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Over the past two decades, the Notch signaling pathway has been investigated as a therapeutic target for the treatment of cancers, and more recently in the context of immune and inflammatory disorders. Notch is an evolutionary conserved pathway found in all metazoans that is critical for proper embryonic development and for the postnatal maintenance of selected tissues. Through cell-to-cell contacts, Notch orchestrates cell fate decisions and differentiation in non-hematopoietic and hematopoietic cell types, regulates immune cell development, and is integral to shaping the amplitude as well as the quality of different types of immune responses. Depriving some cancer types of Notch signals has been shown in preclinical studies to stunt tumor growth, consistent with an oncogenic function of Notch signaling. In addition, therapeutically antagonizing Notch signals showed preclinical potential to prevent or reverse inflammatory disorders, including autoimmune diseases, allergic inflammation and immune complications of life-saving procedures such allogeneic bone marrow and solid organ transplantation (graft-versus-host disease and graft rejection). In this review, we discuss some of these unique approaches, along with the successes and challenges encountered so far to target Notch signaling in preclinical and early clinical studies. Our goal is to emphasize lessons learned to provide guidance about emerging strategies of Notch-based therapeutics that could be deployed safely and efficiently in patients with immune and inflammatory disorders.
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INTRODUCTION

Inflammation is a dynamic process mobilizing multiple cell types and mediators in response to stimuli that are perceived as harmful. The Notch signaling pathway is emerging as a critical regulator of inflammation, with pathogenic roles in several inflammatory and immune disorders including autoimmunity and allergic airway inflammation. In addition, Notch critically regulates graft-versus-host disease (GVHD) and graft rejection, the major complications mediated by immune responses to foreign tissue antigens after life-saving transplantation procedures, such as transplantation of allogeneic bone marrow or solid organ allografts. Therapeutic strategies to inhibit Notch signaling have first been developed preclinically and in early phase clinical trials to target oncogenic functions of the Notch pathway in tumor cells, or in tumor angiogenesis. However, many of these strategies are now also actively investigated in preclinical settings for their therapeutic value in non-malignant inflammatory disorders.

In this review, we discuss emerging concepts about the effects of Notch signaling in the regulation of mature immune cell function, beyond the role of the Notch pathway that was first established in immune cell development (Osborne and Minter, 2007; Radtke et al., 2010; Yuan et al., 2010; Brandstadter and Maillard, 2019). First, we outline unique molecular features of the Notch pathway that underlie the most promising therapeutic strategies to inhibit Notch activation. We discuss the oncogenic functions of Notch signaling that first inspired an intense interest in therapeutic targeting of Notch signaling, with a special focus on lessons learned from the successes and challenges of preclinical and early clinical investigations of Notch inhibition in cancer. We then review a growing body of work uncovering profound effects of Notch signaling in non-malignant inflammatory disorders, including immune disorders with high relevance to human disease. Specific Notch ligands and receptors play dominant functions in the interaction of immune cells with their microenvironment, opening therapeutic perspectives based on their transient targeted inhibition at sensitive stages of immune cell differentiation and function. Integrating lessons learned in cancer therapeutics and in preclinical studies of Notch signaling in the immune system, we will discuss emerging concepts that could pave the way toward effective development of Notch-based therapeutic strategies in non-malignant inflammatory disorders.



MECHANISMS AND FUNCTION OF NOTCH SIGNALING

A Notch-related phenotype was first described by John Dexter and Thomas Morgan more than a century ago, based on inherited changes that looked like “notches” at the wing margin of Drosophila melanogaster fruit flies (Dexter, 1914; Morgan, 1917). Since the fly Notch gene was cloned in 1983, the Notch signaling pathway has emerged as an essential evolutionarily conserved pathway for the development of all metazoans (Artavanis-Tsakonas et al., 1983). Notch is important for directing cell-to-cell communication and cell fate decisions throughout embryogenesis and into postnatal life, where Notch helps maintain homeostasis of selected tissues. However, Notch has unique characteristics that distinguish it from other evolutionarily conserved pathways. First, activation of Notch signaling is enacted in trans between adjacent cells (Figure 1). Second, canonical Notch signaling does not rely on signal amplification from second messengers to enact its functions, because its cleaved intracellular domain can translocate to the nucleus in order to stimulate gene transcription, before being rapidly degraded (Kopan and Ilagan, 2009; Kovall et al., 2017). These features enable careful temporal and spatial regulation of Notch signaling intensity.
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FIGURE 1. Overview of the Notch signaling pathway. The Notch signaling pathway operates between four cell surface Notch receptors (Notch1-4) and four agonistic Notch ligands from the Jagged (Jag1, Jag2) and Delta-like families (Dll1, Dll4). Mechanisms of Notch activation and canonical signaling are depicted along the following steps: (1) A furin-like protease cleaves the Notch receptor into a transmembrane heterodimer during its transit to cell surface through the Golgi complex (S1 site); (2) Ligand-receptor binding generates a physical force onto the extracellular domain of the Notch receptor, allowing ADAM10-mediated proteolysis at the S2 site which is normally hidden within a “negative regulatory region” of the receptor; (3) ADAM10 generates a membrane-bound intermediate that becomes rapidly sensitive to intramembrane proteolysis by the γ-secretase complex (S3 site). As a result, intracellular Notch (ICN) is released into the cytoplasm and translocates into the nucleus. (4) ICN binds with the DNA-binding protein RBP-Jκ (also known as CSL); (5) ICN and RBP-Jκ recruit a member of the Mastermind-like (MAML) family of transcriptional coactivators via the N-terminal MAML alpha-helical domain; (6) In turn, MAML proteins recruit other transcriptional co-activators (CoA) and p300, respectively, to enhance transcription of Notch target genes.


In mammals, five Notch ligands interact with four Notch receptors (Notch1-4), referred to as Notch ligand or receptor “paralogs” (Ellisen et al., 1991; Weinmaster et al., 1992; del Amo et al., 1993; Lardelli et al., 1994; Uyttendaele et al., 1996). Agonistic Notch ligands belong to the Delta-like (Dll1, Dll4) and the Jagged family (Jag1, Jag2) (Figure 1), while Dll3 functions as a natural antagonist. Although Notch ligands are present in multiple tissues, their spatially restricted expression in defined cellular niches represents a recurrent mode of Notch signaling regulation. Notch1 and Notch2 are expressed by a wide range of cell types. Notch3 is primarily found in developing T cells, vascular smooth muscle and pericytes, and Notch4 in the endothelium. However, recent work reported new functional roles for Notch3 and Notch4 in other cells relevant to immune disorders such as synovial fibroblasts and macrophages for Notch3, and regulatory T cells for Notch4 (Harb et al., 2020; Lopez-Lopez et al., 2020; Wei et al., 2020). Notch receptors are single-pass transmembrane proteins with variations primarily in their extracellular ligand binding and intracellular signaling domains (Figure 1). Prior to ligand-receptor binding, the immature Notch receptor is cleaved in the Golgi complex by a furin-like convertase on its way to the cell surface. Furin-like convertases cleave Notch proteins at their S1 site to generate a non-covalently bound heterodimer. The joining ends of this heterodimer form a S2 region that is normally hidden within a “negative regulatory region,” before it becomes vulnerable to cleavage by ADAM family metalloproteases. Ligand-receptor binding generates a physical force pulling on the Notch receptor, which exposes the S2 site to proteolytic cleavage by an ADAM metalloprotease (mostly ADAM10). S2 cleavage then generates a transmembrane intermediated that becomes sensitive to proteolysis by the γ-secretase complex at a third intramembrane site (S3) (De Strooper et al., 1999; Wolfe, 2020). γ-secretase releases the intracellular domain of Notch (ICN), allowing it to translocate into the nucleus to form a nuclear complex with the DNA-binding transcription factor RBP-Jκ, also known as CBF1/Suppressor-of-hairless/Lag-1 (CSL) (Tamura et al., 1995). The ICN/RBP-Jκ complex then enhances transcription of target genes through association with a Mastermind-like family coactivator (MAML1-3) and other proteins as part of a large transcriptional activation complex (Petcherski and Kimble, 2000; Wu et al., 2000; Nam et al., 2006; Wilson and Kovall, 2006). Importantly, transcriptional targets of Notch signaling are context-specific, and many reside in tissue-specific enhancers, enabling versatile functional outputs. In addition, non-canonical pathways of Notch signaling that bypass RBP-Jκ and MAML have also been reported in immune cells, although their mechanisms and relative importance remain debated (Shin et al., 2006, 2014; Auderset et al., 2012; Dongre et al., 2014; Charbonnier et al., 2015; Harb et al., 2020).

The unique mechanisms of Notch activation have inspired genetic and pharmacological strategies of Notch inhibition (Figure 2 and Table 1). These loss-of-function strategies are essential to rigorously evaluate the effects of the Notch pathway in vivo, and some have translational potential. Conditional inactivation of Notch ligand and receptor genes in specific cell types requires knowledge of the expression pattern and relative importance of Notch ligand and receptor paralogs (Figure 2A). For example, combined Notch1 and Notch2 inactivation accounts for most effects of Notch signaling in mature T cells, although Notch1 loss is dominant in some contexts and Notch4 inactivation was also reported to affect Tregs (Auderset et al., 2012; Roderick et al., 2013; Tran et al., 2013; Backer et al., 2014; Charbonnier et al., 2015; Wei et al., 2020). In contrast, Notch1 inactivation alone blocks the effects of the pathway in early T cell development, while Notch2 loss is sufficient to inhibit Notch signaling in mature B cells and in dendritic cells (Radtke et al., 1999; Saito et al., 2003; Lewis et al., 2011). For Notch ligands, initial studies have focused on the role of their expression in professional antigen-presenting cells, such as conventional dendritic cells (Amsen et al., 2004). However, recent work highlighted critical immunological roles for Dll1 and Dll4 Notch ligands expressed by non-hematopoietic fibroblastic stromal cell niches in secondary lymphoid organs (Fasnacht et al., 2014; Chung et al., 2017; Perkey et al., 2020). Other genetic strategies that block canonical Notch signaling include inactivation of Rbpj, encoding RBP-Jκ, and conditional expression of dnMAML, a truncated N-terminal fragment of Mastermind-like1 (MAML1) fused to GFP that exerts potent dominant negative activity downstream of all Notch receptors (Tanigaki et al., 2002; Maillard et al., 2004). Although Notch-unrelated functions of MAML proteins have been reported, dnMAML only contains ca. 60 amino acids from the N-terminal MAML1 alpha-helix that bind ICN and RBP-Jκ, but not any other known partners. Thus, all effects reported so far for dnMAML have been related to its impact on Notch signaling. Finally, Notch loss-of-function phenotypes can also be induced by targeting other essential genes for Notch activation, e.g., Mib1 (encoding Mind bomb 1, an ubiquitin ligase critical in Notch ligand-expressing cells); Pofut1 (encoding an O-Fucosyltransferase essential to modify mature Notch receptors); Adam10 (encoding the ADAM10 metalloprotease); and genes encoding subunits of the γ-secretase complex (such as Psen1/2).


TABLE 1. List of key Notch inhibitors tested preclinically or clinically so far, subcategorized by name/alias, their target and cross-reactivity to humans (h), mice (m), or primates (p).
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FIGURE 2. Genetic and pharmacological approaches to Notch inhibition. (A) Genetic inactivation strategies leading to inhibition of the Notch signaling pathway are represented by red “X” with the exception of dnMAML, where the red “X” depicts the disruption of the Notch transcription activation complex due to expression of a truncated, dominant negative (dn) form of MAML1. In addition to conditional expression of dnMAML, commonly used approaches include conditional inactivation of Notch ligand genes, Notch receptor genes, Adam10, genes encoding components of the γ-secretase complex or Rbpj; (B) Strategies of pharmacological inhibition of Notch signaling either though the administration monoclonal antibodies targeting the Notch ligands or receptors, or small molecule inhibitors. γ-secretase inhibitors target components of the γ-secretase complex. CB-103 inhibits the Notch transcription complex.


Complementing genetic approaches, pharmacological strategies with translational potential are depicted in Figure 2B. γ-secretase inhibitors (GSI) block the rate-limiting step of ligand-regulated proteolytic activation for all Notch receptors, thus achieving systemic pan-Notch inhibition (De Strooper et al., 1999; Wolfe, 2020). Monoclonal antibodies have been developed to inhibit individual Notch ligands or receptors, both in mice and in humans (Noguera-Troise et al., 2006; Ridgway et al., 2006; Wu et al., 2010; Tran et al., 2013; Choy et al., 2017). By blocking specific Notch ligand and receptor paralogs, these antibodies have the potential to bypass some of the systemic effects of pan-Notch inhibition, thus increasing the therapeutic window. Finally, recent work reported the discovery of CB-103, a new orally active small molecule inhibitor of the Notch transcription activation complex, providing an alternative path to therapeutic Notch inhibition (Lehal et al., 2020). To facilitate understanding of currently available therapeutic interventions, we provide a list of key existing reagents together with their most advanced stage of development to date (Table 1). Importantly, findings in immune and inflammatory disorders remain preclinical, while our understanding of Notch targeting in cancer relies on both preclinical and clinical observations.



TARGETING NOTCH SIGNALING IN CANCER AND IN TUMOR ANGIOGENESIS

The oncogenic role of Notch signaling in cancer first sparked interest in therapeutic targeting of the Notch pathway, inspiring a first generation of preclinical and early clinical studies. Oncogenic activation of Notch signaling was originally described in 1991 in T cell acute lymphoblastic leukemia (T-ALL) based on a rare t(7;9) chromosomal translocation forcing expression of a constitutively active form of NOTCH1 (Ellisen et al., 1991). Later investigations showed that > 50% of T-ALL patients harbored NOTCH1 point mutations or other genetic events activating Notch signaling (Weng et al., 2004). While NOTCH1 mutations allowed for ligand-independent activation, they remained sensitive to GSI-mediated inhibition and prompted preclinical studies of Notch blockade as a targeted therapy in T-ALL (Weng et al., 2006; Cullion et al., 2009; Real et al., 2009; Tatarek et al., 2011; Samon et al., 2012; Sanchez-Martin et al., 2017). Other studies revealed oncogenic Notch activation in a wider range of cancer types, including breast cancer, adenoid cystic carcinoma and a variety of B cell lymphoproliferative disorders, as reviewed in Aster et al. (2017). In some contexts, oncogenic Notch activation appeared to proceed via interaction of unmutated Notch ligands and receptors, suggesting that Notch pathway mutations may only identify a fraction of the Notch-sensitive tumors (Fabbri et al., 2017). In addition, other investigators identified a critical role of DLL4/NOTCH1 interactions as well as a crosstalk of the Notch and VEGF pathways in tumor angiogenesis (Noguera-Troise et al., 2006; Ridgway et al., 2006). These effects of Notch in the tumor microenvironment formed the initial rationale for several drug development programs and motivated testing of anti-DLL4 antibodies in cancer patients. Importantly, most cancer-related indications of therapeutic Notch inhibition focused on continuous and long-lasting inhibition of the pathway as a desirable outcome, which also contributed to reported side effects.


Development of γ-Secretase Inhibitors (GSIs)

The first drugs used to target Notch in the clinic originated from groundbreaking work designed to target the γ-secretase complex in Alzheimer’s disease. In Alzheimer’s, γ-secretase plays a critical role in the cleavage of the amyloid precursor protein, subsequently forming aggregates of amyloid-beta peptides in the brain as a major contributor to disease progression (Haass and Selkoe, 1993). GSIs target Presenilin components of the γ-secretase complex, locking it in a closed conformation and inhibiting the deposition of amyloid-beta peptides. This discovery inspired clinical trials of GSIs in Alzheimer’s disease. Importantly, originally designed GSIs also inhibited proteolytic activation of all transmembrane-bound Notch receptors, effectively silencing all Notch activity (De Strooper et al., 1999; Wolfe, 2020). Although GSIs have not proven successful so far in Alzheimer’s disease, they opened the door to preclinical and early clinical studies of Notch inhibition in cancer (Doody et al., 2013).



GSIs in Human Cancer Clinical Trials

The first Phase 1 clinical trial targeting Notch evaluated the GSI MK-0752 in relapsed/refractory T-ALL (Deangelo et al., 2006). MK-0752 is a broad-spectrum GSI originally designed to treat Alzheimer’s disease, but repurposed for the treatment of T-ALL. MK-0752 demonstrated some efficacy in inhibiting T-ALL expansion and showed disease regression in a small number of patients (Deangelo et al., 2006). However, many patients suffered significant diarrhea in a dose-dependent manner, which may have limited treatment to suboptimal or intermittent dosing, thus decreasing drug efficacy. Intestinal side effects of GSIs likely resulted from on-target toxicity from pan-Notch inhibition in gut (van Es et al., 2005; Deangelo et al., 2006; VanDussen et al., 2012). Indeed, preclinical studies in mice using GSIs and/or genetic approaches showed that Notch is critical for the homeostasis of intestinal stem and progenitor cells. Rbpj inactivation in Villin-Cre+ intestinal cells or the use of GSIs induced the differentiation of intestinal crypt cells into post-mitotic goblet cells, leading to severe diarrhea (van Es et al., 2005). Paneth cells, located at the basis of intestinal crypts, appeared to function as a niche for intestinal stem cells (Sato et al., 2011). This damage was most pronounced when both Notch1 and Notch2 were inhibited (Riccio et al., 2008; Wu et al., 2010). In studies involving irradiation, even more severe epithelial intestinal damage was documented after GSI treatment, suggesting a role for Notch in intestinal regeneration (Tran et al., 2013). Diarrhea is not exclusive to MK-0752. Other first-generation GSIs such as AL-101, Crenigacestat, and Nirogacestat also exhibited similar gastrointestinal toxicities, along with a few other complications such as fatigue, anemia, thrombocytopenia, and hypophosphatemia that could also have been related to the concomitant use of chemotherapy (Messersmith et al., 2015; Cook et al., 2018; El-Khoueiry et al., 2018; Massard et al., 2018). Nonetheless, the use of first-generation GSIs has not been completely discontinued in clinical trials. In some ongoing trials, first-generation GSIs are being evaluated for their use in combination therapies with already approved anti-cancer treatment modalities. These studies deploy GSIs at tolerable doses or with decreased frequency, while working synergistically with other treatments to suppress tumor growth. In preclinical data, intermittent GSI dosing indeed appeared to open a therapeutic window (Cullion et al., 2009; Tatarek et al., 2011). Another approach relies on the combination of GSIs and corticosteroids, which appear to suppress the gastrointestinal side effects of pan-Notch inhibition (Real et al., 2009; Samon et al., 2012). Finally, selection of GSI-resistant tumor cells represents another barrier to therapeutic Notch inhibition (Palomero et al., 2007; Knoechel et al., 2014; Aster et al., 2017). Altogether, first-generation GSIs have not been tolerated well enough to show deep efficacy as stand-alone drugs. Several strategies are being tested or considered to improve the therapeutic index of these drugs: (1) Modified administration schedules, for example with intermittent administration; (2) Combination therapy with other drugs to enhance efficacy or mitigate toxicity; (3) Development of new generations of drugs that show enhanced specificity for Notch signaling in cancer (Habets et al., 2019; Yang et al., 2020). Importantly, these changes have to be paired with a better identification of patients with documented Notch tumor activation, as opposed to unselected cancer patients.



Monoclonal Antibodies Blocking Notch Receptors and Ligands

To bypass the toxicities of systemic pan-Notch inhibition, humanized monoclonal antibodies have been developed against individual Notch1, Notch2, and Notch3 paralogs. In mice, Notch1 inhibition alone was much better tolerated than combined Notch1/2 inhibition, consistent with the redundant role of Notch1 and Notch2 in intestinal stem cell homeostasis (Riccio et al., 2008; Wu et al., 2010). In preclinical models, Notch1 or Notch3 inhibition alone had promising activity in specific models of T-ALL and breast cancer (Wu et al., 2010; Choy et al., 2017). To date, blocking antibodies against Notch1 and Notch2/3 have been clinically evaluated for the treatment of tumors (Smith et al., 2014; Yen et al., 2015; Ferrarotto et al., 2018). Reports on anti-Notch1 blockade indicated some activity in patients with hematological and solid tumors (Casulo et al., 2016; Ferrarotto et al., 2018). However, despite indications in mice, gut toxicity was still a problem in phase 1 trials (Casulo et al., 2016; Ferrarotto et al., 2018). Initial data of anti-Notch2/3 blocking antibodies were promising in solid tumors (Yen et al., 2015). However, a randomized phase 2 trial showed that benefits were contributed primarily by chemotherapy and not anti-Notch2/3 (Pietanza et al., 2015; Hu et al., 2019). Altogether, these findings represent progress in limiting the systemic toxicity of Notch inhibition, although clinical activity was not impressive so far, at least when patients were not selected upfront for having Notch-dependent tumors.

Dll4-regulated tumor angiogenesis has inspired the development of anti-DLL4 antibodies, as well as their study in both preclinical and early clinical models. Solid tumors induce a network of blood vessels to provide continuous oxygen and nutrient supplies that sustain their growth (Folkman, 1971). To date, vascular endothelial growth factor (VEGF) remains the primary clinical target used to suppress tumor angiogenesis (Keck et al., 1989; Leung et al., 1989). The role of Notch in angiogenesis has been extensively documented as part of a crosstalk between DLL4/NOTCH1 and VEGF (Noguera-Troise et al., 2006; Ridgway et al., 2006). Preclinical work showed that the effects of anti-DLL4 and anti-VEGF do not overlap, with a potential for anti-DLL4 to overcome resistance to anti-VEGF therapy (Ridgway et al., 2006). Mechanistically, DLL4 inhibition increased angiogenic sprouting, but led to non-productive blood vessel formation and diminished tumor growth (Noguera-Troise et al., 2006). In a human phase I clinical trial of DLL4 blockade, intestinal side effects were not observed, but cardiovascular events associated with prolonged DLL4 inhibition were reported, including hypertension, pulmonary hypertension and congestive heart failure (Smith et al., 2014; Chiorean et al., 2015; Falchook et al., 2015; McKeage et al., 2018). In addition, chronic DLL4 blockade has been reported to cause vascular anomalies in rats and monkeys (Yan et al., 2010). Thus, while anti-DLL4 may bypass the side effects previously observed with GSI or combined anti-NOTCH1/2 antibodies, chronic DLL4 inhibition as required for optimal anti-cancer activity remains problematic.



New Pharmacological Approaches to Target Notch Signaling in Cancer

New generation GSIs are being developed to target specific components of the γ-secretase complex (Churcher et al., 2006; Best et al., 2007; Habets et al., 2019). MRK-560 has gained traction as a treatment for T-ALL because studies have shown MRK-560 to be more tolerable, with reduced gastrointestinal side effects in preclinical animal models (Habets et al., 2019). Different γ-secretase complexes contain variable proportions of the two Presenilins, PSEN1 and PSEN2 (Kimberly et al., 2003). MRK-560 has a ca. 100-fold selectivity for PSEN1 over PSEN2 (Borgegard et al., 2012). In contrast to dominant expression of PSEN1 in T-ALL, PSEN1 and PSEN2 both expressed in mouse and human intestine (Habets et al., 2019). Indeed, pharmacological PSEN1 inhibition by MRK-560 attenuated T-ALL growth in mice (Habets et al., 2019). As a separate approach, Lehal et al. (2020) recently reported the development of CB-103, a first-in-class inhibitor of the Notch transcription complex. CB-103 showed promising preclinical activity in the treatment of T-ALL and other Notch-dependent tumors, including GSI-resistant cell lines, without inducing significant intestinal toxicity for reasons that remain to be fully clarified. This promising activity profile has led to ongoing clinical trials of CB-103 in cancer. Thus, new compounds are being developed to target Notch signaling in cancer, and it will be interesting to evaluate if they also have therapeutic potential in non-malignant conditions such as Notch-driven immune disorders.



TARGETING NOTCH SIGNALING IN INFLAMMATORY AND IMMUNE DISORDERS

In the immune system, Notch signaling was first identified for its essential role in early T cell development (Pui et al., 1999; Radtke et al., 1999). Dll4 inactivation in cortical thymic epithelial cells or Notch1 loss in lymphoid progenitors blocks T cell development in the thymus (Radtke et al., 1999; Hozumi et al., 2008; Koch et al., 2008). Other developmental functions of Notch signaling regulate the emergence of definitive hematopoietic stem cells in the fetus as well as various aspects of B cell, innate lymphoid cell and dendritic cell development (Tanigaki et al., 2002; Saito et al., 2003; Lewis et al., 2011; Satpathy et al., 2013; Yang et al., 2013). Beyond development, mature immune cells express Notch receptors (most commonly a combination of Notch1 and/or Notch2), and they can interact with Notch ligands in their microenvironment (e.g., in secondary lymphoid organs or in tissues). On this basis, Notch signaling exerts essential functions during specific immune responses, including in many contexts with relevance to human health and disease. These discoveries have identified a new set of Notch-related therapeutic opportunities.

From a translational perspective, the principles of targeting Notch signaling in immune and inflammatory disorders build on different rules than in cancer-related indications. In cancer, prolonged Notch inhibition is desirable, which has been linked to the occurrence of problematic on-target side effects. In addition, cancer cells can be selected for acquired resistance to Notch inhibition through epigenetic and other mechanisms. In the immune system, selection of clones resistant to Notch inhibition is not an issue, and Notch blockade can be applied transiently at sensitive stages of immune cell differentiation and function. This strategy would have the advantage to preserve Notch-mediated functions in lymphoid development and beneficial immune responses that develop outside of the transient windows of Notch inhibition. We will now review emerging evidence about essential pathogenic functions of Notch signaling in immune and inflammatory disorders that could become the target of therapeutic interventions.


Experimental Autoimmune Encephalomyelitis and Multiple Sclerosis

Minter and collaborators first described a pathogenic role of Notch signaling in T cells mediating Experimental Autoimmune Encephalomyelitis (EAE) in mice, a model that shares many features with human Multiple Sclerosis (MS) (Minter et al., 2005). Using GSIs in vivo and ex vivo, the authors reported attenuated EAE severity and a decreased propensity of CD4+ T cells to differentiate into Th1 cells expressing Tbx21 (encoding the master transcription factor T-bet). These findings were consistent with critical effects of Notch signaling in CD4+ T cells, which play a key role in EAE pathogenesis both through Th1 and Th17 differentiation. The T cell-intrinsic pathogenic functions of Notch during EAE were subsequently confirmed via T cell-specific Rbpj inactivation or expression of the pan-Notch inhibitor DNMAML, which provided high protection from EAE induced by polyclonal T cells or by myelin-specific 2D2 T cell receptor transgenic T cells (Sandy et al., 2013b). The impact of RBP-Jk and DNMAML was consistent with a dominant role of canonical RBP-Jk/MAML-dependent signaling in encephalitogenic T cells during EAE. In this study, Notch inhibition did not impair Th1 and Th17 differentiation in the periphery, but profoundly inhibited the accumulation of T cells in the brain and spinal cord. Other investigators reported protection from EAE upon systemic inhibition of Dll4 Notch ligands, with an impact on T cell infiltration in the central nervous system, Treg expansion and Th1/Th17 differentiation, respectively (Bassil et al., 2011; Reynolds et al., 2011; Eixarch et al., 2013). Finally, Notch may also impact Th9 differentiation and myelin repair mechanisms (Jurynczyk et al., 2005; Elyaman et al., 2012).

Altogether, Notch signaling is emerging as a central regulator of EAE pathogenesis, with T cell-intrinsic functions playing a major role. Additional investigations combining genetic and pharmacological approaches are needed to carefully dissect the impact of Notch signaling in T cells vs. other cell types involved in EAE progression. From a translational perspective, it will be essential to evaluate the role of Dll4 as opposed to other Notch ligands; map the cellular source of Notch ligands as well as their spatial and temporal interactions with T cells; and define the critical time windows during which systemic Notch inhibition induces maximum benefits. For example, it would be interesting to define if and when transient systemic Notch ligand inhibition can abort disease flares by itself or in combination with other interventions.



Graft-Versus-Host Disease After Allogeneic Hematopoietic Cell Transplantation

Allogeneic bone marrow or hematopoietic cell transplantation (allo-HCT) is a potentially life-saving therapeutic modality for patients with benign and malignant hematological disorders, including leukemias and lymphomas. However, acute and chronic graft-versus-host disease (GVHD) remain major immune complications of the procedure that limit its success and curtail its widespread use. GVHD is triggered by donor-derived T cells in the hematopoietic graft that recognize foreign tissue antigens in the recipient, leading to target organ damage. Unmet clinical needs include the occurrence of GVHD in a high fraction of patients despite universal use of prophylactic immunosuppression; severe acute GVHD, especially when resistant to corticosteroids; extensive forms of chronic GVHD, which induce serious life-long morbidity; and the need to control GVHD without eliminating the beneficial graft-versus-tumor effects of allo-HCT in cancer patients.

In the past 10 years, Notch inhibition in donor T cells has emerged as an attractive new strategy to control GVHD without inducing global immunosuppression. Protective effects of Notch inhibition were observed in multiple mouse allo-HCT models of acute and chronic GVHD, across major and minor histocompatibility antigen mismatches, after conditioning regimens of variable types and intensity, and also in a model of aplastic anemia mediated by alloreactive T cells (Zhang et al., 2011; Mochizuki et al., 2013; Roderick et al., 2013; Sandy et al., 2013a; Tran et al., 2013). Inhibition of canonical Notch signaling accounted for all major effects of Notch blockade in T cells (Zhang et al., 2011; Tran et al., 2013; Charbonnier et al., 2015). Combined Notch1 and Notch2 blockade in T cells was necessary to achieve maximum effects of Notch inhibition, but with a major role for Notch1 (Tran et al., 2013; Radojcic et al., 2018). In one report, protective effects were reported upon Notch1/2 inactivation only in regulatory T cells (Tregs) (Charbonnier et al., 2015). In terms of Notch ligands, Dll1 and Dll4 in the host accounted for all the effects of Notch signaling in GVHD, with a dominant role for Dll4 (Mochizuki et al., 2013; Tran et al., 2013; Chung et al., 2019; Perkey et al., 2020). Mechanistically, Notch inhibition blunted the production of multiple inflammatory cytokines in alloreactive T cells, including IFNγ, TNFα and IL-17, while leading to increased expansion of preexisting Tregs, enhanced Treg function and decreased accumulation of T cells in the gut (Zhang et al., 2011; Sandy et al., 2013a; Tran et al., 2013; Charbonnier et al., 2015). Notch inhibition rapidly established a unique transcriptional signature in alloreactive T cells within days after transplantation, although all direct transcriptional targets remain to be identified systematically through genome-wide approaches (Chung et al., 2019). Importantly, and unlike conventional immunosuppression, Notch blockade did not inhibit the activation and expansion of alloreactive T cells in secondary lymphoid organs, and it preserved high levels of cytotoxicity and anti-cancer activity (Zhang et al., 2011; Sandy et al., 2013a; Tran et al., 2013). Thus, Notch inhibition in T cells did not cause global immunosuppression, but instead induced a beneficial pattern of immunomodulation after allo-HCT.

From a translational perspective, systemic pan-Notch inhibition with GSIs showed on-target activity in alloreactive T cells similar to that of genetic interventions, but also side effects in the gut that were poorly tolerated (Tran et al., 2013). Although not unexpected given the known functions of Notch signaling in intestinal epithelial cells during homeostasis, this on-target toxicity was enhanced after transplantation, likely due to a role of Notch signaling in intestinal regeneration after injury from conditioning irradiation (van Es et al., 2005; Riccio et al., 2008; Tran et al., 2013). Thus, GSIs are not promising in this context. Bypassing these limitations, targeted antibody-mediated inhibition of the Notch ligands Dll1 and Dll4 were efficient at controlling GVHD and well tolerated (Tran et al., 2013; Chung et al., 2017). Importantly, early Dll1/4 inhibition during the first 2 days after allo-HCT proved essential to induce GVHD protection, suggesting that critical pathogenic Notch signals are delivered to incoming T cells very early after transplantation (Chung et al., 2017). Conversely, short-term Notch inhibition even with a single dose of anti-Dll1/4 antibodies was sufficient to confer long-term protection from GVHD. During early days after allo-HCT, T cells were found to interact with Dll1/4 ligands expressed by specialized niches of non-hematopoietic fibroblastic reticular cells lineage traced with a Ccl19-Cre transgene in secondary lymphoid organs (Chung et al., 2017; Perkey et al., 2020). The dominant role of non-hematopoietic cells as a source of Notch ligands in this context came as a surprise, as dendritic cells as well as other professional antigen-presenting cells had been considered previously as the likely source of ligands. Nevertheless, this pattern of Notch ligand-receptor interactions in secondary lymphoid organs is reminiscent of regulation in the thymus, where Notch ligands in non-hematopoietic thymic epithelial cells interact with Notch receptors in T cell progenitors.

Altogether, these findings support continued translational investigations of Notch ligand inhibition as a new strategy to prevent GVHD. The long-term benefits of short-term Notch inhibition at the time of transplant are particularly relevant, as they avoid the consequences of prolonged Notch blockade, including inhibition of Dll4/Notch1-driven T cell development in the thymus and other potential negative consequences. Importantly, emerging data indicate that the central role of Notch signaling in GVHD is conserved from mice to non-human primates. Indeed, short-term DLL4 blockade at the time of transplant induced significant protection from GVHD in a Rhesus macaque model similar to human transplantation, even with a single dose of antibodies (Tkachev et al., 2018). Thus, Notch ligand blockade could be considered to prevent GVHD in human allo-HCT.



Rejection After Allogeneic Solid Organ Transplantation

Acute and chronic immune-mediated rejection limit the success of solid organ transplantation in patients, such as heart, lung, liver or kidney transplant recipients. In addition, the risk of rejection mandates long-term administration of global immunosuppressive drugs, such as calcineurin inhibitors, which carry significant side effects including vascular and renal toxicity, a propensity to opportunistic infections and post-transplant lymphoproliferative disorders. Thus, new strategies to prevent rejection are needed, ideally by inducing tolerance to transplanted allogeneic organs.

Early work using ex vivo and in vivo exposure of T cells to overexpressed Notch ligands suggested a role for Notch signaling in tolerance induction (Vigouroux et al., 2003; Wong et al., 2003; Yvon et al., 2003). However, artificial features of these experimental systems did not allow for definitive conclusions about the role of Notch signaling, and instead multiple convergent reports have now identified Notch as a major pro-inflammatory pathway driving organ rejection in vivo. Riella et al. (2011) first reported a role for the Notch pathway in transplant rejection by targeting the Notch ligand Dll1 with monoclonal antibodies in a mouse model of heart transplantation. Together with B7-CD28 blockade, anti-Dll1 antibodies induced significant, although relatively modest, protection from heart rejection, which was associated with STAT6-dependent Th2 polarization. Conversely, Jagged2-mediated agonism accelerated rejection through an IL6-dependent pathway (Riella et al., 2013). Although these studies captured consistent pro-rejection effects of Notch signaling, they only investigated the impact of isolated Notch ligands. Using expression of the pan-Notch inhibitor DNMAML in T cells, Wong et al. (2003) reported delayed rejection of mouse allogeneic heart transplants, which was most pronounced upon concomitant CD8 depletion (Wood et al., 2015). Protection was associated with decreased T cell infiltration and an increased proportion of Tregs in the graft. Furthermore, a short course of antibody-mediated Dll1/4 blockade over 10 days led to even better protection than pan-Notch inhibition in T cells, as well as to decreased alloantibody production and complement deposition in the graft (two features of chronic rejection). Thus, systemic Dll1/4 blockade may exert protective effects through its impact on both alloreactive T cells and other pathogenic cell types (e.g., B cells and plasma cells). Recently, Riella’s group reported major protective effects of anti-Notch1 neutralizing antibodies when administered during 10 days after transplantation of MHC-mismatched heart allografts (Magee et al., 2019). Protection was associated with evidence of increased Treg expansion and function. Prolonged graft survival was particularly impressive when anti-Notch1 antibodies were combined with CTLA4-Ig, suggesting that a tolerance-like state can be achieved in these conditions.

Together, this growing body of work identifies strategies of Notch inhibition with translational potential in the prevention of organ rejection. Selective inhibition of individual Notch ligands or receptors is attractive to prevent the systemic side effects of pan-Notch inhibition, especially when applied transiently. As seen in GVHD, short-term inhibition in the peri-transplant period exerts long-term protective effects, which limits the potential consequence of prolonged Notch ligand or receptor inhibition. More work needs to identify all target cell types, and the most promising treatment combinations, although the joint effects of Notch blockade and CTLA4-Ig are particularly interesting.



Asthma and Allergic Airway Inflammation

Asthma is characterized by bronchial hyperreactivity and airway infiltration by T lymphocytes, innate lymphoid cells, macrophages, neutrophils, mast cells and eosinophils, with important inflammatory roles for both innate and adaptive immune cells. CD4+ T cell differentiation to a T helper 2 (Th2) phenotype under the control of the master transcription factor GATA3 is central to disease pathogenesis via secretion of Th2 cytokines (e.g., IL-4, IL-5, IL-13), although Th17 differentiation also takes place. Ex vivo work using coculture with antigen-presenting cells first identified the potential for Jagged ligands to drive CD4+ Th2 polarization (Amsen et al., 2004). In several mouse models of Th2 differentiation, Notch was reported to directly regulate Gata3 and Il4 transcription, the latter through ICN binding at the Il4 CNS2 enhancer element (Tu et al., 2005; Tanaka et al., 2006; Amsen et al., 2007; Fang et al., 2007). Other groups proposed that Notch can sustain and amplify, rather than initiate, multiple types of T helper responses (Bailis et al., 2013; Laky et al., 2015). Collectively, these studies inspired researchers to evaluate pharmacological strategies of Notch inhibition in models of asthma and allergic airway inflammation. Administration of GSIs blunted disease pathogenesis and Th2 differentiation in a mouse asthma model induced by ovalbumin sensitization (Kang et al., 2009). Other investigators reported an impact of GSIs on Th17 differentiation (Zhang et al., 2015). In a house dust mite model, eosinophil infiltration, Th2 differentiation and bronchial hyperreactivity were blunted by topical intratracheal administration of the stapled peptide SAHM1, which blocks Notch-mediated transcriptional activation (Moellering et al., 2009; KleinJan et al., 2018). Antibody-mediated blockade of Jagged1 and Dll4 ligands had opposite effects in an ovalbumin-driven model, with Jagged1 blockade ameliorating the disease and Dll4 inhibition worsening it, possibly via an effect on Tregs (Huang et al., 2017). Systemic Dll4 blockade also enhanced bronchial hyperresponsiveness and inflammation in mouse models of airway hyperreactivity following Respiratory Syncytial Virus infection (Schaller et al., 2007). Thus, the impact of individual Notch ligands and receptors in asthma and related conditions is profound but complex.

Recent work is expanding our understanding of Notch signaling in asthma, revealing new mechanisms and unexpected players. Tindemans et al. (2020) used a house dust mite mouse model of allergic airway inflammation to document genetically a major pathogenic role of Notch1 and Notch2 in T cells. Interestingly, transgenic Gata3 expression in Notch1/2-deficient or Rbpj-deficient T cells only had a limited impact on their phenotype, suggesting Gata3-independent effects of canonical Notch signals. Instead, Notch was found to promote lymph node egress and trafficking of CD4+ T cells into the lung, possibly via a KLF2/S1PR1 axis. Recently, Chatila’s group described a Jagged1-Notch4 signaling axis at the core of asthma pathogenesis in mice, with correlative data suggesting its relevance to human patients (Xia et al., 2015; Harb et al., 2020). Alveolar macrophages showed increased Jag1 expression when exposed to ultrafine ambient particles through a mechanism dependent on Aryl Hydrocarbon Receptor, in turn engaging Notch receptors in CD4+ cells (Xia et al., 2015). Surprisingly, the dominant Notch receptor in these studies of allergic airway inflammation proved to be Notch4, rather than Notch1/2 (Harb et al., 2020). Functional effects of Notch4 on Th2 differentiation were mediated by canonical RBP-Jκ-dependent Notch signaling, while other effects were not. In addition, Notch4 activation was found to predominate in Tregs, where it was linked to Wnt and Hippo activation, destabilization of the Treg program and a pro-inflammatory crosstalk with type 2 innate lymphoid cells. At this stage, the relative impact of Notch1/2-mediated and Notch4-mediated effects reported by different groups has not been resolved. Another interesting consideration is the emerging role of Notch signaling in cells other than CD4+ T lymphocytes. Roles for Notch signaling have been reported in the regulation of lung-infiltrating effector CD8+ T cells, lung-resident memory CD8+ T cells as well as innate lymphoid cell differentiation and function, all of which could impact asthma pathogenesis (Okamoto et al., 2008; Hombrink et al., 2016; Zhang et al., 2017). Finally, Notch is also emerging as a key regulator of bronchial epithelium homeostasis in health and disease, as continuous Jagged1/2-Notch2-mediated signals block the transdifferentiation of club cells into ciliated cells and basal epithelial stem/progenitor cells communicate with their secretory progeny via Notch signaling (Lafkas et al., 2015; Pardo-Saganta et al., 2015).

Altogether, these findings reveal the interesting and complex biology of Notch signaling in airway inflammation. The mechanisms of Notch action and all the cellular partners involved need to be investigated further, including immune and non-immune cell types. These considerations are especially relevant when systemic rather than cell-specific targeted genetic interventions are being considered in translational investigations.



Other Immune and Inflammatory Disorders

Although space limitations prevent us from comprehensively including all work reported in the field, a role for Notch signaling has been suggested in other immune and inflammatory disorders, with various degrees of evidence. An interesting common denominator is that investigations of inflammatory disorders identify complex interactions of immune cells with non-hematopoietic partners in their environment, and new functions of Notch signaling in unexpected cell types.

In inflammatory aspects of atherosclerosis, Notch may be involved in the regulation of both endothelial function and infiltrating leukocytes. Endothelial Notch1 expression was suppressed in mice and humans on high fat diets, which correlated with increased atherosclerosis progression (Briot et al., 2015). In the same study, human aortic endothelial cells treated with lipids and inflammatory cytokines showed a significant decrease in Notch1 expression. These data were consistent with an anti-inflammatory role of endothelial Notch1 signaling. In contrast, other reports reported Notch-dependent induction of IL-6 expression in endothelial cells and a crosstalk with macrophages, polarizing them to an inflammatory state via Dll4-dependent signals (Pabois et al., 2014, 2016). In a LDL-deficient mouse model of atherosclerosis, in vivo antibody-mediated Dll4 blockade attenuated the progression of atherosclerotic plaques, as well as macrophage accumulation and M1 differentiation (Fukuda et al., 2012). More work is needed to fully understand the role of Notch signaling in atherosclerosis, which could be hindered by the lack of mouse models that fully recapitulate human disease.

In rheumatoid arthritis, early work suggested the presence of activated Notch1 receptors in synovial cells, especially in vascular and perivascular regions (Nakazawa et al., 2001; Gao et al., 2012). In a mouse model of collagen-induced arthritis, GSI administration decreased the clinical and pathological severity of joint inflammation (Park et al., 2015). In recent investigations of human synovial tissue at single cell resolution, Wei and colleagues identified an expanded population of Notch3-expressing sublining fibroblasts with evidence of Notch activation in rheumatoid arthritis patients (Wei et al., 2020). Single-cell transcriptomic analysis of synovial cell types suggested the existence of positional identity transmitted from the endothelium to synovial fibroblasts via Notch signaling. Indeed, organoid cultures of synovial fibroblasts and endothelial cells was consistent with a wave of Notch signaling propagated through a Jagged1/Notch3 signaling relay. These findings were reminiscent of earlier data showing a role for Notch in layering of smooth muscle cells in developing vessels, with Jagged1 expression being induced as a Notch transcriptional target as part of a positive feedback loop (Manderfield et al., 2012). In a mouse model of antibody-mediated arthritis induced by transfer of K/BxN mouse serum, Notch3-deficient mice were resistant to arthritis induction and anti-Notch3 neutralizing antibodies blunted disease severity (with lesser effects for anti-Notch1 antibodies) (Wei et al., 2020). These exciting new data provide an entirely new perspective on disease pathogenesis and on the development of Notch-based therapeutics in autoimmune arthritis.



LESSONS AND FUTURE DIRECTIONS

Much can be learned already from the rich biology of Notch signaling in cancer and inflammatory disorders, and from preclinical and early clinical investigations to target the Notch pathway therapeutically (Table 1).

In cancer, Notch behaves as an oncogenic pathway in a diverse range of tumors through gene translocations, mutational activation or natural interactions of the receptors with Notch ligands in the microenvironment. Notch also controls tumor angiogenesis via a crosstalk with the VEGF pathway. Yet, early clinical interventions attempted so far to target Notch signaling in cancer have been disappointing. Key issues include selection for resistant cells as well as on-target side effects that result from prolonged systemic inhibition of the Notch pathway or its components. On-target toxicities rooted in the physiological role of Notch in normal tissues have been dose-limiting and have prevented the deployment of maximally effective inhibition schedules, thus in turn likely contributing to decreased anti-tumor activity. Moving forward, it will be essential to better select patients with Notch-sensitive tumors and consider synergistic effects of combination therapies. In addition, all efforts need to be made to identify more specific strategies to target Notch signaling or its consequences in tumor cells while sparing or protecting normal tissues, especially since prolonged inhibition remains desirable in cancer therapy.

In contrast, the role of Notch signaling in immune and inflammatory disorders represents a more recent discovery leading to new therapeutic opportunities. Of note, all information available so far stems from preclinical disease models, thus the benefits of Notch inhibition in human inflammatory disorders remains to be established. To maximize chances of success, we believe that it will be important to consider rules that differ from those applying to Notch signaling in cancer. Prolonged Notch inhibition is not always necessary to achieve long-term therapeutic benefits in immune disorders. Instead, pulses of Notch inhibition applied at critical times in the disease course can reprogram immune cells to a less pathogenic state, or decrease immune cell trafficking to target organs, while expanding and reinforcing the function of regulatory T cells. In addition, selective targeting of individual Notch ligands and receptors can open a therapeutic window that does not exist with systemic pan-Notch inhibition. In some contexts, the discovery of new roles for understudied Notch pathway members, such as Notch3 and Notch4, may provide therapeutic opportunities even with prolonged inhibition, as the side effects of targeting these receptors are not predicted to be severe. Finally, combination therapies could provide other avenues, building on deeper molecular understanding of Notch signaling in immune cells.
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