SiglecF GR1™*

In general, cytokine levels were increased upon LsAg or
«CD3/xCD28 (TCR activator) stimulation (Figs. 4a—c),
except IL-21 responses which were reduced from basal
levels in infected IL-17A™"~ and WT mice upon re-
stimulation (Fig. 4d). Interestingly, as shown in Fig. 4a,
infected IL-17A™" mice produced significantly higher
levels of IFN-y than WT infected mice upon LsAg but not
«CD3/xCD28 re-stimulation, strongly indicating that IL-
17A-mediated responses could inhibit filarial-specific [FN-y
secretion in the draining lymph nodes.

Reduced CD4*Foxp3™ Treg at the site of infection in L.
sigmodontis-infected IL-17A™"~ mice

Several studies, including our recent study in onchocerciasis,
have shown a relationship and interplay between Treg and
Th17 cells which are important during inflammatory re-
sponses (Katawa et al. 2015; Weaver and Hatton 2009).
Thus, we identified whether populations of CD4™ T cells and
Foxp3™ Tregs within the TC (Fig. 5a, b) and mLN (Fig. 5c, d)
altered upon infection according to the applied gating strategy
(Online Resource 4). As mentioned above, infected IL-17A™"~
mice had an overall reduced number of cells within the TC
(Online Resource 1a). This was not observed in cell counts of
the mLN (Online Resource 1b). Whereas CD4" T cell
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neutrophils (c) and CD11b*SiglecF* eosinophils (d) was determined in
individual mice using flow cytometry. Values are expressed as mean =+
SEM and symbols show levels in each mouse from one infection
experiments (n =10 IL-17A™" and n=10 WT mice). Statistical
significances between the indicated groups were obtained using the
Mann-Whitney U tests

numbers were reduced in the TC of IL-17A™" mice (Fig.
5a), no changes were observed in mLN populations (Fig.
5¢). The amount of Foxp3™ T cells within the CD4* T cell
compartment was also reduced in IL-17A-deficient mice
(Fig. 5b), but again, this was not reflected in the mLN (Fig.
5d). These data indicate that whereas expansion of CD4* T
cells and Treg populations in the mLN is unaffected, infiltra-
tion of these T cell subsets into the TC is reduced in infected
IL-17A™" mice.

Th17 cells are reduced in L. sigmodontis-infected
IL-17A™"" mice

Since the lack of IL-17A leads to enlarged worms concomitant
with reduced Foxp3™ Treg at the site of infection, we further
analysed Th17 cell populations in the TC and mLN on day 28
p.i. using flow cytometry according to the applied gating strat-
egy (Online Resource 5). Indeed, absolute cell numbers of
CD4"Roryt pStat3*™ were significantly reduced (Fig. 6a) and
almost no IL-17A-producing Th17 cells could be obtained in
the TC of IL-17A-deficient mice (Fig. 6b). The significant
reduction of functional Th17 cells was reflected in the mLN
(Fig. 6¢, d). In summary, the data suggested that the lack of IL-
17A affects L3 migration into the TC and creates an
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Fig. 3 Reduced eotaxin-1 and CCL17 levels in L. sigmodontis-infected
IL-17A~" C57BL/6 mice. Groups of WT and IL-17A™"~ C57BL/6 mice
were infected with L. sigmodontis for 28 days. Levels of IL-6 (a), IL-21
(b), RANTES (¢), eotaxin (d), granzyme B (e) and CCL17 (f) were
determined in the lavage fluid from the TC by ELISA. Values are
expressed as mean + SEM and symbols show levels in each mouse

environment which promotes worm development and growth
at the site of infection.

Discussion

Genetics (Debrah et al. 2011) and filarial-driven modulation
of the host’s immune system, mainly through the maintenance
of dominant Th2 immune responses and induction of Treg, are
factors that are considered to control the host-regulated re-
sponse to filarial infections (Hoerauf et al. 2005; Adjobimey
and Hoerauf 2010; Arndts et al. 2012; Katawa et al. 2015).
The underlying mechanisms maintaining such filarial-
mediated immune homeostasis remain unclear and little data
exists on why a small proportion of infected individuals de-
velop overt pathology and filarial-related diseases. Since the
identification of Th17 cells, studies have linked their activities
to filarial infections. Babu and colleagues reported that Th17-
associated cytokines like IL-17A were increased in PBMCs
from patients with lymphedema upon Brugia malayi antigen
stimulation (Babu et al. 2009). Increased CD4 IL-17A* basal
levels in filarial-infected (Mansonella perstans and/or
Wuchereria bancrofii) patients from Mali (Metenou et al.
2010) and increased IL-17A secretion from PBMCs derived
from microfilaria-positive LF patients upon aCD3/xCD28
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from three independent infection experiments (n=10 IL-17A™" and
n=13 WT mice). Statistical significances between the indicated groups
were obtained using the Mann-Whitney U tests. Asterisks denote
significant differences between the groups indicated by the brackets (*p
<0.05)

stimulation (Arndts et al. 2012) imply a critical role of Th17
immune responses during LF infection. Further studies on
onchocerciasis have linked an accentuated Th2/Th17 profile
with individuals presenting severe forms of dermal pathology
(Katawa et al. 2015) and higher IL-17A responses to a
Plasmodium-derived antigen were observed in cell cultures
from microfilaridermic individuals (Arndts et al. 2015). To
further decipher the role of IL-17A on worm development in
early phase of infection, we employed the rodent model of
filariasis in C57BL/6 mice and demonstrate that infected IL-
17A-deficient C57BL/6 mice develop longer but reduced
numbers of adult worms and cell cultures secrete increased
levels of filarial-specific [IFN-y. Further analysis showed that
eotaxin-1 levels as well as infiltrating CD4*Foxp3* Treg and
CD4"Roryt™pStat3* Th17 cells were reduced in the TC. The
reduced worm burden on days 7 and 28 p.i. concomitant with
longer individual worm lengths on day 28 p.i. implies that the
absence of IL-17A supports worm clearance in the early phase
of infection but also promotes worm growth in the TC.
Interestingly, L. sigmodontis infections in RAG2IL-2Ry "~
C57BL/6 mice that are deficient for T, B and natural killer
cells (NK) result in persistently high numbers of adult worms
which were significantly longer compared to C57BL/6 mice
(Layland et al. 2015), showing that anti-filarial immune re-
sponses within the TC are crucial for parasite clearance.
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Therefore, we suggest that the improved growth of L.
sigmodontis worms in the IL-17A™" mice is driven by the
lack of IL-17A and not a result of the reduced competition
for space and nutrients. In addition, no free-living worms or
microfilariae could be observed in IL-17A-deficient mice on
day 72 p.i. (data not shown), confirming that patency devel-
opment in C57BL/6 mice depends on multiple immune cells
(Layland et al. 2015).

It was shown that in humans with atopic dermatitis, a de-
creased circulation of Th17 (IL-17%) cells correlated with in-
creased levels of CCL17 (Hayashida et al. 2010). Our group
has previously shown that CCL17 controls mast cell activa-
tion and mast cell-dependent vascular permeability in the skin
which is critical for the defence against invading L3 larvae
during a L. sigmodontis infection (Specht et al. 2011).
Moreover, using a mouse model for human allergic contact
dermatitis, it was shown that IL-17 deficiency decreases
CCL17 expression (Nakajima et al. 2014). In this study, we
could show that CCL17 levels were reduced in TC fluid of IL-
17A™"" mice. In addition, high CCL17 expression in human
PBMCs from Onchocerca volvulus-infected individuals was
previously shown (Fendt et al. 2005), implying that CCL17
which is influenced by Th17 signalling might play a role dur-
ing filarial infections. Indeed, analysis on day 7 p.i. revealed
reduced worm burden in IL-17A-deficient mice implying that
IL-17A plays an important role during the migration of L3
larvae through the skin. Thus, future studies should

LsAg «CD3/28 Cont. LsAg «CD3/28

investigate the interplay of Th17/CCL17 signalling and the
role for mast cell-dependent vascular permeability which
might influence the ability of L3 larvae to migrate and later
develop into adult worms using IL-17A/mast cell- and/or IL-
17A/CCL17-deficient mice. Moreover, subcutancous L.
sigmodontis infection with a defined number of infective lar-
vae and analysis of earlier infection time points between days
0-9 p.i. might decipher the role of IL-17A for parasite clear-
ance during L3 migration into the TC (Ajendra et al. 2016;
Karadjian et al. 2017). Indeed, Babayan and colleagues have
shown that L. sigmodontis develops faster in the presence of
IL-5 and eosinophils leading to an earlier release and greater
number of microfilaria (Babayan et al. 2010). However, in this
study, TC levels of IL-5 as well as IL-10 and IL13 were equal
between IL-17A™" and wildtype C57BL/6 mice (data not
shown). Thus, further infection experiments should be per-
formed in IL-17A-deficient BALB/c mice to elucidate the
role and interaction of IL-5 and IL-17A.

Since fewer worms reach the TC, infiltration of CD4" T
cells, CD4*Foxp3™* Treg and CD4 Roryt™pStat3™ Th17 cells
was also significantly reduced in IL-17A-deficient mice.
Indeed, several studies have shown that lymphocyte popula-
tions including Treg and Th17 cells (Katawa et al. 2015;
Layland et al. 2015; Babu et al. 2009; Babu and Nutman
2012; Taylor et al. 2005) are important for host immunity
against the parasite. In addition, Th17 cells are predominant
pro-inflammatory cells secreting IL-17A which induce an

@ Springer



2672

Parasitol Res (2018) 117:2665-2675

Fig. 5 Reduced CD4*Foxp3*
Treg in L. sigmodontis-infected
IL-17A™"" C57BL/6 mice at the
site of infection. On day 28 of
infection, thoracic (a, b) and mLN
(¢, d) cell populations were
screened for levels of CD4* T
cells (a, ¢) and CD4*"Foxp3* Treg
(b, d) populations. Values are
expressed as mean + SEM and
symbols show levels in each
mouse from three independent
infection experiments (n =10 IL-
17A7" and n= 13 WT mice).
Statistical significances between
the indicated groups were
obtained using the Mann-
Whitney U tests. Asterisks denote
significant differences between
the groups indicated by the
brackets (*p < 0.05)

array of chemokines and thus attract macrophages and T help-
er cell populations to promote inflammation against pathogens

Fig. 6 Impaired functional Th17
cells in L. sigmodontis-infected
IL-17A™"" C57BL/6 mice at the
site of infection and the draining
lymph nodes. On day 28 of
infection, thoracic (a, b) and mLN
(¢, d) cell populations were
screened for levels of
CD4*Roryt"pStat3* (a, ¢) and
CD4"Roryt"pStat3*IL-17A*
Th17 cell (b, d) cell populations.
Values are expressed as mean +
SEM and symbols show levels in
each mouse from one infection
experiments (n=10 IL-17A™"
and 7 =10 WT mice). Statistical
significances between the
indicated groups were obtained
using either the unpaired ¢ test or
the Mann-Whitney U tests.
Asterisks denote significant
differences between the groups
indicated by the brackets (**p <
0.01 and ***p <0.001)
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is linked together and interplay is required to control inflam-
matory responses (Weaver and Hatton 2009). Several studies
have shown that an imbalance of Th17/Treg immune re-
sponses influences parasitic pathogenesis (Mbow et al. 2013;
Pathak et al. 2015). Therefore, besides reduced worm burden,
the lack of IL-17A leads to reduced infiltration of CD4™,
CD4"Foxp3* Treg and Th17 cells into the TC creating an
environment which promotes worm’s development leading
to longer adult worms. Nevertheless, further studies are
required to fully decipher the role of Th17 signalling on
worm development and host immunity at the site of infec-
tion and especially in the early phase of infection (invasion
of L3 larvae in the skin).

Interestingly, neutrophil infiltration into the TC was com-
parable between infected IL-17A-deficient mice and WT con-
trol groups even though IL-17A was previously shown to be
important for the recruitment and activation of neutrophils
through the induction of a variety of cytokines and
chemokines during lung inflammation (Allen et al. 2015).
Although the eosinophil recruiting chemokine eotaxin-1 was
significantly reduced in the TC of infected IL-17A™" mice,
the number of eosinophils in the TC was comparable between
IL-17A™" and WT groups. This suggests that L. sigmodontis-
driven recruitment of neutrophils and eosinophils into the TC
is independent of IL-17A secretion but may affect their func-
tional responses. Potentially, the lack of IL-17A and reduced
eotaxin-1 levels in the TC can be compensated through other
neutrophil or eosinophil recruitment/activation chemokines
like CXCL1, CXCL5 and CXCLS (Allen et al. 2015) or
MCP-5, MIP-1x, CXCL9, CXCL10, CXCL12 and
RANTES (Simon et al. 2004), respectively. Indeed,
RANTES levels were increased (not significantly) in a couple
of IL-17A™" mice when compared to WT controls. Since L.
sigmodontis worms have several developmental states in the
host, the immune cell infiltration and thus chemokine/
cytokine secretion vary with time. Previous studies have
shown that the infiltration of eosinophils and neutrophils into
the TC and their attachment to the worms is stage-specific in
infected C57BL/6 mice. Moreover, granuloma formation
around L. sigmodontis worms in BALB/c mice is mainly com-
posed of neutrophils in the later stages of infection (Al-Qaoud
et al. 2000; Attout et al. 2008) and RANTES secretion was
shown to be more critical for eosinophil recruitment at later
time points during allergic airway inflammation (Gonzalo et
al. 1998). Since C57BL/6 mice eliminate L. sigmodontis
worms by day 60 p.i. whereas BALB/c mice provide an envi-
ronment to patent infection, further L. sigmodontis infection
experiments analysing different time points of infection in
BALB/c mice may provide evidence about the role of IL-
17A on microfilaria production and immune cell infiltration
as well as cytokine/chemokine levels in the TC.

Today, six IL-17 homologous molecules are known (IL-
17A-F) and most of the research is focusing on IL-17A and

IL-17F which were shown to be important for autoimmunity
and inflammation (Kuwabara et al. 2017). Although IL-17A
and IL-17F are highly homologous and share receptors
(Gonzalo et al. 1998), distinct roles of these two cytokines have
been reported (Ishigame et al. 2009; Yang et al. 2008). Thus,
further L. sigmodontis infection experiments using IL-17F
have to be performed to gain in-depth insight into IL-17 signal-
ling mechanisms during filariasis. In addition to the cytokine
and chemokine levels in the TC, we also analysed immune
responses derived from draining mLN cells upon LsAg stimu-
lation and observed increased filarial-specific IFN-y levels in
IL-17A-deficient mice. Since IFN-y secretion upon stimulation
with a general T cell receptor activator («CD3/xCD28) was
equal between the infected groups of mice, this indicates that
the elevated IFN-y secretion was filarial-specific. It was shown
that IL-17A and IFN-y derived from T cells can act synergisti-
cally to initiate inflammatory responses (Eid et al. 2009), and
moreover, immune responses and overt pathology are associat-
ed with filarial-specific Thl and Th17 immune responses
(Babu et al. 2009; Anthony et al. 2007; McSorley and
Maizels 2012). Thus, the lack of IL-17A could be compensated
by Thl-secreting IFN-y cells leading to increased IFN-y pro-
duction upon LsAg stimulation. Further IFN-y blocking exper-
iments might decipher the connection between IL-17A and
IFN-y during an L. sigmodontis infection in more detail.

Overall, these findings show that Th17 signalling, especially
IL-17A secretion, is an important player within the complex
defence mechanisms of the host but might also be beneficial
for the survival of the helminth in the early phases of infection.
Again, this highlights the evolutionary evolved dependence
and the complexity of the filarial-host interaction.

Acknowledgements Special thanks to O. Mutluer (IMMIP) for the
excellent technical assistance.

Author’s contributions LEL and AH conceived and designed the study.
MR, VK, KW, AW, GK and RSET performed the experiments. MR and
LEL analysed and interpreted data sets. MR and LEL wrote the manu-
script which was then critically assessed and amended by AH. All authors
read and approved the final manuscript.

Funding RSET was supported by a fellowship awarded by the German
Academic Exchange Committee (DAAD) and intramural funding by the
University Hospital of Bonn (BONFOR). LEL and GK are recipients of
DFG funding within the “African-German Cooperation Projects in
Infectiology” (LA 2746/1-1). AH is a member of the Excellence Cluster
Immunosensation (DFG, EXC 1023). AH and LEL are members of the
Excellence Cluster Immunosensation (DFG, EXC 1023) and of the
German Centre of Infectious Disease (DZIF).

Compliance with ethical standards

Ethics approval and consent to participate All applicable international,
national, and/or institutional guidelines for the care and use of animals
were followed. All procedures performed in studies involving animals
were in accordance with the ethical standards of the institution or practice

@ Springer



2674

Parasitol Res (2018) 117:2665-2675

at which the studies were conducted. Animal studies conducted in this
manuscript were approved by the local government authorities:
Landesamt fiir Natur, Umwelt und Verbraucherschutz NRW, Germany
(84-02.04.2014.A301). This article does not contain any studies with
human participants performed by any of the authors.

Informed consent  Not applicable

Conflict of interest The authors declare that they have no conflict of
interest.

Abbreviations Cont., unstimulated cell cultures; LF, lymphatic filaria-
sis; L. sigmodontis, Litomosoides sigmodontis; LsAg, L. sigmodontis
worm antigen preparation; mLN, mediastinal lymph nodes; p.i., post-
infection; RANTES, regulated on activation, normal T cell expressed
and secreted; TC, thoracic cavity; Treg, regulatory T cells; WT, wildtype

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Adjobimey T, Hoerauf A (2010) Induction of immunoglobulin G4 in
human filariasis: an indicator of immunoregulation. Ann Trop
Med Parasitol 104:455-464

Ajendra J, Specht S, Ziewer S, Schiefer A, Pfarr K, Parcina M, Kufer TA,
Hoerauf A, Hiibner MP (2016) NOD2 dependent neutrophil recruit-
ment is required for early protective immune responses against in-
fectious Litomosoides sigmodontis L3 larvae. Sci Rep 6:39648—
39647

Allen JE, Sutherland TE, Riickerl D (2015) IL-17 and neutrophils: unex-
pected players in the type 2 immune response. Curr Opin Immunol
34:99-106

Al-Qaoud KM, Pearlman E, Hartung T, Klukowski J, Fleischer B,
Hoerauf A (2000) A new mechanism for IL-5-dependent helminth
control: neutrophil accumulation and neutrophil-mediated worm en-
capsulation in murine filariasis are abolished in the absence of IL-5.
Int Immunol 12:899-908

Anthony RM, Rutitzky LI, Urban JF Jr, Stadecker MJ, Gause WC (2007)
Protective immune mechanisms in helminth infection. Nat Rev
Immunol 7:975-987

Arndts K, Deininger S, Specht S, Klarmann U, Mand S, Adjobimey T,
Debrah AY, Batsa L, Kwarteng A, Epp C, Taylor M, Adjei O,
Layland LE, Hoerauf A (2012) Elevated adaptive immune responses
are associated with latent infections of Wuchereria bancrofti. PLoS
Negl Trop Dis 6:¢1611

Arndts K, Klarmann-Schulz U, Batsa L, Debrah AY, Epp C, Fimmers R,
Specht S, Layland LE, Hoerauf A (2015) Reductions in
microfilaridermia by repeated ivermectin treatment are associated
with lower Plasmodium-specific Th17 immune responses in
Onchocerca volvulus-infected individuals. Parasit Vectors 8:184

Attout T, Martin C, Babayan SA, Kozek WJ, Bazzocchi C, Oudet F,
Gallagher 1J, Specht S, Bain O (2008) Pleural cellular reaction to
the filarial infection Litomosoides sigmodontis is determined by the
moulting process, the worm alteration, and the host strain. Parasitol
Int 57:201-211

Babayan SA, Read AF, Lawrence RA, Bain O, Allen JE (2010) Filarial
parasites develop faster and reproduce earlier in response to host

@ Springer

immune effectors that determine filarial life expectancy. PLoS Biol
8:¢1000525

Babu S, Nutman TB (2012) Immunopathogenesis of lymphatic filarial
disease. Semin Immunopathol 34:847-861

Babu S, Bhat SQ, Pavan Kumar N, Lipira AB, Kumar S, Karthik C,
Kumaraswami V, Nutman TB (2009) Filarial lymphedema is char-
acterized by antigen-specific Thl and th17 proinflammatory re-
sponses and a lack of regulatory T cells. PLoS Negl Trop Dis 3:e420

Debrah AY, Mand S, Toliat MR, Marfo-Debrekyei Y, Batsa L, Niirnberg
P etal (2011) Plasma vascular endothelial growth factor-A (VEGF-
A) and VEGF-A gene polymorphism are associated with hydrocele
development in lymphatic filariasis. Am J Trop Med Hyg 77:601—
608

Eid RE, Rao DA, Zhou J, Lo SF, Ranjbaran H, Gallo A et al (2009)
Interleukin-17 and interferon-gamma are produced concomitantly
by human coronary artery-infiltrating T cells and act synergistically
on vascular smooth muscle cells. Circulation 119:1424-1432

Eyerich K, Dimartino V, Cavani A (2017) IL-17 and IL-22 in immunity:
driving protection and pathology. Eur J Immunol 47:607-614

Fendt J, Hamm DM, Banla M, Schulz-Key H, Wolf H, Helling-Giese G,
Heuschkel C, Soboslay PT (2005) Chemokines in onchocerciasis
patients after a single dose of ivermectin. Clin Exp Immunol 142:
318-326

Gentil K, Lentz CS, Rai R, Muhsin M, Kamath AD, Mutluer O, Specht S,
Hiibner MP, Hoerauf A (2014) Eotaxin-1 is involved in parasite
clearance during chronic filarial infection. Parasite Immunol 36:
60-77

Gonzalo JA, Lloyd CM, Wen D, Albar JP, Wells TN, Proudfoot A et al
(1998) The coordinated action of CC chemokines in the lung or-
chestrates allergic inflammation and airway hyperresponsiveness. J
Exp Med 188:157-167

Hayashida S, Uchi H, Moroi Y, Furue M (2010) Decrease in circulating
Th17 cells correlates with increased levels of CCL17, IgE and eo-
sinophils in atopic dermatitis. J Dermatol Sci 61:180-186

Hoerauf A, Satoguina J, Saeftel M, Specht S (2005) Immunomodulation
by filarial nematodes. Parasite Immunol 27:417-429

Hiibner MP, Torrero MN, McCall JW, Mitre E (2009) Litomosoides
sigmodontis: a simple method to infect mice with L3 larvae obtained
from the pleural space of recently infected jirds (Meriones
unguiculatus). Exp Parasitol 123:95-98

Ishigame H, Kakuta S, Nagai T, Kadoki M, Nambu A, Komiyama Y,
Fujikado N, Tanahashi Y, Akitsu A, Kotaki H, Sudo K, Nakae S,
Sasakawa C, Iwakura Y (2009) Differential roles of interleukin-17A
and -17F in host defense against mucoepithelial bacterial infection
and allergic responses. Immunity 30:108—119

Karadjian G, Fercoq F, Pionnier N, Vallarino-Lhermitte N, Lefoulon E,
Nieguitsila A, Specht S, Carlin LM, Martin C (2017) Migratory
phase of Litomosoides sigmodontis filarial infective larvae is asso-
ciated with pathology and transient increase of SI00A9 expressing
neutrophils in the lung. PLoS Negl Trop Dis 11:¢0005596

Katawa G, Layland LE, Debrah AY, von Horn C, Batsa L, Kwarteng A,
Arriens S, W. Taylor D, Specht S, Hoerauf A, Adjobimey T (2015)
Hyperreactive onchocerciasis is characterized by a combination of
Th17-Th2 immune responses and reduced regulatory T cells. PLoS
Negl Trop Dis 9:¢3414

Klion AD, Nutman TB (2011) Loiasis and Mansonella infections. In:
Guerrant RL, Walker DH, Weller PF (eds) Tropical infectious dis-
eases: principles, pathogens and practice, 3rd edn. Saunders
Elsevier, Philadelphia, pp 735-740

Korn T, Bettelli E, Oukka M, Kuchroo VK (2009) IL-17 and Th17 cells.
Annu Rev Immunol 27:485-517

Kuwabara T, Ishikawa F, Kondo M, Kakiuchi T (2017) The role of IL-17
and related cytokines in inflammatory autoimmune diseases. Mediat
Inflamm 2017:3908061

Layland LE, Ajendra J, Ritter M, Wiszniewsky A, Hoerauf A, Hiibner
MP (2015) Development of patent Litomosoides sigmodontis



Parasitol Res (2018) 117:2665-2675

2675

infections in semi-susceptible C57BL/6 mice in the absence of adap-
tive immune responses. Parasit Vectors 2:396

Mbow M, Larkin BM, Meurs L, Wammes LIJ, de Jong SE, Labuda LA,
Camara M, Smits HH, Polman K, Dieye TN, Mboup S, Stadecker
MJ, Yazdanbakhsh M (2013) T-helper 17 cells are associated with
pathology in human schistosomiasis. J Infect Dis 207:186—195

McAleer JP, Kolls JK (2011) Mechanisms controlling Th17 cytokine
expression and host defense. J Leukoc Biol 90:263-270

McSorley HJ, Maizels RM (2012) Helminth infections and host immune
regulation. Clin Microbiol Rev 25:585-608

Metenou S, Dembele B, Konate S, Dolo H, Coulibaly SY, Coulibaly Y1,
Diallo AA, Soumaoro L, Coulibaly ME, Sanogo D, Doumbia SS,
Traore SF, Mahanty S, Klion A, Nutman TB (2010) At homeostasis
filarial infections have expanded adaptive T regulatory but not clas-
sical Th2 cells. J Immunol 184:5375-5382

Nakae S, Komiyama Y, Nambu A, Sudo K, Iwase M, Homma I,
Sekikawa K, Asano M, Iwakura Y (2002) Antigen-specific T cell
sensitization is impaired in IL-17-deficient mice, causing suppres-
sion of allergic cellular and humoral responses. Immunity 17:375—
387

Nakajima S, Kitoh A, Egawa G, Natsuaki Y, Nakamizo S, Moniaga CS,
Otsuka A, Honda T, Hanakawa S, Amano W, Iwakura Y, Nakae S,
Kubo M, Miyachi Y, Kabashima K (2014) IL-17A as an inducer for
Th2 immune responses in murine atopic dermatitis models. J Invest
Dermatol 134:2122-2130

Pathak M, Sharma P, Sharma A, Verma M, Srivastava M, Misra-
Bhattacharya S (2015) Regulatory T-cell neutralization in mice dur-
ing filariasis helps in parasite clearance by enhancing T helper type
17-mediated pro-inflammatory response. Immunology 147:190—
203

Ramaiah KD, Ottesen EA (2014) Progress and impact of 13 years of the
global programme to eliminate lymphatic filariasis on reducing the
burden of filarial disease. PLoS Negl Trop Dis 8:¢3319

Rodriogo MB, Schulz S, Krupp V, Ritter M, Wiszniewsky K, Arndts K et
al (2016) Patency of Litomosoides sigmodontis infection depends on
Toll-like receptor 4 whereas Toll-like receptor 2 signalling influ-
ences filarial-specific CD4(+) T-cell responses. Immunology 147:
429-442

Sehrawat S, Rouse BT (2017) Interplay of regulatory T cell and Th17
cells during infectious diseases in humans and animals. Front
Immunol 8:341

Simon D, Braathen LR, Simon HU (2004) Eosinophils and atopic der-
matitis. Allergy 59:561-570

Specht S, Frank JK, Alferink J, Dubben B, Layland LE, Denece G, Bain
O, Forster I, Kirschning CJ, Martin C, Hoerauf A (2011) CCL17
controls mast cells for the defense against filarial larval entry. J
Immunol 186:4845-4852

Taylor MD, LeGoff L, Harris A, Malone E, Allen JE, Maizels RM (2005)
Removal of regulatory T cell activity reverses hyporesponsiveness
and leads to filarial parasite clearance in vivo. J Immunol 174:4924—
4933

Volkmann L, Bain O, Saeftel M, Specht S, Fischer K, Brombacher F,
Matthaei KI, Hoerauf A (2003) Murine filariasis: interleukin 4 and
interleukin 5 lead to containment of different worm developmental
stages. Med Microbiol Immunol 192:23-31

Weaver CT, Hatton RD (2009) Interplay between the TH17 and TReg cell
lineages: a (co-)evolutionary perspective. Nat Rev Immunol 9:883—
889

World Health Organization (2016) Progress report on the elimination of
human onchocerciasis, 2015-2016. Wkly Epidemiol Rec 91:501—
516

Yang XO, Chang SH, Park H, Nurieva R, Shah B, Acero L, Wang YH,
Schluns KS, Broaddus RR, Zhu Z, Dong C (2008) Regulation of
inflammatory responses by IL-17F. J Exp Med 205:1063-1075

@ Springer



	Absence...
	Abstract
	Introduction
	Methods
	Animal maintenance, infections with L. sigmodontis and parasite recovery
	TC lavage and cell differentiation analysis
	Filarial-specific cell culture assays
	Cytokine and chemokine determination
	Flow cytometry staining
	Statistical analysis

	Results
	L. sigmodontis-infected IL-17A-deficient C57BL/6 mice have reduced worm burden
	Comparable absolute cell numbers of monocytes, macrophages, neutrophils and eosinophils within the TC
	L. sigmodontis-infected IL-17A-deficient mice present dominant filarial-specific IFN-γ responses
	Reduced CD4+Foxp3+ Treg at the site of infection in L. sigmodontis-infected IL-17A−/− mice
	Th17 cells are reduced in L. sigmodontis-infected IL-17A−/− mice

	Discussion
	References


