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Innate lymphoid cells (ILCs) are tissue-resident lymphocytes that lack antigen-specific receptors and exhibit innate effector functions such as cytokine production that play an important role in immediate responses to pathogens especially at mucosal sites. Mouse and human ILC subsets have been extensively characterized in various tissues and in blood. In this study, we present the first characterization of ILCs and ILC subsets in rat gut and secondary lymphoid organs using flow cytometry and single cell RNA sequencing. Our results show that phenotype and function of rat ILC subsets are conserved as compared to human and mouse ILCs. However, and in contrast to human and mouse, our study unexpectedly revealed that ILC2 and not ILC3 was the dominant ILC subset in the rat intestinal lamina propria. ILC2 predominance in the gut was independent of rat strain, sex or housing facility. In contrast, ILC3 was the predominant ILC subset in mesenteric lymph nodes and Peyer patches. In conclusion, our study demonstrates that in spite of highly conserved phenotype and function between mice, rat and humans, the distribution of ILC subsets in the intestinal mucosa is dependent on the species likely in response to both genetic and environmental factors.
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INTRODUCTION

Innate lymphoid cells (ILCs) are recombination-activating genes (RAGs)-independent lymphocytes that can be divided into three subsets, namely ILC1, ILC2, and ILC3, based on the cytokines they produce and the transcription factors (TFs) guiding their differentiation (1). ILCs are characterized by their capacity to respond rapidly to tissue damage and/or infection by producing sets of effector cytokines matching those of T helper cell subsets (2). T-bet+ ILC1 produce IFNγ in response to IL-12, IL-15, and IL-18 to promote the control of intracellular pathogens by macrophages (3). GATA-3+ ILC2 respond to IL-25, IL-33, and TSLP by producing key mediators of immune responses against helminths such as IL-5, IL-9, and IL-13 (4). Finally, RORγt+ ILC3 respond to myeloid cell-derived IL-23 and IL-1β and produce IL-17 and/or IL-22, which support epithelial defense mechanisms (5–7). ILC3 in tissues are further separated into at least two subsets: CCR6+ lymphoid tissue-inducer-like (LTi-like) ILC3 and natural cytotoxicity receptors positive ILC3 (NCR+ ILC3) (8). A subset of regulatory ILCs (ILCreg), which produces IL-10 and TGF-β, has been described recently. These cells do not express FOXP3 and have been implicated in the resolution of inflammation during colitis (9).

ILCs are mostly found in lymphoid organs and barrier tissues such as skin, lungs, and gut, where the relative subset distribution is influenced by local micro-environmental cues (10, 11). Accordingly, human and mouse studies showed that while ILC2 are more abundant before microbial colonization in the fetal intestine (6), ILC3 dominate over ILC2 and ILC1 during adulthood. Indeed, mouse ILC3 respond rapidly to the commensal microbiota upon colonization (12) and early studies revealed that subsets such as NKp46+ ILC3 proliferate after birth in the small intestine (13). Diet-derived metabolites such as retinoic acid also contribute to shape the intestinal ILC composition by supporting ILC3 development (14).

While ILCs have been the subject of extensive characterization in human and mouse tissues, almost no study has addressed ILC distribution and function in the rat. Recent evidence suggest that significant differences exist between rat and mouse microbiota composition that are associated with distinct cardinal features of their respective intestinal immune system, but whether it could include ILCs was not assessed (15, 16). The rat has been used as an animal model for physiology, pharmacology, toxicology, nutrition, behavior, immunology, and neoplasia for over 150 years (17, 18). Because rats are frequently used by immunologists in pre-clinical models of metabolic diseases and inflammatory bowel diseases (IBD) (19–21), a better understanding of rat intestinal ILCs is thus of particular importance.

In this study, we used flow cytometry and scRNAseq to characterize ILC subsets and cytokine production in rat intestinal tissues and secondary lymphoid organs. We confirmed ILC3 as the main ILC population in secondary lymphoid organs. However, ILC2 unexpectedly dominated the ILC composition of both ileum and colon lamina propria. ILC2 enrichment in intestinal effector sites was not dependent on the rat strain thus revealing major species differences between rat and mouse intestinal ILC distribution.



MATERIALS AND METHODS


Rats

Ten to 14 weeks old female and male Sprague-Dawley (SPD), Lewis 1W (LEW) or Brown-Norway (BN) rats were used in this study. Animals were purchased from Centre d'Elevage Janvier (Le Genest-St Isle, France) or from our facility, and were kept under specific pathogen-free conditions. This study was conducted in accordance with the EU Directive 2010/63/EU for animal experiments, and the guidelines of the French Agriculture Ministry. This study was approved by the Veterinary Departmental Services committee (# E.44011).



Reagents

Cells were cultured in complete Roswell Park Memorial Institute (RPMI) 1640 Medium (Invitrogen, Carlsbad, CA) supplemented with Golgi Stop (BD sciences, Le Pont de Claix, France). For ILC1 stimulation, 50 ng/ml of rat rIL-12 (Cat# 1760-RL) from R&D systems Europe (Lille, France) was used. For the ILC2 stimulation cocktail, human rTSLP, human rIL-33 and rat rIL-25 were purchased from Peprotech (Neuilly-sur-seine, France) and used at 50 ng/ml concentration. For ILC3 stimulation, 50 ng/ml of rat rIL-23 (Cat# 3136-RL) from R&D systems Europe (Lille, France), rat rIL-1β and human rTGFβ1 from Peprotech, human rIL-7 and 50 U/ml of human rIL-2 from Miltenyi Biotech (Paris, France), were used. PMA (Phorbol 12-myristate 13-acetate), Ionomycin, DNaseI, EDTA, SVF, Hank's balanced salt solution (HBSS), Collagenase D and Collagenase II were purchased from Sigma-Aldrich (Saint-Louis, MI); all reagents indicated are at the final concentration of use.



Cell Isolation


Mesenteric Lymph Nodes Digestion Protocol

Mesenteric lymph nodes (MLN) were harvested, then dilacerated using 26G needles and digested in digestion solution containing RPMI 1640 Medium with 2 mg/ml of Collagenase D supplemented with 100 μg/ml of DNAseI for 30 min of shaking at 100 rpm and +37°C. Digestion was stopped 5 min before the end of cycle through the addition of Ethylenediaminetetraacetic acid (EDTA) (0.01 M). Cells were filtered on 100 μm cell strainer. Samples were centrifuged (10 min, 1,500 rpm, 4°C) and supernatant removed. MLN cells were resuspended in appropriate amount of FACS buffer containing 1X PBS supplemented with 2% FBS and 2% (0.1M) EDTA.



Peyer's Patches Digestion Protocol

Peyer's patches (PP) were first, washed in cold-PBS in a petri dish then transferred into 5 ml of solution 1 containing 1.5 mM DTT, 30 mM EDTA, and 1X PBS for 10 min incubation at 100 rpm +37°C. The suspension was then vortexed vigorously for 20 s and filtered through a 100 μm cell strainer. Then PPs were placed into 5 ml solution 2 (same as solution 1 but without DTT) and incubated in the same conditions. After washing, PPs were digested for 1 h in digestion solution at 100 rpm and +37°C. Finally, cells were filtered on 100 and 40 μm cells-strainers and suspended in FACS buffer.



Ileum and Colon Digestion Protocol

Ileum (without PP) and Colon were flushed with cold-PBS in petri dish after fat was removed. The tissues were opened longitudinally and cut into 0.5 cm pieces, then incubated once in 10 ml of solution 1 and twice with 10 ml solution 2 as described for PP to remove epithelial cells. Supernatant were discarded and the remaining tissues were digested twice in digestion solution for 30 min at 100 rpm and +37°C in 50 ml Falcon tubes. Finally, cells from the two digestions were pooled and filtered through a 100 and 40 μm cells-strainer and re-suspended in FACS buffer.



Spleen Digestion Protocol

Spleen were digested in digestion solution for 30 min with slow shaking (50 rpm) at 37°C in petri dish. Then, 0.01 M of EDTA was added for the last 5 min to stop the digestion. Next, red blood cells were lysed at room temperature and cells were then filtered through a 100 μm cell strainer. Samples were centrifuged for 10 min, 1,500 rpm at 4°C and resuspended in FACS buffer.



Lung Digestion Protocol

Lungs were cut into small fragments and digested in digestion solution for 30 min at 100 rpm and +37°C in 50 ml Falcon tubes. The remaining tissue fragments were smashed on 70 μm cell-strainer and washed with FACS buffer and centrifuged (10 min, 1,500 rpm, 4°C) and supernatant removed. Red blood cells were lysed at room temperature and cells were then filtered through a 70 μm cell strainer.



Adipose Tissue Digestion Protocol

Perigonadal and fat pads adipose tissues were used as representative visceral adipose tissue (VAT). Adipose tissues were finely dissected with a scalpel blade and digested in digestion solution containing RPMI 1640 Medium with 2 mg/ml of Collagenase II supplemented with 100 μg/ml of DNAseI for 30 min of shaking at 100 rpm and +37°C. Digestion tubes rested vertically 5 min at RT before discarding the upper phase containing remaining fat and adipocytes. The remaining digests were then filtered through 70 μm cell-strainers and centrifuged at 800 g for 15 min.




Flow Cytometry

Surface staining was realized with antibodies diluted in FACS buffer at 4°C for 30 min. First, cells were stained with a lineage antibody cocktail-FITC [TCRαβ (R7/3, in house), TCRγδ (V65, in house), CD11b/c (OX42, in house), CD172α (OX41, in house), Igκ (OX12, in house), and CD3ε (G4.18, BD Biosciences)]; CD4-PE.Cy7 (OX35, BD Biosciences), CD45-APC.Cy7 (OX1, BD Biosciences), MHC-II-PerCp (OX6, BD Biosciences), CD127-PE (R&D systems), and NKRP1-Pacific blue (3.2.3, in house). Staining of NKp46-Pacific blue (Wen23, in house) was performed at room temperature for 45 min. Cells were fixed and stained intracellularly using the Foxp3 Staining Buffer kit (eBioscience, catalog # 00-5523-00) according to the manufacturer's instructions. For TFs staining, T-bet-APC (REA102), GATA-3-APC/Vio.Blue (REA174), and RORγt-APC (REA278) were purchased from Miltenyi Biotech (Paris, France). For cytokines detection, IFNγ-BB700 (DB1, BD Biosciences) IL-22-PerCp.Cy5.5 (Poly5164, BioLegend), IL-17A-APC (eBio17B7, eBioscience), and IL-13-APC (in house) mAb were used. For cell proliferation, Ki67-PE.Cy7 (B56, BD Biosciences) was used. Viability-Dye 506 was used to separate dead/live cells. Samples were run on the BD FACS Canto II™ (BD Biosciences) and data collected using BD FACSDiva Software (BD biosciences). For cells sorting, MLN were negatively enriched in ILCs with the use of depleting Abs (TCRαβ, Igκ, CD8, and CD11b/c, all in house).



Real-Time Quantitative Reverse Transcriptase-PCR

Total RNA was isolated from total tissue and sorted Lin− CD127+ cells from MLN of SPD rats using Trizol reagent (Invitrogen) according to the manufacturer's instructions. Reverse transcription was performed using Murine Moloney Leukemia Virus Reverse Transcriptase (Invitrogen) following to the manufacturer's instructions. Rag1 gene expression level was determined by relative quantitative RT-PCR using Taqman probe (Thermo Fisher scientific) Rag1: Rn01484440_m1, reported to Hprt1: Rn01527840_m1 expression level. Taqman Fast advanced Master Mix 2X reagent mix was used (Applied Biosystem). RT-PCR was performed on the StepOne plus system (Applied Biosystem).



Single Cell RNAseq Preparation and Analysis

scRNA-seq libraries were produced with the Chromium Single Cell 3′ Library and Gel Bead Kit v3 (10X Genomics, San Francisco, CA). Libraries were then sequenced on a rapid run flowcell (75 bp) with an Illumina NextSeq 500.

FASTQ files were demultiplexed with CellRanger v3.0.1 (10X Genomics) and aligned on the Rnor_6.0 rat reference genome. Six thousand and four hundred and fifty six cells were recovered with CellRanger and their gene expression matrices were loaded on R 3.6.2. Single cells had an average of 69,331 mapped reads per cell with a median of 4,565 unique molecular identifiers (UMI) and a median of 1,513 detected genes per cell.

Genes expressed in <3 cells were excluded as well as cells that had <300 expressed genes or <500 total UMIs. To remove potential cell doublets we excluded cells with more than 2,000 genes and 6,500 UMIs. Additionally, only cells with <5% of mitochondrial genes were kept for downstream analysis. The resulting count matrix was processed with the Seurat R package (22). Gene expression of single cells was then log-normalized with a scale factor of 10,000 to normalize the gene expression by the total expression of the cell. The top 2,000 most variable genes were selected afterwards to perform a linear dimensional reduction by principal components analysis (PCA). The 10 first principal components (PC) were used to identify cell clusters.

Two clusters of cells were excluded from the downstream analysis, as these clusters expressed well-known B cell markers (Cd79a and Ms4a1) and were likely contaminating B cells (4% of total cells) retained throughout the sorting. Finally, five clusters of cells were kept and visualized with a UMAP (23), a non-linear dimensionality reduction technique. ILC populations were annotated based on known markers and differentially expressed genes between clusters. Differential expression analysis to identify cluster-specific genes was performed with the Wilcoxon rank sum test and the DESeq2 package. Expression profiles were analyzed using scDissector an exploratory application (courtesy of Dr. Ephraim Kenigsberg, Icahn School of Medicine at Mount Sinai, New York, NY) (24).



Statistical Analysis

Data collected were analyzed using Flow Jo software vX.6.7 (Treestar) and GraphPad Prism 6 (GraphPad Software, San Diego, CA). Significance was determined using the following non-parametric tests: Mann-Whitney test for comparison of two groups, and Tukey's test for comparison of more than two groups with 2 way ANOVA.




RESULTS


Distribution of Innate Lymphoid Cells in Rat Spleen and Intestinal Tissues

We sought to identify ILCs in rat SLOs (secondary lymphoid organs) and intestinal tissues. To limit biased cell-type frequencies, we did not perform any enrichment gradient before analysis. We defined rat ILCs by staining cells with a cocktail of mAb specific for B, T, and myeloid cells and CD127, which is highly expressed by human and mouse ILCs (25, 26) (Figure 1A). We included a staining of intracellular CD3ε in the lineage cocktail to avoid any potential T cell contamination of the ILC gate (27, 28). As in mice (29, 30), NK cells in SLOs did not express CD127 (Supplementary Figure 1). After gating on CD45int/+ cells to exclude stromal and residual epithelial cells, Lin− CD127+ cells were clearly identified in all tissues analyzed (Figure 1A). May-Grünwald Giemsa staining of sorted Lin− CD127+ cells confirmed their lymphoid morphology (Figure 1B). Almost no expression of recombination activating gene 1 (Rag1) was detected in Lin− CD127+ cells as compared to total mesenteric lymph nodes (MLN) cells (Figure 1C). We assessed whether these candidate ILCs could be further separated based on their differential intracellular expression of the TFs GATA-3 and RORγt, which usually define human and mouse ILC2 and ILC3, respectively (31). In all tissues analyzed, we identified three populations of Lin− CD127+ as GATA-3− RORγt−, GATA-3+ RORγt−/low, and GATA-3− RORγt+ cells, thus possibly corresponding to populations of ILC1, ILC2, and ILC3 (Figure 1A). Additionally, staining of T-bet and GATA-3 in the spleen also defined three populations of T-bet+ GATA-3− (ILC1), T-bet− GATA-3+ (ILC2), and T-bet− GATA-3− (ILC3) in proportions similar to those obtained with the GATA-3/RORγt staining (Figure 1D). Of note, ILC2 expressed intermediate levels of RORγt in the gut lamina propria (LP), Peyer's patches (PP) and MLN, but not in the spleen (Figure 1A). Because ILC1 were very rare and more loosely defined in intestinal tissues, we used the GATA-3/RORγt gating strategy to define ILC subsets in the rest of the study.


[image: Figure 1]
FIGURE 1. Identification of ILC subsets in SPD Rats. To characterize ILC subsets in lymphoid and gut-associated tissues, cells were isolated from mesenteric lymph nodes (MLN), Peyer's patches (PP), ileum and colon LP of SPD rats. (A) Representative flow cytometry plots showing the gating approach used to identify putative ILCs (Left panels) and ILC subsets (Right panels) on the basis of the expression of the transcription factors GATA-3 and RORγt in the depicted tissues. (B) May-Grünwald-Giemsa staining (original magnification X100) of rat Lin− CD127+ ILCs as gated in (A) that were sort-purified from MLN of SPD rats. (C) Rag1 gene expression was assessed by qPCR on total MLN cells and sorted Lin− CD127+ cells SPD rats (n = 3). (D) Representative flow cytometric plot showing T-bet vs. GATA-3 expression in spleen ILC subsets from SPD rats. (E) Frequencies of total Lin− CD127+ ILCs expressed as percentage of CD45+ leukocytes in different tissues from SPD rats. (n = 6). (F) CD45 mean fluorescence intensity (MFI) on ILC subsets from the depicted tissues from SPD rat. (G) Distribution of ILC subsets among total ILCs from SPD rats. n = 6 for each tissue. *p < 0.05, **p < 0.01, ***p < 0.001.


Rat ILCs were present at much higher frequency in the lamina propria of both ileum (9% of leukocytes) and colon (15%) as compared to spleen, PP and MLN (<1%) (Figure 1E). Consistent with human and mouse studies (32–35), rat ILC2 expressed higher levels of CD45 than ILC1 and ILC3 (Figure 1F). The relative enrichment of rat ILC subsets differed between the tissues analyzed, ILC3 being greatly enriched over ILC1 and ILC2 in MLN and PP, where they represented more than 80% of total ILCs. ILC3 were also the most abundant in spleen (40%) followed by ILC1 and ILC2 (Figure 1G). In sharp contrast, we observed an opposite distribution in ileum and colon LP where ILC2 largely dominated ILC composition (>80%), while ILC3 accounted for 15% of total ILCs and ILC1 were poorly represented.



Unbiased Characterization of Colonic ILCs by Single-Cell RNA Sequencing

ILC2 predominance in rat ileum and colon was rather unexpected, as it contrasted with ILC proportions described in human and mouse gut (36, 37). Because of the paucity of validated surface markers available to describe further rat ILCs by flow cytometry, we decided to unbiasedly characterize FACS-sorted Lin− CD127+ cells using high-resolution scRNAseq (Figure 2A). We focused on colonic cells because of the unexpected high prevalence of ILC2 and the higher frequency of ILC in the colon as compared to the ileum (Figure 1A). We analyzed 5,343 single cells that passed QC (see methods). Clustering analysis revealed 5 distinct clusters (C1–C5), which were visualized using uniform manifold approximation and projection (UMAP) (Figure 2B). Three well-demarcated groups of clusters were identified and, respectively, comprised clusters C1, C4, and C5 (72% of total cells), C2 (20% of total cells), and C3 (8% of total cells) (Figure 2B). Cells in clusters C1, C4, and C5 expressed high levels of important ILC2 genes including the TFs Gata3 and Bcl11b, as well as the receptors Il1rl1 (ST2) and Il17rb, and were thus annotated as ILC2 (38, 39) (Figure 2C). The C2 cluster contained cells expressing strong levels of genes well-characterized in ILC3 such as Nfil3, Tifa, Il23r, and the cytokine Il22. The high expression of the chemokine receptor CCR6 suggested colonic ILC3 were mostly LTi-like cells (40, 41) (Figure 2C and Supplementary Figure 2B). Finally, cells in cluster C3 expressed high levels of genes associated with NK cells such as Tyrobp (DAP12), Irf8, Nkg7, Fcer1g, Il2rb (CD122), Ccl5, Gzma, Gzmb, Gzmm, Prf1. Almost no cell in cluster C3 expressed the pan-ILC marker Il7r (CD127) (Figure 2C). No NK-specific mAb could be included in the lineage cocktail, and examination of CD127 expression confirmed the presence of contaminating CD127− cells in sorted cells (Figure 2A, right panel). This suggested that NK cells in fact composed a large part of cluster C3. We thus chose to refer to these cells as group 1 ILCs to encompass both NK cells and rare ILC1 (Figure 2B and Supplementary Figures 2A,B). Deeper analysis of ILC2 revealed additional transcriptomic heterogeneity between cells in the 3 clusters. Cells in cluster C4 mostly differed by their high expression of heat-shock protein encoding genes such as Dnajb1, Dnaja1, Hsph1, Hspd1, and Hspe1, while cells in cluster C5 expressed higher levels of Ramp1, Plek, S100a4, Tgfb1, Il18r1, Anxa1, and the cytokine Il5, suggesting a possible higher activation state (Supplementary Figure 2C). Taken together, these data confirmed that ILC2 dominated the rat ILC landscape in the colon and suggested that the rare cells identified as ILC1 by our flow cytometry analysis could account for a mixed population of NK cells and ILC1, at least in the colon.
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FIGURE 2. scRNAseq reveals distinct clusters of ILCs from colon LP of rat. (A) FACS-sorting plots showing the sorted CD45+ Lin− CD127+ ILCs from the colon LP of one SPD rat (left panel) and cells purity after sorting (right panel). (B) Uniform manifold approximation and projection (UMAP) visualizing clusters of colonic Lin− CD127+ cells analyzed by scRNAseq (n = 1 SPD rat). (C) Heatmap visualization color-coding the mRNA (UMI) counts per single cells (stacked rows) for selected genes (columns). Visualized are randomly selected cells, which were downsampled to 2,000 UMIs/cell. Clusters are separated by gray bars and ordered by ILC subtype.




Cytokine Production by Rat ILCs

Human and mouse ILCs are characterized by their specialized production of cytokines, mimicking the profiles observed for CD4+ helper T cell subsets (42). To assess whether such a functional specialization also existed for rat ILCs, we analyzed the production of ILC1, ILC2, and ILC3 archetypal cytokines. Because of their low frequency in intestinal tissues at steady state (Figure 1G), we limited our analysis of IFNγ production by ILC1 to the spleen and MLN. Upon activation by PMA and ionomycin, ILC1 (in spleen), ILC2 and ILC3 (in colon LP) selectively produced IFNγ, IL-13, and IL-22, respectively (Figure 3A), while little production of IL-17A was detected especially in colon LP (Supplementary Figures 2A, 3). Contrary to ILCs, however, LP CD4+ T cells stimulated with the same conditions strongly produced IL-17A (Supplementary Figure 3). Analysis of unstimulated cells also confirmed the selective production of IL-13 and IL-22 by ILC2 and ILC3, respectively (5, 43, 44) (Figure 3). Reminiscent of Il5 expression observed in a small subset of colonic ILC2 (Supplementary Figure 2A), the constitutive production of IL-13 was restricted to a small fraction of ILC2 in colon LP and to a lower extent ileum LP, while it was not detected in SLO (Figure 3B). The constitutive production of IL-22 by ILC3 was mostly detected in intestinal tissues (Figure 3B) and restricted to a small fraction of colonic ILC3 at the transcriptional level (Supplementary Figure 2A).


[image: Figure 3]
FIGURE 3. Tissues quantification of cytokine production by ILC subsets in rats. (A) Representative intracellular staining for IFNγ (in spleen from LEW rats), IL-22 and IL-13 (in Colon LP from SPD rats) in ILC subsets as defined in Figure 1A after 4 h of culture in the absence (medium) or the presence of PMA/Ionomycin or IL-12, a cocktail of IL-25, IL-33, and TSLP or a cocktail of IL-1β, IL-2, IL-7, and IL-23. Flow cytometry quantification of cytokine-producing cells among ILC subset in the depicted tissues after 4 h of culture in the absence (B) or the presence (C) of indicated cytokine cocktails. Data are representative of 2 (PMA+ionomycin) to 6 (cytokines) independent experiments, numeric data represents means ± SEM, ND, not detected. *p < 0.05, **p < 0.01, ****p < 0.0001.


The production of cytokines by ILCs in tissues is mostly triggered by specific cytokines derived from myeloid, epithelial and stromal cells (45). As expected, IL-12 induced IFNγ only in ILC1 while IL-25, IL-33, and TSLP induced IL-13 production only in ILC2 (Figures 3A,C). Quite surprisingly, while cytokine stimulation induced IL-13 production by a fraction of ILC2 in the colon LP, and to a lower extent in the ileum LP, no induction was observed in ILC2 from MLN, suggesting potential distinct patterns of cytokine receptor expression between ILC2 in the LP and in SLO (Figure 3C). Finally, concordant with the selective expression of IL-23R and IL-1R by human and mouse ILC3 verified in our scRNAseq data (Supplementary Figure 2B), a cytokine cocktail containing IL-23 and IL-1β specifically induced a large majority of rat ILC3 from SLO and LP to produce IL-22 (Figures 3A,C).

Importantly, although rat ILC2 expressed low levels of RORγt in LP, MLN and PP, they did not produce IL-22 or IL-17A, even when stimulated with ILC3-stimulating cytokines (Supplementary Figure 3).



CD4, MHC-II, and NKp46 Identify Distinct Rat ILC3 Subsets

In adult mice, ILC3 can be separated in developmentally distinct NCR+ ILC3 and LTi-like ILC3 based on NKp46 expression (8). We therefore assessed NKp46 expression among rat ILCs in the different tissues. In MLN, a significant fraction (30%) of ILC3 expressed low levels of NKp46 consistent with previous studies (46). In agreement with our scRNAseq data suggesting that all colonic ILC3 were NKp46− CCR6+ LTi-like cells (Figure 2C and Supplementary Figure 2B), no NKp46 expression was detected in LP ILC3 (Figure 4A). Mouse LTi-like cells can also express CD4, at least in part (8). Accordingly, we detected CD4 expression in a subset of rat ILC3, but not in ILC1 or ILC2 (Figures 4B,C). Concordant with mouse findings (46), the proportion of CD4+ LTi-like ILC3 was the highest in MLN, where they constituted the majority of ILC3 (>80% of total ILC3), whereas CD4− ILC3 dominated the ILC3 composition (>70%) in PP, ileum, and colon LP (Figure 4C). MHC-II+ murine RORγt+ ILC3 have been recently proposed to contribute to the establishment of gut microbiota tolerance by inducing antigen-specific CD4+ T cells apoptosis through the presentation of commensal bacteria-derived peptides (46, 47). Accordingly, a fraction of rat ILC3 expressed MHC-II and we also observed some MHC-II expression in the ILC1/ILC2 fraction (Figures 4B,D), likely due to the expression of MHC-II by ILC2 as previously reported in mice (48). Similar to mice, MHC-II expression was restricted to the CD4+ population of LTi-like ILC3 in rat MLN (46). However, this was not the case in PP, ileum and colon LP tissues in which MHC-II was detected in both CD4− and CD4+ ILC3 (Figure 4E).
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FIGURE 4. Characterization of rat ILC3 subsets. (A) Representative flow cytometry plots showing NKp46 and RORγt expression among total ILC cells isolated from the MLN and ileum LP of SPD rat (B) Representative flow cytometry plots showing CD4 and MHC-II expression by ILC1/2 and ILC3 cells isolated from the MLN of SPD rat. (C) The percentage of CD4+ and (D) MHC-II+ cells among ILC1/2 (white bars) or ILC3 (black bars) isolated from the indicated tissues of SPD rat. (E) The percentage of MHC-II+ cells amongst CD4− (white bars) and CD4+ (black bars) ILC3 cells. (F) Representative flow cytometry plots showing the gating strategy to identify CD4− and CD4+ IL-22-producing cells among ILC3 isolated from the colon LP of SPD rat. (G) Frequencies of the CD4+ and CD4− cells amongst IL-22 producing ILC3 after 4 h of culture in the absence (G) or the presence of the indicated stimulating cytokines (H). n = 6 per each tissue. **p < 0.01, ***p < 0.001, ****p < 0.0001.


Finally, we compared the production of IL-22 between CD4+ and CD4− ILC3 (Figure 4F). Constitutive production of IL-22 was mainly detected in CD4+ LTi-like ILC3 in MLN and CD4− ILC3 in PP, ileum and colon LP (Figure 4G). In mice, CD4+ ILC3 are considered the most mature LTi-like population and the dominant source of IL-22 in MLN in response to IL-23 (46) and Citrobacter rodentium infection (49, 50). Upon stimulation by IL-23 together with IL-1β, IL-2, IL-7, rat CD4+ LTi-like cells were indeed the major producers of IL-22 in MLN. However, an opposite pattern was observed in PP, ileum and colon LP (Figure 4H).



Distribution and Function of ILCs in Different Rat Strains

The observation that ILC2 was the dominant ileal and colonic LP ILC population in SPD rats was unexpected (Figures 1A,G). To assess whether this was a peculiarity of the SPD rat strain, we extended our ILC analysis to Lewis (LEW) and Brown Norway (BN) (Supplementary Figure 4) rats, which are known to exhibit genetically-driven different Th cell response profiles (51). Higher frequencies of total ILCs in ileum and colon LP compared to SLO were verified for all strains (Figure 5A). Frequencies of total gut ILCs were slightly higher in SPD as compared to LEW and BN rats. In addition, strain-specific differences between ILC subset frequencies were also observed: ILC1 were enriched in SLO from LEW rats as compared to SPD and BN (Figure 5B); ILC2 were enriched in spleen and MLN of BN as compared to SPD and LEW rats (Figure 5C); SPD rats exhibited higher frequencies of ILC3 in MLN as compared to the two other strains (Figure 5D). Furthermore, in tissues known to harbor a majority of ILC2 such as lungs and adipose tissue (37, 52), ILC subtype frequencies were similar between the different rat strains (Figure 5). In all three rat strains analyzed, ILC3 were thus predominant in SLOs while ILC2 dominated the ILC pool in lungs, visceral adipose tissue (VAT), ileal and colonic LP.


[image: Figure 5]
FIGURE 5. Tissue distribution of ILC populations between rat strains. (A) Frequencies of total Lin− CD127+ ILCs expressed as percentage of CD45+ leukocytes in different tissues from LEW (white bars), BN (gray bars) and SPD (black bars) rats (B–D) Frequencies of ILC1 (B), ILC2 (C), and ILC3 (D) among total ILCs within each rat strain in different tissues. n = 6 per each tissue and rat strain except lung and VAT (n = 4). Numeric data represents means ± SEM, significance was determined at P < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


We next compared IL-13 production by ILC2 in the three rat strains. With our stimulation cocktail (IL-25, IL-33, and TSLP), IL-13 production by ILC2 was extremely low in PP, and not detectable in MLN whatever the rat strain (Figures 6A,B). In the intestine, ileum ILC2 produced more IL-13 in BN rats than in LEW and SPD, whereas colonic ILC2 produced more IL-13 in SPD (Figures 3A,B, 6B). Taken together, these data suggest that even if ILC2 are largely and equally predominant in ileum and colon LP of all rat strains analyzed, their function exhibit strain and intestinal segment dependent differences.


[image: Figure 6]
FIGURE 6. Comparison of ILC2-derived IL-13 production between rat strains. (A) The percentage of constitutive ILC2-derived IL-13 production in the indicated tissues of LEW (white bars), BN (gray bars) and SPD (black bars) rats and (B) after 4 h of stimulation with ILC2 specific cocktail. (n = 6) per each tissue and rat strain. Numeric data represents means ± SEM, significance was determined at P < 0.05. ***p < 0.001, ****p < 0.0001.




Sex-Dependent Frequencies of ILC2

Finally, we sought to determine whether sex-dependent differences of ILC2 frequencies previously reported in mice (53) also held true in rats. In line with previous results, the expression of androgen receptor (AR) was restricted to ILC2 in our scRNAseq data (Supplementary Figure 2B). Androgen signaling was shown to limit ILC2 proliferation in mouse males (53). We did not observe different frequencies of total ILCs and ILC2 between male and female rats in the gut (data not shown). However, higher frequencies of ILC2 were detected in MLN, lungs and VAT of females as compared to males independently of the strain (Figures 7A,B).


[image: Figure 7]
FIGURE 7. Sex-effect on ILC2 proportions in MLN, lung and VAT of rats. (A) Representative plots of Lin− GATA-3+ (Pregated on live CD45+ cells) ILC2 in the lung of SPD female vs. male rats. (B) ILC2 frequencies in MLN, lung and visceral adipose tissues (VAT) of different rat strains. (n = 4), numeric data represents means ± SEM, statistical differences were determined by nonparametric Mann Whitney test with significance was determined. F, Female; M, Male. *p < 0.05, n.s, not significant.





DISCUSSION

In this study, we characterized ILC populations in rat intestinal tissues and SLO. We first confirmed that ILCs were strongly enriched in rat ileal and colonic LP. Our study showed that ILC3 could be separated into NCR+ ILC3 and LTi-like ILC3, a fraction of which expressed CD4. Both subtypes were present in SLOs, where regardless of the strain, ILC3 were the dominant ILC population, while only LTi-like ILC3 were detected in the intestinal LP. The main producers of IL-22 were LTi-like ILC3 in MLN and CD4− ILC3 in the intestine. As in mice and humans, rat ILC2 produced IL-13 constitutively and in response to stimulation by IL-25, IL-33, and TSLP. Interestingly and contrasting with previous data in mice and human (54), we identified ILC2 as the dominant ILC subset in rat ileal and colonic LP (37), a finding we confirmed and extended using unbiased scRNAseq profiling.

ILC2 are considered to be a homogeneous subset, yet differences in surface marker expression and tissue distribution have been recently reported (55). Several hypotheses can explain the distribution differences of intestinal ILCs between rats and mice. Since high frequencies of ILC2 were observed in the gut LP but not MLN and PP, this could reflect distinct responses to intestinal microbiota and/or food composition. In our study, ILC2 dominance in the rat intestine was observed regardless of animal's origin (commercial vs. bred and maintained in our animal facility), thus excluding any bias due to variable microbiota or infection generated in our facility. A recent study from Locksley's group actually showed that numbers of tissue ILC2 were preserved in germ-free mice, suggesting that endogenous tissue- rather than microbiota-derived signals drive the maturation of ILC2, thus anticipating tissue-specific perturbations occurring later in life (56). However, it was shown that infection with the intestinal worm Nippostongylus brasiliensis triggers epithelial cells to release IL-25 and IL-33, which in turn cause ILC2 expansion in mice (57). Repeated injection of IL-25 in mice was shown to promote the expansion of so-called KLRG1high inflammatory ILC2 (iILC2) in lung, MLN, spleen and liver (58). However, these iILC2 were virtually absent in untreated mice. Whether the strong enrichment of ILC2 in intestinal tissue in rats is dependent on IL-25 and IL-33 levels remains to be determined.

An interesting feature of rat ILC2 is their intermediate expression level of RORγt, mirroring those seen in mouse MLN and lungs after N. brasiliensis infection (48). Similar iILC2 could also be induced by injection of IL-25 and their low levels of RORγt expression was associated with their capacity to produce IL-17A in Th17 conditions (48). Such mixed ILC2/ILC3-like subsets producing IL-5, IL-17A as well IL-22 were also described in vivo in a model of skin inflammation induced by IL-23 in mice (59). In addition, ILC2 with ILC3-like features were recently described in human and appeared to be present in the blood of healthy volunteers (60). However, rat ILC2 from the colon LP and SLO did not produce IL-22 or IL-17 even when stimulated with a cytokine cocktail known to promote ILC3 activation, suggesting that LP ILC2 do not exhibit ILC3-like features. This absence of ILC3-like features in ILC2 was further confirmed by our scRNAseq profiling of total colon ILC. Whether prolonged stimulation of rat LP ILC2 with Th17 inducing cytokines could promote ILC3-related cytokine (60) remains to be addressed.

Regarding the opposite effect of micronutrient environment, a previous report indicated that a deficiency in retinoic acid (RA) severely diminished the frequency of ILC3 and paradoxically resulted in dramatic expansion of ILC2s in mice (14). However, such a deficiency is unlikely to explain ILC2 increased levels in rats as 1. rats were fed regular diet; 2. ILC3 were largely predominant in MLN and PP as previously shown in mice; 3. both ILC2 and ILC3 appeared to proliferate similarly in the ileal LP (Supplementary Figure 5).

We then speculated that differences between rats and mice or humans would be related to genetics. Different genetic backgrounds between rodent strains are known to affect immune cells frequencies, immune responses and further tissue localization (51). By assessing the tissue composition of ILC subsets in three rat strains, we revealed a specific distribution reflecting what was previously described for T cells. In fact, LEW and BN rats are known to harbor distinct immune response polarization in SLO. LEW rats are susceptible to Th1-mediated autoimmune diseases, while BN rats are highly susceptible to Th2-mediated autoimmune disease (51). Interestingly, we found that ILC1 were the major population of LEW rats ILCs, specifically in SLO. Likewise, spleen and MLN from BN rats contained high frequency of ILC2. These data suggest that the Th1 vs. Th2 prone feature of LEW vs. BN rat respectively, which is known to be genetically determined (61), might also relate to the relative abundance of ILC1 and ILC2 in these strains.

We also observed that spleen and MLN of SPD rats contained higher frequencies of ILC3 among total ILCs compared to LEW or BN rats. It is worth pointing out that this observation was consolidated by the fact that ILC3 subset in this strain produced higher IL-22 in the SLO compared to LEW and BN strains. Whether these differences are strain specific or related to the fact that SPD rats are outbred as compared to LEW and BN, remains to be determined. However, ILCs distribution could be more likely governed by rat specific microbial or environmental factors in the intestine as a large pre-dominance of the ILC2 population was observed in all strains.

By providing the first description of rat ILCs, including a deep transcriptomic characterization in the colon by scRNAseq, our study provides a useful resource for the community. Although ILCs appear remarkably conserved between species regarding their phenotype, function and differentiation, we suggest that relative abundance of ILC subsets at mucosal sites might differ between species likely in response to both genetic and environmental factors. Whether the enrichment of ILC2 in the gut LP of rats has an impact on immune responses to helminths, bacteria (62) or intestinal inflammation (63) deserves further investigations.
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