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Schistosomiasis remains the most devastating neglected tropical disease, affecting over 240 million people world-wide. The disease is caused by the eggs laid by mature female worms that are trapped in host’s tissues, resulting in chronic Th2 driven fibrogranulmatous pathology. Although the disease can be treated with a relatively inexpensive drug, praziquantel (PZQ), re-infections remain a major problem in endemic areas. There is a need for new therapeutic drugs and alternative drug treatments for schistosomiasis. The current study hypothesized that cysteinyl leukotrienes (cysLTs) could mediate fibroproliferative pathology during schistosomiasis. Cysteinyl leukotrienes (cysLTs) are potent lipid mediators that are known to be key players in inflammatory diseases, such as asthma and allergic rhinitis. The present study aimed to investigate the role of cysLTR1 during experimental acute and chronic schistosomiasis using cysLTR1-/- mice, as well as the use of cysLTR1 inhibitor (Montelukast) to assess immune responses during chronic Schistosoma mansoni infection. Mice deficient of cysLTR1 and littermate control mice were infected with either high or low dose of Schistosoma mansoni to achieve chronic or acute schistosomiasis, respectively. Hepatic granulomatous inflammation, hepatic fibrosis and IL-4 production in the liver was significantly reduced in mice lacking cysLTR1 during chronic schistosomiasis, while reduced liver pathology was observed during acute schistosomiasis. Pharmacological blockade of cysLTR1 using montelukast in combination with PZQ reduced hepatic inflammation and parasite egg burden in chronically infected mice. Combination therapy led to the expansion of Tregs in chronically infected mice. We show that the disruption of cysLTR1 is dispensable for host survival during schistosomiasis, suggesting an important role cysLTR1 may play during early immunity against schistosomiasis. Our findings revealed that the combination of montelukast and PZQ could be a potential prophylactic treatment for chronic schistosomiasis by reducing fibrogranulomatous pathology in mice. In conclusion, the present study demonstrated that cysLTR1 is a potential target for host-directed therapy to ameliorate fibrogranulomatous pathology in the liver during chronic and acute schistosomiasis in mice.
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Introduction

Cysteinyl leukotrienes (cysLTs) are a class of leukotrienes that include leukotriene C4 (LTC4), LTD4 and LTE4, all of which contain the amino acid cysteine conjugated to the lipid backbone (1). Cysteinyl leukotrienes are synthesized from arachidonic acid metabolism (2–4) that is released from the plasma membrane through the action cytosolic phospholipase A2. They are then synthesized to leukotriene A4 (LTA4) by 5-lipoxygenase acting with the assistance of 5-lipoxygenase activating protein. LTA4 is hydrolysed to either LTB4 through the action of LTA4 hydrolase or LTC4 by the action of LTC4 synthase. Moreover, LTC4 can be further processed into LTD4 and LTE4 by gamma glutamyl transferase (5). CysLTs act through two structurally divergent G-protein-coupled receptors, named cysteinyl leukotriene receptor-1 (cysLTR1) and cysLTR2 (6), which have been cloned for the human (7–11) and the mouse (12–15). CysLTR1 is thought to be the primary receptor mediating smooth muscle contraction and inflammatory cytokine production following exposure to antigen (16). Although the two receptors induce many of the same immune responses, cysLTR2 requires up to 10-fold concentration of LTD4, which is the most potent ligand for activation of cysLTs (17). The targeted inhibition of cysLTR1 with montelukast has been shown to offer some therapeutic benefits for the treatment of asthma and allergic rhinitis by blocking the secretion of Th2 cytokines and impairing airway inflammation (18).

CysLTs are produced by a variety of innate immune cells such as basophils (19), eosinophils (20), mast cells (21) and monocytes following exposure to allergens (22). In addition, cysLTs are generated following exposure to allergens as the product of IgE cross-linking and activation mast cells (1). Cysteinyl leukotrienes are potent inflammatory lipid mediators and have been reported to drive Th2 immunity (23, 24). Initiation and amplification of robust Th2 immune responses is crucial for conferring protective immunity to helminth infections in mice (25).

Similar to allergic responses, infection with helminthic parasites such as Schistosoma spp. induces robust type 2 immunity that is crucial for the induction of protective immune responses to helminth infections in humans and mice. However, the triggers of type 2 immune responses during schistosomiasis are poorly understood. Schistosoma mansoni (S. mansoni) triggers granulomatous inflammation that is induced by the eggs that are lodged in the tissues such as the liver in the case of S. mansoni infection or bladder in the case of S. japonicum. During the early stages of infection, the predominant immune response is characterized by Th1 immune responses targeted at adult worms. However, the immune response switches from Th1 to Th2 when the mature worms start laying eggs in the mesenteric venules that migrate and get trapped in the host tissues (26). It is crucial that there is efficient switching between Th1 to Th2 immunity to prevent lethal inflammatory pathology driven by uncontrolled Th1 (25, 27) and Th17 immunity. Finally, regulatory T cells emerges at week 10 of infection, which is regarded as the chronic phase of the disease (26, 28–30). The chronic phase of schistosomiasis causes excessive collagen deposition resulting in fibrosis (26, 31).

Liver fibrosis caused by schistosomiasis continues to pose a public health problem worldwide, and currently there are no drugs available for treatment and reversal of fibrosis (2). Beller et al. observed reduced inflammation and fibrosis in lungs of mice following long-term injury in the absence of cysLTR1. Furthermore, there was reduced lung inflammation in S. mansoni infected 5-lipoxygenase deficient (5-LOX-/-) mice (32), suggesting that leukotrienes are essential in driving chronic inflammation in the lungs. However, it is unclear if cysLTR1 is required for driving liver fibrotic granulomatous inflammation during schistosomiasis. The present study investigates whether cysLTs are required for driving inflammation and fibrosis in the liver during chronic schistosomiasis.

Here, we investigated the role of cysLTs signalling through cysLTR1 in the development of fibrogranulomatous liver pathology during chronic schistosomiasis using cysLTR1 gene deficient mice. We observed reduced hepatic fibrogranulomatous inflammation in the cysLTR1-/- mice compared to littermate control mice during the chronic stage of schistosomiasis. Moreover, we found a reduced production of IL-4 in mice lacking cysLTR1 in comparison to the littermate control mice during chronic schistosomiasis. Remarkably, the inhibition of cysLTR1 with montelukast alone or in combination with praziquantel (PZQ) led to the reduction in fibrogranulomatous inflammation and liver egg burden compared to littermate control mice during chronic schistosomiasis. Although the disruption of cysLTR1 is dispensable for host survival during schistosomiasis, we observed significant weight loss during the acute stage of infection, indicating the crucial role cysLTR1 plays during acute schistosomiasis. Taken together, these findings demonstrated that interfering with the signalling of cysLTR1 using gene-deficient mice or small molecule inhibitors ameliorates fibrogranulomatous liver pathology during chronic and acute schistosomiasis.





Methods




Ethics statement

Ethical approval of mouse experiments was granted by the University of Cape Town (UCT) Health Sciences Animal Ethics Committee (Protocol number 016/027 and 020/002) in accordance with guidelines by the Animal Research Ethics Committee (AREC) of South African National Standard (SANS 10386:2008). All measures were taken to minimize the suffering of animal in accordance with the AREC guidelines.





Mice

C57/BL6 background cysLTR1-/- mice were received as a kind donation from Yoshihide Kanaoka at Harvard University. CysLTR1-/- mice were backcrossed to BALB/c background for 10 generations for this study. Mice were bred and housed under specific pathogen-free conditions at the UCT animal facility, and mice aged between 8 and 12 weeks were used for the experiments.





Infection of mice with Schistosoma mansoni

Mice were shaved and infected percutaneously with either 35 (chronic/late infection) or 100 (acute/early infection) live S. mansoni cercariae (33–36) shedded by infected Biomphalaria glabrata snails (NMRI strain, NR-21962, Biomedical Research Institute, Rockville, USA). Infected mice were monitored daily and weighed weekly in accordance with the AREC guidelines. Mice were euthanized using halothane and death was confirmed by cardiac puncture. Mice were killed at 8 weeks post-infection (acute infection) or 16 weeks post-infection (chronic infection).





Preparation of montelukast

Aliquots of Montelukast soluble at 200 mg/ml in 100% EtOH were stored at -80°C. On day of treatment, the aliquots were thawed, and corn oil was added into the tube maintained in water bath and mixed before incubation for 1 hour. For 100μl corn oil preparation given at each oral gavage, 0.88mg of Montelukast was administered (35mg/kg). Treatment commenced at week 11 post infection, infected mice were treated once every second day, for three weeks.





Preparation of praziquantel

The PZQ (Merck KGaA, Darmstadt, Germany) solution was prepared as previously described previously by Nono et al. (35). Briefly, PZQ was weighted and mixed with 10 parts 70% Tween and 30% Ethanol using a magnetic stirrer to achieve a concentration of 400mg/kg of animal body weight. Afterwards, 90 parts of sterile water was added to the solution while stirring with a magnetic stirrer until a homogenous solution was obtained. Each mouse was given 200μl of the homogeneous PZQ suspension by oral gavage within 2 h after it was prepared daily. At 11 weeks post infection, infected mice were treated once, daily for seven days.





Histology

The harvested liver was fixed in buffered formalin (4% (v/v) formaldehyde in PBS), embedded in wax, and then processed. Sections were cut and stained with Haematoxylin and Eosin (H&E) to assess tissue pathology or stained with chromotrope analine blue solution (CAB) followed by counterstaining with Wegert’s haematoxylin for collagen detection. Images were captured using the Nikon Eclipse 90i light microscope (Nikon Corporation). Granuloma area was measured by computer-assisted morphological analysis using the NIS Elements Imaging software (Nikon Corporation) as previously discussed (33–36). We analysed an average of 20 granulomas per mouse which contained a single visible egg at the centre.





Enzyme-linked immunosorbent assay




Serum antibody titres

Antigen-specific serum antibody isotypes (IgG1, IgG2a, IgG2b) and total IgE titres were determined from the plasma that was obtained from infected mice (37). Briefly, blood was collected by cardiac puncture and placed in serum separator tubes (BD Bioscience, San Diego, CA). The tubes were spun at 8 000×g for 10 minutes at 4°Cand the top layer constituting the plasma was collected. The Nunc MicroWell flat-bottom 96-well plates (Thermo Fisher Scientific) were coated with 10μg/ml soluble egg antigen (SEA), blocked with 2% (m/v) BSA for 3 hours at 37°C, the serum was loaded, and the plates were incubated overnight at 4°C. The plates were washed, and alkaline phosphatase-labelled secondary antibody was added and incubated for 2 hours at 37°C. The plates were washed, the substrate (4-nitrophenyl substrate, Sigma-Aldrich, St. Louis, Missouri), and absorbance was read at 405nm using VersaMax microplate reader (Molecular Devices, Germany).





Cytokine ELISA

Cytokine production was measured by sandwich ELISA. The Nunc MicroWell flat-bottom 96-well plates (Thermo Fisher Scientific) were coated with primary antibodies (α-IL-4, α-IL-5, α-IL-10, α-IL-9, α-IL-13, α-IFN-γ, α-TNF, and α-TGF-β) and incubated at 4°C, overnight. Coated microplates were blocked with blocking buffer (1× PBS with 2% (m/v) BSA) for 3 hours at 37°C. Appropriately diluted standards and serum and tissue homogenates were added to the designated wells on the microplate and were incubated at 4°C, overnight. Specific biotinylated secondary antibodies (depending on primary Ab) were added and incubated for 2 hours at 37°C. Microplates were developed by adding streptavidin conjugated to either alkaline phosphatase (AP) or horse radish peroxidase (HRP) and incubated at 37°C for 1 hour. An appropriate substrate (3,3’5,5’-Tetramethylbenzidine (TMB) Microwell Peroxidase Substrate (KPL, Gaithersburg, MD, US) for HRP-conjugated secondary antibody or 4-nitrophenol (Sigma) for AP-conjugated secondary antibody) was added to the microplate and incubated for 10 minutes at 37°C. The absorbance was read at 405nm for AP or 450nm for HRP using VersaMax microplate reader (Molecular Devices, Germany).






Tissue homogenates

Infected liver samples were homogenized in extraction buffer (1× PBS with 2µg protease inhibitor [Sigma-Aldrich, St. Louis, MO, US] and 0.1% Tween 20 [Merck]), spun and supernatants were collected for cytokine detection by sandwich ELISA. Protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) following the manufacturer’s instructions.





Liver enzymes

The concentrations of alanine transaminase (ALT) and aspartate transaminase (AST) was determined by diluting the serum 1:10 in 0.9% (m/v) NaCl. The diluted serum was sent to National Health Laboratory Service (NHLS) at Groote Schuur Academic Hospital in Cape Town for analysis.





Assessment of collagen content in naïve and infected tissue

Hydroxyproline (OH) content was quantified using a modified protocol (Bergman et al., 1963). Briefly, liver samples were weighed and hydrolysed overnight at 110°C in 6M HCl. Hydrolyzed liver samples were diluted with double distilled water (ddH2O) and filtered using Whatmann No.1 filter paper. The samples were neutralized with 1% (m/v) phenolphthalein and titrated with 10N NaOH and 3N HCl. Aliquots were mixed with isopropanol and Chloramine-T/Citrate buffer solution (Sigma) was added to the samples. Erlich’s reagent was added, and absorbance was read at 558nm (excitation) and 570nm (emission) using the VersaMax microplate reader (Molecular devices, USA). Hydroxyproline concentrations were determined using 4-hydroxy-L-proline (Calbiochem, San Diego, CA, US) as a standard and data was expressed as µmoles hydroxyproline per weight of tissue that contained 104 eggs.





Ex vivo restimulation of cells

Single cell suspensions were prepared from hepatic lymph node (hLN) harvested from infected mice. Single cell suspensions (1 × 106 cells/ml) were seeded on a 96-well plate coated with α-CD3 (20μg/ml) and incubated in a humidified atmosphere containing 5% CO2 at 37°C, and supernatants were collected after 72 hours. Supernatants were collected and cytokines were detected using sandwich ELISA described above.





cDNA synthesis and quantitative Real Time-PCR

Ribonucleic acid (RNA) was extracted from the liver of infected mice using the Qiagen RNeasy mini kit following the manufacturer’s instructions. RNA was reverse-transcribed into cDNA using random hexamer and anchored-oligo primers. CysLTR1 cDNA was amplified using the following primers: mCysLTR1 Forward – 5’ - CAA CGA ACT ATC CAC CTT CAC C - ‘3, mCysLTR1 Reverse – 5’ - AGC CTT CTC CTA AAG TTT CCA C - ‘3. Data were normalized using the hypoxanthine phosphoribosyl transferase (HPRT) housekeeping gene using HPRT Forward – 5’ - GTT GGA TAT GCC CTT GAC - ‘3 and HPRT reverse – 5’ - AGG ACT AGA ACA CCT GCT - ‘3.





Quantification of egg burden in tissue

Infected liver tissues were weighed and hydrolysed in 5% (m/v) KOH at 37°C overnight. Hydrolyzed tissues were spun down at 2000rpm for 10 minutes and excess supernatant was removed. Eggs in the supernatant were enumerated under inverted light microscope and number of eggs were normalized to tissue weight.





Flow cytometry and intracellular cytokine staining

Single cell suspensions were prepared from lymph nodes, lungs and liver obtained from either naïve or infected mice and the cells were stained with a cocktail of the following antibodies: CD44, Siglec-F, CD62L, CD11c, F4/80, T1/ST2, CD11b, CD4, CD3, CD8, Ly6G purchased from BD Biosciences (Franklin Lakes, NJ, US) and Biolegend (San Diego, CA, USA). For intracellular cytokine staining, cells were restimulated with a cocktail of 50 ng/ml Phorbol 12-Myristate 13-Acetate (PMA), 250 ng/ml ionomycin and 200 µM monensin for 6 hours at 37°C. After fixation, the cells were permeabilized using the transcription factor buffer set (BD Bioscience). All the antibodies (IL-4, IL-5, IL-9, IL-10, IL-13, IFN-γ, Foxp3, Gata3) were purchased from BD Pharmingen (San Diego, CA, USA) except were noted otherwise. The cells were acquired on a BD LSR Fortessa machine (BD Immunocytometry system, San Jose, CA, USA) and data were analysed using FlowJo software (Treestar, Ashland, OR, USA).





Statistics

All data are presented as means ± standard error of the mean (SEM), and the p-value was determined using Student’s t test. Statistical analysis for the present study was conducted using GraphPad Prism 6.0 software (http://www.prismsoftware.com).






Results




Generation and characterization of cysLTR1-/- BALB/c mice

CysLTR1 deficient mice were generated by homologous recombination by cleaving out a portion of cysLTR1 and inserting neomycin cassette (Supplementary Figures S1A, B). Homozygous C57BL/6 cysLTR1-/- mice were intercrossed with BALB/c mice to F10 generation to generate a stable cysLTR1-/- mice on BALB/c background (Supplementary Figure S1B). The deletion of cysLTR1 was confirmed by conventional polymerase chain reaction (PCR), an expected band size for the disruption of cysLTR1 was 333bp, no disruption at 284bp and heterozygous mice were indicated by double bands at 284bp and 333bp (Supplementary Figure S1C). To further confirm the deletion of cysLTR1, quantitative real-time PCR (qRT-PCR) was conducted on genomic DNA extracted from spleen, mesenteric lymph node (MLN), lung, liver, and gut of naïve cysLTR1-/- mice and normalized to hypoxanthine-guanine phosphoribosyl transferase (HRPT). As expected, there was no expression of cysLTR1 in cysLTR1-/- mice compared to littermate control mice (Supplementary Figure S1D). These results revealed that cysLTR1 was successfully deleted across tissues in cysLTR1-/- BALB/c mice and confirmed that cysLTR1 BALB/c mice were a global knockout.





Disruption of cysLTR1 does not alter gross pathology, tissue cellularity however there is an expansion of CD4+ and CD8+ Tcm in secondary lymphoid tissues under steady state conditions

To determine the impact of deleting cysLTR1 at homeostasis in naïve mice, we assessed body and vital organs weights, as well as tissue cellularity. There were no apparent differences in body weight (Supplementary Figure S2A), vital organ weights (Supplementary Figure S2B) and tissue cellularity (Supplementary Figure S2C) between cysLTR1-/- and littermate control mice. Furthermore, cysLTR1-/- mice had comparable myeloid cell compartments in the spleen, MLN, lung, liver, and gut (Supplementary Figures S2D–H). Additionally, cysLTR1 expression also did not appear to affect the lymphocyte compartments in the thymus (Supplementary Figure S2I) and proportions of CD19+ B cells, CD4+ and CD8+ T cells in the spleen (Figure 1A), MLN (Figure 1C), lung, liver and gut (Supplementary Figures S2J–L); however, there was expansion of CD4+ and CD8+ central memory T cells (CD62L+CD44+) in secondary lymphoid organs (spleen and MLN) in mice deficient of cysLTR1 in comparison with littermate control mice (Figures 1B, D), respectively. Collectively, these data suggested that the lack of cysLTR1 expression in secondary lymphoid tissue results in expansion of CD4 and CD8 Tcm in naïve specific pathogen-free mice without the exposure to foreign antigen. Overall, cysLTR1 BALB/c deficient mice reproduced normally and exhibited no physical abnormalities.




Figure 1 | Disruption of cysLTR1 does not alter immune cell composition but there is expansion of CD4 T cm and CD8 Tcm in secondary lymphoid tissues. (A) Total number of splenic immune cell populations (CD4, CD8, CD19 B cells). (B) Total number of CD4 T central memory (Tcm) and CD8 Tcm in the spleen. (C) Total number of MLN immune cell populations (CD4, CD8, CD19 B cells). (D) Total number of CD4 Tcm and CD8 Tcm in the MLN. Data are representative of two independent experiments. n=6 - 8 mice. *p<0.05 by unpaired Student’s t-test. ns, statistically not significant.







CysLTR1 deletion leads to reduced liver granulomatous inflammation during chronic schistosomiasis in mice

Cysteinyl leukotrienes are essential for activation of Th2 immune responses during allergic asthma and helminth infections (23, 24, 38). To determine whether signalling via cysLTR1 is required for host survival during chronic schistosomiasis, we percutaneously infected cysLTR1-/- mice and littermate control mice with 35 live S. mansoni cercariae (Figure 2A) and disease outcome was monitored until the attainment of pre-defined humane endpoint (persistent bloody diarrhoea, severe lethargy, and weight loss of 20% or more) (Supplementary Figure S3A). About 20% of wildtype mice succumbed to infection while less than 5% of cysLTR1-/- mice had died at 8 weeks pi (Figure 2B). More than 55% of wildtype mice died by 12 weeks pi compared to cysLTR1 deficient mice (Figure 2B). In vivo expression of cysLTR1 was measured in the liver of naïve and S. mansoni-infected BALB/c mice using qPCR and was found to be reduced at both the early and late phases of schistosomiasis (Supplementary Figure S3B). Despite the better resilience to the disease, we observed that cysLTR1 deficient mice developed wasting disease and lost 9% of body weight by 10 weeks pi compared to littermate control mice (Supplementary Figure S3C). Therefore, these data indicated that the absence of cysLTR1 enhanced the survival of mice during chronic schistosomiasis.




Figure 2 | Deletion of cysLTR1 leads to amelioration of granulomatous inflammation during chronic schistosomiasis. CysLTR1 deficient mice and littermate control mice were infected with 35 live S. mansoni cercariae, killed at 16 weeks post infection respectively and the liver was harvested. (A) Experimental layout. (B) Survival curve of S. mansoni infected cysLTR1 and control mice. Survival curves were compared using log-rank test. cysLTR1 mice were infected with S. mansoni cercariae and analyzed 16 weeks post infection. (C) Histological examination of H&E and CAB-stained liver sections. (D) Granuloma area was measured using computerized morphometric analysis (NIS Elements, Nikon) by measuring 20 - 25 granulomas per mouse. (E) Liver fibrosis determined by assaying hydroxyproline concentration normalized to tissue eggs. (F) Hepatocellular damage indicated by serum aspartate transaminase (AST) concentration. (G) Egg burden in S-mansoni infected liver. (H) Body weight. (I) Spleen weight index (as a ratio of total body weights). (J) Liver weight index. Data are representative of two independent experiments. n= 6 - 10 mice. *p<0.05 and ***p<0.001 vs wild type mice using unpaired Student’s t-test.



We sought to understand whether liver pathology was affected during chronic schistosomiasis in mice deficient of cysLTR1 compared to littermate control mice. Histological analysis revealed that cysLTR1-/- mice developed significantly reduced inflammation as judged by the smaller granuloma size compared to littermate control mice (Figures 2C, D). Furthermore, we observed reduced fibrosis indicated by reduced hydroxyproline content (Figure 2E) and a trend towards reduced liver injury as indicated by aspartate transaminase (Figure 2F) in the liver of cysLTR1-/- mice as compared to littermate control mice. There were no differences in the quantity of parasitic eggs lodged in the liver between the two groups (Figure 2G). Although the overall body weight (Figure 2H) and spleen sizes remained comparable during chronic schistosomiasis (Figure 2I), the size of the liver was significantly smaller, translating into a significantly reduced level of hepatomegaly in cysLTR1-/- mice as compared to wildtype mice (Figure 2J). Overall, this data suggests absence of cysLTR1 leads to reduced liver inflammation and damage.

To further investigate the mechanism associated with reduced liver pathology in infected cysLTR1-/- mice during chronic schistosomiasis, serum cytokine and immune responses were assessed in the liver and hepatic lymph nodes (hLN). There was a significant reduction of type 2 (IL-4) and regulatory (TGF-β) cytokines and upregulation of IL-10 in cysLTR1-/- mice as compared to controls in the serum (Figure 3A). The reduced IL-4 production and elevated levels of IL-10 were consistent in the liver homogenates in the chronic phase in the absence of cysLTR1 (Figure 3B). Further analysis of cytokine immune response in liver homogenates revealed increased levels of IFN-γ in liver at the chronic phase in cysLTR1-/- mice compared with littermate control mice (Figure 3B). In vitro stimulation of total hLN cells with SEA or α-CD3 indicated a consistent reduced IL-4 and IFN-y production (Figures 3C, D) in mice lacking cysLTR1 compared to littermate control mice. We also noted reduced type 2 cytokines IL-5 and IL-13 in the hLN restimulated with α-CD3 in cysLTR1-/- mice as compared to littermate control mice (Figure 3D). To assess the immune cells, a gating strategy (Supplementary Figure S5) was used. The infiltration of immune cells remained comparable at week 16 with the exception of reduced CD8+T cells in the absence of cysLTR1 compared to littermate control mice (Figure 3E). Consistent with phenotype in the serum, liver homogenates and in-vitro restimulation of hLN cells with SEA or αCD3, we observed reduced intracellular production of IL-4 by CD4+ T (Figure 3F). We also noted reduced levels of IL-9 and IL-17 during the late phase of the disease, as well as intracellular expression of IL-4 expression by ILC2 (Figure 3G) in cysLTR1-/- mice compared to littermate control mice. Assessment of type 2 SEA-specific IgG1 (Figure 3H) revealed a comparable measure between two groups; however, total IgE titre (Figure 3I) was significantly reduced in cysLTR1-/- mice as compared to the littermate control mice. Taken together, these data demonstrated that cysLTR1 is necessary for mounting sufficient type 2 immune responses during chronic schistosomiasis in mice.




Figure 3 | Deletion of cysLTR1 leads to reduced Th2 immune response during chronic schistosomiasis. CysLTR1 deficient mice and littermate control mice were infected with 35 live S. mansoni cercariae, killed at 16 weeks post infection and the serum, hLN and liver were harvested. (A) Cytokine production in the serum. Livers from infected mice were homogenized and levels of the indicated (B) cytokines were detected by ELISA and normalized to mg of liver tissue at week 16 post infection. Total hLN cells were stimulated with (C) SEA and (D) αCD3. (E) Representative total number of CD4+ intra-epithelial lymphocytes (IEL), CD8+ IEL, CD4+ CD8+ IEL, CD8+ dendritic cells, neutrophils (CD11b+Ly6G+), macrophages (CD11b+F4/80+), and eosinophils (CD11b+SiglecF+). (F) Total number of IFN-γ, IL-4, IL-9, and IL-17-expressing CD4+ T cells. (G) Total number of IL-4 expressing ILC2 cells in the liver. (H) SEA-specific IgG1 antibody titre. (I) Total IgE antibody titre. Data are representative of two independent experiments. n=6 - 10 mice. *p<0.05, **p<0.01 and ***p<0.001 by unpaired Student’s t-test.







Inhibition of cysLTR1 with montelukast together with praziquantel results in the expansion of CD4+Foxp3+ T cells during chronic schistosomiasis

Next, we determined whether inhibition of cysLTR1 alone or in combination with praziquantel (PZQ) could ameliorate liver pathology during chronic phase of schistosomiasis. We infected four groups of wildtype mice with 35 live S. mansoni (low dose) cercariae, and at week 11, one group was treated with PZQ for one week; one group was treated with montelukast once every two days for 3 weeks; one group was treated with montelukast in combination with PZQ while the control group was mock treated (Figure 4A). All four groups of mice were killed at week 16 pi. We observed reduced liver granulomatous inflammation in the mice treated with montelukast alone and in combination with PZQ (Figures 4B, C). We also noted a trend towards reduced granuloma size in PZQ-treated mice; however, the differences were not significant (Figures 4B, C). Further analysis revealed reduced liver hydroxyproline quantity in mice treated with combination therapy as compared to control group (Figure 4D). Moreover, we observed that mice that were treated with montelukast alone or in combination with PZQ displayed significantly reduced ratio of AST/ALT as compared to control mice (Figure 4E), indicating reduced hepatoxicity following these treatments. We observed no difference in liver egg burdens between the infected mock control mice and mice treated PZQ or montelukast alone, while there was a reduced liver egg burden in mice treated with a combination of montelukast and PZQ compared to mock control mice (Figure 4F). There was no difference in liver weight between all the infected groups (Figure 4G); however, we did observe a significantly reduced spleen weight in mice treated with a combination of montelukast and PZQ compared to mice treated with PZQ alone (Figure 4H), indicating that the combined therapy reduced the spleen pathology compared to the single PZQ therapy alone. Mice treated with montelukast showed a trend towards reduced body weight (Figure 4I), which was not evident in the rest of the infected groups. Overall, these data suggests that combined therapy with montelukast and PZQ drives reduced egg-driven fibrogranulomatous inflammation in the liver during chronic schistosomiasis in mice.




Figure 4 | Pharmacological blockade of cysLTR1 led to reduced liver pathology during chronic schistosomiasis. Four groups of wild type mice were infected with 35 live S. mansoni cercariae and at 11 weeks pi, one group was treated with Praziquantel only once daily for 7 days, Montelukast only once every other day for 3 weeks, a combination of Praziquantel and Montelukast therapy and one group was given a mock treatment and kept as a control. Animals were killed at week 16 pi and the liver and serum were harvested. (A) Experimental layout. (B) Histological examination of H&E-stained liver sections. (C) Granuloma area was measured using computerized morphometric analysis (NIS Elements, Nikon) by measuring 20 - 25 granulomas per mouse. (D) Liver fibrosis determined by assaying hydroxyproline concentration normalized to tissue eggs. (E) Hepatocellular damage indicated by serum aspartate transaminase (AST)/alanine transaminase (ALT) ratio. (F) Parasite egg burden in liver. (G) Liver weight index. (H) Spleen weight index. (I) Body weight. Data are representative of two independent experiments. n= 4 - 7 mice. *p<0.05 and ***p<0.001 by unpaired Student’s t-test.



To understand the cellular mechanism of the combined therapy during chronic schistosomiasis, we examined the immune responses in the serum and liver of the infected animals. Treatment with montelukast alone and in combination with PZQ led to reduced IL-4 cytokine production in serum and liver homogenates as compared to control mice (Figures 5A, B). Furthermore, combination therapy also resulted in heightened production of IL-10 and TGF-β compared to infected mock treated mice (Figures 5C–F). There was an upregulation of IL-10 (Figures 5C, D) and TGF-β (Figures 5E, F) in the serum and liver homogenates following combined therapy as compared to the control mice. We also observed an overall expansion of total number of CD3+ T cells (Figure 5G), CD4+ T cells (Figure 5H) and CD8+ T cells (Figure 5I) in the infected liver of mice given a single or combination therapy as compared to control groups during chronic schistosomiasis. Although there were no significant differences in the total CD4+ T cells expressing T-bet (Figure 5J) and Gata3 T cells (Figure 5K) between all groups, we noted a significantly increased number of CD4+ T cells expressing Foxp3 (Figure 5L) in mice that were treated with montelukast alone or with combination therapy compared to infected mock treated control mice. Infected mice treated with montelukast alone or in combination with PZQ displayed significantly reduced total IgE titres compared to infected mock treated control mice (Supplementary Figure S4A) while SEA-specific IgG1 titres (Supplementary Figure S4B) remained comparable in all the different groups. We also noted an upregulation of type 1 antigen specific IgG2a (Supplementary Figure S4C) antibody responses in mice that received a combination therapy compared to infected mock treated mice during chronic schistosomiasis, while no differences were noted in SEA-specific IgG2b antibody titres between all groups (Supplementary Figure S4D). Collectively, our data suggests that the combination therapy with montelukast and PZQ leads to reduced type 2 responses and an expansion of regulatory T cells which could be associated with control of fibrogranulomatous inflammation in liver of the chronically infected mice.




Figure 5 | Inhibition of cysLTR1 in combination PZQ results in expansion of CD4+Foxp3+ T cells during chronic schistosomiasis. (A–F) Cytokine production in the serum and liver homogenates (Livers from infected mice were homogenized and levels of the indicated cytokines were detected by ELISA and normalized to mg of liver tissue at week 16 post infection). Representative total number of CD3+ lymphocytes (G), CD4+ lymphocytes (H) and CD8+ lymphocytes (I). Total number of T-bet (J), Gata3 (K) and Foxp3 (L) expressing CD4+ T cells. Data are representative of two independent experiments. n= 4-7 mice. *p<0.05, **p<0.01 and ***p<0.001 by unpaired Student’s t-test.







Deletion of cysLTR1 ameliorates hepatic granulomatous inflammation during acute phase of schistosomiasis in mice

Seeing that the absence and the inhibition of cysLTR1 led to reduce in liver inflammation during chronic schistosomiasis, we questioned whether the same phenotype was true during acute schistosomiasis. We percutaneously infected cysLTR1-/- mice and littermate control mice with 80 live S. mansoni cercariae and assessed the mice at 8 weeks pi (Figure 6A). Histological analysis revealed that mice lacking cysLTR1 exhibited 2-fold smaller hepatic granuloma size as compared to the littermate control mice (Figures 6B, C). We noted no differences in the hepatic collagen content (Figure 6D), parasitic egg burden (Figure 6E) and liver enzymes (Figure 6F) between the two groups of mice. In addition, no differences were observed in the liver weight (Figure 6G), spleen weight (Figure 6H) and overall body weight (Figure 6I) between the two mice groups. We concluded that although cysLTR1 is crucial for hepatic granuloma formation, it remains dispensable for other tissue pathology during acute schistosomiasis.




Figure 6 | Deletion of cysLTR1 leads to amelioration of granulomatous inflammation during acute schistosomiasis. CysLTR1 deficient mice and littermate control mice were infected with 80 live S. mansoni cercariae, killed at 8-weeks post infection and the liver was harvested. (A) Experimental layout. (B) Histological examination of H&E and CAB-stained liver sections. (C) Granuloma area was measured using computerized morphometric analysis (NIS Elements, Nikon) by measuring 20 - 25 granulomas per mouse. (D) Liver fibrosis determined by assaying hydroxyproline concentration normalized to tissue eggs. (E) Egg burden in S-mansoni infected liver. (F) Hepatocellular damage indicated by serum aspartate transaminase (AST) concentration. (G) Liver weight. (H) Spleen weight index. (I) Body weight. Data are representative of two independent experiments. n= 6 - 7 mice. ***p<0.001 vs wild type mice using unpaired Student’s t-test.








Discussion

Understanding the essential role of cysLTs signalling through cysLTR1 on immune system function has been primarily focused on asthma and allergic rhinitis. The present study aimed at evaluating the role of cysLTR1 signalling during experimental schistosomiasis in murine model. Mice lacking cysLTR1 survived S. mansoni infection better than littermate control mice. Previous studies have reported that other leukotrienes are crucial for disease control. For instance, a study by Tristão et al. reported that mice deficient of 5-lipoxygenase (5-LO) failed to control Paracoccidiodes brasiliensis, a fungal infection (39). Furthermore, mice lacking 5-LO exhibited reduced inflammation, which resulted in protection to Trypanosoma cruzi (40), Mycobacterium tuberculosis (41) and S. mansoni (32). In contrast, mice deficient of 5-LO displayed increased susceptibility to Toxoplasma gondii infection (42). A study by Hohmann et al., reported that mice lacking 5-LO had reduced lethality rates compared to littermate control following acetaminophen-induced liver injury (43). The higher susceptibility in littermate control mice coincides with the higher degree of liver damage, as revealed by liver histopathology analysis. Moreover, mice lacking 5-LO displayed reduced liver pathology that was indicated by significantly reduced granuloma size during Brucella abortus (B. abortus) infection in mice (44). Furthermore, 5-LO deficient mice displayed increased production of proinflammatory cytokines following B. abortus infection (44). Indicating the differential roles of leukotrienes have on different disease models. Disruption of cysLTR1 in mice resulted in overall reduced inflammation at weeks 8 and 16 pi as judged by reduced granuloma size in the liver. The collagen content and liver enzymes were reduced at the late phase of infection, an indication that cysLTR1 drives immunopathology during chronic schistosomiasis.

The improved resilience to schistosomiasis during chronic phase of the disease was further associated with impaired IL-4 production. IL-4 contributes to the development of type 2 CD8+ T cells (45). It had been suggested that CD8+ T cells act as a suppressor of Th2 cell function and thereby regulate granulomatous inflammation (45). Previous studies have shown that protection against schistosomiasis is IL-4 dependent (27, 33, 46–50) resulting in the activation of Th2 immune response. Hoffman et al., demonstrated that the lack of IL-4 in mice led to Th1-like proinflammatory response that leads to severe form of disease and mice quickly succumb to schistosomiasis (25). Although there was impaired production of IL-4 in the absence of cysLTR1, this did not render mice susceptible to chronic schistosomiasis. A study in our lab also revealed that the removal of IL-4Rα (IL-4 and IL-13 receptor binding modulator) during the chronic phase of schistosomiasis resulted in the amelioration of liver granulomatous inflammatory pathology and reduced liver fibrosis, which was supported by impaired Th2 responses and heightened frequencies of Foxp3+ T and CD1dhi CD5+ B regulatory cells (33). The reduction of IL-4 and an increase of IL-10 is a good profile to help the host cope during the transition from the peak of the acute response to the establishment of chronicity, creating a balanced cytokine profile between IL-4 and IL-10. IL-10 plays an important regulatory role in many infections and inflammatory diseases (51–55), is capable of reducing inflammation and has been shown to offer protection to severe liver damage caused by excessive tissue injury (56). This is of major importance because studies conducted in humans have demonstrated the importance of IL-10 in regulating morbidity during schistosomiasis (26, 57, 58).

Next, we evaluated how the pharmacological inhibition of cysLTR1 alone or in combination with PZQ influenced liver inflammation during chronic schistosomiasis. A study by Pu et al. showed that blocking cysLTR1 with montelukast ameliorated acetaminophen (APAP)-induced acute hepatic injury as indicated by reduced serum ALT and AST levels, reduced necrosis area and reduced inflammatory cytokine gene expression (59). Similarly, inhibition of COX-2, another enzyme of the arachidonic acid pathway, led to the amelioration of liver inflammation during Schistosoma japonica infection (60). These studies align with our findings where we observed reduced inflammation as judged by notable reduction in the size of granuloma, as well as reduced liver damage as judged by the AST/ALT levels in the serum upon inhibition of cysLTR1. In other studies, treatment with Montelukast led to reduced lung destruction and inflammatory cytokines during smoke-induced lung injury (61, 62). Similar to our findings, Ikeno and colleagues also revealed interesting correlation between liver fibrosis and T regs. They noted that hepatic Treg cells play a crucial role in preventing liver pathology by subduing inflammatory cellular immunity that contribute to liver damage and fibrosis (63). In agreement with the above observations and our study, Haack et al. demonstrated that Tregs reduced the severity of the pathology of the infected liver during hepatitis in mouse model (64). Furthermore, our findings highlighting the upregulation of regulatory cytokines (IL-10 and TGF- β) together with the expansion of Tregs indicates an elevated control of liver inflammation and fibrosis after the combination therapy in chronically infected mice. Our findings, therefore, raise the intriguing possibility that the combination of montelukast and PZQ could be promising treatment of chronic schistosomiasis.

In conclusion, our study demonstrated positive association of cysLTs signalling through cysLTR1 in the liver pathology of Schistosoma-infected mice. The absence of cysLTR1 during S. mansoni infection results in reduced liver pathology during different phases of schistosomiasis. We showed that cysLTR1 inhibition with Montelukast ameliorated fibrogranulomatous pathology by blocking Th2 responses and expansion of Treg immune responses, cysLTR1 inhibition could be a possible therapeutic option in combination with Praziquantel for treating fibrogranulomatous pathology during chronic and acute schistosomiasis.
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Supplementary Figure 1 | Generation of cysLTR1 deficient BALB/c mice. (A) A genomic organization of the mouse cysLTR1 gene (upper), structure of the targeting vector (middle), and organization of the putative recombinant cysLTR1 allele (lower). Exons II-IV are shown as boxes with the coding regions in black. Restriction enzyme sites include BAmHI (B), BgIII (Bg), HindIII (H) and ScaI (S). (B) Mouse breeding strategy. cysLTR1 deficient mice were intercrossed for three generations with BALB/c wildtype mouse. (C) Genotyping of cysLTR1 deficient mice. DNA was extracted from the tail of naïve cysLTR1 deficient and littermate control mice and PCR was performed. The cysLTR1+/+ specific amplicon is 284bp, CysLTR1-/- is 333bp and the cysLTR1+/- is represented by both bands (284bp and 333bp). (D) qPCR and normalized to the quantity of hypoxanthine phosphoribosyl transferase (HPRT) which is present in all cells.

Supplementary Figure 2 | Absence of cysLTR1 does not alter body weight, tissue weight and cellularity in naïve mice. (A) Body weight of naïve sex and age matched mice. (B) Organ weights of naïve mice. Total myeloid cell numbers in the (D) spleen, (E) mesenteric lymph node MLN, (F) lung, (G) liver, (H) gut and total lymphocyte cell numbers of (I) thymus, (J) lung, (K) liver, (L) gut of naïve young mice. Data are representative of two independent experiments. n=6 - 8 mice.

Supplementary Figure 3 | Absence of cysLTR1 leads to wasting disease during acute schistosomiasis. CysLTR1 deficient mice and wild type mice were infected with 35 live S. mansoni cercariae (A) Experimental plan, (B) cysLTR1 mRNA expression relative to HRPT housekeeping gene by RT-PCR to quantify cysLTR1 mRNA levels on wildtype control mice. (C) Kinetics of percentage body weight change over time. Data are representative of two independent experiments. n=10 mice. *p<0.05 by unpaired Student’s t-test.

Supplementary Figure 4 | Inhibition of cysLTR1 leads to expansion of total T cells and B cells, with a reduction of humoral immune response. CysLTR1 deficient mice and wild type mice were infected with 35 live S. mansoni cercariae. (A) Total IgE antibody titre. SEA-specific IgG1 (B), IgG2a (C) and IgG2b (D) antibody titre. Data are representative of two independent experiments. n= 4 - 7 mice. *p<0.05 by unpaired Student’s t-test.

Supplementary Figure 5 | Gating strategy. Identification of tissue CD4+, CD8+ T cells, CD19+ B cells, inflammatory macrophages, neutrophils, dendritic cells, eosinophils and ILC2.




References

1. Peters-Golden, M, and Henderson, WR Jr. Leukotrienes. New Engl J Med. (2007) 357:1841–54. doi: 10.1056/NEJMra071371

2. Beller, TC, Friend, DS, Maekawa, A, Lam, BK, Austen, KF, and Kanaoka, Y. Cysteinyl leukotriene 1 receptor controls the severity of chronic pulmonary inflammation and fibrosis. Proc Natl Acad Sci. (2004) 101:3047–52. doi: 10.1073/pnas.0400235101

3. Rovati, GE, and Capra, V. Cysteinyl-leukotriene receptors and cellular signals. TheScientificWorldJournal. (2007) 7:1375–92. doi: 10.1100/tsw.2007.185

4. Savari, S, Vinnakota, K, Zhang, Y, and Sjölander, A. Cysteinyl leukotrienes and their receptors: bridging inflammation and colorectal cancer. World J gastroenterology: WJG. (2014) 20:968. doi: 10.3748/wjg.v20.i4.968

5. Miller, CC, Hale, P, and Pentland, AP. Ultraviolet B injury increases prostaglandin synthesis through a tyrosine kinase-dependent pathway. Evidence UVB-induced epidermal Growth factor receptor activation. J Biol Chem. (1994) 269:3529–33. doi: 10.1016/S0021-9258(17)41895-3

6. Kanaoka, Y, and Boyce, JA. Cysteinyl leukotrienes and their receptors: cellular distribution and function in immune and inflammatory responses. J Immunol. (2004) 173:1503–10. doi: 10.4049/jimmunol.173.3.1503

7. Lynch, KR, O'Neill, GP, Liu, Q, Im, D-S, Sawyer, N, Metters, KM, et al. Characterization of the human cysteinyl leukotriene CysLT 1 receptor. Nature. (1999) 399:789–93. doi: 10.1038/21658

8. Sarau, HM, Ames, RS, Chambers, J, Ellis, C, Elshourbagy, N, Foley, JJ, et al. Identification, molecular cloning, expression, and characterization of a cysteinyl leukotriene receptor. Mol Pharmacol. (1999) 56:657–63. doi: 10.1124/mol.56.3.657

9. Heise, CE, O'Dowd, BF, Figueroa, DJ, Sawyer, N, Nguyen, T, Im, D-S, et al. Characterization of the human cysteinyl leukotriene 2 receptor. J Biol Chem. (2000) 275:30531–6. doi: 10.1074/jbc.M003490200

10. Takasaki, J, Kamohara, M, Matsumoto, M, Saito, T, Sugimoto, T, Ohishi, T, et al. The molecular characterization and tissue distribution of the human cysteinyl leukotriene CysLT2 receptor. Biochem Biophys Res Commun. (2000) 274:316–22. doi: 10.1006/bbrc.2000.3140

11. Nothacker, H-P, Wang, Z, Zhu, Y, Reinscheid, RK, Lin, SHS, and Civelli, O. Molecular cloning and characterization of a second human cysteinyl leukotriene receptor: discovery of a subtype selective agonist. Mol Pharmacol. (2000) 58:1601–8. doi: 10.1124/mol.58.6.1601

12. Maekawa, A, Austen, KF, and Kanaoka, Y. Targeted gene disruption reveals the role of cysteinyl leukotriene 1 receptor in the enhanced vascular permeability of mice undergoing acute inflammatory responses. J Biol Chem. (2002) 277:20820–4. doi: 10.1074/jbc.M203163200

13. Ogasawara, H, Ishii, S, Yokomizo, T, Kakinuma, T, Komine, M, Tamaki, K, et al. Characterization of mouse cysteinyl leukotriene receptors mCysLT1 and mCysLT2: differential pharmacological properties and tissue distribution. J Biol Chem. (2002) 277:18763–8. doi: 10.1074/jbc.M109447200

14. Chen, F, Liu, Z, Wu, W, Rozo, C, Bowdridge, S, Millman, A, et al. An essential role for TH2-type responses in limiting acute tissue damage during experimental helminth infection. Nat Med. (2012) 18:260–6. doi: 10.1038/nm.2628

15. Hui, DSC, Choy, DKL, Li, TST, Ko, FWS, Wong, KK, Chan, JKW, et al. Determinants of continuous positive airway pressure compliance in a group of Chinese patients with obstructive sleep apnea. Chest. (2001) 120:170–6. doi: 10.1378/chest.120.1.170

16. Padmanabhan, S. Pharmacogenomics and stratified medicine. In:  Padmanabhan, S (ed.) Handbook of pharmacogenomics and stratified medicine. (2014) London: Academic Press. 3–25. doi: 10.1016/B978-0-12-386882-4.00001-3

17. Kanaoka, Y, and Boyce, JA. Cysteinyl leukotrienes and their receptors; emerging concepts. Allergy Asthma Immunol Res. (2014) 6:288–95. doi: 10.4168/aair.2014.6.4.288

18. Frieri, M, Therattil, J, Wang, SF, Chien-Yiu, H, and Wang, Y-C. Montelukast inhibits interleukin-5 mRNA expression and cysteinyl leukotriene production in ragweed and mite-stimulated peripheral blood mononuclear cells from patients with asthma. Allergy Asthma Proc. (2003) 24(5):359–66.

19. Gauvreau, GM, Plitt, JR, Baatjes, A, and MacGlashan, DW. Expression of functional cysteinyl leukotriene receptors by human basophils. J Allergy Clin Immunol. (2005) 116:80–7. doi: 10.1016/j.jaci.2005.03.014

20. Mita, H, Hasegawa, M, Saito, H, and Akiyama, K. Levels of cysteinyl leukotriene receptor mRNA in human peripheral leucocytes: significantly higher expression of cysteinyl leukotriene receptor 2 mRNA in eosinophils. Clin Exp Allergy. (2001) 31:1714–23. doi: 10.1046/j.1365-2222.2001.01184.x

21. Mellor, EA, Maekawa, A, Austen, KF, and Boyce, JA. Cysteinyl leukotriene receptor 1 is also a pyrimidinergic receptor and is expressed by human mast cells. Proc Natl Acad Sci. (2001) 98:7964–9. doi: 10.1073/pnas.141221498

22. Theron, AJ, Steel, HC, Tintinger, GR, Gravett, CM, Anderson, R, and Feldman, C. Cysteinyl leukotriene receptor-1 antagonists as modulators of innate immune cell function. J Immunol Res. (2014) 2014:608930. doi: 10.1155/2014/608930

23. Kim, DC, Hsu, FI, Barrett, NA, Friend, DS, Grenningloh, R, Ho, IC, et al. Cysteinyl leukotrienes regulate Th2 cell-dependent pulmonary inflammation. J Immunol. (2006) 176:4440–8. doi: 10.4049/jimmunol.176.7.4440

24. Parmentier, CN, Fuerst, E, McDonald, J, Bowen, H, Lee, TH, Pease, JE, et al. Human TH2 cells respond to cysteinyl leukotrienes through selective expression of cysteinyl leukotriene receptor 1. J Allergy Clin Immunol. (2012) 129:1136–42. doi: 10.1016/j.jaci.2012.01.057

25. Hoffmann, KF, Cheever, AW, and Wynn, TA. IL-10 and the dangers of immune polarization: excessive type 1 and type 2 cytokine responses induce distinct forms of lethal immunopathology in murine schistosomiasis. J Immunol. (2000) 164:6406–16. doi: 10.4049/jimmunol.164.12.6406

26. Pearce, EJ, and MacDonald, AS. The immunobiology of schistosomiasis. Nat Rev Immunol. (2002) 2:499–511. doi: 10.1038/nri843

27. Patton, EA, Brunet, LR, La Flamme, AC, Pedras-Vasconcelos, J, Kopf, M, and Pearce, EJ. Severe schistosomiasis in the absence of interleukin-4 (IL-4) is IL-12 independent. Infection immunity. (2001) 69:589–92. doi: 10.1128/IAI.69.1.589-592.2001

28. La Flamme, AC, Patton, EA, Bauman, B, and Pearce, EJ. IL-4 plays a crucial role in regulating oxidative damage in the liver during schistosomiasis. J Immunol. (2001) 166:1903–11. doi: 10.4049/jimmunol.166.3.1903

29. Patton, EA, La Flamme, AC, Pedras-Vasoncelos, JA, and Pearce, EJ. Central role for interleukin-4 in regulating nitric oxide-mediated inhibition of T-cell proliferation and gamma interferon production in schistosomiasis. Infection immunity. (2002) 70:177–84. doi: 10.1128/IAI.70.1.177-184.2002

30. Lundy, SK, and Lukacs, NW. Chronic schistosome infection leads to modulation of granuloma formation and systemic immune suppression. Front Immunol. (2013) 4:39. doi: 10.3389/fimmu.2013.00039

31. Wilson, MS, Mentink-Kane, MM, Pesce, JT, Ramalingam, TR, Thompson, R, and Wynn, TA. Immunopathology of schistosomiasis. Immunol Cell Biol. (2007) 85:148–54. doi: 10.1038/sj.icb.7100014

32. da Silva, GT, Espíndola, MS, Fontanari, C, Rosada, RS, Faccioli, LH, Ramos, SG, et al. 5-lipoxygenase pathway is essential for the control of granuloma extension induced by Schistosoma mansoni eggs in lung. Exp parasitology. (2016) 167:124–9. doi: 10.1016/j.exppara.2016.06.001

33. Nono, JK, Ndlovu, H, Aziz, NA, Mpotje, T, Hlaka, L, and Brombacher, F. Host regulation of liver fibroproliferative pathology during experimental schistosomiasis via interleukin-4 receptor alpha. PloS Negl Trop diseases. (2017) 11:e0005861. doi: 10.1371/journal.pntd.0005861

34. Guler, R, Mpotje, T, Ozturk, M, Nono, JK, Parihar, SP, Chia, JE, et al. Batf2 differentially regulates tissue immunopathology in Type 1 and Type 2 diseases. Mucosal Immunol. (2019) 12:390–402. doi: 10.1038/s41385-018-0108-2

35. Nono, JK, Fu, K, Mpotje, T, Varrone, G, Aziz, NA, Mosala, P, et al. Investigating the antifibrotic effect of the antiparasitic drug Praziquantel in in vitro and in vivo preclinical models. Sci Rep. (2020) 10:10638. doi: 10.1038/s41598-020-67514-4

36. Aziz, NA, Nono, JK, Mpotje, T, and Brombacher, F. The Foxp3+ regulatory T-cell population requires IL-4Rα signaling to control inflammation during helminth infections. PloS Biol. (2018) 16:e2005850. doi: 10.1371/journal.pbio.2005850

37. Mohrs, M, Ledermann, B, Köhler, G, Dorfmüller, A, Gessner, A, and Brombacher, F. Differences between IL-4-and IL-4 receptor α-deficient mice in chronic leishmaniasis reveal a protective role for IL-13 receptor signaling. J Immunol. (1999) 162:7302–8. doi: 10.4049/jimmunol.162.12.7302

38. McGinty, JW, Ting, H-A, Billipp, TE, Nadjsombati, MS, Khan, DM, Barrett, NA, et al. Tuft-cell-derived leukotrienes drive rapid anti-helminth immunity in the small intestine but are dispensable for anti-protist immunity. Immunity. (2020) 52:528–41. doi: 10.1016/j.immuni.2020.02.005

39. Tristao, FS, Rocha, FA, Moreira, AP, Cunha, FQ, Rossi, MA, and Silva, JS. 5-Lipoxygenase activity increases susceptibility to experimental Paracoccidioides brasiliensis infection. Infect Immun. (2013) 81:1256–66. doi: 10.1128/IAI.01209-12

40. Pavanelli, WR, Gutierrez, FRS, Mariano, FS, Prado, CM, Ferreira, BR, Teixeira, MM, et al. 5-Lipoxygenase is a key determinant of acute myocardial inflammation and mortality during Trypanosoma cruzi infection. Microbes Infection. (2010) 12:587–97. doi: 10.1016/j.micinf.2010.03.016

41. Bafica, A, Scanga, CA, Serhan, C, MaChado, F, White, S, Sher, A, et al. Host control of Mycobacterium tuberculosis is regulated by 5-lipoxygenase–dependent lipoxin production. J Clin Invest. (2005) 115:1601–6. doi: 10.1172/JCI23949

42. Aliberti, J, Serhan, C, and Sher, A. Parasite-induced lipoxin A4 is an endogenous regulator of IL-12 production and immunopathology in Toxoplasma gondii infection. J Exp Med. (2002) 196:1253–62. doi: 10.1084/jem.20021183

43. Hohmann, MS, Cardoso, RD, Pinho-Ribeiro, FA, Crespigio, J, Cunha, TM, Alves-Filho, JC, et al. 5-lipoxygenase deficiency reduces acetaminophen-induced hepatotoxicity and lethality. BioMed Res Int. (2013) 2013:627046. doi: 10.1155/2013/627046

44. Fahel, JS, de Souza, MB, Gomes, MT, Corsetti, PP, Carvalho, NB, Marinho, FA, et al. 5-Lipoxygenase negatively regulates Th1 response during Brucella abortus infection in mice. Infect Immun. (2015) 83:1210–6. doi: 10.1128/IAI.02592-14

45. Chensue, SW, Warmington, K, Hershey, SD, Terebuh, PD, Othman, M, and Kunkel, S. Evolving T cell responses in murine schistosomiasis. Th2 cells mediate secondary granulomatous hypersensitivity and are regulated by CD8+ T cells in vivo. J Immunol. (1993) 151:1391–400. doi: 10.4049/jimmunol.151.3.1391

46. Brunet, LR, Finkelman, FD, Cheever, AW, Kopf, MA, and Pearce, EJ. IL-4 protects against TNF-alpha-mediated cachexia and death during acute schistosomiasis. J Immunol. (1997) 159:777–85. doi: 10.4049/jimmunol.159.2.777

47. Brunet, LR, Kopf, MA, and Pearce, EJ. Schistosoma mansoni: IL-4 is necessary for concomitant immunity in mice. J Parasitol. (1999) 85(4):734–6. doi: 10.2307/3285752

48. Mbanefo, EC, Fu, C-L, Ho, CP, Le, L, Ishida, K, Hammam, O, et al. Interleukin-4 signaling plays a major role in urogenital schistosomiasis-associated bladder pathogenesis. Infection immunity. (2020) 88:e00669–19. doi: 10.1128/IAI.00669-19

49. Schwartz, C, Oeser, K, da Costa, CP, Layland, LE, and Voehringer, D. T Cell–Derived IL-4/IL-13 Protects Mice against Fatal Schistosoma mansoni Infection Independently of Basophils. J Immunol. (2014) 193:3590–9. doi: 10.4049/jimmunol.1401155

50. Marillier, RG, Michels, C, Smith, EM, Fick, LCE, Leeto, M, Dewals, B, et al. IL-4/IL-13 independent goblet cell hyperplasia in experimental helminth infections. BMC Immunol. (2008) 9:1–9. doi: 10.1186/1471-2172-9-11

51. Reed, SG, Brownell, CE, Russo, DM, Silva, JS, Grabstein, KH, and Morrissey, PJ. IL-10 mediates susceptibility to Trypanosoma cruzi infection. J Immunol. (1994) 153:3135–40. doi: 10.4049/jimmunol.153.7.3135

52. Li, C, Corraliza, I, and Langhorne, J. A defect in interleukin-10 leads to enhanced malarial disease in Plasmodium chabaudi chabaudi infection in mice. Infection immunity. (1999) 67:4435–42. doi: 10.1128/IAI.67.9.4435-4442.1999

53. Omer, FM, de Souza, JB, and Riley, EM. Differential induction of TGF-β regulates proinflammatory cytokine production and determines the outcome of lethal and nonlethal Plasmodium yoelii infections. J Immunol. (2003) 171:5430–6. doi: 10.4049/jimmunol.171.10.5430

54. Roque, S, Nobrega, C, Appelberg, R, and Correia-Neves, M. IL-10 underlies distinct susceptibility of BALB/c and C57BL/6 mice to Mycobacterium avium infection and influences efficacy of antibiotic therapy. J Immunol. (2007) 178:8028–35. doi: 10.4049/jimmunol.178.12.8028

55. Ouyang, W, Rutz, S, Crellin, NK, Valdez, PA, and Hymowitz, SG. Regulation and functions of the IL-10 family of cytokines in inflammation and disease. Annu Rev Immunol. (2011) 29:71–109. doi: 10.1146/annurev-immunol-031210-101312

56. Ju, C, Reilly, TP, Bourdi, M, Radonovich, MF, Brady, JN, George, JW, et al. Protective role of Kupffer cells in acetaminophen-induced hepatic injury in mice. Chem Res toxicology. (2002) 15:1504–13. doi: 10.1021/tx0255976

57. Montenegro, SML, Miranda, P, Mahanty, S, Abath, FGC, Teixeira, KM, Coutinho, EM, et al. Cytokine production in acute versus chronic human schistosomiasis mansoni: the cross-regulatory role of interferon-γ and interleukin-10 in the responses of peripheral blood mononuclear cells and splenocytes to parasite antigens. J Infect diseases. (1999) 179:1502–14. doi: 10.1086/314748

58. King, CL, Malhotra, I, Mungai, P, Wamachi, A, Kioko, J, Muchiri, E, et al. Schistosoma haematobium–Induced urinary tract morbidity correlates with increased tumor necrosis factor–α and diminished interleukin-10 production. J Infect diseases. (2001) 184:1176–82. doi: 10.1086/323802

59. Pu, S, Liu, Q, Li, Y, Li, R, Wu, T, Zhang, Z, et al. Montelukast prevents mice against acetaminophen-induced liver injury. Front Pharmacol. (2019) 1070. doi: 10.3389/fphar.2019.01070

60. Qi, Z, Lan, C, Xiaofang, J, Juanjuan, T, Cheng, F, Ting, H, et al. Inhibition of COX-2 ameliorates murine liver schistosomiasis japonica through splenic cellular immunoregulation. Parasites Vectors. (2022) 15:1–12. doi: 10.1186/s13071-022-05201-1

61. Basyigit, I, Sahin, M, Sahin, D, Yildiz, F, Boyaci, H, Sirvanci, S, et al. Anti-inflammatory effects of montelukast on smoke-induced lung injury in rats. Multidiscip Respir Med. (2010) 5:1–7. doi: 10.4081/mrm.2010.516

62. Takeda, K, Shiraishi, Y, Matsubara, S, Miyahara, N, Matsuda, H, Okamoto, M, et al. Effects of combination therapy with montelukast and carbocysteine in allergen-induced airway hyperresponsiveness and airway inflammation. Br J Pharmacol. (2010) 160:1399–407. doi: 10.1111/j.1476-5381.2010.00797.x

63. Ikeno, Y, Ohara, D, Takeuchi, Y, Watanabe, H, Kondoh, G, Taura, K, et al. Foxp3+ Regulatory T cells inhibit CCl4-induced liver inflammation and fibrosis by regulating tissue cellular immunity. Front Immunol. (2020) 2521. doi: 10.3389/fimmu.2020.584048

64. An Haack, I, Derkow, K, Riehn, M, Rentinck, M-N, Kühl, AA, Lehnardt, S, et al. The role of regulatory CD4 T cells in maintaining tolerance in a mouse model of autoimmune hepatitis. PloS One. (2015) 10:e0143715. doi: 10.1371/journal.pone.0143715




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Mosala, Mpotje, Abdel Aziz, Ndlovu, Musaigwa, Nono and Brombacher. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1279043-g003.jpg
c
e WT g s
o 04
2 O cysLTRI-/- % é 03
| AL
% 5

L4 L5 IL-13 IL-10 TGF-p IFN-y IL-4  IL-5

SEA a-CD3

IFNy  IL4  IL5 L9 IL-13 IFNy L4 IL5
E F G
N
S ~ =
X @ ©
T 30 © 05 ° o
251 © X 044 x
< 20 © 2 034 w007 2
=15 g 02 o 3
o e +
[} * = 014 L] ¥
1 101 %P & o g 1 & 3
S 06 : 2 ooy R ry
g 0.4 o <J9'£. o 5 00151 ¥*5* =
> o % o 0.0104 s
5 o005 O ‘% * G
2 Sonlh® O g o -
c 0 ]
§  CD19CD4 CD8 ILC2 No Mo DC F BNy 4w w3
L
H SEA-specific 1gG1 !
20 06
15
= =04
£ £
g 1.0 £
a )
902
© s
0.0

0.0

10°

10 102 102 10% 10°%

serum dilution

104 107

IL-9

e
=]
a

o
o
5

o
o
@

=
Q
Y

0.01

0.00

IL-13 IL-10 TGF-g

IL-13






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Cysteinyl leukotriene receptor-1 as a potential target for host-directed therapy during chronic schistosomiasis in murine model

      

        		

          Introduction

        



        		

          Methods

        

          		

            Ethics statement

          



          		

            Mice

          



          		

            Infection of mice with Schistosoma mansoni

          



          		

            Preparation of montelukast

          



          		

            Preparation of praziquantel

          



          		

            Histology

          



          		

            Enzyme-linked immunosorbent assay

          

            		

              Serum antibody titres

            



            		

              Cytokine ELISA

            



          



          



          		

            Tissue homogenates

          



          		

            Liver enzymes

          



          		

            Assessment of collagen content in naïve and infected tissue

          



          		

            Ex vivo restimulation of cells

          



          		

            cDNA synthesis and quantitative Real Time-PCR

          



          		

            Quantification of egg burden in tissue

          



          		

            Flow cytometry and intracellular cytokine staining

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            Generation and characterization of cysLTR1-/- BALB/c mice

          



          		

            Disruption of cysLTR1 does not alter gross pathology, tissue cellularity however there is an expansion of CD4+ and CD8+ Tcm in secondary lymphoid tissues under steady state conditions

          



          		

            CysLTR1 deletion leads to reduced liver granulomatous inflammation during chronic schistosomiasis in mice

          



          		

            Inhibition of cysLTR1 with montelukast together with praziquantel results in the expansion of CD4+Foxp3+ T cells during chronic schistosomiasis

          



          		

            Deletion of cysLTR1 ameliorates hepatic granulomatous inflammation during acute phase of schistosomiasis in mice

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1279043-g006.jpg
80 live S. mansoni cercariae Experiment endpoint

-Daily welfare monitoring (Kill)
WT | -Weekly weighing I
cysLTR1-
Weelk0 Week 8

® WT
O cysLTR1-/-

Week 8

D E F
@ 1500 8000 300
> e}
h: * o 5 ©
§ 1000 - 001 e O 0
2 ) =
= n
e o £ % <
@ @ 4000 5.._ o < 400
= o (@] =
© 500 [ S
] ° 2 2000 200
2 e © w
o .
T
z 0 0
G H 1
0.12 0.025 35
x
X O -
i 0.11 : 0.020 5 i
= 010 £ 0.015 £
o '3 g
£ 0.0 2 0.010 .
s c 25
e 8 3
3 0.08 S 0.005 a
(7]
0.07 0.000 20






OEBPS/Images/fimmu.2024.1279043_cover.jpg
& frontiers | Frontiers in Immunology

Cysteinyl leukotriene receptor-1 as a
potential target for host-directed therapy
during chronic schistosomiasis in murine

model





OEBPS/Images/fimmu-15-1279043-g002.jpg
>
]

100 ® WT
© cysLTR1-/-
i 80
35 live S. mansoni -Daily welfare ExPerITent =
cercariae monitoring endpoint 3 .
-Weekly weighing (Kill) g
WT ; 40
9 4
cysLTR1 -
Weekcd Week16
0 4 8 12 16
Weeks P.I
& D
3
=~ %
3
0
= L
$ ©
o
> £
= 9
3
2 §
© 6
E F G
) 1500 2500
o
Q
% 2000
o
= = 1000
I % 1500
: <
5 S 1000
g S 500
s
X
(]
1
T
>
I

=
[

w
(4]

0.035 0.12

w
o

0.030
0.10

0.025

0.08

N
o

0.020

Body weight (g)
&
Spleen weight index

Liver weight index

-
(%,

0.015 0.06





OEBPS/Images/fimmu-15-1279043-g004.jpg
35 live S. mansoni
cercariae

v

Experiment
endpoint (Kill)
Montelukast in Oil

Every 2days, for 3 weeks
PZQ daily for 7 days

A Sm
O B S.m+PZQ

g::;:::i @® C S.m+Montelukast
Week 0 -Daily welfare monitoring Week 11 Week 16 ® D S. m+PZQ + Montelukast
-Weekly weighing
B c
400000

-
8
(=3
o

(5]
(=3
(=3
o

®

10000 *
..

®

Hydroxyproline (;,1MI104 eggs) O o

G
0.15
3
2
= 0.104 o eo o
-
= _t X o
g B oS
@
5 005] ¢
>
2
0.00

300000

100000

Granuloma size (uM)
N
(=3
=3
=3
=3
o

A (S.m)C B (5.m+PZQ) e C (S.m+Montelukast) ® D (S. m+PZQ + Montelukast)

E F
10000
T 8000
2
- -
i =7
2 = 6000
% 5 4000
o 40
< B
[=2]
& 2000

0.04

e
o

Spleen weight index
o
o

0.00






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1279043-g005.jpg
* %
[ ]

1.5

e

o (1wyBu) 11

o o ") =) ) o

uajoud JaAl| jo Bw Jad (jw/Bu) p-7|

k%
o

5
0
0.5

< (jw/Bu) 471

® D (S. m+PZQ + Montelukast)

e A(S.m)C B (S.m+PZQ) e C (S. m+ Montelukast)

L v < ® & = o

usdjo.d 19A1] jo Bw sad (Jw/Bu) g-491

wn o w o

(1wyBu) ¢ 491

HS
o Hpi o
o b
o +4%
o 8 8 g &
utejoud JaAl| jJo Bw sad (jw/Bu) oL-71

o

(401X) S1199 1 ,8@D "ou |ejoL

< e

G o © < ~N
(901X) S1192 1 ,£QD 40 "ou |ejoL

- < ™ o~
(401x) 1199 L ,edx04 ,pAD Jo “ou [ejoL

e ® @ % o <9
¢y - © © o o o

S|1I92 1 ,€eje9 ,pad ‘ou [ejol

= ™
(01X) S1199 1 399-1 ,b@D "ou |ejoL





OEBPS/Images/fimmu-15-1279043-g001.jpg
© < N © < N ]
o o o o o o o
m (;01%) usads o (301X) NI u!
ul sajfooydwA]| jo ‘ou |ejo sa)foAydwA| jo ou |ejo
i
3 9%° | LB |
0 ’ o ’ o
° ¥ © s o
. ® CO o
oy e 8 e a
T T
L 2 v o wewg W 2 v o wewQg
= = aN - - o o = = N - - O ©
(401x) usads (401X) NN U

< ul sajfooydwA] jo ou |ejo O  sejhoAydwA| jo "ou |ejol





