B.2. SPECIFIC AIMS
Asthmatic airways possess elevated levels of type 2 innate lymphoid cells (ILC2s), which initiate T-helper 2 (Th2) responses to parasites and allergens through secretion of interleukin(IL)-5 and IL-13.1

 Little is known about the mechanisms by which ILC2s are activated in response to environmental allergens in asthmatic airways. Exposing wild-type (WT) mice to house dust mite (HDM) extract or ovalbumin (OVA) provokes production of the Th2 cytokines IL-4, IL-5, and IL-13, resulting in airway hyper-responsiveness, eosinophilic inflammation, and goblet cell hyperplasia. Knockout (KO) mice lacking the pro-inflammatory receptor for advanced glycation end products (RAGE) treated with HDM or OVA notably do not develop an asthma-like phenotype.
SPECIFIC AIM 1: To determine if absence of RAGE alters the production of IL-5 and IL-13 through the adaptive or innate immune system. RAGE KO mice are dramatically resistant to allergen-induced asthma. The lack of an IL-5 and IL-13 response in RAGE KO mice treated with HDM suggests that RAGE signaling plays an important role in the activation of the adaptive immune system, the ILC2 response, or perhaps both. To investigate these possibilities, Th2 cells and ILC2s from WT and RAGE KO mice that have been subjected to an HDM model will be analyzed via flow cytometry for cell number and production of Th2 cytokines. Completion of this aim will elucidate whether the adaptive immune system, the innate immune system, or both are affected by loss of RAGE signaling. It will also identify whether the loss of IL-5 and IL-13 production is due to low effector cell recruitment to the lung or loss of cellular ability to produce/secrete these cytokines. 
SPECIFIC AIM 2: To determine if RAGE induces a Th2 immune response in asthma by increasing IL-33 production and/or by directly signaling on the surface of effector cells.
· Aim 2a: To determine if RAGE signaling promotes the release of IL-33 from cell types involved in asthma pathogenesis. RAGE is expressed on many cells that also express IL-33, including airway smooth muscle cells, macrophages, and dendritic cells. Preliminary data with WT and RAGE KO mice suggest that IL-33 production in the lungs is RAGE-dependent in an HDM model of asthma. IL-33 has the ability to stimulate both ILC2s and T-cells to produce IL-5 and IL-13 and may be an important mediator between RAGE signaling and the Th2 response. We hypothesize that RAGE signaling on one or several cell types associated with asthma pathogenesis stimulates secretion of IL-33. To test this hypothesis, RAGE signaling will be activated on airway smooth muscle cells, lung resident macrophages, or dendritic cells from WT and RAGE KO mice by adding RAGE ligands. Cellular production of IL-33 will then be measured by qRT-PCR and ELISA. 
· Aim 2b: To determine if RAGE can signal directly on Th2 cells and/or ILC2s to promote IL-5 and IL-13 production. Following IL-33 stimulation, RAGE KO mice have lower numbers of ILC2s in their lungs when compared to WT mice, suggesting that an IL-33-independent mechanism exists for RAGE recruitment of ILC2s to the lung. No study has yet examined ILC2s for RAGE expression; flow cytometry has been used to show that T-cells express RAGE on their surface.3

 WT ILC2s and T-cells will be isolated from mouse lung tissue and analyzed for RAGE expression using Western blot and qRT-PCR. The ability of IL-33, RAGE ligand, or both together to stimulate IL-5 and IL-13 production from isolated ILC2s and T-cells will be assessed via qRT-PCR and ELISA. A RAGE-blocking antibody will be used to further test the hypothesis that direct RAGE signaling on ILC2s and Th2 cells controls production of IL-5 and IL-13. 
Successful completion of these aims will enhance our understanding of the upstream mechanisms by which environmental allergens can provoke an asthma attack. Our studies will highlight for the first time how RAGE signaling, through the innate and/or adaptive immune system, and through a mechanism possibly involving IL-33, influences the Th2 response in asthma. We expect that further understanding of RAGE’s role in the initiation of Th2 responses will lead to novel therapies for the treatment of asthma and the prevention of allergen-induced exacerbations of the disease. 
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B.3. RESEARCH STRATEGY
(A) SIGNIFICANCE

Relatively little is known about the molecular mechanisms controlling allergen-induced asthma exacerbations, which remain a significant cause of morbidity among the millions of asthmatics worldwide. Epithelial cells, endothelial cells, alveolar macrophages, and dendritic cells (DCs), among many other cell types, directly interact with environmental allergens and release large amounts of the interleukin(IL)-1 family cytokine, IL-33.
 ADDIN EN.CITE 
4,5
 IL-33 plays a role in the activity of numerous cell types involved in the Th2 inflammatory immune response in asthma.
 ADDIN EN.CITE 
6,7
 Notably, IL-33 is known to stimulate secretion of IL-5 and IL-13, which are essential to driving the asthmatic response, from (1) effector T-helper 2 (Th2) cells

8

 or (2) type 2 innate lymphoid cells (ILC2s).
 ADDIN EN.CITE 
9,10
 ILC2s were recently identified as lineage negative innate immune cells that release large amounts of IL-5 and IL-13 (but not IL-4) in response to allergens and parasites, independent of the adaptive Th2 cell response.

9

 While much recently has been discovered about IL-33’s downstream effects, very little is known about what controls IL-33 production and release from cells. This study will examine for the first time a link between IL-33 and the receptor for advanced glycation end products (RAGE) in the initiation of asthma/allergic airway inflammation (asthma/AAI). 
RAGE is a multi-ligand, pro-inflammatory, immunoglobulin-like receptor that has been implicated in numerous chronic inflammatory diseases.
 ADDIN EN.CITE 
11,12
 Several known RAGE ligands are found at increased levels in the lungs of asthmatics.
 ADDIN EN.CITE 
13,14
 Furthermore, genome-wide association studies have linked asthma to single nucleotide polymorphisms in the RAGE ligand-binding domain that promote RAGE-ligand interactions.
 ADDIN EN.CITE 
15,16
 These studies support the hypothesis that RAGE signaling contributes to the chronic inflammation seen in asthma. Indeed, we found that RAGE knockout (KO) mice are essentially completely protected against asthma in multiple models of asthma/AAI.

2

 Our data suggest that RAGE is acting upstream of IL-33 and plays a critical role in IL-5 and IL-13 secretion from adaptive Th2 cells, ILC2s, or both. Attempts to control allergen-induced asthma exacerbations have mainly focused on modulation of downstream effector molecules such as IL-5 and IL-13 and have had limited clinical value.17
 IL-33 is an attractive target for asthma therapies because it lies upstream of many pro-inflammatory pathways and its levels are elevated in the lungs of asthmatic patients.
 ADDIN EN.CITE 
6,18

 Our finding that IL-33 release in asthma is dependent on RAGE signaling shifts the focus even further upstream; blocking RAGE signaling may be a novel way to control IL-33 levels in asthma. Loss of RAGE signaling either through addition of soluble RAGE (sRAGE) or genetic knockout has already been shown to be protective against asthma in a mouse model.
2

 Our hope is that understanding RAGE’s role in IL-33 release and activation of the adaptive and/or innate immune systems in asthma will lead to new therapies for the treatment and prevention of asthma. Furthermore, successful completion of our studies may highlight a new role for RAGE in chronic inflammatory diseases; IL-33 and ILC2s, which we may find are dependent on RAGE signaling, play key roles not only in asthma, but also in many other chronic inflammatory diseases such as inflammatory bowel disease,
 ADDIN EN.CITE 
19,20
 parasitic infections,21
 and rheumatoid arthritis.22

This proposal will specifically test the hypothesis that RAGE drives asthma pathogenesis by playing a key role in the recruitment/activation of ILC2s and/or the stimulation of the Th2 adaptive immune response following exposure to environmental allergens (Figure 1). 

(B) APPROACH
Specific Aim 1: To determine if the absence of RAGE alters the production of IL-5 and IL-13 through the adaptive or innate immune system. 

Rationale
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Unlike wild-type (WT) mice, RAGE KO mice do not develop any of the sequelae of asthma/AAI (airway eosinophilia, mucus hyper-secretion, airway hyper-responsiveness) in response to house dust mite (HDM) or ovalbumin (OVA) models of asthma/AAI.

2

 Other than the obvious lack of these typical asthma/AAI responses, most of the responses elicited to HDM and OVA are intact in the RAGE KO mice, including normal increases in antigen specific IgG and IgE as well as increased IL-4 levels. However, unlike WT mice that have increased levels of IL-5 and IL-13 in these models of asthma/AAI, RAGE KO mice show no elevation in these cytokines (Figure 2).

2

 IL-5 and IL-13 can be secreted from both effector Th2 cells and ILC2s.
 ADDIN EN.CITE 
8,9,23
 When RAGE is absent, it is unclear whether IL-5 and IL-13 production is impaired in adaptive Th2 cells, ILC2s, or perhaps both. The absence of RAGE may impair either (1) Th2 cell/ILC2 recruitment to the lung or (2) the ability of Th2 cells/ILC2s to produce/secrete Th2 cytokines; both scenarios would lead to low levels of IL-5 and IL-13 in RAGE KO mouse lungs and will be investigated here (Figure 1). Because loss of RAGE has similar effects on the Th2 response in both the HDM and OVA models, only the HDM model will be used in these proposed experiments.
Experimental Design
Six 8-10 week old WT C57BL/6 mice and six RAGE KO mice in a C57BL/6 background

24

 will be treated with HDM as previously described.
 ADDIN EN.CITE 
2,25
 In the HDM model, mice will receive 40 μg of HDM extract (Greer) in 25 μL of saline, intranasally, 5 days a week for 5 weeks. An additional six WT and six RAGE KO mice will be treated with saline alone as controls. All mice will be sacrificed 24 hours after the final treatment, and lungs will be harvested for analysis. Single cell suspensions will be prepared from mouse lungs for examination of Th2 cytokine production in T-cells or ILC2s by flow cytometry as described.
 ADDIN EN.CITE 
26,27
 Cells will be incubated with PMA (25 ng/mL) and ionomycin (500 ng/mL) in the presence of GolgiStop for four hours to stimulate intracellular cytokine production. After incubation, cells will be stained with fluorochrome-conjugated antibodies against surface markers and intracellular Th2 cytokines (described below). Samples will be analyzed on a FACSCalibur flow cytometer (BD Immunocytometry Systems), and data will be analyzed using FlowJo (Tree Star). T-cells will be gated based on scatter properties and surface expression of CD4. ILC2s will be gated on scatter properties, lineage negativity (CD3-,CD4-,CD8-), and positive surface expression of both CD45.2 and CD90.2 (Thy 1.2). Both frequency of cell type and levels of the Th2 cytokines IL-4, IL-5, and IL-13 will be assessed in both T-cells and ILC2s.
Expected results, possible pitfalls, and alternative approaches
As discussed above, significantly lower levels of the Th2 cytokines, IL-5 and IL-13, are recovered in the BALF of RAGE KO mice subjected to the HDM model as compared to that from WT mice (Figure 2).

2

 Therefore, it is expected that the RAGE KO lungs will possess (1) decreased numbers of Th2-cytokine-producing cells or (2) decreased intracellular production of the Th2 cytokines IL-5 and IL-13. Preliminary data showing decreased ILC2s in the lungs of RAGE KO mice treated with IL-33 (Figure 4) suggest that RAGE is necessary for ILC2 recruitment to or proliferation within the lung. Decreased ILC2s in the lung could be one reason for the lack of an IL-5 and IL-13 response in RAGE KO mice in the HDM model and would suggest that RAGE plays an important role in ILC2 cell recruitment in response to allergens. The importance of RAGE in ILC2 cell recruitment (i.e. possibly through RAGE-dependent IL-33 release) will be further investigated in Aim 2 below. 

ILC2s release cytokines that then go on to activate Th2 cells in the adaptive immune system.2328

 If ILC2s are not recruited or activated as we suspect from preliminary data, we then expect to also see decreased numbers of or cytokine production in effector Th2 cells. Impairment of Th2 recruitment/activation could be caused by a lack of ILC2s as proposed here and/or by a lack of IL-33 production secondary to loss of RAGE (the mechanisms by which RAGE may contribute to Th2 recruitment/activation will be further explored in Aim 2). Alternatively, as there are other mechanisms by which Th2 cells become activated in allergic responses (i.e. through DC presentation of antigen to naïve T-cells
), we may find that Th2 cell cytokine production is intact in RAGE KO animals treated with HDM even if ILC2s are low. We can examine these alternative pathways to confirm that they are functioning to promote Th2 cell recruitment or cytokine production even in the absence of a normal ILC2 response. 
Although contrary to our preliminary data, we may find that ILC2 numbers and cytokine production increase normally in RAGE KO mice in the asthma/AAI models, but that Th2 cell production or cell recruitment is impaired in RAGE KO animals. If this is the case, there are many ways in which RAGE signaling could stimulate Th2 cytokine production in T-cells. One possible hypothesis is that RAGE signaling induces release of IL-33, which, by binding to its receptor ST2, has been shown to selectively increase IL-5 and IL-13, but not IL-4, production from Th2 cells.

8

 In our studies, IL-4, IgG, and IgE production are comparable between WT and RAGE KO mice in an HDM or OVA model,

2

 suggesting that components of the adaptive T-cell response are selectively influenced by RAGE. Interestingly, production of IL-5 and IL-13, but not of IL-4, from effector Th2 cells was shown to be dependent on NF-κB signaling,

8

 the main signaling pathway activated by RAGE.29
 RAGE signaling on these cells may enhance IL-33 responses by amplifying NF-κB signaling, leading to enhanced release of IL-5 and IL-13. This mechanism will be studied in more detail in Aim 2a below.
If ILC2s are initiators of the Th2 response, we may find that earlier time points are needed in order to see a deficit in these cells in RAGE KOs and to differentiate between the ILC2 and Th2 responses. Pilot studies in our laboratory showed no increase in ILC2s in the lung after 5 weeks of HDM treatment; however, increases in ILC2s were seen 2 weeks after the initial HDM treatment, around the same time that the asthma-like phenotype develops (data not illustrated). Different time points and HDM treatment lengths may be required in order to gain valuable, accurate information about Th2 cytokine production in both ILC2s and Th2 cells in this asthma/AAI model. Alternatively, we could use a different Th2-provoking allergen such as Alternaria alternata, which can trigger an ILC2 response within 12 hours.

30
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Although analysis of T-cell cytokine production is a standard practice, we may find no difference in Th2 cytokine production or recruitment of Th2 cells or ILC2s. If this is the case, we may consider using knockout mice that either lack an adaptive immune system (Rag2-/- mice)

9

 or lack both an adaptive immune system and ILC2s (Rag2-/-γc-/-).

31

 Both strains would be subjected to an HDM asthma/AAI model both in the presence and absence of soluble RAGE (sRAGE), which prevents RAGE signaling and has previously been shown to be protective against asthma.

2

 Using both mouse strains, we will be able to assess if ILC2s, independent of an adaptive T-cell response, are necessary for RAGE-dependent production of IL-5 and IL-13 in an HDM model of asthma/AAI.
Specific Aim 2: To determine if RAGE induces a Th2 immune response in asthma by increasing IL-33 production and/or by directly signaling on the surface of effector cells.
Specific Aim 2a: To determine if RAGE signaling promotes the release of IL-33 from cell types involved in asthma pathogenesis.

Rationale
RAGE KO mice are resistant to asthma/AAI.

2

 Cytokine analysis reveals a major reason that they do not develop asthma/AAI in response to allergens is that there is no increase in the Th2 cytokines IL-5 and 13.

2

 Two primary sources of these cytokines in asthma are ILC2s and Th2 cells (explored in Aim 1). IL-33 is known to play an important role in the recruitment and activation of both ILC2s and Th2 cells.
 ADDIN EN.CITE 
8,10
 We hypothesize that one mechanism in which RAGE promotes asthma pathogenesis is by promoting release of IL-33 from epithelial or other cells, which then induces recruitment and activation of ILC2s and/or Th2 cells. Indeed, Western blot analysis (Figure 3A, 3B) and qRT-PCR (Figure 3C) of lung homogenates from WT and RAGE KO mice treated with HDM allergen demonstrates that IL-33 levels are increased in wild-type, but not RAGE KO mice. This suggests that IL-33 release is RAGE-dependent. IL-33, an alarmin, is passively released from the nucleus when cells are damaged, however, recent data suggests that a mechanism also exists for its active secretion from cells.
 ADDIN EN.CITE 
32,33
 Recent data also shows that activation of surface receptors on certain cell types, for example toll-like receptors on macrophages, dendritic cells, and fibroblasts, can induce increases in IL-33 mRNA production.

34

 Because RAGE is expressed on many cell types in the lung that also produce IL-33,
 ADDIN EN.CITE 
7,35,36
 we hypothesize that RAGE signaling on one or more of these cell types triggers secretion of IL-33. Three of these cells, airway smooth muscle cells (ASMCs), resident alveolar macrophages, and dendritic cells (DCs), either directly interact with environmental allergens or are immediate responders to the allergic inflammatory response and are at the “frontline” of allergen-induced asthma exacerbations in hyper-reactive airways.
 ADDIN EN.CITE 
4,37,38
 We hypothesize that one of these cell types may release IL-33 in response to RAGE signaling (Figure 1). 
Experimental Design
ASMCs will be isolated from 12 WT mouse lungs and cultured as previously described.

39

 Lung CD11c+ cells, including both lung macrophages and DCs, will be isolated from WT mouse lungs using anti-CD11c microbeads (Miltenyi Biotec) as previously described.
 ADDIN EN.CITE 
26,40
 Cells will be stained with an anti-CD11c fluorochrome-conjugated antibody for further sorting via flow cytometry; lung macrophages will be sorted from the DCs based on high autofluorescence. Gating strategies and culture conditions for macrophages and DCs will be carried out as previously described.

26

 Two RAGE ligands are well known to be associated with asthma pathogenesis, HMGB1

14

 and S100A8/A9.13
 To activate RAGE signaling in ASMCs, macrophages, and DCs, HMGB1 (10 μg/mL)

41

 or S100A8/A9 (1 μM)

42

 RAGE ligands will be added to 40,000 cells in culture. Because the kinetics of IL-33 release are not well understood, cells and media will be collected 30 minutes, 1h, 4h, 12h, and 24h after administration of RAGE ligand.43
 IL-33 mRNA levels will be measured by qRT-PCR on cell lysates as previously described,
 ADDIN EN.CITE 
7,43

 and IL-33 cytokine levels in the media will be measured by ELISA (eBioscience) as previously described.
4

 Because some RAGE ligands, including HMGB1 and S100 proteins, can bind to and activate multiple receptors,12
 these experiments will be repeated in ASMCs, macrophages, and DCs from RAGE KO mice to confirm that any RAGE-ligand-induced cellular production of IL-33 in WT cells is eliminated when RAGE is absent.
Expected results, possible pitfalls, and alternative approaches
It is expected that IL-33 production will increase in some or all of the RAGE-expressing cells that are associated with asthma pathogenesis in the presence of RAGE ligand, and that this increased production will be absent when using cells from the RAGE KO mice. This would support the hypothesis that RAGE signaling induces IL-33 release, which can then promote asthma-associated Th2 responses by promoting ILC2 or Th2 recruitment and activation (investigated in Aim 1 above). RAGE signaling may directly induce IL-33 production, or it may indirectly trigger IL-33 production through multiple signaling events. For example, a recent study demonstrated that HDM activation of TLR4 on bronchial epithelial cells promoted release of IL-1α, which then signaled in an autocrine fashion through the IL-1 receptor (IL-1R) on bronchial epithelial cells to trigger IL-33 production.

44

 Therefore, RAGE could be acting with IL-1R to promote IL-33 release from certain cell types.
We may find that none of the cell types tested produce IL-33 in response to RAGE ligand. Other cell types in the lung also express RAGE, such as alveolar epithelial cells45
 and endothelial cells.

46

 These cell types, while not necessarily at the “frontline” of asthma pathogenesis, may secrete IL-33 in a RAGE-dependent paracrine fashion. Alternatively, it may be that IL-33 is indirectly produced in response to RAGE signaling. For example, RAGE is highly expressed on type 1 alveolar epithelial cells (AT1),45
 while IL-33 is released from type 2 alveolar epithelial cells (AT2).

4

 A mechanism may exist in the alveoli by which RAGE activates a signaling pathway in AT1 cells that leads to release of IL-33 from AT2 cells. A similar pathway may also exist in cells in larger airways. Co-culture systems could be used to further investigate this possibility. 
RAGE ligands are numerous and each one activates a different downstream pro-inflammatory signaling pathway based on its binding properties.11
 Moreover, RAGE ligands are often promiscuous and bind to and activate multiple receptors.12
 It is unclear what specific RAGE ligands are acting in our model and what downstream pathways they activate. However, we have chosen to carry out our experiments with HMGB1 and S100A8/A9, as these ligands are found to be at high levels in the lungs of asthmatics. HMGB1 promotes the recruitment of eosinophils to lungs in asthma, and levels of HMGB1 are positively correlated with the expression of TNFα, IL-5, and IL-13.

14

 S100A8/A9 has also been implicated in airway remodeling in asthma.13
 Nevertheless, we can explore additional RAGE ligands if needed. Preliminary data from our lab has led to the identification of several sRAGE binding partners that are elevated in the lungs of HDM-treated mice (data not illustrated); we can further characterize these novel RAGE ligands to determine if they promote IL-33 release.

We may find that ELISA is not sensitive enough to detect the levels of IL-33 that are being produced by our cells. ELISPOT is a more sensitive technique for single-cell cultures47
 that may be employed if regular ELISA is not successful. Also, in addition to using cells from RAGE KO mice, a RAGE blocking antibody

48

 can be used as an alternative to confirm that IL-33 responses are RAGE-dependent. 
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Aim 2b: To determine if RAGE can signal directly on Th2 cells and/or ILC2s to promote IL-5 and IL-13 production.
Rationale

IL-33 has marked effects on the functions of numerous cell types in the initiation of a Th2 response and is significantly not increased in RAGE KO mice exposed to HDM, thus making a strong case for its possible role as a molecular mediator downstream of RAGE and upstream of the Th2 response (explored in Aim 2a above). However, preliminary data show that when IL-33 is directly administered to RAGE KO mice, an asthma-like phenotype does not develop and there are fewer ILC2s in the lungs when compared to WT mice (Figure 4). This suggests that an IL-33-independent pathway for RAGE-dependent recruitment/activation of ILC2s and/or Th2 cells may exist (Figure 1). Many immune cells express RAGE directly on their surface.
 ADDIN EN.CITE 
3,35,36,49
 T-cells show positive expression of RAGE during flow cytometry,3
 and RAGE mRNA is present in T-cells,

50

 but no study has examined T-cells for RAGE expression using Western blot. These experiments will directly determine if ILC2s and Th2 cells express RAGE, and if RAGE signaling directly promotes the release of IL-5 and IL-13 from these cells.
Experimental Design
For the in vitro experiments, seventeen 8-10 week old WT C57BL/6 mice will be stimulated to increase ILC2s in the lung through daily intranasal administration of 1 μg of recombinant mouse IL-33 (Biolegend) in 25 μL of saline for four days (adapted from Barlow et al.1
). Lineage negative, CD45.2+, CD90.2+ ILC2s will be isolated and cultured from lungs using a FACSAria flow sorter as described.27
 Cells will be cultured in a 96-well plate (40,000 cells/well2727

) in RPMI media supplemented with 10% fetal bovine serum, 1% Pen-Strep, 0.1% β-mercaptoethanol, and 2mM L-glutamine. For the first 40 hours after isolation, the cell media will also be supplemented with IL-2 (10 ng/mL, Biolegend) and IL-7 (10 ng/mL, Biolegend) as previously described.
 T-cells will be isolated as CD3+CD4+ cells on flow cytometry and cultured as previously described.

26


ILC2s and T-cells will be assessed via Western blot and qRT-PCR (as previously described

2

) to analyze for RAGE protein levels and mRNA expression, respectively. ILC2 and T-cell production of IL-5 and IL-13 will be assessed by ELISA (eBioscience) and qRT-PCR (both techniques previously described in Milutinovic et al.

2

) six hours27
 after the addition of RAGE ligand (HMGB1 [10 μg/mL]

41

 or s100A8/A9 [1μM]

42

), IL-33 (10 ng/mL)
 ADDIN EN.CITE 
1,9,27
, both IL-33 and RAGE ligand together, or neither. This stimulation experiment will be carried out both in the presence or absence of a RAGE-blocking antibody (166 μg/mL)

48

 to assess if activation of ILC2s and/or T-cells is dependent on RAGE signaling. 
Expected results, possible pitfalls, and alternative approaches
We expect that RAGE will be expressed on both ILC2s and Th2 cells, as many inflammatory cells express RAGE. We also expect that addition of RAGE ligand will promote IL-5 and IL-13 release from these cells, and that this cytokine production will be absent when a RAGE-blocking antibody is also added. These results support the hypothesis that RAGE can signal directly on the surface of ILC2s or Th2 cells. Furthermore, if activation of RAGE signaling promotes IL-5 and IL-13 production from these cells, then we have identified a new mechanism by which RAGE can activate production of Th2 cytokines in ILC2s or Th2 cells (explored in Aim 1). As described previously, NF-κB signaling is important for specification of IL-5 and IL-13 release from Th2 cells.
It is possible that we will find that ILC2s and/or Th2 cells do not express RAGE under the proposed culture conditions. One alternative hypothesis is that other signals are required to induce RAGE expression in these cells. If this is the case, ILC2s and/or Th2 cells from lung tissue following IL-33 or HDM treatment will be sorted via flow cytometry and then further analyzed for surface expression of RAGE with a fluorochrome-conjugated, RAGE-specific antibody.

51

 High concentrations of RAGE ligand in the environment are also known to induce RAGE expression in certain cell types.11
 

The use of IL-33 in addition to RAGE ligand in these studies will determine if there is synergism between IL-33 and RAGE in development of the Th2 response. Both signals may be needed simultaneously to promote IL-5 and IL-13 production in ILC2s and Th2 cells. Alternatively, IL-33 could be a RAGE ligand itself. It shares similar properties with HMGB1, a well-known RAGE ligand that can also be passively or actively released from the nucleus of cells when cells are damaged or stressed.5

Although ILC2s are newly-discovered cells, they have been successfully cultured by several groups,
 ADDIN EN.CITE 
1,9,27
 so we do not anticipate problems isolating them. However, ILC2 populations are small,
 ADDIN EN.CITE 
1,27
 so slight adjustments to the protocol and/or antibodies used may be necessary to maximize our yield. If cell numbers are inadequate, an alternative stimulation method using Alternaria alternata will be employed.

30

 Intraperitoneal, rather than intranasal, injections of IL-33 or IL-25 can also be used, and the spleen may yield higher ILC2 numbers than lung tissue.

9

 
We have carefully chosen the specific RAGE ligands to use in the experiment, but we may also wish to repeat this experiment with different RAGE ligands as discussed in Aim 2a’s “Alternative Approaches.” Additionally, siRNA against RAGE can be used as an effective alternative to the RAGE-blocking antibody.
 ADDIN EN.CITE 
48,52
 
In Aim 1 above, it was noted that the lack of an IL-5 or IL-13 response in RAGE KO mice could be a result of (1) impaired cytokine production or (2) impaired cellular recruitment to the lung. Aim 2b, described here, investigates a mechanism by which direct RAGE signaling on ILC2s or Th2 cells promotes intracellular cytokine production. Not included in this proposed study, however, is an experiment exploring the role of direct RAGE signaling on recruitment of ILC2/Th2 cells to the lung to produce IL-5 and IL-13. If we find that RAGE does not contribute to cytokine production in ILC2s or Th2 cells, we can begin to investigate the possibility that in addition to stimulating IL-33 release (Aim 2a above), RAGE may also directly contribute to recruitment of these cells to the lung. One way to test this would be to adoptively transfer WT ILC2s or Th2 cells to RAGE KO mice and then subject the mice to the HDM model of asthma to see if WT, RAGE-expressing cells are sufficient to induce an asthma response following their recruitment to the lungs.
 ADDIN EN.CITE 
1,9
 
STATISTICS
All statistics will be carried out using GraphPad Prism 5, and results will be displayed as mean ± standard deviation. Paired samples will be analyzed with a Student’s t-test. A one-way ANOVA (two-way ANOVA for multiple strains) followed by a Tukey test or a Kruskal-Wallis test is used for multiple comparisons. p-values < 0.05 will be considered significant. (See “B.14 Vertebrate Animal” section for description of sample size/power analysis for each aim.)
SUMMARY
We hypothesize that RAGE drives asthma pathogenesis by playing a key role in the recruitment/activation of ILC2s and/or the stimulation of the Th2 adaptive immune response following exposure to environmental allergens. The studies proposed here will first examine if low levels of the asthma-provoking Th2 cytokines, IL-5 and IL-13, observed following allergen exposure in the absence of RAGE are the result of impairment in the adaptive immune cells, innate immune cells, or both (Aim 1). It will also determine if this altered cytokine profile is the result of decreased cellular recruitment to the lung or impaired intracellular production of IL-5 and IL-13. Aim 2 investigates two possible mechanisms by which RAGE could influence Th2 cytokine production in either ILC2s or Th2 cells: indirectly through production of IL-33 (Aim 2a) and/or directly by signaling on the surface of ILC2s and/or Th2 cells (Aim 2b). Successful completion of these aims will highlight a novel role for RAGE in the promotion of the Th2 response in asthma/AAI. Because it may act upstream of IL-33, a known promoter of Th2 responses in the lung and elsewhere, RAGE could emerge as a potential target for new therapies for allergen-induced asthma exacerbations and other chronic inflammatory conditions. 
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Figure 1. Schematic representation of RAGE’s proposed role in activation of the Th2 response in asthma. RAGE can influence IL-5 and IL-13 secretion through ILC2s, through adaptive Th2 cells, or perhaps both. RAGE-dependent IL-5 and IL-13 production from ILC2s or Th2 cells may be IL-33 dependent or independent.





Figure 2. IL-4 (A), IL-5 (B), IL-13 (C) ELISAs on BALF samples from wild-type and RAGE KO mice treated with HDM show an increase in IL-4, but no increase in IL-5 or IL-13. (Published in Milutinovic et al. (2012) AJP [Ref #2])








Figure 3. (A) Immunoblot for IL-33 in lung homogenate samples from WT and RAGE KO mice treated with HDM shows absence of a normal IL-33 induction in RAGE KO mice. (B) Quantification of blot in A. (C) Confirmatory mRNA analysis on lung homogenates.








Figure 4. (A) WT and RAGE KO H&E sections after 4 days of intranasal IL-33 treatment show lack of eosinophilic inflammation in KOs. (B) Representative flow plots showing ST2+ICOS+ ILC2s in WT and KO animals. (C) Plot of ILC2 numbers as percent of lineage negative cells (CD3-/CD4-/CD8-) following IL-33 treatment in WT and KO mice.











