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Group 2 innate lymphoid cells (ILC2s) are inducers of type 2 immune responses, but their role during filarial infection remains unclear. In the present study, we used the Litomosoides sigmodontis rodent model of filariasis to analyze ILC2s during infection in susceptible BALB/c mice that develop a chronic infection with microfilaremia and semi-susceptible C57BL/6 mice that eliminate the filariae shortly after the molt into adult worms and thus do not develop microfilaremia. ILC2s (CD45+ Lineage- TCRβ- CD90.2+ Sca-1+ IL-33R+ GATA-3+) were analyzed in the pleural cavity, the site of L. sigmodontis infection, after the infective L3 larvae reached the pleural cavity (9 days post infection, dpi), after the molt into adult worms (30dpi) and during the peak of microfilaremia (70dpi). C57BL/6 mice had significantly increased ILC2 numbers compared to BALB/c mice at 30dpi, accompanied by substantially higher IL-5 and IL-13 levels, indicating a stronger type 2 immune response in C57BL/6 mice upon L. sigmodontis infection. At this time point the ILC2 numbers positively correlated with the worm burden in both mouse strains. ILC2s and GATA-3+ CD4+ T cells were the dominant source of IL-5 in L. sigmodontis-infected C57BL/6 mice with ILC2s showing a significantly higher IL-5 expression than CD4+ T cells. To investigate the importance of ILC2s during L. sigmodontis infection, ILC2s were depleted with anti-CD90.2 antibodies in T and B cell-deficient Rag2-/- C57BL/6 mice on 26-28dpi and the outcome of infection was compared to isotype controls. Rag2-/- mice were per se susceptible to L. sigmodontis infection with significantly higher worm burden than C57BL/6 mice and developed microfilaremia. Depletion of ILC2s did not result in an increased worm burden in Rag2-/- mice, but led to significantly higher microfilariae numbers compared to isotype controls. In conclusion, our data demonstrate that ILC2s are essentially involved in the control of microfilaremia in Rag2-/- C57BL/6 mice.
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Introduction

Filarial nematodes can lead to debilitating neglected tropical diseases, including lymphatic filariasis (LF), which often manifests as lymphedema in limbs (elephantiasis) and in the scrotum (hydrocele), and onchocerciasis (river blindness), which causes severe dermatitis and in the worst case leads to blindness (1). LF and onchocerciasis represent a major public health problem in endemic regions due to the chronic nature of the diseases and accompanied socio-economic problems, as people suffering from these diseases are stigmatized and often not able to work (2, 3).

During filarial infections, the host develops protective type 2 immune responses that are mainly characterized by an increase in type 2 cytokines like IL-4, IL-5 and IL-13 and an increase of eosinophils as well as alternatively activated macrophages (4, 5). Indeed, patients that do not develop patent infections, i.e. lack the progeny of the filariae, the microfilariae, were shown to have higher parasite-specific IL-5 levels and a stronger adaptive immune response than patients who were microfilariae-positive (6). To reduce these protective immune responses, filariae modulate the immune system of their hosts and establish over time an immunotolerant milieu to ensure their own survival and reproduction, which also limits the development of pathologies (7).

To investigate protective immune responses to filariae, the Litomosoides sigmodontis rodent model was successfully used in the past (8). In BALB/c mice, L. sigmodontis can complete its entire life cycle and around 50% of mice become microfilariae-positive, which is comparable to human infections with filariae that cause LF. In contrast, C57BL/6 mice are semi-susceptible for the infection with L. sigmodontis, as they eliminate the filariae shortly after the molt into adult filariae and before the onset of microfilaremia (9). This difference in susceptibility of C57BL/6 and BALB/c mice to the infection with L. sigmodontis offers the opportunity to identify protective immune responses to filarial infections (10). In the present study we focused on the investigation of group 2 innate lymphoid cells (ILC2s) during L. sigmodontis infection. ILCs have been characterized as a distinct immune cell population that, despite their lymphoid nature, are part of the innate immune system (11). ILCs share hereby many of their functions with T cells and can be classified into three distinct groups based on their transcription factors and signature cytokines: ILC1s, ILC2s and ILC3s (12). ILC2s produce type 2 cytokines such as IL-5 and IL-13 and are characterized as CD45+ Lineage- TCRβ- CD90.2+ Sca-1+ IL-33R+ GATA-3+ (11–13). As they present an important component of the type 2 immune response due to their resemblance to Th2 cells in their functions and phenotype, as well as their interaction with eosinophils and alternatively activated macrophages (14), they are of particular interest in helminth infections. ILC2s were already demonstrated to enhance protective immune responses in mouse models using the intestinal nematodes Nippostrongylus brasiliensis and Heligmosomoides polygyrus (15, 16). However, their importance during extraintestinal nematode infections has so far not been analyzed in detail and only one study described an increase of ILC2s during L. sigmodontis infection in BALB/c mice (17). Given that both IL-5 and eosinophils have previously been shown to be essential for the clearance of adult worms and microfilariae during L. sigmodontis infection (18) and ILC2s are associated with both, the aim of the present study was to compare the kinetics of ILC2s during L. sigmodontis infection in susceptible BALB/c and semi-susceptible C57BL/6 mice. Subsequently, ILC2s of both mouse strains were examined with respect to their IL-5 expression and finally depletion experiments were performed in T and B cell-deficient Rag2-/- mice to determine whether ILC2s contribute to protective immune responses against L. sigmodontis.



Materials and Methods


Animals

All experiments were performed with 6 to 8-week-old female BALB/c and C57BL/6 mice that were purchased from Janvier Labs, Saint-Berthevin, France and kept in individually ventilated cages within the animal facility at the Institute for Medical Microbiology, Immunology and Parasitology (IMMIP), University Hospital Bonn. Rag2-/- mice (19) were kindly provided by Dr. Isis Ludwig-Portugall from the Institute for Experimental Immunology, University Hospital Bonn, and bred in the animal facility of the IMMIP, University Hospital Bonn. All animal experiments were performed according to the EU Directive 2010/63/EU and were approved by the state authorities (AZ 84-02.04.2016.A331 and AZ 81-02.04.2020.A103, Landesamt für Natur, Umwelt und Verbraucherschutz, Recklinghausen, Germany). Water and food were provided ad libitum. Animals were checked daily for wellbeing. L. sigmodontis-infected animals were additionally scored once per week (score A to C) by measuring body weight and analysing their behaviour and appearance. Experimental mice were analyzed at 9, 30, 63 and 70 days after infection.



Natural Litomosoides sigmodontis Infection

Mice were naturally infected with L. sigmodontis as previously described (20). Briefly, the mice were exposed to L. sigmodontis-infected tropical rat mites (Ornithonyssus bacoti) for 24h, which transmitted with their bite the infective L3 larvae. All mice of one experiment were exposed to the same population of mites.



Isolation of Worms and Pleural Cavity Cells

Mice were euthanized with an overdose isoflurane (Abbvie, Wiesbaden, Germany). The pleural cavity was washed with 5ml cold and sterile PBS using a Pasteur pipette (Ratiolab GmbH, Dreieich, Germany). The fluid was filtered through cell gaze (41µm, Labomedic, Bonn, Germany) to isolate the filariae. The first ml was centrifuged separately and the supernatant was stored at -20°C for cytokine measurement. Isolated cells were centrifuged for 5 min at 4°C and 400g. Afterwards, pellets were resuspended in 500µl RBC lysis buffer (eBioscience by Thermo Fisher Scientific, Waltham, USA) and the reaction was stopped with 5 ml sterile MACS buffer (1x PBS, 1% FBS (PAN Biotech, Aidenbach, Germany), 2mM EDTA (Roth, Karlsruhe, Germany). Cells were centrifuged again, resuspended in 2ml sterile PBS and counted using CASY TT (Schärfe Systems, Reutlingen, Germany).



Analysis of Worm Burden, Microfilarial Load and Female Embryogenesis

Filariae were collected during pleura lavage and placed in a 6-well plate (Greiner bio-one GmbH, Kremsmüster, Austria) containing 1x PBS. Filariae from each mouse were identified as female and male filariae by checking for the vulva of female worms and the spiculae of male worms using a light microscope. Filariae were counted and measured using a ruler.

For determination of the microfilarial load in peripheral blood, 50µl of blood were taken from the animals via the Vena facialis on day 50, 57, 63 and 70 after L. sigmodontis infection using a lancet (4 mm, Braintree Scientific, Braintree, USA). The blood was collected in an EDTA tube (Sarstedt AG & Co. KG, Nümbrecht, Germany) and mixed with 950µl RBC lysis buffer (eBioscience by Thermo Fisher Scientific, Waltham, USA), incubated for 5 min at room temperature (RT) and centrifuged for 5 min at 400g and RT. The whole pellet was transferred to a glass slide (Engelbrecht Medizin- und Labortechnik GmbH, Edermünde, Germany) and microfilariae were counted using a microscope.

In order to analyze female embryogenesis, up to 5 female worms per mouse were placed in 4% formaldehyde (Sigma-Aldrich, München, Germany) diluted in 1x PBS for 24h. Afterwards, formaldehyde was removed and replaced with 60% ethanol. Samples were stored at RT until analysis. Worms were homogenized in 80µl PBS and 20µl Hinkelmann solution (0.5% eosin Y, 0.5% phenol, 0.185% formaldehyde in dH2O) using a BioMasher. 1:10 and 1:100 dilutions in Hinkelmann solution were prepared if necessary. Embryonic stages (egg, morula, pretzel, stretched microfilaria) were determined and enumerated in 10µl under a light microscope.



Depletion of ILC2s

L. sigmodontis-infected Rag2-/- mice were treated intraperitoneally (i.p.) with 500µg anti-CD90.2 (InVivoMAb anti-mouse Thy1.2 (CD90.2), clone 30H12 by BioXCell, Lebanon, USA) or 500µg isotype control (InVivoMAb rat IgG2b isotype control, anti-keyhole limpet hemocyanin, clone LTF-2 by BioXCell) in 200µl PBS at day 26, 27, and 28 post infection. L. sigmodontis-infected C57BL/6 mice served as controls. Ex vivo analyses were performed 63dpi.



Cytokine Measurement

For determination of cytokine concentrations (IL-4, IL-5, IFN-γ and IL-13) in the pleural cavity lavage, the Ready-SET-Go! ELISA kits by eBioscience (Thermo Fisher Scientific, Waltham, USA) were used according to the manufacturer’s instructions. All plates were read at 450 nm and 570 nm with Spectramax 190 by subtracting the values of the latter wavelength from the first.



Restimulation of Pleural Cavity Cells

For intracellular staining of IL-5, 1x106 pleural cavity cells per mouse were stimulated with 1x eBioscience Cell Stimulation Cocktail plus protein transport inhibitors (Invitrogen, Carlsbad, USA) in 200µl complete IMDM medium (IMDM (Gibco by life technologies corporation, Carlsbad, USA) including 10% FBS, 1% Penicillin/Streptomycin, 1% L-Glutamine (Gibco by life technologies corporation, Carlsbad, USA) for 3h at 37°C before flow cytometric staining.



Flow Cytometry

For flow cytometry analysis of pleural cavity cells without intracellular cytokine staining, 1x106 pleura lavage cells per mouse were directly used for the staining procedure. For intracellular staining, cells were centrifuged for 5 min at 4°C and 400g and resuspended in 200µl Fixation/Permeabilization (Foxp3 Transcription Factor Staining Buffer Kit by Invitrogen, Carlsbad, USA). After 20 min at RT, cells were centrifuged again, 200µl of blocking buffer (PBS/1% BSA + 1:1000 Rat IgG (Sigma-Aldrich, St. Louis, USA)) were added and the cells were incubated overnight at 4°C. Afterwards the cells were centrifuged and incubated with 200µl Permeabilization buffer (Foxp3 Transcription Factor Staining Buffer Kit) for 20 min at RT. Antibodies were incubated with cells for 45 min at 4°C, cells were washed twice with 150µl Permeabilization buffer and were subsequently resuspended in 150µl MACS buffer before measurement. The following fluorescently-labelled specific antibodies for flow cytometric analysis were purchased from BioLegend, San Diego, CA, USA, if not stated otherwise: anti-mouse CD11b (BV510, clone M1/70), CD19 (APC, eBio1D3 by eBioscience), CD4 (BV605, clone RM4-5), CD45 (FITC, clone 30-F11), CD8 (PerCP-Cy5.5, clone 53-6.7), CD90.2 (PE, clone 53-2.1), GATA-3 (PE-Cy7, clone L50-823, BD Biosciences), IL-33R (APC, clone DIH9), IL-5 (PE, clone TRFK5, eBioscience by Thermo Fisher Scientific), Lineage cocktail (Pacific Blue, includes anti-mouse CD3, clone 17A2; anti-mouse Ly-6G/Ly-6C, clone RB6-8C5; anti-mouse CD11b, clone M1/70; anti-mouse CD45R/B220, clone RA3-6B2; anti-mouse TER-119/erythroid cells, clone Ter-119), Ly6C (APC-Cy7, clone HK1.4), Ly6G (BV421, clone 1A8), NKp46 (PE, clone 29A1.4), Sca-1 (BV510, clone D7), Siglec-F (PE, APC-Cy7 clone E50-2440 by BD Biosciences), T-bet (APC, clone 4B10), TCRβ (Alexa Fluor 700, clone H57-597).



Statistics

Data analysis was performed by using GraphPad Prism 8 (GraphPad Software, San Diego, USA). For non-parametric comparison of three or more groups Kruskal-Wallis-test with Dunn’s post-test was used. For comparison of two groups Mann-Whitney-test was used. For correlation analysis, Spearman correlation was used. Spearman test for heteroscedasticity was performed and only data from multiple experiments failing the test for heteroscedasticity were pooled. For the analysis of microfilariae over time, mixed-effects analysis or Two-Way ANOVA with Bonferroni multiple comparison test was performed. Error bars represent the median with interquartile ranges. A p-value of <0.05 was considered to be statistically significant.




Results


C57BL/6 Mice Eliminate L. sigmodontis Infection, Whereas BALB/c Mice Develop Chronic Infections

To confirm previous findings in literature, L. sigmodontis infection was directly compared in susceptible BALB/c and semi-susceptible C57BL/6 mice upon natural L. sigmodontis infection via exposure to the mite vector. BALB/c mice developed a chronic L. sigmodontis infection, while L. sigmodontis adult filariae were eliminated by day 70 in C57BL/6 mice (Figure 1A). The worm burden was comparable between both mouse strains at day 9 and 30 of L. sigmodontis infection, while it was significantly lower in C57BL/6 mice than in BALB/c mice 70dpi (p=0.0079). No worms were detected in C57BL/6 mice at that time point, except for one mouse, which had four worms left. As an additional parameter, length of the filariae were determined at 30dpi, a time point where the majority of filariae completed the molt into the adult stage. At 30dpi, the length of male and female worms of C57BL/6 mice was significantly lower compared to the length of BALB/c mice (p=0.0001, Figure 1B), which may be due to the limited susceptibility of C57BL/6 mice to L. sigmodontis infection. BALB/c mice developed microfilaremia by day 63 (100% of BALB/c mice were microfilariae positive), while none of the infected C57BL/6 mice had detectable microfilariae in the peripheral blood (Figure 1C). Thus, BALB/c mice are fully susceptible to L. sigmodontis infection, whereas C57BL/6 are semi-susceptible and efficiently eliminate the parasite.




Figure 1 | BALB/c mice develop chronic L. sigmodontis infection, whereas C57BL/6 mice clear the infection after the molt into adult filariae. (A) Worm burden of naturally L. sigmodontis-infected susceptible BALB/c mice and semi-susceptible C57BL/6 mice 9, 30 and 70 days after infection (dpi). (B) Worm length [mm] of male and female filariae at 30dpi. (C) Microfilariae counts in peripheral blood over time. (A, C) n = 5, data are representative for 2 (9dpi) or 4 (30, 70dpi) independent experiments. B: n = 49-67 worms, data are representative for 4 independent experiments. (A) Data shown as median with IQR; Kruskal-Wallis with Dunn’s post-test. (B) Data shown as Box and Whiskers with Tukey; Kruskal-Wallis with Dunn’s post-test. (C) 2-way ANOVA and Bonferroni multiple comparison test. **p < 0.01 Mf: Microfilariae.





ILC2s and Type 2 Immune Responses Are Enhanced in L. sigmodontis-Infected C57BL/6 Mice in Comparison to BALB/c Mice and Positively Correlate With the Worm Burden

In order to correlate susceptibility to L. sigmodontis infection with ILC2 responses, ILC2s were quantified during the course of L. sigmodontis infection by flow cytometry in the pleural cavity, the site of filarial infection, and IL-4, IL-5, IL-13 and IFNγ levels were measured in the pleural lavage. ILC2s were characterized as CD45+ Lineage- TCRβ- CD90.2+ Sca-1+/- IL-33R+ GATA-3+ (S1 Figure A).

ILC2 cell counts in the pleural cavity as well as frequencies among CD45+ lymphocytes increased 9dpi in both BALB/c and C57BL/6 mice compared to naïve controls (Figures 2A, B). At 30dpi, ILC2 cell counts and frequencies further increased significantly only in C57BL/6 mice (p<0.0001) in comparison to C57BL/6 mice at 9dpi (Figure 2A), resulting also in a trend to higher frequency of ILC2s in C57BL/6 mice than in BALB/c mice at 30dpi (p=0.0967) (Figure 2B). While the ILC2 cell counts and proportions peaked at 30dpi in C57BL/6 mice, ILC2 cell counts in both strains and frequencies in C57BL/6 mice were still significantly increased at 70dpi in comparison to the naïve controls (ILC2 cell counts: BALB/c (p=0.0181), C57BL/6 (p=0.0007); ILC2 cell frequencies: BALB/c (p>0.9999), C57BL/6 (p=0.0001) (Figure 2A). Although the majority of C57BL/6 mice cleared the adult worm burden by 70dpi (Figure 1A), ILC2 cell frequencies were still significantly higher compared to L. sigmodontis-infected BALB/c mice (p=0.0051) at that time point. Of note, the increase in ILC2 cell counts and frequencies during L. sigmodontis infection was not observed in lungs and both mouse strains showed no differences in lung ILC2 frequencies and total numbers (data not shown). Interestingly, at 30dpi the pleural ILC2 cell count positively correlated with the worm burden in both BALB/c (r=0.72, p=0.02) and C57BL/6 mice (r=0.72, p=0.02) (Figure 2C). Frequencies of ILC2s positively correlated in C57BL/6 mice with the worm burden at 30dpi (r=0.70, p=0.02), but not in BALB/c mice (Figure 2D). Further analysis of pleural cavity ILC2s revealed a different phenotype of ILC2s in BALB/c and C57BL/6 mice after L. sigmodontis infection (S1 Figure B). ILC2s of L. sigmodontis-infected C57BL/6 mice showed a significantly higher Sca-1 expression than the ILC2s of BALB/c mice at both 30dpi and 70dpi. Furthermore, CD90.2 and IL-33R (ST-2) expression of ILC2s of C57BL/6 mice was significantly higher than in BALB/c mice 70dpi. The analysis of the adaptive counterparts of ILC2s, the Th2 cells (characterized as CD45+ Lin+ TCRb+ CD90.2+ GATA-3+, S1 Figure A), revealed an increase in the total Th2 cell count at 9 and 30dpi in both BALB/c and C57BL/6 L. sigmodontis-infected mice compared to naïve controls (Figure 2E). The proportion of Th2 cells at 30dpi increased significantly only in C57BL/6 mice (p=0.0313) compared to naïve controls and was significantly higher compared to L. sigmodontis-infected BALB/c mice (p=0.0282) (Figure 2F). At that time point, ILC2 numbers also positively correlated with Th2 cells in both mouse strains (r=0.6, p=0.08 for C57BL/6 and r=0.87, p=0.002 for BALB/c; data not shown). On day 70 after infection, no differences were observed between BALB/c and C57BL/6 mice regarding Th2 total cell counts and frequencies (Figures 2E, F). No significant differences were detected regarding Th1 cells in the pleural cavity when comparing L. sigmodontis-infected BALB/c and C57BL/6 mice (S1 Figure D).




Figure 2 | ILC2s and type 2 immune responses are increased in C57BL/6 mice compared to BALB/c mice. (A) Total ILC2 cell count and (B) ILC2s proportion [% of CD45+ lymphocytes] in the pleural cavity of naturally L. sigmodontis-infected susceptible BALB/c and semi-susceptible C57BL/6 mice 9, 30 and 70 days after infection (dpi). Correlation of (C) pleural cavity ILC2 cell counts and (D) pleural cavity ILC2 frequencies [% of CD45+ lymphocytes] with the worm burden at 30dpi in BALB/c and C57BL/6 mice. (E) Total Th2 cell count and (F) Th2 cell frequency [% of CD45+ lymphocytes] in the pleural cavity. (G) Total eosinophil count and (H) eosinophil frequency [% of pleural cavity cells]. (I) IL-5, (J) IL-13 and (K) IL-4 levels in the pleural cavity lavage. (A–D) n = 6-10 mice, pooled data from 2 independent experiments per time point. (E–H) n = 6-10 mice, pooled data from 2 independent experiments per time point. (A, B, E–K) Data shown as median with IQR; Kruskal-Wallis with Dunn’s post-test. (C, D) Correlation analysis was performed by nonparametric Spearman correlation. Spearman’s test for heteroscedasticity was performed and only data failing the heteroscedasticity were pooled.



Since ILC2s interact closely with eosinophils, the kinetics of eosinophils in the pleural cavity were also analyzed (Figures 2G, H). In both BALB/c and C57BL/6 mice, a significant increase in the total cell count of eosinophils compared to the respective naïve controls was detected at all time points (9dpi, 30dpi, and 70dpi) (Figure 2G), with eosinophil counts being highest in C57BL/6 mice at 9 and 30dpi, and BALB/c mice at 70dpi. Similarly, frequencies of eosinophils in the pleural cavity significantly increased in both mouse strains compared to naive controls 30dpi and 70dpi (Figure 2H). Both mouse strains showed a significant increase in eosinophils from 30dpi to 70dpi (p=0.0001 for BALB/c, p=0.0082 for C57BL/6, Figure 2H). Similar to eosinophil numbers, eosinophil frequencies were highest in C57BL/6 mice at 9 and 30dpi, and BALB/c mice at 70dpi.

As a next step, the cytokine milieu at the site of infection was evaluated. At day 30 after L. sigmodontis infection, IL-5 (p=0.0167) (Figure 2I) and IL-13 (p=0.0011) (Figure 2J) levels in the pleural cavity lavage increased significantly only in C57BL/6 mice compared to naïve controls, whereas both cytokines were around the detection limit for BALB/c mice. At 70dpi, IL-5 and IL-13 levels were significantly increased in both mouse strains compared to naïve controls, with IL-5 levels still tending to be higher in L. sigmodontis-infected C57BL/6 mice than in BALB/c mice. IL-5 and IL-13 levels peaked at day 30 in C57BL/6 mice, as it was observed for ILC2s. For IL-4 neither significant differences were detected between naïve controls and the respective infected mice, nor between L. sigmodontis-infected BALB/c and C57BL/6 mice (Figure 2K). Moreover, levels of the Th1-associated cytokine IFN-γ increased in the pleural cavity following L. sigmodontis infection only in C57BL/6 mice 30dpi but not BALB/c mice leading to significantly higher IFN-γ levels in C57BL/6 mice compared to BALB/c mice (p=0.0316, S1 Figure E). IFN-γ significantly decreased from 30dpi to 70dpi in C57BL/6 mice (S1 Figure E).

Based on these observations, it is concluded that C57BL/6 mice develop a stronger immune response to L. sigmodontis in comparison to BALB/c mice, as was shown for the increase in ILC2s, Th2 cells and type 2 cytokines IL-5 and IL-13 as well as the type 1 cytokine IFN-γ. The type 2 immune response was most prominent in C57BL/6 mice at 30dpi, a time point shortly before the clearance of adult worms occurs in this mouse strain.



ILC2s Are Potent Producers of IL-5 During L. sigmodontis Infection

Next, it was investigated which cells contribute to the high IL-5 levels in the pleural cavity of L. sigmodontis-infected C57BL/6 mice and whether ILC2s are involved. For this purpose, intracellular staining of IL-5 in ILC2s and GATA-3+ CD4+ T cells (Th2 cells) was conducted by flow cytometry (S2 Figures A, B).

Since the strongest differences between BALB/c and C57BL/6 mice were observed at 30 and 70dpi, the following analyses focused on these time points. In line with the observed differences in ILC2 cell numbers and frequencies, there were significantly more IL-5+ ILC2s in the pleural cavity of C57BL/6 than in BALB/c mice at 30dpi, both in total cell count (p=0.0068) and in frequency (p=0.0034) (Figures 3A, B). Similarly, at 70dpi, C57BL/6 mice had a significantly higher frequency of IL-5+ ILC2s than BALB/c mice (p=0.0003, Figure 3B). Around 60% of ILC2s in both BALB/c and C57BL/6 mice were positive for IL-5 at 30dpi, but at 70dpi, C57BL/6 mice had a significantly higher frequency of IL-5+ ILC2s (40% of ILC2s) in comparison to BALB/c mice (20% of ILC2s) (p=0.0317, Figure 3C). A similar outcome was observed for IL-5+ GATA3+ CD4+ T cells. Again, at 30dpi and 70dpi, C57BL/6 mice had significantly more IL-5+ Th2 cells than BALB/c mice (Figures 3D, E) and significantly more Th2 cells were IL-5+ in C57BL/6 mice than in BALB/c mice (p=0.0345 for 30dpi and p<0.0001 for 70dpi) (Figure 3F).




Figure 3 | ILC2s are more potent in producing IL-5 than CD4+ T cells during L. sigmodontis infection. (A) Total IL-5+ ILC2 cell count in the pleural cavity of naturally L. sigmodontis-infected susceptible BALB/c and semi-susceptible C57BL/6 mice at 30 and 70 days after infection (dpi). (B) IL-5+ ILC2 frequency of CD45+ lymphocytes and (C) IL-5+ ILC2s frequencies of ILC2s in the pleural cavity. (D) Total IL-5+ Th2 cell count in the pleural cavity of naturally L. sigmodontis-infected susceptible BALB/c and semi-susceptible C57BL/6 mice 30 and 70dpi. (E) IL-5+ Th2 cell frequency of CD45+ lymphocytes and (F) IL-5+ Th2 cells frequency of CD4+ T cells in the pleural cavity. IL-5 expression (GMFI) of ILC2s and Th2 cells in 30 day (G) and 70 day (H) L. sigmodontis-infected BALB/c and C57BL/6 mice. (I) Composition of IL-5+ cells (shown as frequencies) in the pleural cavity of naïve mice and at 30dpi. (J) Composition of IL-5+ cells (shown as total numbers) in the pleural cavity of naïve mice and at 30dpi. (A, B, D–F) n = 10 mice, pooled data from 2 independent experiments per time point. (C) n = 5 mice, data shows 1 representative experiment from 2 independent experiments per time point. (G, H) n = 5 mice, data shows 1 representative experiment from 2 independent experiments. (I) n = 5 mice, data from 1 experiment. (J) n = 5 mice, data shows 1 representative experiment from 2 independent experiments for infected groups and 1 experiment for naïve mice. (A–F) Data shown as median with IQR, Mann-Whitney test to compare 2 mouse groups per time point and 2 time points per mouse group. (G, H) Data shown as a Tukey Box and Whiskers blot, Mann-Whitney test to compare 2 cell types per mouse group, 2 mouse groups per cell type. (I, J) Kruskal-Wallis and Dunn’s post-test. Spearman’s test for heteroscedasticity was performed and only data failing the heteroscedasticity were pooled.



With regard to the contribution of IL-5 production by ILC2s and Th2 cells at 30dpi (Figure 3G) and 70dpi (Figure 3H), the IL-5 expression level of ILC2s was higher than the expression level of Th2 cells in BALB/c mice 30dpi (p=0.0079) and in C57BL/6 mice 30dpi and 70dpi (30dpi: p=0.0079, 70dpi: p=0.0159). At 30dpi, IL-5 expression levels of Th2 cells were comparable between both mouse strains (Figure 3G), whereas IL-5 expression levels tended to be lower in ILC2s of C57BL/6 mice in comparison to BALB/c mice (p=0.09). In contrast, at 70dpi, the IL-5 expression levels of ILC2s (p=0.09) and Th2 cells (p=0.008) in C57BL/6 mice were higher than that of the corresponding cells in BALB/c mice (Figure 3H). The composition of IL-5+ cells also differed between both mouse strains, as is shown in the naïve state as well as at 30dpi. In the naïve state the dominant lymphoid IL-5 source in BALB/c mice were CD4+ T cells whereas in C57BL/6 mice ILC2s presented a significantly higher proportion of IL-5+ cells than in BALB/c mice (p=0.0037, Figure 3I). In 30 day L. sigmodontis-infected C57BL/6 mice, lymphoid cells in general (ILC2s and CD4+ T cells) were the dominant sources of IL-5 (Figure 3I), whereas in BALB/c mice eosinophils contributed significantly to the IL-5 production (~30% of IL-5 positive cells) with a significantly higher proportion than in L. sigmodontis-infected C57BL/6 mice (p=0.007). Interestingly, at 30dpi, the contribution of CD4+ T cells to IL-5 producers was significantly higher in C57BL/6 mice than in BALB/c mice (p=0.03 and p=0.008, respectively) (Figure 3I). With regard to the total cell count of IL-5 producers, naïve mice barely showed any IL-5+ cells (Figure 3J) and at 30dpi BALB/c and C57BL/6 had comparable numbers of IL-5+ cells in the pleural cavity.

In summary, these results suggest that ILC2s are more potent in producing IL-5 than Th2 cells during L. sigmodontis infection, particularly in C57BL/6 mice and thus, may be critical contributors to the cytokine milieu and the resulting type 2 immune response during L. sigmodontis infection.



ILC2 Depletion Enhances the Microfilarial Load in L. sigmodontis-Infected T and B Cell-Deficient Rag2-/- Mice

Given the observed differences in ILC2s during L. sigmodontis infection in semi-susceptible C57BL/6 mice in comparison to susceptible BALB/c mice, we next investigated the role of ILC2s in protective immune responses by depletion experiments. Depletion experiments were performed in T and B cell-deficient Rag2-/- C57BL/6 mice using an anti-CD90.2 depletion antibody. Infection of Rag2-/- mice resulted in a significantly higher worm burden compared to wild-type C57BL/6 mice 30dpi (S3 Figure A) with 100% of the worms being adult in Rag2-/- mice and 30% in C57BL/6 mice (S3 Figure B). Based on those observations, it can be concluded that the adaptive immune system, i.e. T and B cells, is essentially involved in the elimination of L. sigmodontis.

To further investigate the importance of ILC2s, which were significantly reduced in Rag2-/- mice compared to C57BL/6 mice at 30 dpi (S3 Figure C), ILC2s were additionally depleted in Rag2-/- mice using three injections with anti-CD90.2 from 26-28dpi, shortly before the molt into adult worms (Figure 4A). Rag2-/- mice in general showed a significantly higher worm burden than C57BL/6 mice at 63dpi (Figure 4B). However, the depletion of ILC2s in Rag2-/- mice did not lead to a further increase in worm burden in comparison to the corresponding isotype controls. Similarly, female and male worm length were not affected by the depletion of the ILC2s (Figure 4C). Interestingly, ILC2 depletion led to a significant increase in microfilarial load in peripheral blood of Rag2-/- mice, both at 57dpi (p=0.0028) and 63dpi (p=0.0466) compared to the isotype controls (Figures 4D, E). The effect of ILC2 depletion on the microfilarial load was supported by the analysis of the filarial embryogenesis, as the ILC2-depleted mice were characterized by a significantly higher proportion of stretched microfilariae than the isotype controls (p=0.0317) (Figures 4F, G). When analyzing the immune cell profile of these mice, ILC2s were detected in low numbers in both isotype-treated and depleted Rag2-/- mice 63dpi (S4 Figures A, B). Their phenotype analyzed by CD90.2 expression was not altered by the depletion (S4 Figure C). Moreover, myeloid cells were analyzed (S4 Figures D–I). Eosinophils were significantly decreased in numbers (p=0.0302) and frequency (p=0.0013) in depleted Rag2-/- mice compared to C57BL/6 mice (S4 Figures D, G), whereas M2 macrophages were significantly lower in cell count (p=0.0184) and frequency (p=0.003) in Rag2-/- isotype controls compared to C57BL/6 mice (S4 Figures E, H). In contrast, neutrophils were significantly higher in total cell count and frequency in both Rag2-/- groups compared to C57BL/6 mice (S4 Figures F, I). The ILC2 depletion had no significant effect on the myeloid cell populations when comparing isotype controls and depleted mice, although eosinophil frequencies were lowest in depleted Rag2-/- mice.




Figure 4 | ILC2 depletion enhances the microfilarial load in L. sigmodontis-infected Rag2-/- mice. (A) Experimental setup of ILC2 depletion in Rag2-/- mice. (B) Adult worm burden in naturally L. sigmodontis-infected C57BL/6 mice, Rag2-/- mice and ILC2-depleted Rag2-/- mice at 63dpi. (C) Worm length [mm] of female and male worms at 63dpi. (D) Microfilariae (Mf) count in 50µl peripheral blood at 57dpi and (E) 63dpi. (F) Embryonic stages (egg, morula, pretzel, stretched Mf) of female worms 63dpi. (G) Distribution of embryonic stages [% of total stages] in female worms 63dpi. (B, D, E) n = 11-13 mice, pooled data from 2 independent experiments. (C) n = 2 worms for female worms of C57BL/6 mice, n = 6 worms for male worms of C57BL/6 mice, n = 20 worms for female and male worms of Isotype-treated Rag2-/- mice, n = 14-15 for female and male worms of αCD90.2-treated Rag2-/- mice; data shows 1 representative experiment from 2 independent experiments. (F, G) n = 25-28 female worms per group, data from 1 experiment. (B) Data shown as median with IQR, Kruskal-Wallis with Dunn’s post-test. (C) Data shown as a Tukey Box and Whiskers blot, Kruskal-Wallis with Dunn’s post-test was used to assess statistical significance. (D, E) Data shown as median with IQR, Mann-Whitney test for the comparison of Isotype-treated Rag2-/- mice with αCD90.2-treated Rag2-/- mice. (F) Data shown as a Tukey Box and Whiskers blot, Kruskal-Wallis with Dunn’s post-test was used to assess statistical significance. (G) Mann-Whitney test.



In conclusion, our data show that semi-susceptible C57BL/6 mice develop a stronger type 2 immune response during L. sigmodontis in comparison to susceptible BALB/c mice, which is associated with a stronger induction of ILC2s, Th2 cells and the type 2 cytokines IL-5 and IL-13 shortly before the elimination of the filariae occurs in C57BL/6 mice. Importantly, ILC2s seem to be crucial to control the microfilarial load in Rag2-/- C57BL/6 mice and thus affect the susceptibility to L. sigmodontis infection.




Discussion

In the present study, kinetics of ILC2s during L. sigmodontis infection in susceptible BALB/c and semi-susceptible C57BL/6 mice were compared and the role of ILC2s in protective immune responses against L. sigmodontis infection in Rag2-/- C57BL/6 mice was determined. In line with previous publications, we confirmed that BALB/c mice develop a chronic L. sigmodontis infection, whereas C57BL/6 mice eliminate the infection by 70dpi and do not develop microfilaremia (9, 21, 22). Similar strain-dependent differences in susceptibility to helminth infections are also observed for infections with intestinal helminths such as e.g. Strongyloides ratti (23, 24) and H. polygyrus (25). However, various studies showed that C57BL/6 mice are susceptible for infections with those intestinal helminths (26, 27), whereas this is not the case for infections with the extraintestinal filarial nematode L. sigmodontis.

In general, type 2 immune responses are thought to be protective for both intestinal and extraintestinal helminth infections (5, 8, 10, 18, 28) and C57BL/6 mice usually develop a more prominent type 1 immune response, whereas BALB/c mice are characterized as a rather type 2-dominated mouse strain (29). However, upon L. sigmodontis infection, ILC2s numbers were significantly increased in C57BL/6 mice compared to BALB/c mice. In the present study we did not determine, whether this increase in ILC2 numbers during the course of L. sigmodontis infection was due to an enhanced proliferation or recruitment of ILC2s. IL-4, which could promote ILC2 proliferation, was not increased in the pleural lavage during L. sigmodontis infection. Interestingly, shown increases in ILC2s were specific for the thoracic cavity, as ILC2 numbers and frequencies in lungs of BALB/c and C57BL/6 mice remained comparable at 9, 30 and 70dpi. The increase in ILC2 numbers in the thoracic cavity of C57BL/6 mice was further accompanied by a strong type 2 immune response characterized by high IL-5 levels at the site of infection. Functional analysis revealed that ILC2s had, on a cellular basis, higher levels of IL-5 in comparison to Th2 cells in both mouse strains, and L. sigmodontis-infected C57BL/6 mice had significantly more IL-5+ Th2 cells and IL-5+ ILC2s compared to BALB/c mice at 30dpi. Intriguingly, type 2 immune responses were still increased in C57BL/6 mice after the clearance of the infection at 70dpi in comparison to BALB/c mice, which still harbored filariae at that time point. Thus, our results support previous findings that suggest that protective type 2 immune responses are actively suppressed during chronic L. sigmodontis infection in susceptible BALB/c mice, as is indicated by the dependence on important mediators for immunotolerance such as regulatory T cells, IL-10 and PD-1 (30–34).

Given that ILC2s were previously shown to mediate protective immune responses against different intestinal helminths i.e. in S. ratti infection through mast cell activation and N. brasiliensis infection through involvement in maintenance of alternatively activated macrophages (15, 35), we speculated that ILC2s are also involved in protective immune responses against L. sigmodontis infection in semi-susceptible C57BL/6 mice. To investigate the role of ILC2s during L. sigmodontis infection by depletion experiments, we used T and B cell-deficient Rag2-/- C57BL/6 mice. Rag2-/- mice developed a chronic L. sigmodontis infection with a significantly higher worm burden compared to immunocompetent C57BL/6 mice. A similar increased susceptibility to L. sigmodontis infection was described for Rag2IL-2Rγ-/- C57BL/6 mice, which additionally lack NK cells and importantly ILC2s (9). Thus, the adaptive immune system is a crucial part for the elimination of L. sigmodontis in C57BL/6 mice with CD4+ T cells being important mediators, as shown by previous studies with L. sigmodontis (36–38). Additional specific depletion of ILC2s in L. sigmodontis-infected Rag2-/- mice did not increase the recovery of adult worms at 63dpi, but significantly enhanced the microfilarial load in the peripheral blood compared to the isotype controls. Consequently, ILC2s are essential for the control of the microfilarial load in the absence of adaptive immune responses in C57BL/6 mice. Given that eosinophil frequencies were lowest in CD90.2 depleted Rag2-/- mice and increased in C57BL/6 in comparison to BALB/c mice at 30 dpi, and eosinophils are known to limit microfilaremia (18, 39), we hypothesize that ILC2s contribute to control microfilaremia by triggering type 2 immune responses and eosinophils in special. Future experiments that specifically deplete ILC2s in immunocompetent animals will be interesting to pinpoint the importance of ILC2s in the presence of an intact adaptive immune system during an L. sigmodontis infection in both susceptible BALB/c and semi-susceptible C57BL/6 mice, as it can be expected that due to the strong interaction of ILC2s and T cells (40), an even more pronounced effect on the parasitological outcome will be observed.

In summary, the data presented here indicate that semi-susceptible C57BL/6 mice develop a stronger type 2 immune response during L. sigmodontis infection in comparison to susceptible BALB/c mice, characterized in particular by a strong increase in ILC2s and IL-5. ILC2s are essential mediators of the immune response to L. sigmodontis and depletion of ILC2s in T and B cell-deficient Rag2-/- mice enhanced the susceptibility to the infection as was shown by an increase in microfilariae numbers in the peripheral blood.
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