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Abstract

Background

Eosinophilia is a hallmark of helminth infections and eosinophils are essential in the protec-

tive immune responses against helminths. Nevertheless, the distinct role of eosinophils dur-

ing parasitic filarial infection, allergy and autoimmune disease-driven pathology is still not

sufficiently understood. In this study, we established a mouse model for microfilariae-

induced eosinophilic lung disease (ELD), a manifestation caused by eosinophil hyper-

responsiveness within the lung.

Methods

Wild-type (WT) BALB/c mice were sensitized with dead microfilariae (MF) of the rodent filar-

ial nematode Litomosoides sigmodontis three times at weekly intervals and subsequently

challenged with viable MF to induce ELD. The resulting immune response was compared to

non-sensitized WT mice as well as sensitized eosinophil-deficient dblGATA mice using flow

cytometry, lung histology and ELISA. Additionally, the impact of IL-33 signaling on ELD

development was investigated using the IL-33 antagonist HpARI2.

Results

ELD-induced WT mice displayed an increased type 2 immune response in the lung with

increased frequencies of eosinophils, alternatively activated macrophages and group 2

innate lymphoid cells, as well as higher peripheral blood IgE, IL-5 and IL-33 levels in com-

parison to mice challenged only with viable MF or PBS. ELD mice had an increased MF

retention in lung tissue, which was in line with an enhanced MF clearance from peripheral

blood. Using eosinophil-deficient dblGATA mice, we demonstrate that eosinophils are
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essentially involved in driving the type 2 immune response and retention of MF in the lung of

ELD mice. Furthermore, we demonstrate that IL-33 drives eosinophil activation in vitro and

inhibition of IL-33 signaling during ELD induction reduces pulmonary type 2 immune

responses, eosinophil activation and alleviates lung lacunarity.

In conclusion, we demonstrate that IL-33 signaling is essentially involved in MF-induced

ELD development.

Summary

Our study demonstrates that repeated sensitization of BALB/c mice with L. sigmodontis MF

induces pulmonary eosinophilia in an IL-33-dependent manner. The newly established

model recapitulates the characteristic features known to occur during eosinophilic lung dis-

eases (ELD) such as human tropical pulmonary eosinophilia (TPE), which includes the

retention of microfilariae in the lung tissue and induction of pulmonary eosinophilia and type

2 immune responses. Our study provides compelling evidence that IL-33 drives eosinophil

activation during ELD and that blocking IL-33 signaling using HpARI2 reduces eosinophil

activation, eosinophil accumulation in the lung tissue, suppresses type 2 immune responses

and mitigates the development of structural damage to the lung. Consequently, IL-33 is a

potential therapeutic target to reduce eosinophil-mediated pulmonary pathology.

Introduction

Pulmonary eosinophilia or eosinophilic lung disease (ELD) can be differentiated into primary

(idiopathic) or secondary (extrinsic) causes. Secondary ELD is often a response to allergic pro-

cesses, medication, drugs, radiation or pathogens, while primary ELD often occurs due to

unknown reasons [1]. One of the main causes of secondary ELD are parasite infections [1].

Lymphatic filariasis (elephantiasis) is a neglected tropical disease that is caused by the filarial

nematodes Wuchereria bancrofti, Brugia malayi or Brugia timori, which can lead to lymph-

edema in the extremities as well as the hydrocele in scrotum of men but also manifest as an

eosinophilic lung disease called tropical pulmonary eosinophilia (TPE). TPE is a rare but severe

complication affecting approximately 1% of lymphatic filariasis patients [2–4]. Symptoms asso-

ciated with TPE include fever, nocturnal cough, dyspnea, wheezing and pulmonary fibrosis. If

left untreated, pulmonary fibrosis can progress and lead to lung failure and eventual death. The

disease is classified as a hyper-responsive pulmonary syndrome in response to trapped microfi-

lariae (MF), the filarial progeny, and characterized by a strong infiltration of eosinophils into

the lung tissue and increases in parasite-specific and total IgE levels [2–5]. Due to the entrap-

ment of the MF within the lung, TPE patients often lack MF in the peripheral blood. The stan-

dard treatment of care is diethylcarbamazine (DEC, 6 mg/kg) given for 21 days, which clears

MF and removes pulmonary infiltrates [5,6]. However, 20% of treated patients might relapse

within 5 years. Given the dual role of eosinophils in supporting the clearance of MF and mediat-

ing lung pathology during TPE, a better understanding of the underlying mechanisms of TPE

development is of interest. In 1990, Edwang and Kazura showed that a subcutaneous sensitiza-

tion of BALB/c mice with B. malayi MF and a subsequent intravenous challenge with MF

induces TPE-like symptoms, including amicrofilaremia in the blood, elevated levels of serum

IgE as well as blood and pulmonary eosinophilia [7], thereby mimicking the immune response

observed in human TPE patients. Further research in this model by Sharma et al. revealed the
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development of a type 2 immune response [8] and presence of eosinophils in the lung of TPE

mice [9]. Furthermore, they demonstrated a key role for independent phospholipase A2 in the

development of lung pathology [10]. In contrast, IL-12 treatment was shown to antagonize TPE

development by Mehlotra et al. [11]. Another model to study immune responses during experi-

mental filarial infection is the Litomosoides sigmodontis mouse model. This model recapitulates

immune responses observed during human filarial infection [12–14], including MF retention in

the lung tissue and associated pathology [15–18].

Previously, we demonstrated that eosinophil-deficient dblGATA BALB/c mice are more

susceptible to infection with L. sigmodontis, with all dblGATA mice developing microfilaremia

in comparison to 50% of WT BALB/c mice [19]. In addition, WT mice have significantly

lower MF numbers compared to dblGATA mice. In accordance, we showed that eosinophils

release extracellular DNA traps (ETosis) in response to L. sigmodontis MF and support their

clearance in vivo [20]. Similarly, in lymphatic filariasis patients, DEC treatment-induced MF

clearance is associated with increased blood eosinophil counts, increased IL-5 serum levels,

and is often accompanied by fever, headache and lethargy [21–23]. Mechanisms of MF recog-

nition, MF clearance and MF-driven pathology during filarial infections are to this day insuffi-

ciently understood. However, eosinophils are recognized as essential effector cells responding

to pathogen- and damage-associated molecular processes during infection.

An important cytokine in the recognition of helminth infection is IL-33. IL-33 is an alarmin

predominantly expressed by endothelial and epithelial cells in barrier tissues and released after

damage to the respective tissues [24]. ILC2s were found to be the primary recipient of IL-33

signaling after tissue damage via the ST2/IL-1RAcP receptor, releasing high amounts of IL-5

and IL-13, thereby fortifying the eosinophil response. Moreover, eosinophils themselves

respond directly to IL-33 [25–31]. Given the importance of type 2 immune responses in pro-

tection against filarial infection, it is unsurprising that IL-33 is a potent target of helminth

immunomodulation [32]. In line, mice lacking the IL-33 receptor ST2 had an increased micro-

filaremia due to a reduced MF retention in the spleen, which correlated with decreased eosino-

phil counts during the infection [33].

In the present study, we introduce an ELD mouse model using the rodent filaria L. sigmo-
dontis to investigate the role of IL-33 signaling in the development of MF-derived lung inflam-

mation. We demonstrate that repeated sensitization and a challenge of BALB/c WT mice with

L. sigmodontis MF induces pulmonary eosinophilia accompanied by a ELD-like immune

response inducing ILC2s, alternatively activated macrophages, highly activated eosinophils

and MF retention within the lung. The absence of eosinophils abolishes the formation of a

type 2 immune response and inhibiting IL-33 signaling during ELD development reduces pul-

monary eosinophilia, ILC2, alternatively activated macrophage and neutrophil frequencies.

IL-33 inhibition also results in a reduction in lung lacunarity, indicating a decrease in struc-

tural damage within the lung.

Results

Microfilariae are rapidly cleared from peripheral blood and retained in the

lung tissue of ELD mice in an eosinophil-dependent manner

The pathogenesis of ELD in the context of filarial infection is still poorly understood and in

order to get a better understanding of the immunological responses involved, we aimed to

establish a murine model using the rodent filarial nematode L. sigmodontis. During human

filarial associated ELD such as TPE, MF are retained in the lung tissue resulting in either very

low or no detectable MF numbers in peripheral blood [2,4,34]. To verify if induction of ELD

using L. sigmodontis MF leads to a similar MF retention in the lung, BALB/c wild type (WT)
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mice were sensitized in weekly intervals, a total of three times, with 105 freeze-thawed (dead)

L. sigmodontis MF (Fig 1A). Two weeks after the final sensitization mice were challenged intra-

venously (i.v.) with viable MF and peripheral blood MF were determined 1 and 24 h after the

injection. Retention of MF in the lung was assessed 24 h after the injection. ELD mice had sim-

ilar peripheral blood MF numbers 1 h after the injection as controls (S1 Fig), but significantly

lower numbers 24 h after the injection when compared to non-sensitized MF-challenged mice

(Fig 1B). In contrast, ELD mice had significantly more MF in the lung tissue compared to

mice receiving only the MF challenge without prior sensitization (Fig 1C), indicating a stron-

ger retention of MF in the lungs of ELD mice. Importantly, ELD induction in eosinophil-defi-

cient dblGATA mice resulted in increased MF numbers in the peripheral blood and lower MF

numbers in the lung 24 h after the injection in comparison to WT ELD mice, indicating that

eosinophils are involved in the retention of MF in the lung tissue. The retention of MF in the

lung tissue of ELD mice was accompanied by an increase in total cell numbers in the lungs of

WT ELD mice in comparison to naïve, non-sensitized, MF-only challenged and dblGATA

ELD mice (Fig 1D). Type 2 innate lymphoid cell (ILC2s) frequencies were increased by trend

24 h after MF challenge in all groups (Fig 1E), while frequencies of alternatively activated mac-

rophages (AAM, CD206+, RELMα+) were decreased in dblGATA ELD mice compared to ELD

WT mice (Fig 1F). Eosinophil frequencies were significantly increased in both sensitized and

non-sensitized animals following MF challenge (Fig 1G). Neutrophil frequencies were highest

in dblGATA ELD mice, resulting in a statistically significant difference in comparison to ELD

mice 24 h after the MF challenge (Fig 1H). Further, ELD mice and naïve controls showed a

comparable frequency of alveolar macrophages (Fig 1I).

Complementary, serum IL-5 levels were significantly increased in ELD mice (Fig 2A), but

not in mice receiving only the MF challenge. In contrast, IFN-γ levels increased strongest in

mice receiving only the MF challenge (Fig 2B) and to a lower extend in ELD mice. Moreover,

ELD induction in WT, but not eosinophil-deficient dblGATA mice, led to significantly ele-

vated levels of total and parasite-specific IgE compared to naïve and MF-only challenged ani-

mals (Fig 2C and 2D).

In addition, the eosinophil-derived granular proteins eosinophil peroxidase (EPO) and

major basic protein (MBP) were significantly elevated in lung homogenates of ELD mice com-

pared to naïve mice (Fig 2E and 2F). Further, the chemokine CCL5 (RANTES) inducing eosin-

ophil migration and activation was significantly increased in ELD mice, while the eosinophil

chemotactic chemokine CCL11 (Eotaxin-1) was increased by trend (Fig 2G and 2H). Interest-

ingly, amphiregulin (AREG), a protein associated with tissue repair and mucus production

was significantly increased in ELD mice compared to eosinophil deficient ELD dblGATA mice

(Fig 2I). To further assess potential matrix remodeling occurring in the lung of ELD mice, we

investigated the activity of matrix metalloproteinases (MMPs) in lung homogenates (Fig 2J).

MMP activity was significantly increased in ELD, MF challenged and dblGATA ELD mice

compared to naïve mice and highest in ELD mice, further indicating increased remodeling

activities. Histological analysis of the lung tissue (S2A Fig) did not indicate a significant loss of

lung integrity 24 h after challenge.

In summary, 24 h after MF challenge, ELD mice had a retention of MF in the lung tissue,

which was dependent on eosinophils and accompanied by increased serum IL-5 as well as total

and L. sigmodontis-specific IgE levels. Further, eosinophil granular proteins (EPO, MBP),

eosinophil chemotactic chemokines (CCL5, CCL11) and markers of tissue remodeling

(AREG, MMP activity) were increased in ELD mice.
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Fig 1. Microfilariae are retained in the lung tissue of ELD mice in an eosinophil-dependent manner. (A)

Experimental design (created with BioRender.com). Wild-type ELD and eosinophil-deficient dblGATA ELD mice

were sensitized with dead MF and challenged with viable MF two weeks later. Controls received solely the MF

challenge (MF) or remained naïve. Analyses were performed one day after MF challenge. (B) Number of microfilariae

(MF) in 50 μl of peripheral blood 24 h after challenge injection and (C) exsanguinated from the lung of ELD WT and

eosinophil-deficient dblGATA mice as well as MF-only challenged mice (MF). (D) Total cell count/g lung tissue. Cell

frequencies of (E) ILC2s (CD45+, linage-, TCRb-, CD90.2+, ST2+, GATA3+), (F) RELM-α positive macrophages

(CD45+, CD206+, Siglec-F+, RELM-α+), (G) eosinophils (CD45+, CD11c-, Siglec-F+, CD11b+), (H) neutrophils

(CD45+, Ly6G+) and (I) alveolar macrophages (CD45+, CD206+, Siglec-F+) in the CD45+ lung cell fraction. Data is

pooled from 1–3 independent experiments with n = 5–18 animals per group and shown as median with interquartile

range. Statistical analysis was performed with Kruskal-Wallis followed by Dunn´s multiple comparison test. p

values� 0.05 are shown.

https://doi.org/10.1371/journal.ppat.1012071.g001
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Fig 2. ELD mice have increased levels of eosinophil-associated mediators as well as markers of tissue remodeling

activity. Serum (A) IL-5, (B) IFN-y, (C) total IgE and (D) parasite-specific IgE levels from wild-type ELD mice,

dblGATA ELD mice, mice challenged with MF (MF) or naïve animals one day after MF challenge. (E) EPO, (F) MBP,

(G) CCL5, (H) CCL11 and (I) amphiregulin levels in lung tissue homogenates. (J) MMP activity assay from lung

homogenates. Data is pooled from 1–3 independent experiments with n = 4–18 animals per group and shown as

median with interquartile range. Statistical analysis was performed with Kruskal-Wallis followed by Dunn´s multiple

comparison test. p values� 0.05 are shown.

https://doi.org/10.1371/journal.ppat.1012071.g002
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ELD induction leads to an increased type 2 immune response and

eosinophil activation

MF were retained in the lung of ELD mice in an eosinophil-dependent manner 24 h after MF

challenge. This was accompanied by a shift towards a type 2 immune response with strong

eosinophil involvement. To investigate if this type 2 immune response would be maintained

without additional MF challenges and potentially induce a pathological process in the lung tis-

sue, we next analyzed the immune response in lung, spleen and broncho-alveolar lavage (BAL)

10 days after ELD induction (Fig 3A). ELD WT mice had a significantly increased cell number

in the lung in comparison to naïve and MF-only challenged, non-sensitized controls (Fig 3B).

This increase was accompanied by higher frequencies of ILC2s, AAM and eosinophils in the

lung tissue, which was not observed in eosinophil-deficient dblGATA mice (Fig 3C–3E). In

contrast, lung neutrophil frequencies were increased in both WT and eosinophil-deficient

dblGATA ELD mice (Fig 3F). Ten days after the challenge, alveolar macrophages were not sig-

nificantly altered in ELD, dblGATA ELD or MF challenged mice (Fig 3G). Spleen cell numbers

were significantly increased 10 days after MF challenge in both ELD and MF-only challenged,

non-sensitized controls in comparison to naïve controls (S3A Fig), while eosinophil frequen-

cies in the spleen were only significantly increased in ELD mice (S3B Fig). Eosinophil frequen-

cies were also significantly increased in the BAL of ELD mice (S3C Fig). Further

characterization of lung and BAL eosinophils revealed an elevated expression of CD11b,

Siglec-F, CD86 and the IL-33 receptor ST2 in the lung (Fig 4A–4H) and CD11b as well as

CD86 for BAL eosinophils (S3D and S3E Fig). Ten days after the MF challenge, total and L. sig-
modontis-specific IgE levels were still increased in the serum of ELD mice (Fig 5A and 5B),

while serum IL-5 and IFN-γ were below the detection limit and ELD but not dblGATA ELD

mice showed increased serum IL-4 and DNA levels within the BAL compared to naïve mice

(Fig 5D and 5E). Interestingly, IL-33 levels within the serum of ELD mice was significantly

increased 10 days after MF challenge (Fig 5C). In addition, in some cases, hemorrhages were

observed in lungs of MF-challenged, ELD and dblGATA ELD mice (S5A–S5D Fig). ELD mice

displayed the highest incidence of hemorrhages with 40.0% (8/20) of WT mice and 37.5% (3/8

p = 0.88 fisher´s exact T-test) of dblGATA ELD mice, while only 20.0% (3/15, p = 0.32 com-

pared to ELD) of MF-challenged and no naïve mice displayed hemorrhages. Taken together,

10 days after MF challenge, ELD mice had significant increases in eosinophil frequencies in

lung, BAL as well as spleen and developed a strong type 2 immune response in the lung, which

was less pronounced in eosinophil deficient dblGATA mice. The eosinophils were highly acti-

vated, which may be mediated by the increased IL-33 levels in ELD mice.

Eosinophils are activated by IL-33 in vitro
Eosinophils from ELD mice were highly activated and had an increased expression of the ST2

receptor (Figs 4A–4H and S3D and S3E). Given the strong increase in serum IL-33 levels in

ELD mice (Fig 5C), the potential role of IL-33 in driving eosinophil activation was analyzed in
vitro. Bone marrow-derived eosinophils were co-cultured with 0.1, 0.01 or 0.001 μg/ml IL-33.

Eosinophil activation, as indicated by expression of CD11b, CD54, CD86, CD101, CD107a,

MHC2, Siglec-F, and ST2, increased in a concentration-dependent manner when IL-33 was

added. Eosinophils stimulated with 0.1 μg/ml IL-33 had a significantly increased expression of

CD11b, CD54, CD86, CD107a, MHC2, and ST2 in comparison to unstimulated controls (Fig

6A–6H). In line, eosinophils stimulated with 0.1 μg/ml IL-33 released significantly more DNA

compared to unstimulated eosinophils (Fig 6I).
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Fig 3. ELD mice display a strong type 2 immune response and eosinophilia in the lung. (A) Experimental design

(created with BioRender.com). Wild-type ELD and eosinophil-deficient dblGATA ELD mice were sensitized with

dead MF and challenged with viable MF two weeks later. Controls received solely the MF challenge (MF) or remained

naïve. Analyses were performed ten days after MF challenge. (B) Total cell count per g of lung tissue for naïve, MF-

only challenged, as well as wild-type ELD and dblGATA ELD mice. Frequencies of (C) ILC2s (CD45+, linage-, TCRb-,

CD90.2+, ST2+, GATA3+), (D) RELM-α positive macrophages (CD45+, CD206+, Siglec-F+, RELM-α+), (E) eosinophils

(CD45+, CD11c-, Siglec-F+, CD11b+), (F) neutrophils (CD45+, Ly6G+), and (G) alveolar macrophages (CD45+,

CD206+, Siglec-F+) in the CD45+ lung cell fraction. Data is pooled from 1–3 independent experiments with n = 6–18

animals per group. Data is shown as median with interquartile range. Statistical analysis was performed with Kruskal-

Wallis followed by Dunn´s multiple comparison test. P values� 0.05 are shown.

https://doi.org/10.1371/journal.ppat.1012071.g003
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IL-33 signaling is essential for ELD-induced type 2 immune responses

Considering that eosinophils are essential for ELD induction and IL-33 levels are significantly

increased in ELD mice, but not dblGATA ELD mice, which trigger eosinophil activation in
vitro, we next evaluated if IL-33 is important for the development of MF-associated ELD. There-

fore, IL-33 signaling was blocked using the IL-33 suppressor Heligmosomoides polygyrus Alar-

min Release Inhibitor (HpARI2) [32]. HpARI2 was administered intranasally every three days

starting 1 h before and ending ten days post challenge with viable MF (Fig 7A). ELD mice that

received HpARI2 had a significantly decreased total lung cell count compared to untreated ELD

animals (Fig 7B). In addition, frequencies of ILC2s, RELMα-positive macrophages, eosinophils

and neutrophils were lower than in ELD animals not treated with HpARI2 (Figs 7C–7F and

S6A and S6B). Similar to the aforementioned experiments, alveolar macrophage frequencies

were not significantly altered in ELD mice (Fig 7G). Total and parasite-specific IgE levels were

comparable between ELD and HpARI2-treated ELD mice (S7A and S7B Fig). Reduction of

Fig 4. Lung eosinophils are highly activated during ELD. Geometric mean of the fluorescence intensity (gMFI) of (A) CD11b, (B) Siglec-F, (C) CD86 and (D) ST2/

IL-33R of lung eosinophils isolated from wild-type ELD mice, mice solely challenged with MF (MF) or naïve animals ten days after MF challenge. (E-H) Representative

histograms comparing eosinophils from naïve (grey) and ELD mice (red). (A-D) Data is pooled from 1–3 independent experiments with n = 5–13 mice per group.

Data is shown as median with interquartile range. Statistical analysis was performed with Kruskal-Wallis followed by Dunn´s multiple comparison test. p values� 0.05

are shown.

https://doi.org/10.1371/journal.ppat.1012071.g004
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eosinophils, ILC2s, RELMα-positive macrophages and neutrophils in HpARI2-treated mice

indicates that IL-33 drives ELD-associated immune responses. Accordingly, eosinophils con-

tained in the lung tissue had a significantly lower expression of CD11b, Siglec-F, CD101, but

Fig 5. IL-33 serum levels are elevated in ELD mice. Serum levels of (A) total IgE, (B) parasite-specific IgE, (C) IL-33, and (D) IL-4 ten days

after the MF challenge in naïve, MF-only challenged, ELD and dblGATA ELD mice. (E) DNA quantification of 20 μl BAL fluid of MF-

challenged, ELD and dblGATA ELD mice. One experiment with n = 5–8 mice per group. Data is shown as median with interquartile range.

Statistical analysis was performed with Kruskal-Wallis followed by Dunn´s multiple comparison test. p values� 0.05 are shown.

https://doi.org/10.1371/journal.ppat.1012071.g005
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not CD86, when animals were treated with HpARI2 in comparison to untreated ELD mice,

indicating a decreased activation (Fig 7H–7K).

Fig 6. IL-33 activates bone marrow-derived eosinophils in a concentration-dependent manner. Bone marrow-derived eosinophils were

stimulated with 0.1, 0.01, 0.001 μg/ml recombinant IL-33 and cultured for 24 h. Geometric mean fluorescence intensity (gMFI) of Siglec-F+

eosinophils for (A) CD11b, (B) CD54, (C) CD86, (D) CD101, (E) CD107a, (F) MHC2, (G) Siglec-F and (H) ST2/IL-33R is shown. (I) DNA release

of eosinophils after 24 h. Data is pooled from two independent experiments with n = 6–12 animals per group. Data is shown as median with

interquartile range. Statistical analysis was performed with Kruskal-Wallis followed by Dunn´s multiple comparison test. p values� 0.05 are

shown.

https://doi.org/10.1371/journal.ppat.1012071.g006
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Fig 7. IL-33 signaling is essential for ELD-induced type 2 immune responses. (A) Experimental design (created with

BioRender.com). Wild-type ELD mice were sensitized with dead MF and challenged with viable MF two weeks later. A

subset of ELD animals received HpARI2 to block IL-33 signaling. Controls received solely the MF challenge (MF) or

remained naïve. Analyses were performed ten days after MF challenge. (B) Total lung cell count. Frequencies of (C)

ILC2s (CD45+, linage-, TCRb-, CD90.2+, ST2+, GATA3+), (D) RELM-α positive macrophages (CD45+, CD206+,

Siglec-F+, RELM-α+), (E) eosinophils (CD45+, CD11c-, Siglec-F+, CD11b+), (F) neutrophils (CD45+, Ly6G+), and (G)

alveolar macrophages (CD45+, CD206+, Siglec-F+). (H-K) Geometric mean fluorescence intensity (gMFI) of (H)

CD11b, (I) Siglec-F, (J) CD86, and (K) CD101 of lung eosinophils in naïve, MF-challenged, ELD and HpARI2-treated

ELD mice. Data is pooled from two independent experiments with n = 6–15 animals per group. Data is shown as

median with interquartile range. Statistical analysis was performed with Mann-Whitney-U test between ELD and

HpARI2 ELD with p values� 0.05 shown.

https://doi.org/10.1371/journal.ppat.1012071.g007
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Eosinophil-deficiency and inhibiting IL-33 signaling reduce matrix

remodeling and lacunarity

Finally, histological analysis of the lung lacunarity, i.e., disintegration of the lung structure,

was compared between ELD, HpARI2-treated ELD and dblGATA ELD animals (Fig 8A). The

lacunarity was significantly increased in ELD mice but not dblGATA ELD mice, indicating

damage to the lung integrity was in part mediated by eosinophils (Fig 8B). Importantly, lacu-

narity was also reduced after HpARI2 treatment (Fig 8A and 8B). In line, treatment of

HpARI2 strongly reduced EPO and MPB from lung homogenates (Fig 9A and 9B). However,

HpARI2 treatment and absence of eosinophils did not significantly reduce the lung protein

content of the eosinophil chemoattractants CCL5 and CCL11 (Fig 9C and 9D). Finally, AREG

and MMP activity were reduced when eosinophils were absent as well as in HpARI2 treated

mice, indicating decreased tissue repair and remodeling processes (Fig 9E and 9F).

Our findings highlight that the activation of eosinophils, the initiation of type 2 immune

responses, and the resulting lung tissue damage observed in ELD mice were ameliorated

through the inhibition of IL-33 signaling. Further, absence of eosinophils hampers the forma-

tion of a type 2 immune response and decreases markers of tissue remodeling.

Discussion

In our current study, we have successfully established a mouse model for MF-associated eosin-

ophilic lung disease by utilizing the rodent filarial nematode L. sigmodontis. Through this

model, we demonstrated the crucial involvement of eosinophils and IL-33 in the formation of

ELD-associated immune responses. The L. sigmodontis ELD mouse model recapitulated key

features observed in human ELD, namely the induction of type 2 immune responses as charac-

terized by increased frequencies of AAMs and eosinophils, increased IL-5 as well as total IgE

levels. This is further in line with previous observations from human TPE patients where

eosinophilia (12-fold increase of eosinophils in the lower respiratory tract) was accompanied

by increased IL-5 and parasite-specific IgE levels, eosinophil degranulation and retention of

MF in the lung tissue [35,36]. The results obtained in the L. sigmodontis ELD mouse model

also reflect previous findings made in a TPE mouse model using B. malayi MF, where eosino-

phils, AAM, IL-5 as well as IgE levels were increased [8]. Our study provides compelling evi-

dence that eosinophils are essential for the MF retention in the lung. This was evident as the

immunological changes observed in ELD mice were reduced in eosinophil-deficient dblGATA

mice. In contrast, dblGATA ELD mice had, by frequency, increases in neutrophils and alveolar

macrophages. This was likely caused by the absence of eosinophils shifting the total percent-

ages of other immune cells in the lung tissue. Accordingly, absolute numbers of neutrophils

and alveolar macrophages between ELD and dblGATA ELD mice were statistically not differ-

ent (S7C and S7D Fig).

Our study provides further evidence that repeated sensitization with MF induces TPE-like

immune responses. In comparison to B. malayi MF, the size of L. sigmodontis MF is substan-

tially smaller. B. malayi MF are approximately 260 x 8 μm in size, while L. sigmodontis MF are

approximately one third of the size with 78–85 x 3.5 μm [37,38]. This may have implications

for the outcome of both models, as the size of the MF may impact the immune responses and

the clogging of capillaries. Given that human microvessels are double the size compared to

mice [39], the L. sigmodontis ELD mouse model may be more reflective for human TPE-asso-

ciated responses even though a non-TPE-inducing filarial species was used. However, future

studies should assess disease development and progression in the presence of the immuno-

modulatory adult worms to identify possible underlying mechanisms of TPE development.

The L. sigmodontis ELD mouse model offers the possibility to investigate this during chronic
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adult worm infections. This will be of importance, as the adult worms may interfere with dif-

ferent pathways, including the IL-33 singling and eosinophil activation.

Fig 8. Eosinophil deficiency and HpARI2 treatment reduce ELD-induced lung lacunarity. (A) Representative tissue

sections of naïve, MF-challenged (MF), ELD, dblGATA ELD and HpARI2-treated ELD mice (ELD-HpARI) stained

with hematoxylin and eosin ten days after MF challenge. (B) Lacunarity of 5 μm lung tissue sections. Lacunarity was

assessed in 50 randomly generated regions of interest of naïve, MF-challenged, ELD, dblGATA ELD and

HpARI2-treated ELD animals and pooled, representing one data point per mouse. n = 3–5 mice, two sections per

mouse, one out of two representative experiments are shown. Statistical analysis was performed with Kruskal-Wallis

followed by Dunn´s multiple comparison test. p values� 0.05 are shown.

https://doi.org/10.1371/journal.ppat.1012071.g008
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Fig 9. Tissue remodeling and eosinophil-associates granular proteins and chemokines are reduced after HpARI2 treatment. A) EPO, (B) MBP,

(C) CCL5, (D) CCL11 and (E) amphiregulin levels in lung tissue homogenates ten days after MF challenge. (F) MMP activity assay from lung

homogenates. Data shown is from one experiment with n = 4–9 animals per group and presented as median with interquartile range. Statistical analysis

was performed with Kruskal-Wallis followed by Dunn´s multiple comparison test. p values� 0.05 are shown.

https://doi.org/10.1371/journal.ppat.1012071.g009
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Here, our in vitro experiments demonstrate that IL-33 activates bone marrow-derived

eosinophils in a concentration-dependent manner, whereas Siglec-F expression and CD101

expression decreased below the values of the controls. Thus, lower concentrations of IL-33

may have a different effect on eosinophils compared to high concentrations, i.e., an inhibitory

effect, which has been observed for other cytokines like IL-1 and IL-6 [40,41]. That said, the

exact impact IL-33 signaling may have on eosinophils during ELD should be further investi-

gated in vivo during chronic filarial infection.

Eosinophils from ELD mice were highly activated in an IL-33-dependent manner. Given

that we observed an increase in pulmonary ILC2s in ELD mice, we speculate that ILC2s sup-

port the development of pulmonary inflammation by orchestrating the recruitment of eosino-

phils and exacerbating disease progression in a similar manner as it was described in papain-

induced airway inflammation. Here, ILC2s expand in response to IL-33 and released IL-5

together with Th2 cells [42,43], triggering eosinophil maturation and IL-33 receptor expres-

sion [44–47]. Accordingly, blocking IL-33 signaling in our ELD model reduced ILC2 frequen-

cies, eosinophil frequencies as well as eosinophil activation. Due to the lung centered nature of

the study, dose and rout of administration were adapted from the original HpARI2 publication

[32]. The type 2 immune response formed in our ELD model was significantly reduced but not

completely abolished by the intranasal HpARI2 treatment. An even stronger effect may be

achieved by a systemic blocking of IL-33 signaling by either injecting HpARI2 intravenously

or using IL-33 deficient mice.

Future studies could further define the distinct role of eosinophils and their subsets in rec-

ognizing MF and ELD/TPE pathology. On one hand, eosinophils are associated with protec-

tive immune responses against MF during filarial infections of mice and humans [19–21,48–

50], on the other hand, eosinophils can cause airway hyper-responsiveness during allergies

and asthma or cause tissue damage [51]. During MF-associated ELD in mice, eosinophils seem

to promote both, clearance of MF from the peripheral blood by retaining MF in the lung tissue

and diminishing lung integrity. Eosinophils from ELD mice of this study were highly activated

in an IL-33-dependent manner as was shown by their increased expression of Siglec-F,

CD11b, CD86, ST2, and CD101. Such a role of IL-33 to drive eosinophilia, facilitating eosino-

phil adhesion and activation of eosinophils was previously described, further supporting our

findings [31,52,53]. Furthermore, subsets of eosinophils were recently categorized as regula-

tory eosinophils (CD101low Siglec-Fint.) and inflammatory eosinophils (CD101high Siglec-

Fhigh), the latter being increased in the sputum of asthma patients [54]. Similarly, Gang et al.

recently demonstrated that a similar increase in inflammatory eosinophils occurs in the TPE

Brugia spp. model [55], which could indicate that these eosinophils might be associated with

lung hyper-responsiveness, MF clearance and potentially lung pathology. Accordingly, tissue

repair mechanisms, i.e., release of AREG and enhanced matrix metalloprotease activity in ELD

mice of our study suggests that the loss of lung tissue integrity could be caused by a prolonged

repair mechanism and fibrosis which was dependent on eosinophils and IL-33 signaling.

Interestingly, our in vitro experiments indicate that IL-33 stimulation triggers also extracel-

lular DNA trap formation (ETosis) from eosinophils (Fig 6I), which was previously shown by

our group to trap MF and supports MF removal [20]. Whether extracellular DNA traps,

increased cell influx and cell-antibody-MF interactions are responsible for the MF-induced

pathology by further tightening the small blood vessels surrounding the alveoli [20,56] is still

unclear and should be analyzed in future studies.

Taken together, we postulate a role of IL-33 signaling during the development of MF-

induced pulmonary eosinophilia, as inhibition of IL-33 signaling during ELD development

reduced eosinophil frequency and activation, associated type 2 immune responses and lung

tissue damage.
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Material and methods

Ethics statement

Experiments were performed with 6–8 week old female BALB/c WT or dblGATA knock-out

mice. WT mice were obtained from Janvier (Saint-Berthevin, France) and kept in individually

ventilated cages within the animal facility of the Institute for Medical Microbiology, Immunol-

ogy and Parasitology (IMMIP). BALB/c dblGATA mice were bred at the Haus für Experimen-

telle Therapie, University Hospital Bonn. Animal experiments were performed according to

the EU Directive 2010/63/EU and were approved by the state authorities (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. Animals

were weighed once a week during the experiments to additionally monitor health conditions.

Microfilariae purification

MF were purified as described previously [20]. In short, cotton rats (Sigmodon hispidus) natu-

rally infected with L. sigmodontis were bled into EDTA tubes (Sarstedt AG & Co. KG, Nüm-

brecht, Germany). The blood was diluted 1:2 in pre-warmed RPMI-1640 media (Gibco,

ThermoFisher Scientific, California, USA) and layered on top of a 25% and 30% sucrose gradi-

ent (Carl Roth, Karlsruhe, Germany) of 0.25 M in iso-osmotic percoll (Merck, Darmstadt,

Germany). The gradient was centrifuged at 300g for 30 min without breaks. The white layer

containing the MF was collected and washed 3 times with pre-warmed RPMI-1640. MF were

counted in a Neubauer chamber (Laboroptik GmbH, Friedrichsdorf, Germany) and adjusted

to 1x 105 in 150 μl PBS (Dulbecco´s PBS, Gibco, ThermoFisher Scientific, California, USA).

The MF were checked for viability via microscopy.

Bone marrow-derived eosinophil culture

Bone marrow was isolated from hind legs of WT BALB/c mice using a 20-gauge needle and 5

ml RPMI-1640 for each bone. Isolated cells were centrifuged (400g, 10 min, 4˚C) and red blood

cells were lysed by adding 1 ml of red blood cell lysis buffer (eBioscience, ThermoFisher Scien-

tific, California, USA) for 5 min at room temperature (RT). Cells were washed with 9 ml PBS

(Gibco, ThermoFisher Scientific, California, USA) and centrifuged at 400g at room temperature

for 10 min, adjusted to 1x 106/ml in RPMI-1640 with the addition of 20% fetal calf serum, peni-

cillin (10000 U/ml), streptomycin (100 mg/ml), glutaMAX, gentamycin (50 mg/ml) (Gibco,

ThermoFisher Scientific, California, USA for all contents). Cells were cultured with 100 ng/ml

FMS-like tyrosine kinase 3 ligand (FLT3L) and 100 ng/ml stem cell factor (SCF) (PeproTech

Inc., ThermoFisher Scientific, California, USA) for 4 days and subsequently with 20 ng/ml IL-5

(PeproTech Inc., ThermoFisher Scientific, California, USA) until day 12. Half of the medium

was replaced on day 2, 6, 10 and the whole medium was replaced on day 4 and 8. Cells were

adjusted using CASY automated cell counter (OLS OMNI Life Science GmbH & Co. KG, Bre-

men, Germany). Cells were centrifuged and adjusted to 1x 106/ml in the aforementioned culture

media with 10% fetal calf serum. Cell purity was determined using flow cytometry and cell via-

bility was assessed using the Annexin-V-PI staining kit (ThermoFisher Scientiffic, California,

USA) and was above 80% purity and 55–85% viability (S8A and S8B Fig).

Sensitization and induction of ELD mice

The sensitization protocol was adjusted from Egwang and Kazura, 1990 [7]. Mice were

injected subcutaneously into the neck fold with 1x 105 dead (killed by freezing) MF in 100 μl

PBS once a week for three weeks. Two weeks later, mice were injected with 1x 105 freshly
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isolated, living motile MF in 150 μl PBS (Dulbecco´s PBS, Gibco, ThermoFisher Scientific, Cal-

ifornia, USA) intravenously. Control mice received 150 μl PBS.

HpARI2 treatment of ELD mice

Full length HpARI2 with a 6-His tag was expressed in Expi293 cells, and purified by nickel

affinity chromatography, as previously described [57,58]. HpARI2 was used to inhibit IL-33

signaling during ELD development. Therefore, 10 μg HpARI2 in 10 μl PBS (Gibco, Thermo-

Fisher Scientific, California, USA) was administered intranasally under anesthesia induced

with 2% isoflurane (Piramal Critical Care, New-Delhi, India). For ELD induction, mice were

sensitized as usual once a week for three weeks total with dead MF and two weeks later, start-

ing 1 h before the final MF challenge, mice were treated every three days with HpARI2. Con-

trol mice received 10 μl PBS intranasally.

Broncho-alveolar lavage

After euthanasia of the animals, the thorax was opened carefully to allow the lungs to dilate

completely. The throat of the animals was cut open to expose the trachea. A 20G Vasofix (B.

Braun Melsungen, Melsungen, Germany) intravenous vein catheter was inserted into the tra-

chea and the lung was flushed with 1 ml PBS. The first ml was centrifuged at 400g for 10 min

at 4˚C and the supernatant was used for the analysis of cytokines. The lung was flushed with

additional 4 ml PBS (Gibco, ThermoFisher Scientific, California, USA). Finally, 1 ml of PBS

was injected into the lung to dilate the lobes before paraffin (Carl Roth, Karlsruhe, Germany)

fixation. Flushed out BAL cells were centrifuged at 400g for 10 min at 4˚C and used for flow

cytometry.

Lung tissue dissociation

The lung tissue was dissociated using the gentleMACS in combination with the tissue dissocia-

tion kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s pro-

tocol. Briefly, the lung was cut into the respective lobes and added into the dissociation tube

with 2.4 mL of 1× buffer S, 100 μL of enzyme D, and 15 μL of enzyme A. Lung lobes were dis-

sociated at 37˚C for 30 min under rotation of the tube (program: 37C_m_LDK_1) in the gen-

tleMACS (Miltenyi Biotec, Bergisch Gladbach, Germany). Isolated cells were collected by

centrifugation (400g, 10 min at 4˚C) and red blood cells were lysed for 5 min at RT, washed

and resuspended in culture media (eBioscience, ThermoFisher Scientific, California, USA).

Finally, cells were filtered through a 70 μm MACS SmartStrainer (Miltenyi Biotec, Bergisch

Gladbach, Germany). Cell viability was assessed using DAPI staining after lung dissociation

(S8C Fig).

Purification of native proteins from the lung tissue

Lung tissue was placed into RIPA-buffer (eBioscience, ThermoFisher Scientific, California,

USA) and lysed in a Precellys24 (VWR international GmbH, Langenfeld, Germany). Cells

were incubated for 1 h at 4˚C and centrifuged for 30 min at 16,000 g at 4˚C. The supernatant

was collected and adjusted to 100 μg/ml using Bradford protein quantification. Samples were

diluted 1:100 in Bradford reagent (Sigma-Aldrich, MERCK, Darmstadt, Germany) and com-

pared to a BSA standard.
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Detection of proteins from lysed lung tissue

10 μg lung protein extraction were used for the respective ELISA kits. CCL5, CCL11 (R &D

Systems, Minnesota, USA), Amphiregulin (ThermoFisher Scientific, California, USA), major

basic protein (Antikörper-Online, Aachen, Germany), MMP activity assay (Abcam, Cam-

bridge, United Kingdom) and eosinophil peroxidase (Lifespan Biosciences, Washington,

USA) ELISA measurements were performed according to the manufacturers’ protocols.

Spleen dissociation

Spleens were isolated from the euthanized mice and dissociated using a syringe stamp and

pressing the organ through a 70 μm MACS SmartStrainer (Miltenyi Biotec, Bergisch Gladbach,

Germany). Splenocytes were collected by centrifugation at 400g at RT for 5 min and red blood

cells were lysed (eBioscience,Thermofisher Scientific, California, USA). Cells were washed

with RPMI1640 media (Gibco, ThermoFisher Scientific, California), counted and used for

flow cytometry.

Microfilariae quantification from lung

Lung and heart were isolated from the mice and placed into a glass petri dish. 20 G needles (B.

Braun, Melsungen, Germany) were placed into the left and right atrium. An additional needle

was placed into the right atrium and attached to a 10 ml syringe (B. Braun, Melsungen, Ger-

many) containing PBS (Gibco, ThermoFisher Scientific, California, USA). The lungs were

flushed with 10 ml PBS. The flow through was collected in a 15 min falcon tube and centri-

fuged for 10 min at 400g at RT. The supernatant was discarded and 1 ml of 1x red blood cell

lysis buffer (ThermoFisher Scientific, California, USA) was added to the pellet. After 5 min at

RT, the samples were centrifuged again at 400g for 10 min at RT. 950 μl of the supernatant was

carefully removed. The pellet was resuspended in the remaining 50 μl and MF were counted

via microscopy.

Microfilariae quantification from peripheral blood

50 μl of blood was collected from mice in EDTA Tubes (Sarstedt AG & Co. KG, Nümbrecht,

Germany) and transferred into 1.5 ml Eppendorf tubes (Eppendorf SE, Hamburg, Germany).

1 ml of red blood cell lysis (ThermoFisher Scientific, California, USA) was added and incu-

bated for 5 min at RT. Following centrifugation at 400g for 10 min at RT, 1 ml of supernatant

was removed, the pellet resuspended and all MF contained in the remaining 50 μl pellet were

counted via microscopy.

Flow cytometry

106 cells were blocked in 1 μg/ml rat IgG/PBS (Sigma-Aldrich, MERCK, Darmstadt, Germany)

for 1 h at 4˚C. The blocking buffer was removed by centrifugation (400g, 8 min, 4˚C) and the cell

pellet was dissolved in 100 μl fixation buffer (BioLegend, California, USA). Cells were fixated at

RT for 15 min and washed with PBS (Gibco, ThermoFisher Scientific, California, USA), centri-

fuged at 400g for 10 min at RT and stained in 20 μl surface marker antibody mix (S1 Table) for

30 min at 4˚C. Stained cells were washed twice with PBS and centrifuged at 400g for 10 min at

RT. For additional intracellular stainings, cells were washed twice with 100 μl permeabilization

buffer (BioLegend, California, USA) and subsequently stained for 30 min at 4˚C. Finally, cells

were washed twice with PBS and measured using a CytoflexS flow cytometer (Beckman Coulter,

California, USA). ILC2s were gated as CD45+, linage-, TCRb-, CD90.2+, ST2+, GATA3+, RELM-

α positive macrophages as CD45+, CD206+, Siglec-F+, RELM-α+ and eosinophils as CD45+,
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CD11c-, Siglec-F+, CD11b+. Further, neutrophils were gated as CD45+, Ly6G+, alveolar macro-

phages as CD45+, CD206+, Siglec-F+. The gating strategy is shown in S9 Fig

Enzyme linked immunosorbent assay

Invitrogen ELISA (IFNγ, IL-4, IL-5, IL-33) (Invitrogen, ThermoFisher Scientific, California,

USA) were performed according to the manufacturer’s protocol from serum, bronchoalveolar

lavage (BAL), pleura wash or lung homogenates. Plates were coated with 1x coating buffer.

50 μl serum was diluted 1:2 in assay buffer, 100 μl of either BAL, pleura wash or lung homoge-

nates was transferred onto the plates alongside the respective standard samples and incubated

for 2 h at RT and 200 rpm. Samples were blocked in assay diluent. Plates were washed and

incubated with the detection antibody for 1 h at RT and 200 rpm. Plates were washed and

horseradish peroxidase—conjugate was added for 30 min at RT and 200 rpm. Colorimetric

detection was performed by adding 50 μl 3,3´5,5‘-Tetramethylbenzimidin into each well. The

reaction was stopped using 50 μl of 1 M H2SO4 (Carl Roth, Karlsruhe, Germany) to each well.

Optical density of the plates was measured in a SpectraMax Molecular Devices LLC, Califor-

nia, USA) at 450 and 570 nm wave length. Concentrations were calculated using the Softmax

Pro software (Molecular Devices LLC, California, USA).

Detection of IgE

Parasite-specific serum IgE was detected by coating ELISA plates (Sigma-Aldrich, MERCK,

Darmstadt, Germany) with 20 μg/ml female L. sigmodontis adult worm crude extract diluted

in PBS (Gibco, ThermoFisher Scientific, California, USA) for 24 h at 4˚C. The supernatant was

discarded and plates were washed and blocked for 1 h with 5% BSA/PBS (MERCK, Darmstadt,

Germany) at RT. Serum samples were diluted 1:50, 50 μl were added onto the plate and incu-

bated for 2 h at RT. After the incubation, the samples were discarded and the plates were

washed three times. The biotinylated anti-mouse-IgE antibody was diluted 1:200 (2μg/ml) in

PBS, added to each well and incubated for 1 h at RT, at 200 rpm. Following a washing step, the

plates were incubated with the conjugated horseradish peroxidase for 30 min at RT, shaking at

200 rpm. Colorimetric detection was performed by adding 50 μl 3,3´5,5‘-Tetramethylbenzimi-

din into each well. The reaction was stopped using 100 μl of 1 M H2SO4 H2SO4 (Carl Roth,

Karlsruhe, Germany) to each well. Optical density of the plates was measured in a SpectraMax

(Molecular Devices LLC, California, USA) at 450 and 570 nm wave length.

DNA quant

DNA quantification was performed as described previously [20]. In brief, the Invitrogen

Quant-iT dsDNA Assay Kit, high sensitivity (ThermoFisher Scientific, California, USA), was

used for DNA quantification of supernatant of stimulated bone marrow-derived eosinophils.

Eosinophils were cultured in 96-well plates with medium containing murine IL-5 (20ng/ml

PeproTech inc., ThermoFisher Scientific, California, USA). After 24 h, 2.5 U/well of the micro-

coccus exonuclease (PeproTech inc., ThermoFisher Scientific, California, USA) was added to

all samples at 37˚C for 15 min to disassociate DNA bound to the wells. The micrococcal nucle-

ase reaction was stopped by adding 1 mM EDTA. Culture plates were subsequently centrifuged

at 400g for 8 min at 4˚C and the supernatant was removed and transferred to a new 96-well

plate (Sigma-Aldrich, MERCK, Darmstadt, Germany). The quantification was done with

100 μl Quant-iT™ dsDNA HS buffer after a 1:200 dilution. The diluted DNA Quant-iT solution

was added to 20 μl of the supernatant. For quantification, the provided standard ranging from

0–10 ng/ml was used. The absorption of sample and standard was measured using the Tecan

infinity M200 (Tecan Group, Männedorf, Switzerland) at 485/525 nm.
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Lung histology

Mice were sacrificed and the lung lobes were inflated with 1 ml PBS (Gibco, ThermoFisher Sci-

entific, California, USA) via the trachea using a 20G Vasofix intravenous vein catheter (B.

Braun, Meisungen, Germany). To maintain the inflated status of the lung tissue, the trachea

was closed with a yarn tied into a knot. The lung was removed together with the heart and

placed into 2% methanol free formalin (ThermoFisher Scientific, California, USA) for 24 h at

RT. The lung tissue was washed twice with PBS (Gibco, ThermoFisher Scientific, California,

USA) and dehydrated by being submerged in ethanol baths of ascending concentration (50,

70, 80, 96, 100%) and finally 100% xylene for 30 min (STP-120 automated sample processor,

Especialidades Médicas Myr, S.L., Tarragona, Spain). The tissue was embedded in paraffin

(Merck, Darmstadt, Germany) at 56˚C (modular tissue embedding center, Especialidades

Médicas Myr, S.L., Tarragona, Spain). Hardened paraffin blocks were cut into 4 μm sections,

paraffin was removed with alcohol baths, sections were stained with Mayer´s hematoxylin and

eosin (Merck, Darmstadt, Germany) and mounted with entellan (Merck, Darmstadt, Ger-

many). Stitched histology images were taken on the Axio-observer 5 (Zeiss, Oberkochen, Ger-

many) using Zen V3.6 (Zen Blue edition V3.6, Zeiss, Oberkochen, Germany). Fifty 10x10 μm

Random regions of interest were generated using KNIME (https://www.knime.com/ [59]) and

lacunarity analysis was performed using the ImageJ [60] plugin FracLac (Karperien, A., Fra-

cLac for ImageJ. http://rsb.info.nih.gov/ij/plugins/fraclac/FLHelp/Introduction.htm). Protocol

adapted from Chenery et al., 2019 [61].

Statistical analysis

Statistical analysis was performed using Kruskal-Wallis followed by Dunn´s post-hoc test for

comparison of multiple groups or Mann-Whitney-U test for comparison of two groups. A p

value < 0.05 was considered as statistically significant. Statistical calculations were performed

using GraphPad PRISM version 9 (GraphPad Software, San Diego, California USA, www.

graphpad.com). Data is available via the Dryad database [62].

Supporting information

S1 Fig. (A) Number of microfilariae (MF) in 50 μl of peripheral blood 1 h after challenge

injection of ELD WT and eosinophil deficient dblGATA mice as well as MF only challenged

mice (MF). n = 10–18 animals per group. Data is shown as median with interquartile range.

Statistical analysis was performed with Kruskal-Wallis followed by Dunn´s multiple compari-

son test. p values� 0.05 are shown.

(TIF)

S2 Fig. (A) Representative tissue sections of naïve, MF-challenged (MF), ELD, and dblGATA

ELD mice stained with hematoxylin and eosin one day after MF challenge. 5 μm lung tissue

sections.

(TIF)

S3 Fig. (A) Splenocyte count of naïve, MF-challenged and ELD mice. (B) Spleen and (C) BAL

eosinophil frequency (CD45+, Siglec-F+, CD11b+) of naïve, MF-challenged and ELD mice.

Geometric mean fluorescence intensity (gMFI) of CD11b (D) and CD86 (E) of BAL eosino-

phils. Analyses were performed ten days after MF challenge. Data pooled from 1–2 indepen-

dent experiments, n = 4–18, median with interquartile range. Kruskal-Wallis test followed by

Dunn´s multiple comparison. p values� 0.05 are shown.

(TIF)
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S4 Fig. Serum (A) IFNγ and (B) IL-5 levels of naïve, and 10 days after the final challenge of

MF-challenged, ELD and dblGATA ELD mice. Data from one experiment, n = 5–8, median

with interquartile range. Kruskal-Wallis test followed by Dunn´s multiple comparison. p

values� 0.05 are shown.

(TIF)

S5 Fig. Representative hotographs of murine lungs 10 days after intravenous challenge

with viable MF. Lungs are shown for (A) a naïve mouse, (B) a mouse challenged with MF, (C)

a ELD mouse and (D) an eosinophil deficient dblGATA mouse. Photos taken by BL.

(TIF)

S6 Fig. (A) TSNE analysis of naïve, MF-challenged, HpARI2 treated ELD and ELD mice.

Shown is one out of two representative experiments. (B) Eosinophil and neutrophils gated and

(C) heat maps for CD54, CD11c, CD86, RELM-α, Ly6G, Siglec-F, CD206, CD11b, SSC-A,

Ly6C. Analysis was performed with FlowJo.

(TIF)

S7 Fig. Serum (A) total and (B) parasite-specific IgE of naïve and 10 days after the final chal-

lenge of MF-challenged, ELD and ELD mice treated with HpARI2. Absolute count of (C) neu-

trophils and (D) alveolar macrophages in ELD and dblGATA ELD mice. Data from 1–2

experiments, n = 5–8, median with interquartile range. Data from 1–2 experiments, n = 6–8,

median with interquartile range. Kruskal-Wallis test followed by Dunn´s multiple comparison

or Mann-Whitney-U Test. p values� 0.05 are shown.

(TIF)

S8 Fig. (A) Purity and (B) viability of bone marrow-derived eosinophils after 24 h of in vitro

culture. (C) Live/dead staining of lung cells after purification using different digestion meth-

ods. Data is pooled from two independent experiments, n = 6–12, mean + SEM. Kruskal-Wal-

lis test followed by Dunn´s multiple comparison. p values� 0.05 are shown.

(TIF)

S9 Fig. Gating strategies for neutrophils, eosinophils, ILC2s, and alternatively activated

macrophages.

(TIF)

S1 Table. Antibody clones and dilutions used for flow cytometry.

(TIF)
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21. Ehrens A, Hoerauf A, Hübner M P. Eosinophils in filarial infections: Inducers of protection or pathology?

Front Immunol. 2022; 13:983812. https://doi.org/10.3389/fimmu.2022.983812 PMID: 36389745

22. Limaye A P, Ottesen E A, Kumaraswami V, Abrams J S, Regunathan J, Vijayasekaran V, et al. Kinetics

of serum and cellular interleukin-5 in posttreatment eosinophilia of patients with lymphatic filariasis. J

Infect Dis. 1993; 167(6):1396–400. https://doi.org/10.1093/infdis/167.6.1396 PMID: 8501330

23. Gopinath R, Hanna L, Kumaraswami V, Perumal V, Kavitha V, Vijayasekaran V, et al. Perturbations in

eosinophil homeostasis following treatment of lymphatic filariasis. Infection and immunity. 2000; 68

(1):93–9. https://doi.org/10.1128/IAI.68.1.93-99.2000 PMID: 10603373

24. Moussion C, Ortega N, Girard J P. The IL-1-like cytokine IL-33 is constitutively expressed in the nucleus

of endothelial cells and epithelial cells in vivo: a novel ’alarmin’? PLoS ONE. 2008; 3(10):e3331. https://

doi.org/10.1371/journal.pone.0003331 PMID: 18836528

25. Nussbaum J C, Van Dyken S J, von Moltke J, Cheng L E, Mohapatra A, Molofsky A B, et al. Type 2

innate lymphoid cells control eosinophil homeostasis. Nature. 2013. https://doi.org/10.1038/

nature12526 PMID: 24037376

26. Cayrol C, Girard J-P. IL-33: an alarmin cytokine with crucial roles in innate immunity, inflammation and

allergy. Current Opinion in Immunology. 2014; 31:31–7. https://doi.org/10.1016/j.coi.2014.09.004

PMID: 25278425

27. Neill D R, Wong S H, Bellosi A, Flynn R J, Daly M, Langford T K, et al. Nuocytes represent a new innate

effector leukocyte that mediates type-2 immunity. Nature. 2010; 464(7293):1367–70. https://doi.org/10.

1038/nature08900 PMID: 20200518

28. Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T, Kawamoto H, et al. Innate production of TH2 cyto-

kines by adipose tissue-associated c-Kit+ Sca-1+ lymphoid cells. Nature. 2010; 463(7280):540–4.

https://doi.org/10.1038/nature08636 PMID: 20023630

29. Liew F Y, Pitman N I, McInnes I B. Disease-associated functions of IL-33: the new kid in the IL-1 family.

Nat Rev Immunol. 2010; 10(2):103–10. https://doi.org/10.1038/nri2692 PMID: 20081870

30. Bouffi C, Rochman M, Zust C B, Stucke E M, Kartashov A, Fulkerson P C, et al. IL-33 markedly acti-

vates murine eosinophils by an NF-kappaB-dependent mechanism differentially dependent upon an IL-

4-driven autoinflammatory loop. J Immunol. 2013; 191(8):4317–25.

31. Cherry W B, Yoon J, Bartemes K R, Iijima K, Kita H. A novel IL-1 family cytokine, IL-33, potently acti-

vates human eosinophils. J Allergy Clin Immunol. 2008; 121(6):1484–90. https://doi.org/10.1016/j.jaci.

2008.04.005 PMID: 18539196

32. Osbourn M, Soares D C, Vacca F, Cohen E S, Scott I C, Gregory W F, et al. HpARI Protein Secreted by

a Helminth Parasite Suppresses Interleukin-33. Immunity. 2017; 47(4):739–51.e5. https://doi.org/10.

1016/j.immuni.2017.09.015 PMID: 29045903

33. Ajendra J, Specht S, Neumann A L, Gondorf F, Schmidt D, Gentil K, et al. ST2 Deficiency Does Not

Impair Type 2 Immune Responses during Chronic Filarial Infection but Leads to an Increased Microfilar-

emia Due to an Impaired Splenic Microfilarial Clearance. PLoS ONE. 2014; 9(3):e93072. https://doi.org/

10.1371/journal.pone.0093072 PMID: 24663956

34. Mullerpattan J B, Udwadia Z F, Udwadia F E. Tropical pulmonary eosinophilia—a review. The Indian

journal of medical research. 2013; 138(3):295–302. PMID: 24135173

35. O’Bryan L, Pinkston P, Kumaraswami V, Vijayan V, Yenokida G, Rosenberg H F, et al. Localized eosin-

ophil degranulation mediates disease in tropical pulmonary eosinophilia. Infect Immun. 2003; 71

(3):1337–42. https://doi.org/10.1128/IAI.71.3.1337-1342.2003 PMID: 12595450

PLOS PATHOGENS IL-33 in microfilariae-induced eosinophilic lung disease

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012071 March 8, 2024 24 / 26

https://doi.org/10.1186/s13071-020-04428-0
http://www.ncbi.nlm.nih.gov/pubmed/33160409
https://doi.org/10.1051/parasite/2012194351
http://www.ncbi.nlm.nih.gov/pubmed/23193519
https://doi.org/10.1186/s13071-019-3502-z
http://www.ncbi.nlm.nih.gov/pubmed/31109364
https://doi.org/10.1016/j.celrep.2020.108621
http://www.ncbi.nlm.nih.gov/pubmed/33440150
https://doi.org/10.3389/fimmu.2022.983812
http://www.ncbi.nlm.nih.gov/pubmed/36389745
https://doi.org/10.1093/infdis/167.6.1396
http://www.ncbi.nlm.nih.gov/pubmed/8501330
https://doi.org/10.1128/IAI.68.1.93-99.2000
http://www.ncbi.nlm.nih.gov/pubmed/10603373
https://doi.org/10.1371/journal.pone.0003331
https://doi.org/10.1371/journal.pone.0003331
http://www.ncbi.nlm.nih.gov/pubmed/18836528
https://doi.org/10.1038/nature12526
https://doi.org/10.1038/nature12526
http://www.ncbi.nlm.nih.gov/pubmed/24037376
https://doi.org/10.1016/j.coi.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25278425
https://doi.org/10.1038/nature08900
https://doi.org/10.1038/nature08900
http://www.ncbi.nlm.nih.gov/pubmed/20200518
https://doi.org/10.1038/nature08636
http://www.ncbi.nlm.nih.gov/pubmed/20023630
https://doi.org/10.1038/nri2692
http://www.ncbi.nlm.nih.gov/pubmed/20081870
https://doi.org/10.1016/j.jaci.2008.04.005
https://doi.org/10.1016/j.jaci.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18539196
https://doi.org/10.1016/j.immuni.2017.09.015
https://doi.org/10.1016/j.immuni.2017.09.015
http://www.ncbi.nlm.nih.gov/pubmed/29045903
https://doi.org/10.1371/journal.pone.0093072
https://doi.org/10.1371/journal.pone.0093072
http://www.ncbi.nlm.nih.gov/pubmed/24663956
http://www.ncbi.nlm.nih.gov/pubmed/24135173
https://doi.org/10.1128/IAI.71.3.1337-1342.2003
http://www.ncbi.nlm.nih.gov/pubmed/12595450
https://doi.org/10.1371/journal.ppat.1012071


36. Pinkston P, Vijayan V K, Nutman T B, Rom W N, O’Donnell K M, Cornelius M J, et al. Acute tropical pul-

monary eosinophilia. Characterization of the lower respiratory tract inflammation and its response to

therapy. J Clin Invest. 1987; 80(1):216–25. https://doi.org/10.1172/JCI113050 PMID: 3298321

37. Mathison B A, Couturier M R, Pritt B S. Diagnostic Identification and Differentiation of Microfilariae.

Journal of clinical microbiology. 2019; 57(10). https://doi.org/10.1128/JCM.00706-19 PMID: 31340993

38. Bain O, Petit G, Diagne M. [Litomosoides, parasites of rodents; taxonomic consequences]. Annales de

parasitologie humaine et comparee. 1989; 64(4):268–89.

39. Müller B, Lang S, Dominietto M, Rudin M, Schulz G, Deyhle H, et al. High-resolution tomographic imag-

ing of microvessels: SPIE; 2008.

40. Levy Y, Fermand J P, Brouet J C. Differential effects of low and high concentrations of interleukin 6 on

human B cells. European journal of immunology. 1990; 20(11):2389–93. https://doi.org/10.1002/eji.

1830201105 PMID: 2147647

41. Spinas G A, Mandrup-Poulsen T, Mølvig J, Baek L, Bendtzen K, Dinarello C A, et al. Low concentrations

of interleukin-1 stimulate and high concentrations inhibit insulin release from isolated rat islets of Lang-

erhans. Acta endocrinologica. 1986; 113(4):551–8. https://doi.org/10.1530/acta.0.1130551 PMID:

3538741

42. Shakoory B, Fitzgerald S M, Lee S A, Chi D S, Krishnaswamy G. The role of human mast cell-derived

cytokines in eosinophil biology. Journal of interferon & cytokine research: the official journal of the Inter-

national Society for Interferon and Cytokine Research. 2004; 24(5):271–81. https://doi.org/10.1089/

107999004323065057 PMID: 15153310

43. Garlisi C G, Falcone A, Kung T T, Stelts D, Pennline K J, Beavis A J, et al. T cells are necessary for Th2

cytokine production and eosinophil accumulation in airways of antigen-challenged allergic mice. Clin

Immunol Immunopathol. 1995; 75(1):75–83. https://doi.org/10.1006/clin.1995.1055 PMID: 7533686

44. Boberg E, Johansson K, Malmhäll C, Calvén J, Weidner J, Rådinger M. Interplay Between the IL-33/

ST2 Axis and Bone Marrow ILC2s in Protease Allergen-Induced IL-5-Dependent Eosinophilia. Front

Immunol. 2020; 11:1058. https://doi.org/10.3389/fimmu.2020.01058 PMID: 32582171

45. Jiang M, Liu H, Li Z, Wang J, Zhang F, Cao K, et al. ILC2s Induce Adaptive Th2-Type Immunity in Acute

Exacerbation of Chronic Obstructive Pulmonary Disease. Mediators Inflamm. 2019; 2019:3140183.

https://doi.org/10.1155/2019/3140183 PMID: 31320835

46. Zheng H, Zhang Y, Pan J, Liu N, Qin Y, Qiu L, et al. The Role of Type 2 Innate Lymphoid Cells in Allergic

Diseases. Frontiers in Immunology. 2021; 12. https://doi.org/10.3389/fimmu.2021.586078 PMID:

34177881

47. Ngo Thi Phuong N, Palmieri V, Adamczyk A, Klopfleisch R, Langhorst J, Hansen W, et al. IL-33 Drives

Expansion of Type 2 Innate Lymphoid Cells and Regulatory T Cells and Protects Mice From Severe,

Acute Colitis. Front Immunol. 2021; 12:669787. https://doi.org/10.3389/fimmu.2021.669787 PMID:

34335571

48. Tischendorf FW, Brattig N W, Buttner D W, Pieper A, Lintzel M. Serum levels of eosinophil cationic pro-

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

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

49. Wildenburg G, Darge K, Knab J, Tischendorf F W, Bonow I, Buttner D W. Lymph nodes of onchocercia-

sis patients after treatment with ivermectin: reaction of eosinophil granulocytes and their cationic gran-

ule proteins. Trop Med Parasitol. 1994; 45(2):87–96. PMID: 7939167

50. Herrick J A, Metenou S, Makiya M A, Taylar-Williams C A, Law M A, Klion A D, et al. Eosinophil-associ-

ated processes underlie differences in clinical presentation of loiasis between temporary residents and

those indigenous to Loa-endemic areas. Clin Infect Dis. 2015; 60(1):55–63. https://doi.org/10.1093/cid/

ciu723 PMID: 25234520

51. Maghni K, Nantel F, Lanoue C, Cloutier S, Cristol J-P, Cadieux A, et al. Role of Airway Eosinophilia and

Eosinophil Activation in Sephadex-induced Inflammation. Inflammation. 2004; 28(4):195–206. https://

doi.org/10.1023/b:ifla.0000049044.48102.fc PMID: 15673161

52. Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan T K, et al. IL-33, an interleukin-1-like

cytokine that signals via the IL-1 receptor-related protein ST2 and induces T helper type 2-associated

cytokines. Immunity. 2005; 23(5):479–90. https://doi.org/10.1016/j.immuni.2005.09.015 PMID:

16286016

53. Suzukawa M, Koketsu R, Iikura M, Nakae S, Matsumoto K, Nagase H, et al. Interleukin-33 enhances

adhesion, CD11b expression and survival in human eosinophils. Laboratory investigation; a journal of

technical methods and pathology. 2008; 88(11):1245–53. https://doi.org/10.1038/labinvest.2008.82

PMID: 18762778

54. Mesnil C, Raulier S, Paulissen G, Xiao X, Birrell M A, Pirottin D, et al. Lung-resident eosinophils repre-

sent a distinct regulatory eosinophil subset. J Clin Invest. 2016; 126(9):3279–95. https://doi.org/10.

1172/JCI85664 PMID: 27548519

PLOS PATHOGENS IL-33 in microfilariae-induced eosinophilic lung disease

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012071 March 8, 2024 25 / 26

https://doi.org/10.1172/JCI113050
http://www.ncbi.nlm.nih.gov/pubmed/3298321
https://doi.org/10.1128/JCM.00706-19
http://www.ncbi.nlm.nih.gov/pubmed/31340993
https://doi.org/10.1002/eji.1830201105
https://doi.org/10.1002/eji.1830201105
http://www.ncbi.nlm.nih.gov/pubmed/2147647
https://doi.org/10.1530/acta.0.1130551
http://www.ncbi.nlm.nih.gov/pubmed/3538741
https://doi.org/10.1089/107999004323065057
https://doi.org/10.1089/107999004323065057
http://www.ncbi.nlm.nih.gov/pubmed/15153310
https://doi.org/10.1006/clin.1995.1055
http://www.ncbi.nlm.nih.gov/pubmed/7533686
https://doi.org/10.3389/fimmu.2020.01058
http://www.ncbi.nlm.nih.gov/pubmed/32582171
https://doi.org/10.1155/2019/3140183
http://www.ncbi.nlm.nih.gov/pubmed/31320835
https://doi.org/10.3389/fimmu.2021.586078
http://www.ncbi.nlm.nih.gov/pubmed/34177881
https://doi.org/10.3389/fimmu.2021.669787
http://www.ncbi.nlm.nih.gov/pubmed/34335571
https://doi.org/10.1016/s0001-706x(96)00038-1
http://www.ncbi.nlm.nih.gov/pubmed/9025985
http://www.ncbi.nlm.nih.gov/pubmed/7939167
https://doi.org/10.1093/cid/ciu723
https://doi.org/10.1093/cid/ciu723
http://www.ncbi.nlm.nih.gov/pubmed/25234520
https://doi.org/10.1023/b:ifla.0000049044.48102.fc
https://doi.org/10.1023/b:ifla.0000049044.48102.fc
http://www.ncbi.nlm.nih.gov/pubmed/15673161
https://doi.org/10.1016/j.immuni.2005.09.015
http://www.ncbi.nlm.nih.gov/pubmed/16286016
https://doi.org/10.1038/labinvest.2008.82
http://www.ncbi.nlm.nih.gov/pubmed/18762778
https://doi.org/10.1172/JCI85664
https://doi.org/10.1172/JCI85664
http://www.ncbi.nlm.nih.gov/pubmed/27548519
https://doi.org/10.1371/journal.ppat.1012071


55. Ganga L, Sharma P, Tiwari S, Satoeya N, Jha R, Srivastava M. Immunophenotypic and Functional

Characterization of Eosinophil and Migratory Dendritic Cell Subsets during Filarial Manifestation of

Tropical Pulmonary Eosinophilia. ACS infectious diseases. 2023. https://doi.org/10.1021/acsinfecdis.

3c00051 PMID: 37040430

56. Ivanov K P, Mel’nikova N N, Potekhina I L. Structure of microvascular networks in the lungs and pecu-

liarities of blood circulation in them. Bulletin of experimental biology and medicine. 2011; 151(4):389–

91. https://doi.org/10.1007/s10517-011-1338-4 PMID: 22448348

57. Chauché C, Vacca F, Chia S L, Richards J, Gregory W F, Ogunkanbi A, et al. A Truncated Form of

HpARI Stabilizes IL-33, Amplifying Responses to the Cytokine. Front Immunol. 2020; 11:1363. https://

doi.org/10.3389/fimmu.2020.01363 PMID: 32695116

58. Colomb F, Ogunkanbi A, Jamwal A, Dong B, Maizels R M, Finney C A M, et al. IL-33-binding HpARI

family homologues with divergent effects in suppressing or enhancing type 2 immune responses. Infect

Immun. 2024:e0039523. https://doi.org/10.1128/iai.00395-23 PMID: 38294241

59. Berthold M R, Cebron N, Dill F, Gabriel T R, Kötter T, Meinl T, et al., editors. KNIME: The Konstanz

Information Miner. Data Analysis, Machine Learning and Applications; 2008 2008//; Berlin, Heidelberg:

Springer Berlin Heidelberg.

60. Schneider C A, Rasband W S, Eliceiri K W. NIH Image to ImageJ: 25 years of image analysis. Nature

Methods. 2012; 9(7):671–5. https://doi.org/10.1038/nmeth.2089 PMID: 22930834

61. Chenery A L, Alhallaf R, Agha Z, Ajendra J, Parkinson J E, Cooper M M, et al. Inflammasome-Indepen-

dent Role for NLRP3 in Controlling Innate Antihelminth Immunity and Tissue Repair in the Lung. J

Immunol. 2019; 203(10):2724–34. https://doi.org/10.4049/jimmunol.1900640 PMID: 31586037

62. Lenz B, Ehrens A, Ajendra J, Risch F, Gal J, Neumann A L, Reichwald J J, Strutz W, McSorley H J, Mar-
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