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Group 2 innate lymphoid cells (ILC2s) are emerging as important cellular regulators of homeostatic and disease-associated immune processes. The cytokine interleukin-33 (IL-33) promotes ILC2-dependent inflammation and immunity, with IL-33 having been shown to activate NF-κB in a wide variety of cell types. However, it is currently unclear which NF-κB members play an important role in IL-33-dependent ILC2 biology. Here, we identify the NF-κB family member c-Rel as a critical component of the IL-33-dependent activation of ILC2s. Although c-Rel is dispensable for ILC2 development, it is critical for ILC2 function in the lung, with c-Rel-deficient (c-Rel–/–) mice present a significantly reduced response to papain- and IL-33-induced lung inflammation. We also show that the absence of c-Rel reduces the IL-33-dependent expansion of ILC2 precursors and lower levels of IL-5 and IL-13 cytokine production by mature ILC2s in the lung. Together, these results identify the IL-33-c-Rel axis as a central control point of ILC2 activation and function.
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Introduction

Innate lymphoid cells (ILCs) are important regulators of innate and adaptive immune responses, including inflammatory and allergic responses, as well as in homeostatic processes at barrier tissues (1). ILC subsets are distinguished by distinct developmental pathways, transcription factor expression and production of effector cytokines. Group 1 ILCs (ILC1s) produce IFN-γ and express T-BET, group 2 ILCs (ILC2s) express IL-5, IL-13 and GATA-3, and group 3 ILCs (ILC3s) produce IL-17 and IL-22, and express RORγt (1). Of all ILC subsets, ILC2s are the most important subtype for regulating type 2 immune responses and thus serve key roles in mucosal homeostasis, allergy and anti-helminth immunity. ILC2s primarily reside at mucosal barrier surfaces, highlighting their importance as a first line of defense against invading pathogens. Upon epithelial cell damage, the alarmin IL-33 is released by epithelial cells and binds to a heterodimeric receptor expressed on immune cells, including ILC2s that results in cellular activation (2). Furthermore, IL-33 has been shown to regulate ILC2 mobilization from the bone marrow to the lungs (3). In addition to IL-33, the epithelial cell-derived cytokines IL-25 and TSLP also have important roles in ILC2 activation and function in response to helminth infections (4), as well as type 2 inflammatory responses such as allergy and asthma (5–7). However, the precise molecular mechanisms of IL-33-induced ILC2 activation remain unclear.

NF-κB comprises a group of transcription factors that play diverse and often critical roles in innate and adaptive immune responses. In mammals, there are five NF-κB family members, namely RelA, RelB, c-Rel, NF-κB1 (p50) and NF-κB2 (p100), all of which share a Rel homology domain (8). NF-κB proteins exist as either homodimers or heterodimers that normally reside within the cytoplasm in an inactive state. These proteins are rapidly activated in response to diverse upstream signals that typically engage one of two activation pathways: the canonical and non-canonical pathways (9). The canonical pathway activates NF-κB via the Iκκβ-dependent phosphorylation and subsequent degradation of the cytoplasmic inhibitory protein IκBα, thereby to allow RelA, c-Rel and p50 homo- and heterodimers to translocate to the nucleus and regulate gene expression. In contrast, the non-canonical pathway relies upon IKKα phosphorylation-dependent activation of the NF-κB family members p100 and RelB, allowing translocation of p52/RelB heterodimers to the nucleus (10). Although IL-33 has been shown to activate NF-κB in a wide variety of immune cells (2), the precise molecular mechanisms involved are unknown, as are the composition of activated dimers in different cell types, including ILCs.

ST2 is one of the subunits of the IL-33 receptor that signals via MYD88-dependent NF-κB activation to modulate distinct gene expression programs (2, 11, 12). Canonical NF-κB signaling has been shown to regulate GATA3 expression in T helper 2 (Th2) cells (13), and T regulatory (Treg) cells (14, 15). Furthermore, IL-33-ST2 signaling is associated with the development and function of Th9 cells (16), dendritic cells (17, 18), and macrophages (19). IL-33-ST2 signaling is also critical for ILC2 function, although whether canonical NF-κB is required remains unclear (20, 21). Recently, non-canonical NF-κB signaling has been shown to be required for IL-33-dependent ILC2s in adipose tissue following death receptor 3 engagement (22), as well as in pulmonary ILC2s upon tumor necrosis factor receptor 2 binding (23). However, adiponectin treatment used to activate the energy sensor AMP-activated protein kinase inhibits the phosphorylation of IKKα/β and IκBα in IL-33-activated adipose-resident ILC2s and impairs IL-13 production (24), suggesting that canonical NF-κB signaling may also play an important role in ILC2 activation and function.

In this present study, we identify a role for the canonical NF-κB family member c-Rel in ILC2 biology under both homeostatic and inflammatory conditions. Our results suggest that while c-Rel is dispensable for ILC2 development in the bone marrow (BM), it is required for peripheral IL-33-dependent ILC2 activation and the development of allergic lung inflammation. These findings point to c-Rel as a potential therapeutic target for treating ILC2-dependent lung inflammation.



Materials and Methods


Mice

C57BL/6J mice (wild-type), c-Rel-deficient mice on C57BL/6J background (c-Rel-/-), NF-κB1 (p105/p50)-deficient mice on C57BL/6J background (NF-κB1-/-) (25) were bred and kept at Monash University. Animals used in this study were 7 to 10 weeks old, with mice maintained under specific-pathogen-free conditions (SPF) conditions. All studies were performed at Monash Biomedicine Discovery Institute (BDI), Monash University in accordance with Monash Animal Ethics Committee (AEC) and Australian National Health and Medical Research Council (NHMRC) guidelines for animal experimentation.



Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extract preparation was performed as previously described (26). 1-2 μg of nuclear extracts prepared from IL-33-restimulated (6 h) BM-derived ILC2 precursors (ILC2Ps) were incubated with a κB3-specific 32P-dATP end-labelled probe, as previously described (27). For supershift analysis, antibodies against p50, c-Rel and RelA were incubated with nuclear extracts on ice for 30 min before adding the radiolabeled probe (27). The samples were incubated for 20 min at room temperature, then 2 μl of gel loading dye Ficoll was added, and the samples fractionated on 5% non-denaturing polyacrylamide gels. Gels were dried and exposed to autoradiography.



Preparation of Single Cell Suspension

BM cells were isolated from femur and tibia by flushing the BM using a 25G needle and passing the cells through a 70-μm strainer to form a single cell suspension. For some experiments, lungs were cut in small pieces and digested in 400 U/ml collagenase IV (Sigma Aldrich), followed by incubation at 37°C for 45 min in complete RPMI media (Life Technologies). The digested lungs were then passed through a 70-μm strainer. Red blood cells (RBCs) in organ cell suspensions were lysed in 1 ml RBC lysis buffer (eBioscience) for 1 min. After two washes in FACS buffer, the samples were resuspended in a 30% Percoll separation solution and centrifuged at 400 x g to enrich the leukocytes, followed by staining for flow cytometry analysis.



Flow Cytometry

Cells were first blocked with purified rat anti-mouse CD16/CD32 (2 μg/ml) (eBioscience) and rat serum (20 μg/ml) (Stem Cell). Cells were then stained with specific antibodies of interest in the FACS buffer (Supplementary Table 1) (2% FCS, 1 mM EDTA, and 0.05% azide in PBS). For BM-derived ILC2Ps FACS sorted for culture, the cells were stained in ILC media. Viable cells were identified using the viability dye 7-AAD (eBioscience). The samples were either resuspended in the FACS buffer for acquisition, or fixed overnight at 4°C for intracellular staining the next day using a FOXP3 kit (Tonbo Biosciences). The staining was performed according to the manufacturer’s instructions.



Cell Culture

Bone marrow-derived ILC2Ps or lung ILC2s were sorted by flow cytometry following standard protocols. In short, 5,000 ILC2s were cultured in round bottom plates containing ILC media in the presence of IL-2 (50 ng/ml), IL-7 (10 ng/ml) and IL-25 (100 ng/ml) at d0. Cells were split 1/2 with fresh ILC media plus IL-2 (50 ng/ml), IL-7 (10 ng/ml) and IL-25 (100 ng/ml) at d3 and every second day thereafter over a period of 14 days. On d15, 200,000 cells were plated per well in ILC media in the presence of IL-2 (50 ng/ml) and IL-7 (10 ng/ml) for 24 h. On the following day, the cells were restimulated with IL-33 (10 ng/ml) for 6 h. For some experiments, 5,000 lung-derived ILC2s were cultured overnight in ILC media plus IL-2 (50 ng/ml), IL-7 (10 ng/ml), IL-25 (100 ng/ml) and IL-33 (10 ng/ml) with pentoxifylline (500 ng/ml).



Lung Inflammation Model of Asthma

Mice were intranasally instilled with 10 μg of papain (Sigma-Aldrich) in 40 μl of PBS under isoflurane anesthesia daily for 3 days. For rIL-33-induced lung inflammation, mice were intranasally injected with 500 ng IL-33 (eBiosciences) daily for 3 days, as previously described (21). 24 h after the last treatment, mice were sacrificed, and their bronchoalveolar lavage (BAL) fluid and lung tissues were collected for flow cytometry analysis and RNA extraction. The left lobe of the lung was obtained and fixed in 10% Formalin solution. The lung tissue was embedded into paraffin blocks and were stained with periodic acid-Schiff (PAS) stain, as previously described (28).



qPCR

RNA from homogenized tissue was isolated using phenol-chloroform extraction as per standard protocol. RNA from cultured ILC2s was extracted using a NucleoSpin RNA Kit according to manufacturer’s instructions (MACHEREY-NAGEL). The concentration and purity of extracted RNA was measured using a Spectrophotometer NanoDrop 1000 (Thermo Fisher Scientific). 1 μg of RNA was used for cDNA generation using a cDNA conversion kit (Thermo Fisher Scientific). qPCR was performed using a SYBR green chemistry (Qiagen) on a qPCR system (Rotor-Gene Q Qiagen) using specific primers (Supplementary Table 2). Samples were standardized using Actb.



ELISA

ELISA plates were coated with primary antibodies at 1 μg/ml in PBS at 4°C overnight. The plates were washed 4 times using a washing buffer (PBS containing 0.05% Tween 20) (Sigma Aldrich) with 1 min rests between washes. Subsequently, the plates were blocked for 1 h at room temperature with 200 μl PBS containing 10% newborn calf serum (Bovogen). The samples were loaded, followed by a two-hour incubation at room temperature. The plates were washed 5 times, and the secondary antibodies (biotinylated) were loaded (0.5 μg/ml), and incubated for 1 h at room temperature, followed by 8 final washes with washing buffer. TMB substrate (Invitrogen) was added, and the reaction was stopped with HCL. The samples were read at 450 nm using a microplate Epoch spectrophotometer (BioTek) and analyzed using Gen5 2.0 (data analysis software).



Statistics

All statistical calculations were performed with GraphPad Prism 9 software (GraphPad Software, La Jolla, CA, USA). All graphs represent mean ± SEM. Statistical significance was determined by 2-tailed Student’s t test or one-way-ANOVA. Results were considered statistically significant with p ≤ 0.05.




Results


Canonical NF-κB Activity in ILC2s

To begin investigating NF-κB involvement in the molecular requirements for IL-33-dependent activation of ILC2s, we examined IL-33-dependent NF-κB activation in ILC2s by electrophoretic mobility shift assay (EMSA). We used flow cytometry to isolate Lin- CD45+ c-KIT- Sca-1+ CD127+ CD25+ α4β7+ ILC2Ps from WT mice and expanded them in vitro with IL-2, IL-7, IL-25 and IL-33 for 2 weeks. Expanded ILC2s were rested for 48 h in IL-2 and IL-7, and subsequently restimulated with IL-33 for 6 h. IL-33 restimulation led to increased nuclear translocation and DNA binding of three distinct NF-κB complexes in ILC2s that are denoted as C1 (lower band), C2 (middle band) and C3 (upper band) (Figure 1A). Antibody super-shifts revealed that the three complexes were comprised of the canonical NF-κB family members p50 (i.e. NF-κB1 component) (C1), RelA (C2) and c-Rel (C3) (Figure 1B). Thus, ILC2s respond to IL-33 stimulation by activating the canonical NF-κB pathway.




Figure 1 | The presence of canonical NF-κB activity in ILC2s. (A) Electrophoretic mobility shift assay (EMSA) analysis in IL-33-stimulated BM-derived ILC2Ps. (B) The specific members of NF-κβ were detected via antibody supershift analysis by using specific antibodies against p50, cRel and RelA. C1 is composed of p50, C2 is composed of RelA and C3 is composed of c-Rel protein. (C) Representative flow cytometry plot of CD127+ KLRG-1+ lung ILC2s (gated on viable CD45+ Lin- CD90+ CD25+ ST2+ cells) from WT, c-Rel-/- and NF-κB-/- naive mice. (D) Quantification of lung ILC2 among parent CD25+ ST2+ cells. (E) Absolute numbers of lung ILC2s per animal. (F) Quantification of ST2 in ILC2s, expressed as geometric mean fluorescence intensity (gMFI). (G) Representative histogram plots of ST2 expression in ILC2s. All plots and graphs are representative of at least two independent experiments with at least three mice per group. Error bars represent ± SEM. *p ≤ 0.05. ns, non-significant.



We next examined the frequencies of ILC2s in the lungs of c-Rel-deficient (c-Rel-/-) and p105/p50-deficient (NF-κB1-/-) mice. We did not examine the role of RelA as RelA-deficient mice are perinatal lethal (29). We found the frequencies of lung ILC2s were subtly, but significantly reduced by the absence of c-Rel, while NF-κB1-/- mice had a non-significant reduction in ILC2 frequency and numbers (Figures 1C–E). We also found that the absence of c-Rel or NF-κB1 had no effect on the expression level of the IL-33 receptor component ST2 in ILC2s (Figures 1F, G). Thus, deficiency of the NF-κB family member c-Rel has a minimal yet significant impact on the homeostatic levels of ILC2s in the lungs.



c-Rel Is Required for IL-33-Dependent ILC2 Expansion but Not ILC2 Development in the Bone Marrow

We focused our investigation on c-Rel and started by examining the development of immature ILC2s (iILC2s) in the bone marrow of c-Rel-deficient mice during steady state hematopoiesis. Flow cytometric analysis revealed equivalent frequencies of Lin- CD127+ α4β7+ CD25+ c-KITlow ILC2Ps (30–32) in the BM of control and c-Rel-/- mice (Figures 2A, D). Further, cells upstream of ILC progenitors, including common lymphoid progenitors (CLPs), α-lymphoid progenitors (αLPs) and common helper innate lymphoid progenitors (ChILPs), were also equally represented in the BM of control and c-Rel-/- mice (Figures 2A–C and Supplementary Figure 1A). Because GATA3 is crucial for ILC2 development (33), we also assessed GATA3 expression in ex vivo BM ILC2s. Similar levels of GATA3 expression in BM ILC2s in both control and c-Rel-/- mice coincided with normal development of BM ILC2 observed in c-Rel-/- mice (Supplementary Figures 1B, C). This is also consistent with the phenotype observed in our ILC2 cultures whereby a majority of both control and c-Rel-/- cells remained Lin- and CD45+ (>70%) with equal representation of CD25 and Sca-1 expression (Supplementary Figure 2A). In steady state, cRel is expressed in both ex vivo WT BM and lung ILC2s in comparison to c-Rel-deficient control cells and the levels of cRel expression are comparable in these two ILC2 populations (Figure 3A). To assess the correlation between changes in cRel expression in response to IL-33 stimulation, we cultured WT BM-derived ILC2s for 6 h in the presence of IL-33. cRel expression was dramatically increased in the presence of extracellular IL-33 (Figure 3B). In accordance with increased cRel expression in ILC2s to IL-33 stimulation, we did find that c-Rel was critical for the IL-33-dependent expansion of ILC2Ps. We isolated ILC2Ps from BM of control and c-Rel-/- mice and stimulated them in vitro with IL-2, IL-7 and IL-25. Under this condition, we observed equivalent expansion of control and c-Rel-deficient ILC2Ps (Figure 3C), although to a significantly lesser extent than when IL-33 was present. However, unlike WT ILC2Ps, c-Rel-deficient ILC2Ps failed to expand in response to IL-33. Thus, c-Rel is critically involved in the IL-33-responsiveness of ILC2Ps.




Figure 2 | The development of BM-derived immature ILC2s are independent of c-Rel (A) Representative flow cytometry plot of α4β7+ CD127+ immature BM ILC2s (left) (gated on viable CD45+ Lin- cells) and specific ILC2 progenitors (gated on parent α4β7+ CD127+ cells). α-lymphoid progenitors (αLPs) were defined as c-KITlow CD25-, whereas common helper innate lymphoid progenitors (ChILPs) and ILC2 precursors (ILC2Ps) were c-KIThigh CD25- and c-KITlow CD25+, respectively. (B–D) Quantification of αLP, ChILP and ILC2P among α4β7+ CD127+ cells, respectively. All plots and graphs are representative of at least two independent experiments with at least three mice per group. Error bars represent ± SEM. ns, non-significant.






Figure 3 | c-Rel is required for IL-33-dependent expansion of ILC2s. (A) qPCR analysis of cRel in ex vivo FACS-sorted BM-derived ILC2 and lung-derived ILC2 from naive WT mice (fold change over negative control). (B) qPCR analysis of cRel in BM-derived ILC2 cultures restimulated with IL-33 for 6 h. (C) Quantification of fold expansion derived from cell count on ex vivo BM-derived ILCP cultures. FACS-sorted BM ILC2Ps were cultured in ILC media in the presence of IL-2, IL-7 and IL-25 for 14 days. On d15, expanded cells were cultured in only IL-2 and IL-7 overnight. On d16, expanded cells were re-stimulated with or without IL-33 (control) for 6 h, followed by cell count. All plots and graphs are representative of at least two independent experiments with at least three mice per group. Error bars represent ± SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. ns, non-significant.





c-Rel Regulates Papain-Induced Lung Inflammation

IL-33 is maintained in the nucleus of epithelial cells under homeostatic conditions, but is released following tissue damage (2). To determine if c-Rel was required for ILC2 function under inflammatory conditions, we used a model of allergic lung inflammation. We treated control WT and c-Rel-/- mice intranasally with the protease allergen papain on day 0, 1 and 2, and examined the acute, ILC2-dependent inflammatory response in the lungs on day 3 (32, 34, 35). Strikingly, c-Rel-/- mice showed reduced papain-induced lung inflammation, with a significantly diminished influx of lymphocytes into BAL and significantly fewer eosinophils (Figures 4A–C). Like homeostatic conditions in the BM, we did not find any significant difference in the frequencies and numbers of lung ILC2s in c-Rel-/- and control mice in response to papain (Figures 4D, E). However, we observed significantly reduced Il5 and Il13 expression in the absence of c-Rel, suggesting that c-Rel plays an important part in the expression of these type 2 inflammatory proteins. (Figures 4F, G). As damaged epithelial cells also produce IL-25 and IL-33 in response to injury, which could in turn activate ILC2s in a paracrine manner (2) to produce IL-5 and IL-13, we examined their involvement in this model. Importantly, we found that expression levels of Il25 and Il33 were equivalent between c-Rel-/- mice and control mice (Figures 4H, I), showing that c-Rel does not regulate Il25 and Il33 expression in epithelial cells in our experiments. Collectively, these data suggest that c-Rel is an important regulator of ILC2-dependent lung inflammation.




Figure 4 | c-Rel deficiency reduces papain-induced lung inflammation. (A) Absolute numbers of CD45+ lymphocytes in the bronchoalveolar lavage (BAL) fluid following PBS (control) or papain challenge for three days. (B) Quantification of Siglec-F+ CD11c- eosinophils in BAL among viable CD45+ cells. (C) Absolute numbers of BAL eosinophils. (D) Quantification of CD127+ KLRG-1+ lung ILC2s (gated on Lin- CD90+ CD25+ ST2+) among viable CD45+ cells. (E) Absolute numbers of lung ILC2s per animal. (F–I) qPCR analysis of the indicated genes from lung tissue following papain challenge. All graphs are representative of at least two independent experiments with 3-6 mice per group. Error bars represent ± SEM. **p ≤ 0.01, ***p ≤ 0.001. ns, non-significant.





c-Rel Is Indispensable for IL-33-Dependent Lung Inflammation and Activation

As papain treatment induces expression of the ILC2-inducing cytokine IL-33, and given that IL-33 treatment of ILC2s leads to c-Rel activation, we next tested whether c-Rel was required for the direct activation of ILC2s by IL-33 in vivo. We treated control WT and c-Rel-/- mice intranasally with rIL-33 on day 0, 1 and 2, and analyzed lung responses on day 3. Consistent with our lung inflammation model using papain, c-Rel-/- mice displayed reduced IL-33-dependent inflammation in the lungs, with reduced infiltration of lymphocytes and eosinophils into the BAL (Figures 5A–C), reduced frequencies of ILC2s in the lungs (Figure 5D), and lower expression levels of Il5 and Il13, but not Il25, in lung tissue (Figures 5E–G). IL-33-induced goblet cell hyperplasia and mucus production in the lungs lacking c-Rel was also severely reduced (Figure 5H). Further, ex vivo activation of lung-derived ILC2s with IL-2, IL-7, IL-25 and IL-33, resulted in the c-Rel-dependent production of IL-5 and IL-13 (Figures 5I, J). Additionally, in the presence of pentoxifylline, an NF-κB inhibitor with selectivity for c-Rel over other family members (36, 37), c-Rel-sufficient ILC2s failed to produce IL-5 and IL-13, in a similar manner to c-Rel-deficient ILC2s. Together, these observations strongly suggest that c-Rel is critical for IL-33-dependent activation of ILC2s during lung inflammation.




Figure 5 | c-Rel is critical for ILC2-mediated lung inflammation, induced by IL-33. (A) Absolute numbers of CD45+ lymphocytes in the bronchoalveolar lavage (BAL) fluid following PBS (control) or rIL-33 administration for three days. (B) Quantification of Siglec-F+ CD11c- eosinophils in BAL among viable CD45+ cells. (C) Absolute numbers of BAL eosinophils. (D) Quantification of CD127+ KLRG-1+ lung ILC2s (gated on Lin- CD90+ CD25+ ST2+) among viable CD45+ cells. (E–G) qPCR analysis of the indicated genes from lung tissue following PBS or rIL-33 administration. (H) PAS-stained lung histology visualized using 4x (left) and 20x (right) magnification. (I, J) ELISA analysis of the indicated cytokine from the supernatant of ex vivo lung ILC2s cultures in the presence of IL-2, IL-7, IL-25 and IL-33, with or without a c-Rel inhibitor, pentoxifylline. All graphs are representative of at least two independent experiments with 3-5 per group. Error bars represent ± SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. ns, non-significant.






Discussion

Although IL-33 has been shown to be a potent activator of ILC2s during inflammatory responses, the molecular mechanisms responsible for its regulation are poorly understood. While the primary source of IL-33 is epithelial cells (2), other cell types such as natural killer T cells (NKT) cells and alveolar macrophages (38) have also been shown to produce IL-33. Previous studies have established a role for several factors for a number of transcription factors such as GFI1 (39), ETS1 (40), TCF1 (41, 42), G9a (32), and non-canonical NF-κB factors (22, 43) as important regulators of ILC2 biology; however, the roles of canonical NF-κB proteins have not been directly examined in ILC2s. The present study identified the presence of canonical NF-κB family members p50, RelA and c-Rel activity in ILC2s following IL-33 stimulation. We found that while c-Rel is dispensable for early ILC2 precursor development in BM, it is required for optimal ILC2P expansion and proliferation. Furthermore, our results suggest that c-Rel regulates ILC2 activation and function in response to papain- or rIL-33-induced lung inflammation. Overall, the present study identifies the transcription factor c-Rel as a regulator of IL-33-dependent ILC2 function, particularly during lung inflammatory responses.

We observed an increase in nuclear localization and DNA binding of each canonical NF-κB family member p50, RelA and c-Rel in ILC2s upon IL-33 stimulation. Typically, NF-κB can act as a homodimer (e.g., c-Rel/c-Rel), and/or a heterodimer (e.g. c-Rel/p50) (2, 9). Thus, further characterization of the functional roles in different combinations of NF-κB family members in IL-33-stimulated ILC2s is needed. In response to IL-33, the expression of canonical NF-κB in our murine activated ILC2s is consistent with previous findings for human IL-1β-primed ILC2s that require IKK-mediated activation of NF-κB (44). In addition to canonical NF-κB signals, non-canonical NIK-dependent NF-κB signaling involving p100 and RelB activation occurs in pulmonary ILC2s, specifically in response to alveolar macrophage-derived TNF-α via TNFR2 (43). Notably, the expression of the canonical NF-κB genes in TNF-α-stimulated ILC2s is either unchanged or reduced (43). Thus, we speculate that the activation of canonical NF-κB signals in pulmonary ILC2s is largely dependent on the pathway downstream of IL-33 mediated by c-Rel, whereas the non-canonical signals are activated in response to other activating cytokines such as TNF-α.

Unlike conventional cytokines, IL-33 is typically released by epithelial cells following damage to barrier tissue and binds to ST2 that forms a heterodimer with IL-1RAcP (45, 46) to serve as an alarmin in response to inflammation and infection (47–49). During the steady state, IL-33 is constitutively expressed in both human (50) and mouse airway epithelial cells (51). Our results show that in steady-state conditions, the absence of either c-Rel or p50 subunit of NF-κB1 does not impair the proportion of ILC2s expressing ST2. However, we observed that the homeostatic development of pulmonary naive ILC2s is somewhat compromised when c-Rel is absent. This indicates that c-Rel-dependent immature ILC2s in the lungs develop independently of ST2 expression. Alternatively, c-Rel may be a prerequisite for IL-33-mediated egress of ILC2s from BM to the lungs (3), which can potentially explain why the accumulation of naive lung ILC2s is slightly reduced in the absence of c-Rel. Notably, there is only a minimal reduction in ILC2s in the lungs of naive mice lacking c-Rel, suggesting that c-Rel is not absolutely required for normal naive pulmonary ILC2 development. This is in line with our earlier observation, in which minimal NF-κB activity is detected in non-activated ILC2s in the absence of IL-33, but its activation is increased upon IL-33 stimulation. Such an observation is consistent with prior studies that have demonstrated the expression and nuclear activity of NF-κB in resting, naive T cells is minimal (52–54).

Numerous studies have demonstrated that both human (55–57) and mouse ILC2s are strongly associated with respiratory and allergic diseases, including asthma and that activation of ILC2s requires IL-33 signals (58, 59). Expression of Il33 or Il1rl1 genes also correlates with susceptibility to asthma (19, 60–62), as well as the type 2 response in murine experimental asthma models (2, 58, 59), further supporting a crucial role of IL-33-mediated ILC2s activation during allergy. In addition, blockade of IL-33 signaling has been shown to limit the development of ILC2-mediated chronic asthma (63), with the administration of IL-33 activating ILC2-dependent lung inflammatory responses and goblet cell hyperplasia (12). As the loss of c-Rel impairs ex vivo IL-33-dependent ILC2 proliferation and expansion, we questioned whether c-Rel could also be responsible for ILC2-mediated allergic lung responses. Both papain and IL-33 have been shown to induce ILC2-dependent IL-5 and IL-13 production and airway eosinophilia (32, 34, 35). We found that c-Rel is critical for the development of papain- and IL-33-induced allergic lung inflammation. We observed a significantly reduced airway eosinophilic response and lower levels of Il5 and Il13 expression in the lungs of c-Rel-deficient mice. Surprisingly, following papain but not IL-33 treatment, the frequencies of lung ILC2s lacking c-Rel remain at the equivalent levels seen in control mice, implying that c-Rel is critically required for ILC2 activation in producing IL-5 and IL-13, but not ILC2 development or survival in response to papain. Collectively, we highlight that c-Rel is important for ILC2-dependent lung inflammation in response to papain and IL-33, with this finding confirming and extending previously published work on the role of c-Rel in promoting ovalbumin-alum induced airway inflammation (64).

c-Rel is responsible for many important immune cell functions controlled by regulating the expressions of a wide range of genes (65), including Il13 (66) and is therefore also likely to be implicated in IL-13-producing Th2-mediated responses associated with asthma and allergy. Further, the loss of p50 alone, or in combination with the absence of c-Rel is associated with impaired effector CD4 T cell survival (67) and Th2 cell functions following ovalbumin challenge (13), respectively. p50-deficient mice failed to mount lung allergic responses due to reduced GATA3 expression in Th2 cells and impaired type 2 cytokine secretion (13). Given p50 can dimerize with c-Rel (65), this points to a potential role of c-Rel in Th2 cell functions, including the possible involvement of impaired c-Rel dependent Th2 cells functions as part of the explanation for the defective inflammatory responses observed in our c-Rel-deficient mice. However, a comparative analysis of IL-5 and IL-13 production in murine experimental asthma showed that major producers of these type 2 cytokines are ILC2s, rather than Th2 cells (5). Furthermore, in line with our data showing that in cultures of ex vivo c-Rel-deficient mice ILC2s or pulmonary WT ILC2s treated with the c-Rel inhibitor, pentoxifylline, both sets of cultured cells failed to produce IL-5 and IL-13. This makes it very likely that the response observed in our in vivo asthma model experiments is largely mediated by c-Rel-dependent ILC2s.

NF-κB is not only expressed by immune cells (68), but also non-immune cells such as epithelial cells and stromal cells (69). It has been previously shown that transgenic mice expressing active IκB kinase (IKK) β in airway epithelial cells develop allergic airway disease due to activation of NF-κB signaling that in turn elevates Th2 and ILC2 responses during lung inflammation (70). Conversely, selectively preventing IKK-dependent NF-κB activation in mouse intestinal epithelial cells impairs Th2 responses following helminth infection, resulting in susceptibility (71). Thus, these findings point to an important role of epithelial cell-intrinsic NF-κB signals in mediating the type 2 response. Since we used global c-Rel knockout mice in the present study, we acknowledge that the immune response generated in our lung inflammation models may not be entirely ILC2-intrinsic if the c-Rel-mediated epithelial cell activation is contributing to the response observed. However, we observed equivalent expression of the epithelial cell-derived cytokines Il25 and Il33 in papain-induced inflamed lungs of control and c-Rel-/- mice, indicating that c-Rel deletion in airway epithelial cells does not affect upstream activation component of the inflammatory response.

Asthma and allergic diseases are rapidly increasing worldwide, highlighting a crucial need for a novel anti-inflammatory drug that can efficiently modulate the type 2 response, known to be central to immune responses responsible for lung inflammation. In addition to Th2 cells, ILC2s are key producers of IL-5 and IL-13. Unlike Th2 cells, ILC2s mainly reside at the interface between the host and environment, such as in the submucosa of lungs, initiating inflammation in response to allergens. Accordingly, the localization of ILC2s provides a strategic approach to specifically target ILC2s to attenuate airway hyperreactivity associated with asthma. Our results suggest that a c-Rel-specific inhibitor such as the IT-603 and IT-901 compounds (72, 73) may offer a novel therapeutic strategy to inhibit IL-33-induced ILC2 activity in diseases such as asthma and allergies.
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Supplementary Figure 1 | (A) Gating strategies of BM ILC2s (cells, single cells, live cells, CD45+ Lin- α4β7+). αLPs were defined as c-KITlow CD25-, ChILPs were defined as c-KIThigh CD25- and ILC2Ps were defined as c-KITlow CD25+. (B) Representative histogram plots of GATA expression in BM-derived Lin- α4β7+ ILC2s (gated on CD45+ Lin-). (C) Quantification of GATA3 expression in BM-derived ILC2s. Error bars represent ± SEM. BM, bone marrow; αLP, alpha lymphoid progenitor; ChILP, common helper innate lymphoid progenitors; ILC2Ps, innate lymphoid cell 2 progenitor; ns, non-significant.

Supplementary Figure 2 | (A) Representative flow cytometry plots of cultured BM-derived ILC2s of WT and c-Rel-/- mice. FACS-sorted BM ILC2Ps were cultured in ILC media in the presence of IL-2, IL-7 and IL-25 for 14 days. On d14, expanded cells were assessed for ILC2 markers (CD45+ Lin- CD25+ SCA-1+). The top plot shows CD45+ Lin- ILC2s (gated on live cell), whilst the bottom plot shows CD25+ SCA-1+ cells (gated on parent CD45+ Lin- cells). 



References

1. Klose, CSN, and Artis, D. Innate Lymphoid Cells as Regulators of Immunity, Inflammation and Tissue Homeostasis. Nat Immunol (2016) 17:765–74. doi: 10.1038/ni.3489

2. Liew, FY, Girard, J-P, and Turnquist, HR. Interleukin-33 in Health and Disease. Nat Rev Immunol (2016) 16:676–89. doi: 10.1038/nri.2016.95

3. Stier, MT, Zhang, J, Goleniewska, K, Cephus, JY, Rusznak, M, Wu, L, et al. Il-33 Promotes the Egress of Group 2 Innate Lymphoid Cells From the Bone Marrow. J Exp Med (2018) 215:263–81. doi: 10.1084/jem.20170449

4. Huang, Y, Guo, L, Qiu, J, Chen, X, Hu-Li, J, Siebenlist, U, et al. Il-25-responsive, Lineage-Negative KLRG1(hi) Cells Are Multipotential “Inflammatory” Type 2 Innate Lymphoid Cells. Nat Immunol (2015) 16:161–9. doi: 10.1038/ni.3078

5. Wolterink, RGJK, KleinJan, A, van Nimwegen, M, Bergen, I, de Bruijn, M, Levani, Y, et al. Pulmonary Innate Lymphoid Cells Are Major Producers of IL-5 and IL-13 in Murine Models of Allergic Asthma. Eur J Immunol (2012) 42:1106–16. doi: 10.1002/eji.201142018

6. Salimi, M, Barlow, JL, Saunders, SP, Xue, L, Gutowska-Owsiak, D, Wang, X, et al. A Role for IL-25 and IL-33-Driven Type-2 Innate Lymphoid Cells in Atopic Dermatitis. J Exp Med (2013) 210:2939–50. doi: 10.1084/jem.20130351

7. Halim, TYF, Steer, CA, Mathä, L, Gold, MJ, Martinez-Gonzalez, I, McNagny, KM, et al. Group 2 Innate Lymphoid Cells Are Critical for the Initiation of Adaptive T Helper 2 Cell-Mediated Allergic Lung Inflammation. Immunity (2014) 40:425–35. doi: 10.1016/j.immuni.2014.01.011

8. Gilmore, TD. Introduction to NF-kappaB: Players, Pathways, Perspectives. Oncogene (2006) 25:6680–4. doi: 10.1038/sj.onc.1209954

9. Oeckinghaus, A, Hayden, MS, and Ghosh, S. Crosstalk in NF-κb Signaling Pathways. Nat Immunol (2011) 12:695–708. doi: 10.1038/ni.2065

10. Ghosh, S, and Febin Prabhu Dass, J. Non-Canonical Pathway Network Modelling and Ubiquitination Site Prediction Through Homology Modelling of NF-κb. Gene (2016) 581:48–56. doi: 10.1016/j.gene.2016.01.025

11. Griesenauer, B, and Paczesny, S. The ST2/IL-33 Axis in Immune Cells During Inflammatory Diseases. Front Immunol (2017) 8:475. doi: 10.3389/fimmu.2017.00475

12. Kondo, Y, Yoshimoto, T, Yasuda, K, Futatsugi-Yumikura, S, Morimoto, M, Hayashi, N, et al. Administration of IL-33 Induces Airway Hyperresponsiveness and Goblet Cell Hyperplasia in the Lungs in the Absence of Adaptive Immune System. Int Immunol (2008) 20:791–800. doi: 10.1093/intimm/dxn037

13. Das, J, Chen, CH, Yang, L, Cohn, L, Ray, P, and Ray, A. A Critical Role for NF-Kappa B in GATA3 Expression and TH2 Differentiation in Allergic Airway Inflammation. Nat Immunol (2001) 2:45–50. doi: 10.1038/83158

14. Schiering, C, Krausgruber, T, Chomka, A, Fröhlich, A, Adelmann, K, Wohlfert, EA, et al. The Alarmin IL-33 Promotes Regulatory T-Cell Function in the Intestine. Nature (2014) 513:564–8. doi: 10.1038/nature13577

15. Matta, BM, Reichenbach, DK, Zhang, X, Mathews, L, Koehn, BH, Dwyer, GK, et al. Peri-Allohct IL-33 Administration Expands Recipient T-Regulatory Cells That Protect Mice Against Acute GVHD. Blood (2016) 128:427–39. doi: 10.1182/blood-2015-12-684142

16. Gerlach, K, Hwang, Y, Nikolaev, A, Atreya, R, Dornhoff, H, Steiner, S, et al. TH 9 Cells That Express the Transcription Factor PU. 1 Drive T Cell–Mediated Colitis Via IL-9 Receptor Signaling in Intestinal Epithelial Cells. Nat Immunol (2014) 15:676–86. doi: 10.1038/ni.2920

17. Turnquist, HR, Sumpter, TL, Tsung, A, Zahorchak, AF, Nakao, A, Nau, GJ, et al. IL-1beta-Driven ST2L Expression Promotes Maturation Resistance in Rapamycin-Conditioned Dendritic Cells. J Immunol (2008) 181:62–72. doi: 10.4049/jimmunol.181.1.62

18. Rank, MA, Kobayashi, T, Kozaki, H, Bartemes, KR, Squillace, DL, and Kita, H. IL-33-Activated Dendritic Cells Induce An Atypical TH2-type Response. J Allergy Clin Immunol (2009) 123:1047–54. doi: 10.1016/j.jaci.2009.02.026

19. Kurowska-Stolarska, M, Stolarski, B, Kewin, P, Murphy, G, Corrigan, CJ, Ying, S, et al. IL-33 Amplifies the Polarization of Alternatively Activated Macrophages That Contribute to Airway Inflammation. J Immunol (2009) 183:6469–77. doi: 10.4049/jimmunol.0901575

20. Neill, DR, Wong, SH, Bellosi, A, Flynn, RJ, Daly, M, Langford, TKA, et al. Nuocytes Represent a New Innate Effector Leukocyte That Mediates Type-2 Immunity. Nature (2010) 464:1367–70. doi: 10.1038/nature08900

21. Price, AE, Liang, H-E, Sullivan, BM, Reinhardt, RL, Eisley, CJ, Erle, DJ, et al. Systemically Dispersed Innate IL-13-Expressing Cells in Type 2 Immunity. Proc Natl Acad Sci USA (2010) 107:11489–94. doi: 10.1073/pnas.1003988107

22. Shafiei-Jahani, P, Hurrell, BP, Galle-Treger, L, Helou, DG, Howard, E, Painter, J, et al. DR3 Stimulation of Adipose Resident ILC2s Ameliorates Type 2 Diabetes Mellitus. Nat Commun (2020) 11:4718. doi: 10.1038/s41467-020-18601-7

23. Hurrell, BP, Galle-Treger, L, Jahani, PS, Howard, E, Helou, DG, Banie, H, et al. Tnfr2 Signaling Enhances ILC2 Survival, Function, and Induction of Airway Hyperreactivity. Cell Rep (2019) 29:4509–24.e5. doi: 10.1016/j.celrep.2019.11.102

24. Wang, L, Luo, Y, Luo, L, Wu, D, Ding, X, and Zheng, H. Adiponectin Restrains ILC2 Activation by AMPK-Mediated Feedback Inhibition of IL-33 Signaling. J Exp (2020) 218(2):e20191054. doi: 10.1084/jem.20191054

25. Köntgen, F, Grumont, RJ, Strasser, A, Metcalf, D, Li, R, Tarlinton, D, et al. Mice Lacking the C-Rel Proto-Oncogene Exhibit Defects in Lymphocyte Proliferation, Humoral Immunity, and Interleukin-2 Expression. Genes Dev (1995) 9:1965–77. doi: 10.1101/gad.9.16.1965

26. Schreiber, E, Matthias, P, Müller, MM, and Schaffner, W. Rapid Detection of Octamer Binding Proteins With “Mini-Extracts”, Prepared From A Small Number of Cells. Nucleic Acids Res (1989) 17:6419. doi: 10.1093/nar/17.15.6419

27. Grumont, RJ, and Gerondakis, S. The Subunit Composition of NF-Kappa B Complexes Changes During B-Cell Development. Cell Growth Differ (1994) 5:1321–31.

28. Chenery, AL, Antignano, F, Burrows, K, Scheer, S, Perona-Wright, G, and Zaph, C. Low-Dose Intestinal Trichuris Muris Infection Alters the Lung Immune Microenvironment and Can Suppress Allergic Airway Inflammation. Infect Immun (2016) 84:491–501. doi: 10.1128/IAI.01240-15

29. Beg, AA, Sha, WC, Bronson, RT, Ghosh, S, and Baltimore, D. Embryonic Lethality and Liver Degeneration in Mice Lacking the RelA Component of NF-kappa B. Nature (1995) 376:167–70. doi: 10.1038/376167a0

30. Halim, TYF, MacLaren, A, Romanish, MT, Gold, MJ, McNagny, KM, and Takei, F. Retinoic-Acid-Receptor-Related Orphan Nuclear Receptor Alpha Is Required for Natural Helper Cell Development and Allergic Inflammation. Immunity (2012) 37:463–74. doi: 10.1016/j.immuni.2012.06.012

31. Hoyler, T, Klose, CSN, Souabni, A, Turqueti-Neves, A, Pfeifer, D, Rawlins, EL, et al. The Transcription Factor GATA-3 Controls Cell Fate and Maintenance of Type 2 Innate Lymphoid Cells. Immunity (2012) 37:634–48. doi: 10.1016/j.immuni.2012.06.020

32. Antignano, F, Braam, M, Hughes, MR, Chenery, AL, Burrows, K, Gold, MJ, et al. G9a Regulates Group 2 Innate Lymphoid Cell Development by Repressing the Group 3 Innate Lymphoid Cell Program. J Exp Med (2016) 213:1153–62. doi: 10.1084/jem.20151646

33. Wolterink, R, and Serafini, N. Essential, Dose-Dependent Role for the Transcription Factor Gata3 in the Development of IL-5+ and IL-13+ Type 2 Innate Lymphoid Cells. Natl Acad Sci USA (2013) 110(25):10240–5. doi: 10.1073/pnas.1217158110.

34. Oboki, K, Ohno, T, Kajiwara, N, Arae, K, Morita, H, Ishii, A, et al. IL-33 Is a Crucial Amplifier of Innate Rather Than Acquired Immunity. Proc Natl Acad Sci USA (2010) 107:18581–6. doi: 10.1073/pnas.1003059107

35. Halim, TYF, Krauss, RH, Sun, AC, and Takei, F. Lung Natural Helper Cells Are a Critical Source of Th2 Cell-Type Cytokines in Protease Allergen-Induced Airway Inflammation. Immunity (2012) 36:451–63. doi: 10.1016/j.immuni.2011.12.020

36. Wang, W, Tam, WF, Hughes, CC, Rath, S, and Sen, R. c-Rel Is a Target of Pentoxifylline-Mediated Inhibition of T Lymphocyte Activation. Immunity (1997) 6:165–74. doi: 10.1016/S1074-7613(00)80423-9

37. Grinberg-Bleyer, Y, Oh, H, Desrichard, A, Bhatt, DM, Caron, R, Chan, TA, et al. Nf-κb C-Rel Is Crucial for the Regulatory T Cell Immune Checkpoint in Cancer. Cell (2017) 170:1096–108.e13. doi: 10.1016/j.cell.2017.08.004

38. Gorski, SA, Hahn, YS, and Braciale, TJ. Group 2 Innate Lymphoid Cell Production of IL-5 Is Regulated by NKT Cells During Influenza Virus Infection. PLoS Pathog (2013) 9:e1003615. doi: 10.1371/journal.ppat.1003615

39. Spooner, CJ, Lesch, J, Yan, D, Khan, AA, Abbas, A, Ramirez-Carrozzi, V, et al. Specification of Type 2 Innate Lymphocytes by the Transcriptional Determinant Gfi1. Nat Immunol (2013) 14:1229–36. doi: 10.1038/ni.2743

40. Zook, EC, Ramirez, K, Guo, X, van der Voort, G, Sigvardsson, M, Svensson, EC, et al. The ETS1 Transcription Factor Is Required for the Development and Cytokine-Induced Expansion of ILC2. J Exp Med (2016) 213:687–96. doi: 10.1084/jem.20150851

41. Yang, Q, Monticelli, LA, Saenz, SA, Chi, AW-S, Sonnenberg, GF, Tang, J, et al. T Cell Factor 1 is Required for Group 2 Innate Lymphoid Cell Generation. Immunity (2013) 38:694–704. doi: 10.1016/j.immuni.2012.12.003

42. Mielke, LA, Groom, JR, and Rankin, LC. TCF-1 Controls ILC2 and NKp46+ Rorγt+ Innate Lymphocyte Differentiation and Protection in Intestinal Inflammation. J Immunol (2013) 191(8):4383–91. doi: 10.4049/jimmunol.1301228

43. Hurrell, BP, Galle-Treger, L, Jahani, PS, Howard, E, Helou, DG, Banie, H, et al. Tnfr2 Signaling Enhances ILC2 Survival, Function, and Induction of Airway Hyperreactivity. Cell Rep (2019) 29:4509–24.e5. doi: 10.1016/j.celrep.2019.11.102

44. Ohne, Y, Silver, JS, Thompson-Snipes, L, Collet, MA, Blanck, JP, Cantarel, BL, et al. IL-1 Is a Critical Regulator of Group 2 Innate Lymphoid Cell Function and Plasticity. Nat Immunol (2016) 17:646–55. doi: 10.1038/ni.3447

45. Lingel, A, Weiss, TM, Niebuhr, M, Pan, B, Appleton, BA, Wiesmann, C, et al. Structure of IL-33 and Its Interaction With the ST2 and IL-1RAcP Receptors—Insight Into Heterotrimeric IL-1 Signaling Complexes. Structure (2009) 17:1398–410. doi: 10.1016/j.str.2009.08.009

46. Liu, X, Hammel, M, He, Y, Tainer, JA, Jeng, U-S, Zhang, L, et al. Structural Insights Into the Interaction of IL-33 With Its Receptors. Proc Natl Acad Sci USA (2013) 110:14918–23. doi: 10.1073/pnas.1308651110

47. Kearley, J, Silver, JS, Sanden, C, Liu, Z, Berlin, AA, White, N, et al. Cigarette Smoke Silences Innate Lymphoid Cell Function and Facilitates an Exacerbated Type I Interleukin-33-Dependent Response to Infection. Immunity (2015) 42:566–79. doi: 10.1016/j.immuni.2015.02.011

48. Lüthi, AU, Cullen, SP, McNeela, EA, Duriez, PJ, Afonina, IS, Sheridan, C, et al. Suppression of interleukin-33 Bioactivity Through Proteolysis by Apoptotic Caspases. Immunity (2009) 31:84–98. doi: 10.1016/j.immuni.2009.05.007

49. Humphreys, NE, Xu, D, Hepworth, MR, Liew, FY, and Grencis, RK. Il-33, a Potent Inducer of Adaptive Immunity to Intestinal Nematodes. J Immunol (2008) 180:2443–9. doi: 10.4049/jimmunol.180.4.2443

50. Moussion, C, Ortega, N, and Girard, J-P. The IL-1-Like Cytokine IL-33 Is Constitutively Expressed in the Nucleus of Endothelial Cells and Epithelial Cells In Vivo: A Novel “Alarmin”? PLoS One (2008) 3:e3331. doi: 10.1371/journal.pone.0003331

51. Pichery, M, Mirey, E, Mercier, P, Lefrancais, E, Dujardin, A, Ortega, N, et al. Endogenous IL-33 Is Highly Expressed in Mouse Epithelial Barrier Tissues, Lymphoid Organs, Brain, Embryos, and Inflamed Tissues: in Situ Analysis Using a Novel IL-33-LacZ Gene Trap Reporter Strain. J Immunol (2012) 188:3488–95. doi: 10.4049/jimmunol.1101977

52. Rao, S, Gerondakis, S, Woltring, D, and Shannon, MF. c-Rel Is Required for Chromatin Remodeling Across the IL-2 Gene Promoter. J Immunol (2003) 170:3724–31. doi: 10.4049/jimmunol.170.7.3724

53. Jones, RG, Saibil, SD, Pun, JM, Elford, AR, Bonnard, M, Pellegrini, M, et al. NF-Kappab Couples Protein Kinase B/Akt Signaling to Distinct Survival Pathways and the Regulation of Lymphocyte Homeostasis In Vivo. J Immunol (2005) 175:3790–9. doi: 10.4049/jimmunol.175.6.3790

54. Ruan, Q, Kameswaran, V, Tone, Y, Li, L, Liou, H-C, Greene, MI, et al. Development of Foxp3(+) Regulatory T Cells Is Driven by the c-Rel Enhanceosome. Immunity (2009) 31:932–40. doi: 10.1016/j.immuni.2009.10.006

55. Bartemes, KR, Kephart, GM, Fox, SJ, and Kita, H. Enhanced Innate Type 2 Immune Response in Peripheral Blood From Patients With Asthma. J Allergy Clin Immunol (2014) 134:671–8.e4. doi: 10.1016/j.jaci.2014.06.024

56. Lao-Araya, M, Steveling, E, Scadding, GW, Durham, SR, and Shamji, MH. Seasonal Increases in Peripheral Innate Lymphoid Type 2 Cells Are Inhibited by Subcutaneous Grass Pollen Immunotherapy. J Allergy Clin Immunol (2014) 134:1193–5.e4. doi: 10.1016/j.jaci.2014.07.029

57. Nagakumar, P, Puttur, F, Gregory, LG, Denney, L, Fleming, L, Bush, A, et al. Pulmonary Type-2 Innate Lymphoid Cells in Paediatric Severe Asthma: Phenotype and Response to Steroids. Eur Respir J (2019) 54:2–14. doi: 10.1183/13993003.01809-2018

58. Barlow, JL, Peel, S, Fox, J, Panova, V, Hardman, CS, Camelo, A, et al. IL-33 Is More Potent Than IL-25 in Provoking IL-13–Producing Nuocytes (Type 2 Innate Lymphoid Cells) and Airway Contraction. J Allergy Clin Immunol (2013) 132:933–41. doi: 10.1016/j.jaci.2013.05.012

59. Bartemes, KR, Iijima, K, and Kobayashi, T. Il-33–responsive Lineage– CD25+ CD44hi Lymphoid Cells Mediate Innate Type 2 Immunity and Allergic Inflammation in the Lungs. J  Immunol (2012) 88(3):1503–13. doi: 10.4049/jimmunol.1102832

60. Stadhouders, R, Li, BWS, de Bruijn, MJW, Gomez, A, Rao, TN, Fehling, HJ, et al. Epigenome Analysis Links Gene Regulatory Elements in Group 2 Innate Lymphocytes to Asthma Susceptibility. J Allergy Clin Immunol (2018) 142:1793–807. doi: 10.1016/j.jaci.2017.12.1006

61. Moffatt, MF, Gut, IG, Demenais, F, Strachan, DP, Bouzigon, E, Heath, S, et al. A Large-Scale, Consortium-Based Genomewide Association Study of Asthma. N Engl J Med (2010) 363:1211–21. doi: 10.1056/NEJMoa0906312

62. Préfontaine, D, Lajoie-Kadoch, S, Foley, S, Audusseau, S, Olivenstein, R, Halayko, AJ, et al. Increased Expression of IL-33 in Severe Asthma: Evidence of Expression by Airway Smooth Muscle Cells. J Immunol (2009) 183:5094–103. doi: 10.4049/jimmunol.0802387

63. Christianson, C, Irvin, C, Gorska, M, and Alam, R. IL33 and Type 2 Innate Lymphoid Cells (Ilc2) But Not Th2 Cells Are Essential For Persistence Of Chronic Experimental Asthma. J Allergy Clin Immunol (2014) 133:AB170. doi: 10.1016/j.jaci.2013.12.610

64. Donovan, CE, Mark, DA, He, HZ, and Liou, HC. Nf-κb/Rel Transcription Factors: c-Rel Promotes Airway Hyperresponsiveness and Allergic Pulmonary Inflammation. J Immunol (1999) 163(12):6827–33.

65. Gilmore, TD, and Gerondakis, S. The C-Rel Transcription Factor in Development and Disease. Genes Cancer (2011) 2:695–711. doi: 10.1177/1947601911421925

66. Bunting, K, Rao, S, Hardy, K, Woltring, D, Denyer, GS, Wang, J, et al. Genome-Wide Analysis of Gene Expression in T Cells to Identify Targets of the NF-κb Transcription Factor C-Rel. J Immunol (2007) 178:7097–109. doi: 10.4049/jimmunol.178.11.7097

67. Zheng, Y, Vig, M, Lyons, J, Van Parijs, L, and Beg, AA. Combined Deficiency of p50 and cRel in CD4+ T Cells Reveals an Essential Requirement for Nuclear Factor κb in Regulating Mature T Cell Survival and In Vivo Function. J Exp Med (2003) 197:861–74. doi: 10.1084/jem.20021610

68. Gerondakis, S, and Siebenlist, U. Roles of the NF-κb Pathway in Lymphocyte Development and Function. Cold Spring Harbor  Perspect Biol (2010) 2(5):a000182. doi: 10.1101/cshperspect.a000182

69. Bogdanova, D, Takeuchi, A, Ozawa, M, Kanda, Y, Rahman, MA, Ludewig, B, et al. Essential Role of Canonical Nf-κb Activity in the Development of Stromal Cell Subsets in Secondary Lymphoid Organs. J Immunol (2018) 201:3580–6. doi: 10.4049/jimmunol.1800539

70. Ather, JL, Foley, KL, Suratt, BT, Boyson, JE, and Poynter, ME. Airway Epithelial NF-κb Activation Promotes the Ability to Overcome Inhalational Antigen Tolerance. Clin Exp Allergy (2015) 45:1245–58. doi: 10.1111/cea.12491

71. Zaph, C, Troy, AE, Taylor, BC, Berman-Booty, LD, Guild, KJ, Du, Y, et al. Epithelial-Cell-Intrinsic IKK-Beta Expression Regulates Intestinal Immune Homeostasis. Nature (2007) 446:552–6. doi: 10.1038/nature05590

72. Shono, Y, Tuckett, AZ, Liou, H-C, Doubrovina, E, Derenzini, E, Ouk, S, et al. Characterization of a C-Rel Inhibitor That Mediates Anticancer Properties in Hematologic Malignancies by Blocking Nf-κb-Controlled Oxidative Stress Responses. Cancer Res (2016) 76:377–89. doi: 10.1158/0008-5472.CAN-14-2814

73. Shono, Y, Tuckett, AZ, Ouk, S, Liou, H-C, Altan-Bonnet, G, Tsai, JJ, et al. A Small-Molecule C-Rel Inhibitor Reduces Alloactivation of T Cells Without Compromising Antitumor Activity. Cancer Discov (2014) 4:578–91. doi: 10.1158/2159-8290.cd-13-0585



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor declared a shared affiliation with the authors at the time of review.

Copyright © 2021 Zaini, Fulford, Grumont, Runting, Rodrigues, Ng, Gerondakis, Zaph and Scheer. 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-12-667922-g001.jpg
wr
3
’E
H

g
H
pres
T
<
o






OEBPS/Images/fimmu-12-667922-g004.jpg
Eosinophit # Eosinophl

# Lymphocyte

A

i 1 .
% H T —

& %M M ;.ﬁ i -
[PRY— : .
" Lot
= S GonzonH -

2
%M» #...Iw .
g88¢98& ° s o & 2
+SVOO AGRIAJO % ol mﬂmm
[

Pes






OEBPS/Images/fimmu-12-667922-g003.jpg
========






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        c-Rel Is Required for IL-33-Dependent Activation of ILC2s

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Mice

          



          		

            Electrophoretic Mobility Shift Assay (EMSA)

          



          		

            Preparation of Single Cell Suspension

          



          		

            Flow Cytometry

          



          		

            Cell Culture

          



          		

            Lung Inflammation Model of Asthma

          



          		

            qPCR

          



          		

            ELISA

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            Canonical NF-κB Activity in ILC2s

          



          		

            c-Rel Is Required for IL-33-Dependent ILC2 Expansion but Not ILC2 Development in the Bone Marrow

          



          		

            c-Rel Regulates Papain-Induced Lung Inflammation

          



          		

            c-Rel Is Indispensable for IL-33-Dependent Lung Inflammation and Activation

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-667922-g005.jpg
-
g6

- (wgd) e

=15






OEBPS/Images/fimmu.2021.667922_cover.jpg
’ frontiers
in Immunology

c-Rel Is Required for
IL-33-Dependent Activation
of ILC2s





OEBPS/Images/fimmu-12-667922-g002.jpg
&

wolie .A-x,o
e
8 8 8
o Jpuziaoe%
22 i
5] _\l. e yé&@d

S b & & o
& ° 2

@ Jg" 1210000 %

L sz1a010 %

3





