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Editorial on the Research Topic
 Physiological, Pathological Roles, and Pharmacology of Insulin Regulated Aminopeptidase



Insulin-Regulated Aminopeptidase (IRAP) is a transmembrane zinc metalloprotease with several reported biological functions. IRAP belongs to the M1 family of aminopeptidases (EC 3.4.11.3) and is also known as cystinyl aminopeptidase, placental leucine aminopeptidase (PLAP), and oxytocinase. The reported biological functions of IRAP include: (i) the regulation of trafficking of glucose transporter 4 (Keller, 2003), (ii) the generation of antigenic peptides for cross-presentation (Saveanu et al., 2009), (iii) T-cell receptor signaling (Evnouchidou et al., 2020), (iv) the regulation of placental oxytocin levels (Tsujimoto et al., 1992), (v) not well-understood roles in cognition and other central nervous system functions possibly through the regulation of oxytocin and vasopressin levels in the brain (Herbst et al., 1997; Albiston et al., 2011; Bernstein et al., 2017) or altered glucose uptake (Fernando et al., 2008; Albiston et al., 2011; Ismail et al., 2017), and (vi) the regulation of organ fibrosis (T. Gaspari, personal communication). All these roles have been associated with at least one of the two functional components of IRAP: an extracellular C-terminal domain that contains the M1 exopeptidase catalytic site and a 110 amino-acid long cytosolic N-terminal domain, connected by a single transmembrane-spanning region. The C-terminal domain underlies the ability of IRAP to trim antigenic peptides and peptide hormones, whereas the N-terminal domain appears to control intracellular trafficking and signaling events. The structure of the extracellular domain has been recently solved and resembles several other enzymes of the M1 family of aminopeptidases, featuring a large internal cavity adjacent to the catalytic center, which can accommodate peptide substrates (Mpakali et al., 2015) (Figure 1). The C-terminal domain can dimerize and change conformations upon ligand binding (Mpakali et al., 2017). Very little is currently known about the structure and molecular interactions of the N-terminal domain.


[image: Figure 1]
FIGURE 1. Schematic representation of the extracellular domain of IRAP based on the crystal structure with PDB code 4Z7I (Mpakali et al., 2015). Protein is depicted in cartoon representation with the four domains indicated in different colors. The internal cavity that contains the aminopeptidase active site and can accommodate peptide substrates is shown as a gray surface. A peptide analog co-crystallized with IRAP is shown in sphere representation (carbon = yellow, nitrogen = blue, oxygen = red, phosphorus = orange).


The important biological functions in which IRAP participates are attracting increased attention for possible pharmacological interventions. The primary function targeted to date has been the aminopeptidase activity, for which both functional and structural knowledge exists. In particular, IRAP inhibitors have been pursued as potential therapeutics for cognitive disorders (Chai et al., 2008; Andersson and Hallberg, 2012; Diwakarla et al., 2016), immune modulators (Kokkala et al., 2016), and more recently as anti-fibrotic agents.

In this special issue “Physiological, Pathological Roles and Pharmacology of Insulin Regulated Aminopeptidase,” we present a series of reviews and research papers written from leading authors in the field of IRAP, covering most aspects of the state-of-the-art research for this enzyme. With regards to the role of IRAP in metabolism, Trocmé et al. explore the possibility of using serum IRAP as a novel biomarker of prediabetes and type 2 diabetes, Krskova et al. demonstrate that IRAP inhibition improves glucose clearance in obese Zucker rats and Segarra et al. demonstrate how different types of dietary fat intake can affect IRAP and Alanyl aminopeptidase activities in the frontal cortex of the brain, the liver, and plasma. Exploring the role of IRAP in the immune system, Weimershaus et al. demonstrate how IRAP endosomes control phagosomal maturation in dendritic cells and Descamps et al. explore the role of IRAP in endocytic trafficking and receptor signaling in immune cells. Related to the role of IRAP in the central nervous system, Goto et al. describe a reciprocal relationship between IRAP expression and vasopressin levels in the murine brain. In view of the two functional domains of IRAP, Vear et al. explore the under-studied relationship between the N-terminal cytosolic and the C-terminal catalytic domains of IRAP and how the localization of IRAP may play an important role in defining its physiological or pathological functions. Finally, a number of articles explore the development of IRAP inhibitors with potential pharmacological and chemical biology applications: Georgiadis et al. provide a broad review on the development of IRAP inhibitors, Barlow and Thompson focus on efforts to develop inhibitors inspired by other members of the M1 family of aminopeptidases, Hallberg et al. review the development of angiotensin IV inspired small peptidemimetic inhibitors for IRAP and Vanga et al. explore the structural basis of inhibition of IRAP by benzopyran-based compounds.

It is becoming clear that the important biological functions played by IRAP will undoubtably sustain scientific interest on this enzyme in the coming years, especially in view of newly discovered functions with poorly understood molecular mechanisms. However, its multitude of biological roles could also act as a deterrent for drug development efforts. Likely, IRAPs tractability as a pharmaceutical target will greatly depend on detailed mechanistical analysis and prioritization of its biological functions, an aspect in which this Special Issue contributes. On the other hand, solid pre-existing progress in inhibitor design and development could incentivize drug development efforts as highlighted by contributed articles to this Special Issue. The possible effect of active-site inhibitors to IRAP's trafficking functions needs to be carefully addressed, an aspect that will certainly benefit from further work on the interplay of the two domains of IRAP. Regardless of these potential caveats, one thing is clear: the coming together of IRAP researchers from different fields and the continued frank and honest discussion that ensues will ensure that progress will be made, paving the way for the validation of IRAP as a tractable therapeutic target in the future.
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Insulin-regulated aminopeptidase (IRAP, cystinyl aminopeptidase, CysAP) and aminopeptidase M (alanyl aminopeptidase, AlaAP) are closely related enzymes involved in cognitive, metabolic, and cardiovascular functions. These functions may be modulated by the type of fat used in the diet. In order to analyze a possible coordinated response of both enzymes we determined simultaneously their activities in frontal cortex, liver, and plasma of adult male rats fed diets enriched with fats differing in their percentages of saturated, mono or polyunsaturated fatty acids such as sesame, sunflower, fish, olive, Iberian lard, and coconut. The systolic blood pressure, food intake, body and liver weight as well as glucose and total cholesterol levels in plasma were measured. The type of fat in the diet influences the enzymatic activities depending on the enzyme and its location. These results suggest cognitive improvement properties for diets with predominance of polyunsaturated fatty acids. Physiological parameters such as systolic blood pressure, food intake, and biochemical factors such as cholesterol and glucose in plasma were also modified depending on the type of diet, supporting beneficial properties for diets rich in mono and polyunsaturated fatty acids. Inter-tissue correlations between the analyzed parameters were also modified depending on the type of diet. If the type of fat used in the diet modifies the behavior and relationship between CysAP and AlaAP in and between frontal cortex, liver and plasma, the functions in which they are involved could also be modified.

Keywords: diet, fatty acids, cystinyl-aminopeptidase, alanyl-aminopeptidase, renin-angiotensin system


INTRODUCTION

Ang III at the final steps of the cascade of the renin-angiotensin system (Figure 1A) is metabolized to Ang IV, through the action of alanyl aminopeptidase (AlaAP, EC. 3.4.11.2). Ang IV is further metabolized to Ang 4-8 by the action of AlaAP. By its binding to the AT4 receptor, identified as insulin-regulated aminopeptidase (IRAP or cystinyl aminopeptidase, CysAP, EC. 3.4.11.3, AT4), Ang IV may be involved in cognitive and cardiovascular functions as well as in glucose metabolism. Its role in glucose uptake in brain is region-specific and dependent on a high colocalization of IRAP and the glucose transporter GLUT4 (Fernando et al., 2008). However, the effects of Ang IV on glucose uptake and the IRAP function may be independent (De Bundel et al., 2009). On the other hand, AlaAP may also hydrolyze enkephalins whereas CysAP hydrolyzes oxytocin and vasopressin (reviewed in Ramírez-Sánchez et al., 2013). The inhibition of both AlaAP (Ismail et al., 2017) and IRAP (Diwakarla et al., 2016; Seyer et al., 2019) have been proposed as strategies to improve cognitive functions such as memory processes. Therefore, both AlaAP and CysAP activities might act in concert to affect the cognitive, cardiovascular and metabolic functions in which they have been involved.


[image: Figure 1]
FIGURE 1. (A) Partial scheme of the last steps of the renin-angiotensin system in which appear the enzymatic activities measured in the present work: alanyl-aminopeptidase (AlaAP) and cystinyl-aminopeptidase (CysAP), reported to be identical to insulin-regulated aminopeptidase (IRAP) and to the AT4 receptor. The scheme also represents the susceptible endogenous substrates, other than angiotensins. ENK, encephalin; OX, oxytocin; ADH, antidiuretic hormone (vassopresin) (Ramírez-Sánchez et al., 2013). (B) Relative percentages of saturated (SAFA), monounsaturated (MUFA), and polyunsaturated (PUFA) fatty acids in the oils used in the present study to enrich the different types of diets: Respectively (SAFA, MUFA, PUFA), for sesame- (15.7, 41, 43.4), sunflower- (12, 22.4, 60.7), fish- (12, 45.8, 41.6), olive- (13.2, 73.2, 8.9), Iberian lard- (27.6, 62, 9.4), and coconut-oil (86.5, 5.8, 1.8) (Segarra et al., 2008). (C) Mean ± S.E.M. levels (n = 8) of AlaAP and CysAP activities (nmol/min/mg prot) obtained in frontal cortex, liver and plasma of male rats fed during 16 weeks with diets enriched with sesame- (S, charcoal), sunflower- (SF, rose), fish- (F, gray), olive- (O, cyan), Iberian lard- (L, magenta) and coconut-oil (C, brown). (a) indicates a significant difference in comparison with S; (b) significant difference with SF; (c) significant difference with F; (d) significant difference with O; (e) significant difference with L. Single letter, P < 0.05; double letter, P < 0.01; triple letter, P < 0.001.


The type of fat in the diet modifies the profile of fatty acids and the levels of certain neuropeptidase activities in frontal cortex (Segarra et al., 2011, 2019a) as well as the levels of cholesterol in plasma (Segarra et al., 2008). In addition, the type of fat in the diet affects the correlation between some neuropeptidase activities and certain fatty acids in frontal cortex (Segarra et al., 2011, 2019a). Changes of the fatty acids profile in cells may affect the fluidity of membranes and consequently the association between the enzyme and the membrane as well as the binding of the enzyme with its endogenous substrates (Youdim et al., 2000; Segarra et al., 2011). Therefore, if the proteolytic activities change, the levels and functions in which their endogenous substrates are involved, such as cognitive functions, may also be modified.

Furthermore, different types of diets affect the metabolism of lipids, carbohydrates, and proteins on target organs such as the liver particularly involved in glucose metabolism, where they can influence glucose levels and fatty acids, and the brain, where they can modulate cognitive processes. The study of the effect of various saturated and unsaturated fats in the diet should give us an overview of the behavior of neuropeptidases and therefore, on the functional status of their endogenous substrates. These effects on the hepatic, cerebral and plasma response of such enzymes could be produced through a gut-brain-liver direct axis (Wang et al., 2008) or by indirect action linked to the induction of the development of different types of microbiota (Mayer et al., 2015; Martínez et al., 2019).

Tissues do not function as independent compartments: they interact among each other to offer an integrated response to changes in the internal and/or external environment (Samdani et al., 2015; Segarra et al., 2019b). If the level of activity of each enzyme in each tissue can be differentially modified depending on the type of diet, a possible interaction between such intra and inter-tissue activities could also be modified. In order to contrast the influence of the degree of saturation of fat on the diet (Figure 1B) and to better understand a neurovisceral integrative response to the effect of specific diets, it is necessary not only to determinate the profile of the response to selective diets at different locations but also to obtain information on the intra- and inter-tissue interactions between these locations (Samdani et al., 2015) and enzymes. Therefore, AlaAP and CysAP activities were determined in frontal cortex (FC), liver (LI), and plasma (PL) of male rats fed diets enriched with sesame oil (S), sunflower oil (SF), fish oil (F), olive oil (O), Iberian lard (L), or coconut oil (C). Systolic blood pressure (SBP), food intake (FI), body weight (BW), liver weight (LW), as well as total cholesterol (TCH) and glucose (GLU) levels in plasma were also measured.



MATERIALS AND METHODS

Forty eight adult male Wistar rats, weighing 200–250 g (aged 3–4 months) at the beginning of the study, were divided in six groups (n = 8 each), individually housed in metabolic cages and kept under standard environmental conditions. To ensure a full effect of the diets on experimental animals and based on the average length of the diet used in the literature, each group was fed during 16 weeks with isocaloric diets supplemented with 10% of the different oils studied: S, SF, F, O, L, and C (Segarra et al., 2008). At the end of the feeding period, the rats were weighed and their systolic blood pressure recorded by plethysmography (Segarra et al., 2008). Under equithesin anesthesia, blood samples were obtained from the left cardiac ventricle and then, the animals were totally perfused with saline. Their brains were quickly removed and cooled in dry ice. The livers were removed, weighed and samples from the left lateral lobe were obtained and cooled in dry ice. From brains, the frontal lobes (11.20 mm anterior to the interaural line) were dissected according to the stereotaxic atlas of Paxinos and Watson (1998). Plasma was isolated by centrifugation of blood samples for 10 min at 2,000 g using heparin as an anticoagulant and stored at −20°C. TCH and GLU were determined colourimetrically in plasma using kits supplied, respectively, by Sigma (St Louis, MO) and Spinreact (Girona, Spain) and expressed as mg/dL (Segarra et al., 2019b). In order to avoid its possible influence on the studied factors such as CysAP (Habtemichael et al., 2015), fasting conditions were not included in the study. Although it has been reported the influence of equithesin anesthesia on glucose levels (Bola and Kiyatkin, 2016), all groups were treated in the same conditions, which permit to discriminate the effects of the different diets on the studied factors. All experimental procedures were in accordance with the European Communities Council Directive 86/609/EEC. Enzymatic assays were performed as previously described Ramírez et al. (2011). Briefly, brain and liver samples were homogenized in 400 μl of 10 mM HCl-Tris buffer (pH 7.4) and ultracentrifuged at 100,000 × g for 30 min at 4°C. To obtain the particulate fraction, the pellets were re-homogenized in HCl-Tris buffer (pH 7.4) plus 1% Triton-X-100. After centrifugation (100,000 × g, 30 min, 4°C), the supernatants were shaken in an orbital rotor for 2 h at 4°C with the polymeric adsorbent Bio-Beads SM-2 (100 mg/ml) to remove the detergent from the sample. After bio-beads removal, these supernatants were used to measure AlaAP and CysAP activities as well as protein content in triplicate (Ramírez et al., 2011). AlaAP and CysAP levels were measured using Ala- or Cys-β-naphthylamide as substrates. Ten microlitre of each supernatant and plasma were incubated for 30 min at 25°C with 1 ml of the substrate solution, i.e., 2.14 mg/100 ml of Ala-β-naphthylamide or 5.53 mg/100 ml of Cys-β-naphthylamide, 10 mg/100 ml BSA, and 10 mg/ 100 ml DTT in 50 mM of phosphate buffer (pH 7.4 for AlaAP) and 50 mM HCl-Tris buffer (pH 6 for CysAP). The reactions were terminated by the addition of 1 ml of 0.1 mol/l of acetate buffer, pH 4.2. The amount of -naphthylamine released as a result of the enzymatic activity was measured fluorometrically at a 412 nm emission wavelength with an excitation wavelength of 345 nm. Proteins were quantified in triplicate (Bradford, 1976) with BSA as a standard. Specific activities were expressed as pmol of the corresponding substrate hydrolyzed per min per mg of protein. Fluorogenic assays were linear with respect to time of hydrolysis and protein content. For statistical analysis, to analyze differences between groups, one-way analysis of variance (ANOVA) was used. Post-hoc comparisons were made using the Student's t-test. Pearson's coefficient of correlation was computed to study the possible intra- and inter-tissue association of the parameters studied. Computations were performed using SPSS 13.0 and STATA 9.0. P-values below 0.05 were considered significant.



RESULTS

The results are indicated in Figures 1, 2 and in Tables 1, 2. The levels of TCH and SBP (Segarra et al., 2008) as well as AlaAP activity with F, O and C diets (Segarra et al., 2019a) were previously reported. In frontal cortex, O and L diets exhibited higher levels of AlaAP activity than after the S diet, SF and F diets (p < 0.01 and p < 0.001) and C diet induced higher levels of AlaAP activity than F diet (p < 0.05). CysAP had lower activity with the SF diet than with the other diets (p < 0.001). In contrast, C diet demonstrated higher CysAP activity levels than the F diet (p < 0.05). In liver, the S diet caused lower levels of AlaAP activity than the SF (p < 0.01), L (p < 0.001), and C (p < 0.01) diets. Further, L had higher levels of AlaAP activity than S, F and O (p < 0.001). C was also higher than S (p < 0.01) and F (p < 0.05) for AlaAP activity. In liver, CysAP had higher levels of activity with L diet than with S (p < 0.001), SF (p < 0.05), F (p < 0.001), and O diet (p < 0.001) whereas C was higher than S (p < 0.001), F (p < 0.001) and O (p < 0.01) diets and S was lower than SF (p < 0.01), O, L, and C (p < 0.001). In plasma, AlaAP activity was lower with F than with S, SF, and L diets (p < 0.05), C was also lower than S (p < 0.01), SF (p < 0.05), and L (p < 0.01) diets. In plasma, CysAP activity was also lower with S diet than with SF (p < 0.001), O (p < 0.01), L (p < 0.001), and C (p < 0.001) diets. O and C diets had lower levels of CysAP activity than L (p < 0.05) (Figure 1C).
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FIGURE 2. (A) Mean ± S.E.M. levels (n = 8) of body and liver weight (grams), total cholesterol and glucose levels in plasma (mg/dL), systolic blood pressure levels (mmHG) and food intake (g/day), obtained at the end of the feeding period in male rats fed during 16 weeks with diets enriched with sesame- (S, charcoal), sunflower- (SF, rose), fish- (F, gray), olive- (O, cyan), Iberian lard- (L, magenta), and coconut-oil (C, brown). (a) indicates a significant difference in comparison with S; (b) significant difference with SF; (c) significant difference with F; (d) significant difference with O; (e) significant difference with L. Single letter, P < 0.05; double letter, P < 0.01; triple letter, P < 0.001. (B) Simplified scheme showing the intra- and inter-tissue significant correlations between the enzymatic activities. Blue arrows denote positive correlations. Red arrow denotes negative correlation. FC, frontal cortex; LI, liver; PL, plasma.



Table 1. Intra- and inter-tissue significant correlations (paired data) of the different parameters measured into and between the tissues analyzed: Frontal cortex (FC), liver (LI), and plasma (PL) in each one of the diets studied (n = 8).
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Table 2. Values of r for significant correlations (paired data) obtained between the different physiological and biochemical parameters determined at each location (Frontal cortex, FC; Liver, LI; Plasma, PL), considering together all the data (n = 48) obtained with the six groups designed (sesame, sunflower, fish, olive, Iberian lard, coconut).
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While weight gain (data not shown) and body weight demonstrated no differences between the different types of diets at the end of the feeding period, the liver weight showed to have lower levels with the S diet than with SF and O diets(p < 0.01). Total cholesterol in plasma demonstrated lower levels with F and L diets than with the rest of diets, and glucose was higher with O than with S, SF, F and L diets. The S diet had lower levels of plasma glucose than F, O and C diets. Systolic blood pressure exhibited the same profile than TCH: lower levels of SBP with F and L diets than with the rest. FI was higher (p < 0.01) with the C diet than with the rest of diets except with O (Figure 2A).

When we analyzed the data for the search of intra- and inter-tissue correlations with each of the diets studied, significant inter-tissue correlations between enzymatic activities were only obtained with S (between FC vs. PL: FC CysAP vs. PL AlaAP and FC CysAP vs. PL CysAP) and with O (between FC vs. LI: FC CysAP vs. LI AlaAP). There were negative correlations with S and positive with O. SBP correlates negatively with GLU in the diet enriched with S and positively in the diet enriched with L. Glucose also correlates negatively with CysAP activity from LI in the O diet. Intra-tissue correlations between both enzymatic activities were observed in FC with O and L diets, in LI with SF, L and F diets and in PL with the F diet. No significant correlations were observed in the C diet (Table 1).

Considering together the data obtained with the six diets studied (n = 48), we observed significant positive correlations between BW vs. LW and TCH but also with LI AlaAP and PL CysAP activities. LW correlates negatively with FC CysAP and positively with LI AlaAP and PL CysAP activities. SBP correlates positively with TCH. While FC AlaAP correlates positively with LI AlaAP and LI CysAP activities, FC CysAP correlates negatively with PL CysAP activity. LI AlaAP correlates positively with LI CysAP and PL CysAP activities, and PL CysAP correlates positively with LI CysAP and with PL AlaAP activities (Table 2 and Figure 2B).



DISCUSSION

AlaAP and CysAP activities are involved in the metabolism of enkephalins, oxytocin and vasopressin as well as in the glucose metabolism. Changes in enzyme activities depending on the type of fat in the diet may be related to changes in the functions they exert in the locations studied: FC, LI, and PL. Consequently we could expect modulations in cognitive and metabolic functions in which these enzymes are involved (Ramírez-Sánchez et al., 2013). However, since we have not included a parallel study using specific IRAP inhibitors, the CysAP activity measured in the present work using an arylamide derivative as substrate does not necessarily corresponds to IRAP activity and therefore the interpretation of the results should be considered with caution.

It has been reported that the AT4 receptor was identified as IRAP being also co-localized with the glucose transporter GLUT4. It was proposed that the binding of Ang IV to AT4 results in the inhibition of its enzymatic activity, reducing the catabolism of their endogenous substrates (vasopressin, oxytocin) and consequently increasing their availability and extending their action. Therefore, through its high affinity binding to the AT4 receptor, Ang IV might modulate cognitive and metabolic functions via neuropeptide processing or local blood flows. In this context, since AlaAP activity is involved in Ang III and Ang IV metabolism and it also acts as enkephalinase, this enzyme may as well be involved in these cognitive and metabolic regulations (Ramírez-Sánchez et al., 2013; Ismail et al., 2017).

In FC, the high difference between diets for AlaAP and CysAP activities suggests a role for the type of fatty acids on these enzymatic activities and therefore on their substrates. For example the low levels of both activities with SF (rich in polyunsaturated fatty acids) may suggest longer action for the AlaAP substrates enkephalins and Ang III and a longer action for the CysAP substrate oxytocin. Polyunsaturated fatty acids enriched diet has been proposed to improve cognitive functions (Chalon et al., 2001). Enkephalins (Henry et al., 2017), and oxytocin (Wagner and Echterhoff, 2018) were also reported as cognitive improving neuropeptides. If a diet enriched in polyunsaturated fatty acids results in reduced levels of enkephalinase and oxytocinase activities in comparison with other diets, both neuropeptides may prolong their beneficial effects in frontal cortex. As previously indicated, the specific fatty acids membrane pattern induced by this type of diet may affect membrane fluidity and the association with the membrane-bound enzyme and so influence the hydrolytic capability of the enzyme (Youdim et al., 2000; Segarra et al., 2011). These results are compatible with an improvement of cognitive functions such as memory processes (Diwakarla et al., 2016; Seyer et al., 2019) for enriched diets in polyunsaturated fatty acids such as SF. In LI, with S and F (rich in mono and polyunsaturated fatty acids) there were lower levels of AlaAP and CysAP activities which may suggest an increase in local blood flow. In PL, for example, there was a clear difference between AlaAP and CysAP with the S diet: whereas AlaAP exhibited high activity levels (suggesting high metabolism of Ang III, Ang IV and enkephalins), CysAP had low levels of activity, suggesting longer action of vasopressin.

With the diet enriched with O, there was a negative correlation between GLU and CysAP activity in liver: The lower CysAP activity in liver, the higher GLU in PL and vice versa. This could be interpreted as a direct influence of the O diet on the glucose transporter and/or a compensatory response of CysAP in liver to the increase in plasma of GLU (Figure 2B). Other authors have described diverse influences of diets on plasma glucose. For example, Buettner et al. (2006), analyzing diets enriched with lard, olive, coconut and fish oil reported high levels of plasma glucose in olive, in comparison with the rest of diets. Dulloo et al. (1995), studying diets enriched with lard, coconut, olive, sunflower and fish did not observe differences for glucose levels between diets. Giron et al. (1999) reported lower glucose levels in plasma of animals fed a diet enriched with fish oil than the ones enriched with olive and sunflower oils. Interestingly, it has been discovered that upper intestinal lipids activate a gut-brain-liver axis that regulates liver glucose homeostasis (Wang et al., 2008). In addition, hypercholesterolemia has been associated with cognitive disorders linked to GLUT4 expression and modulated by CysAP and aminopeptidase N activities (Ismail et al., 2017). Our results are therefore in agreement with these observation: changes in the levels of cholesterol, depending on the type of diet, may influence the cognitive processes. In this sense, the low levels of TCH and SBP obtained with diets enriched with F or L (Figure 2A) suggest a beneficial role for mono and polyunsaturated fatty acids.

Interestingly, with a diet enriched with S (rich in monounsaturated and polyunsaturated fat), there was a negative correlation between SBP vs. GLU but in contrast, with L (rich mainly in monounsaturated fat) this correlation was positive which supports the importance of the type of diet in the adjustment of physiologic processes. Furthermore, both if we consider individually the type of diet (S and O) (Table 1), and if we consider together the data of all diets (Table 2), the relationship of FC with PL was negative while that of FC with LI was positive, just as it is also positive between LI and PL. In particular, considering only the S-enriched diet (Table 1), FC CysAP correlated negatively with PL AlaAP and PL CysAP and also negatively with PL CysAP considering all data (Table 2). In contrast, FC CysAP correlated positively with LI AlaAP and LI CysAP with an O-enriched diet (Table 1) and FC AlaAP correlated positively with LI AlaAP and LI CysAP (Table 2). In addition, AlaAP and CysAP from LI, correlated positively with AlaAP and CysAP from PL (Table 2). From a general perspective (Figure 2B), we observed some form of positive feedback between FC AlaAP with LI AlaAP and CysAP, a positive feedback between LI AlaAP and CysAP with PL but a negative feedback between FC CysAP with PL CysAP. Also, while in LI and PL there was a positive relationship between AlaAP and CysAP, there was no correlation in FC. Whether such changes relate to the amount of enzyme present (Vmax) or the conformation of the enzyme (Km) remains to be analyzed.

As we could expect, the results demonstrated significant positive correlations for BW vs. LW and vs. TCH as well as for SBP vs. TCH (Table 2). These results support the validity of our observation. In conclusion, the present results apparently do not show a clear systematic profile of response depending on the type of diet but they could be considered as preliminary results which support a distinctive influence of the saturation of the fatty acids in the diet that may result in changes in cognitive and metabolic functions which deserve further specific research.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available to any qualified researcher.



ETHICS STATEMENT

The animal study was reviewed and approved by Ethics committee of the University of JAÉN.



AUTHOR CONTRIBUTIONS

AS and IP contributed equally to the work with the acquisition, analysis, and interpretation of data. MR-S contributed to the acquisition, analysis and interpretation of data and wrote the first manuscript draft. MM-C, IB, PV, SZ, and MG participated in the analysis and interpretation of data and revised critically the final form of the manuscript. All authors have approved the final manuscript.



FUNDING

This research was supported by a grant from the University of Jaén (ref. UJA2003-015).



REFERENCES

 Bola, R. A., and Kiyatkin, E. A. (2016). Robust brain hyperglycemia during general anesthesia: relationships with metabolic brain inhibition and vasodilation. Front. Physiol. 7:39. doi: 10.3389/fphys.2016.00039

 Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

 Buettner, R., Parhofer, K. G., Woenckhaus, M., Wrede, C. E., Kunz-Schughart, L. A., Schölmerich, J., et al. (2006). Defining high-fat-diet rat models: metabolic and molecular effects of different fat types. J. Mol. Endocrinol. 36, 485–501. doi: 10.1677/jme.1.01909

 Chalon, S., Vancassel, S., Zimmer, L., Guilloteau, D., and Durand, G. (2001). Polyunsaturated fatty acids and cerebral function: focus on monoaminergic neurotransmission. Lipids 36, 937–944. doi: 10.1007/s11745-001-0804-7

 De Bundel, D., Smolders, I., Yang, R., Albiston, A. L., Michotte, Y., and Chai, S. Y. (2009). Angiotensin IV and LVV-haemorphin 7 enhance spatial working memory in rats: effects on hippocampal glucose levels and blood flow. Neurobiol. Learn. Mem. 92, 19–26. doi: 10.1016/j.nlm.2009.02.004

 Diwakarla, S., Nylander, E., Grönbladh, A., Vanga, S. R., Khan, Y. S., Gutiérrez-de-Terán, H., et al. (2016). Aryl sulfonamide inhibitors of insulin-regulated aminopeptidase enhance spine density in primary hippocampal neuron cultures. ACS Chem. Neurosci. 7, 1383–1392. doi: 10.1021/acschemneuro.6b00146

 Dulloo, A. G., Mensi, N., Seydoux, J., and Girardier, L. (1995). Differential effects of high-fat diets varying in fatty acid composition on the efficiency of lean and fat tissue deposition during weight recovery after low food intake. Metabolism 44, 273–279. doi: 10.1016/0026-0495(95)90277-5

 Fernando, R. N., Albiston, A. L., and Chai, S. Y. (2008). The insulin-regulated aminopeptidase IRAP is colocalised with GLUT4 in the mouse hippocampus–potential role in modulation of glucose uptake in neurones?. Eur.J. Neurosci. 28, 588–598. doi: 10.1111/j.1460-9568.2008.06347.x

 Giron, M. D., Sanchez, F., Hortelano, P., Periago, J. L., and Suarez, M. D. (1999). Effects of dietary fatty acids on lipid metabolism in streptozotocin-induced diabetic rats. Metabolism 48, 455–460. doi: 10.1016/S0026-0495(99)90103-8

 Habtemichael, E. N., Alcázar-Román, A., Rubin, B. R., Grossi, L. R., Belman, J. P., Julca, O., et al. (2015). Coordinated regulation of vasopressin inactivation and glucose uptake by action of TUG protein in muscle. J. Biol. Chem. 290, 14454–14461. doi: 10.1074/jbc.C115.639203

 Henry, M. S., Gendron, L., Tremblay, M. E., and Drolet, G. (2017). Enkephalins: endogenous analgesics with an emerging role in stress resilience. Neural Plast. 2017, 1546125. doi: 10.1155/2017/1546125

 Ismail, M. A., Mateos, L., Maioli, S., Merino-Serrais, P., Ali, Z., Lodeiro, M., et al. (2017). 27-Hydroxycholesterol impairs neuronal glucose uptake through an IRAP/GLUT4 system dysregulation. J. Exp. Med. 214, 699–717. doi: 10.1084/jem.20160534

 Martínez, N., Prieto, I., Hidalgo, M., Segarra, A. B., Martínez-Rodríguez, A. M., Cobo, A., et al. (2019). Refined versus extra virgin olive oil high-fat diet impact on intestinal microbiota of mice and its relation to different physiological variables. Microorganisms 7:E61. doi: 10.3390/microorganisms7020061

 Mayer, E. A., Tillisch, K., and Gupta, A. (2015). Gut/brain axis and the microbiota. J. Clin. Invest. 125, 926–938. doi: 10.1172/JCI76304

 Paxinos, G., and Watson, C. (1998). The Rat Brain in Stereotaxic Coordinates. 4th Edn. London: Academic Press.

 Ramírez, M., Prieto, I., Banegas, I., Segarra, A. B., and Alba, F. (2011). Neuropeptidases. Methods Mol. Biol. 789, 287–294. doi: 10.1007/978-1-61779-310-3_18

 Ramírez-Sánchez, M., Prieto, I., Wangensteen, R., Banegas, I., Segarra, A. B., Villarejo, A. B., et al. (2013). The renin-angiotensin system: new insight into old therapies. Curr. Med. Chem. 20, 1313–1322. doi: 10.2174/0929867311320100008

 Samdani, P., Singhal, M., Sinha, N., Tripathi, P., Sharma, S., Tikoo, K., et al. (2015). A comprehensive inter-tissue crosstalk analysis underlying progression and control of obesity and diabetes. Sci. Rep. 5:12340. doi: 10.1038/srep12340

 Segarra, A. B., Prieto, I., Martinez-Canamero, M., Ruiz-Sanz, J. I., Ruiz-Larrea, M. B., De Gasparo, M., et al. (2019a). Enkephalinase activity is modified and correlates with fatty acids in frontal cortex depending on fish, olive or coconut oil used in the diet. Endocr. Regul. 53, 59–64. doi: 10.2478/enr-2019-0007

 Segarra, A. B., Prieto-Gomez, I., Banegas, I., Martínez-Cañamero, M., Luna, J. D., de Gasparo, M., et al. (2019b). Functional and neurometabolic asymmetry in SHR and WKY rats following vasoactive treatments. Sci. Rep. 9:16098. doi: 10.1038/s41598-019-52658-9

 Segarra, A. B., Ramirez, M., Banegas, I., Alba, F., Vives, F., de Gasparo, M., et al. (2008). Dietary fat influences testosterone, cholesterol, aminopeptidase A, and blood pressure in male rats. Horm. Metab. Res. 40, 289–291. doi: 10.1055/s-2008-1046800

 Segarra, A. B., Ruiz-Sanz, J. I., Ruiz-Larrea, M. B., Ramírez-Sánchez, M., de Gasparo, M., Banegas, I., et al. (2011). The profile of fatty acids in frontal cortex of rats depends on the type of fat used in the diet and correlates with neuropeptidase activities. Horm. Metab. Res. 43, 86–91. doi: 10.1055/s-0030-1269855

 Seyer, B., Diwakarla, S., Burns, P., Hallberg, A., Grönbladh, A., Hallberg, M., et al. (2019). Insulin-regulated aminopeptidase inhibitor-mediated increases in dendritic spine density are facilitated by glucose uptake. J. Neurochem. 293, 14880–14890. doi: 10.1111/jnc.14880

 Wagner, U., and Echterhoff, G. (2018). When does oxytocin affect human memory encoding? the role of social context and individual attachment style. Front. Hum. Neurosci. 12:349. doi: 10.3389/fnhum.2018.00349

 Wang, P. Y., Caspi, L., Lam, C. K., Chari, M., Li, X., Light, P. E., et al. (2008). Upper intestinal lipids trigger a gut-brain-liver axis to regulate glucose production. Nature 452, 1012–1016. doi: 10.1038/nature06852

 Youdim, K. A., Martin, A., and Joseph, J. A. (2000). Essential fatty acids and the brain: possible health implications. Int. J. Dev. Neurosci. 18, 383–399. doi: 10.1016/S0736-5748(00)00013-7

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.

Copyright © 2020 Segarra, Prieto, Banegas, Martínez-Cañamero, de Gasparo, Vanderheyden, Zorad and Ramírez-Sánchez. 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.












	 
	BRIEF RESEARCH REPORT
published: 24 July 2020
doi: 10.3389/fmolb.2020.00168





[image: image]

Reciprocal Expression Patterns of Placental Leucine Aminopeptidase/Insulin-Regulated Aminopeptidase and Vasopressin in the Murine Brain

Yoshikuni Goto1*, Takahiro J. Nakamura2, Kenji Ogawa3, Akira Hattori4 and Masafumi Tsujimoto1

1Faculty of Pharmaceutical Sciences, Teikyo Heisei University, Nakano, Japan

2Laboratory of Animal Physiology, School of Agriculture, Meiji University, Kawasaki, Japan

3Laboratory of Veterinary Epizootiology, Department of Veterinary Medicine, Nihon University, Fujisawa, Japan

4Department of System Chemotherapy and Molecular Sciences, Graduate School of Pharmaceutical Sciences, Kyoto University, Kyoto, Japan

Edited by:
Efstratios Stratikos, National Centre of Scientific Research “Demokritos”, Greece

Reviewed by:
Tracey Gaspari, Monash University, Australia
Loredana Saveanu, Institut National de la Santé et de la Recherche Médicale (INSERM), France

*Correspondence: Yoshikuni Goto, y.goto@thu.ac.jp

Specialty section: This article was submitted to Cellular Biochemistry, a section of the journal Frontiers in Molecular Biosciences

Received: 24 April 2020
Accepted: 01 July 2020
Published: 24 July 2020

Citation: Goto Y, Nakamura TJ, Ogawa K, Hattori A and Tsujimoto M (2020) Reciprocal Expression Patterns of Placental Leucine Aminopeptidase/Insulin-Regulated Aminopeptidase and Vasopressin in the Murine Brain. Front. Mol. Biosci. 7:168. doi: 10.3389/fmolb.2020.00168

Placental leucine aminopeptidase/insulin-regulated aminopeptidase (P-LAP/IRAP) regulates vasopressin and oxytocin levels in the brain and peripheral tissues by controlled degradation of these peptides. In this study, we determined the relationship between P-LAP/IRAP and vasopressin levels in subregions of the murine brain. P-LAP/IRAP expression was observed in almost all brain regions. The expression patterns of P-LAP/IRAP and vasopressin indicated that cells expressing one of these protein/peptide were distinct from those expressing the other, although there was significant overlap between the expression regions. In addition, we found reciprocal diurnal rhythm patterns in P-LAP/IRAP and arginine vasopressin (AVP) expression in the hippocampus and pituitary gland. Further, synchronously cultured PC12 cells on treatment with nerve growth factor (NGF) showed circadian expression patterns of P-LAP/IRAP and enzymatic activity during 24 h of incubation. Considering that vasopressin is one of the most efficient peptide substrates of P-LAP/IRAP, these results suggest a possible feedback loop between P-LAP/IRAP and vasopressin expression, that regulates the function of these substrate peptides of the enzyme via translocation of P-LAP/IRAP from intracellular vesicles to the plasma membrane in brain cells. These findings provide novel insights into the functions of P-LAP/IRAP in the brain and suggest the involvement of these peptides in modulation of brain AVP functions in hyperosmolality, memory, learning, and circadian rhythm.
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INTRODUCTION

Placental leucine aminopeptidase (P-LAP) was first purified from retroplacental serum as a soluble protein (Tsujimoto et al., 1992). Subsequent cloning and sequence analysis of its cDNA revealed that the enzyme is a type II membrane protein localized in intracellular vesicles (Rogi et al., 1996). During pregnancy, P-LAP is synthesized as a vesicular membrane protein in the placenta, cleaved by ADAM12, and then secreted into the maternal serum (Ito et al., 2004). P-LAP activity in the maternal serum remains low in the first trimester, rises progressively during the second and third trimesters, and then declines rapidly after parturition (Yamahara et al., 2000). Therefore, serum P-LAP level has been reported to be a viable predictor of fetal death (Tian et al., 2016). In female Bornean orangutans that gave stillbirths, the P-LAP concentration in urine failed to increase; whereas in those that gave live births, the average P-LAP concentration in urine showed a progressive increase till delivery (Kinoshita et al., 2017). P-LAP is believed to prevent the premature onset of uterine contractions by degrading oxytocin, thereby playing a role in the maintenance of normal pregnancy (Yamahara et al., 2000).

Keller et al. (1995) have reported the cloning of insulin-regulated membrane aminopeptidase (IRAP), which is a rat ortholog of P-LAP and co-localizes with the glucose transporter 4 (GLUT4) in intracellular vesicles. Microinjection of a GST fusion protein containing the cytoplasmic domain of IRAP was shown to cause the translocation of GLUT4-containing vesicles to the plasma membrane in 3T3-L1 adipocytes, suggesting that the N-terminal region of IRAP plays a role in the distribution of these vesicles for glucose uptake into the cells (Ross et al., 1996). However, the pathophysiological significance of IRAP (hereafter referred to as P-LAP/IRAP) in diabetes remains elusive (Keller, 2004; Bogan, 2012).

Placental leucine aminopeptidase/insulin-regulated aminopeptidase (P-LAP/IRAP) is a multifunctional enzyme that plays several pathophysiological roles. This enzyme can act as a receptor for angiotensin IV (Ang IV), which facilitates memory retention and retrieval (Albiston et al., 2001). Since Ang IV is an inhibitor of P-LAP/IRAP ligands to the Ang IV receptor are considered to exert memory-enhancing effects by modulating the enzymatic activity of P-LAP/IRAP. Similar to the case of GLUT4-containing vesicles, P-LAP/IRAP is involved in vesicular trafficking of the somatostatin type 2A receptor to the plasma membrane in hippocampal neurons and thus exerts an inhibitory effect on seizure activity (De Bundel et al., 2015). Although P-LAP/IRAP and oxytocin are co-expressed in hypothalamic neuronal cells, these are packaged in separate vesicles (Tobin et al., 2014). Inhibition of P-LAP/IRAP activity in the hypothalamus leads to increased frequency of milk ejection reflexes due to enhancement in oxytocin concentration. These results indicate that P-LAP/IRAP plays important roles in the modulation of several brain functions. This enzyme is also an important player in host defense systems, such as antigen cross-presentation, and Toll-like receptor 9 signaling (Saveanu et al., 2009; Babdor et al., 2017). P-LAP/IRAP trims antigenic peptides presented by MHC class I molecules, and also modulates Toll-like receptor 9 trafficking to lysosomes via interaction with FHOD4 (Saveanu et al., 2009; Babdor et al., 2017).

We have earlier reported the expression of P-LAP/IRAP in the brain (Matsumoto et al., 2001). We also identified several neuronal peptide substrates of the enzyme, including dynorphin A, vasopressin, oxytocin, and somatostatin (Tsujimoto et al., 1992; Matsumoto et al., 2000). However, the relationship between the expression levels and activity of P-LAP/IRAP and the expression levels of its substrates in each sub-region of the brain remains unknown. In this study, we examined the roles of this enzyme in the brain. We identified reciprocal rhythmic increases and decreases in P-LAP/IRAP and arginine vasopressin (AVP) levels in several regions of the brain. Vasopressin is known to play multiple roles in distinct regions of the brain, related to hyperosmolality, memory, learning, and circadian rhythm (Johnston, 1985; Alescio-Lautier and Soumireu-Mourat, 1998; Ingram et al., 1998). The functional significance of the present results is discussed in the context of vasopressin being one of the most efficient peptide substrates of P-LAP/IRAP (Tsujimoto et al., 1992; Matsumoto et al., 2000).



MATERIALS AND METHODS


Animals

Male C57BL/6J mice were obtained from the Charles River Laboratories, Japan (Yokohama, Japan). Animal husbandry and all animal experiments were conducted in accordance with the guidelines of the Science Council of Japan and were approved by the Institutional Animal Care and Use Committee of Teikyo-Heisei University. The animals were maintained in a controlled environment (room temperature: 24 ± 1°C; humidity: 50 ± 5 %), with food and water available ad libitum, and were housed under a light/dark (LD) cycle of 12 h of light (light intensity: 200–300 lux), and 12 h of darkness until sacrifice.



Preparation of Brain Extracts

Male mice aged 4–6 months were euthanized at zeitgeber time (ZT) 8–10. ZT is a 24-h normalized notation of the phase in a circadian cycle entrained to the LD condition, with lights on from ZT 0 to ZT 12. The olfactory bulb, pituitary gland, cerebrum, cerebellum, hippocampus, hypothalamus, and thalamus were surgically collected and stored at −80°C for processing. Brain extracts were prepared by homogenizing the whole brain with 0.5% Triton X-100 in 4 mL of cold phosphate-buffered saline (PBS) using a Dounce homogenizer. The homogenate was centrifuged at 15,000 × g for 30 min at 4°C, and the supernatant was stored at −80°C until use.



Immunofluorescence Staining

Whole brains from C57BL/6J mice aged 4–6 months were washed once with cold PBS, fixed by treatment with 4% paraformaldehyde for 24 h at 4°C, and cryoprotected in 30% sucrose in PBS for 48 h. Brain sections were prepared from free-floating coronal brain slices obtained from the middle of the rostrocaudal axis with a CM3050 S cryostat (Leica Biosystems, Richmond Hill, ON, Canada). The sections were washed thrice with PBS containing 0.5% Triton X-100 for 5min each and then blocked with 5% donkey serum (Sigma-Aldrich) for 2 h at room temperature. Next, they were incubated overnight with anti-vasopressin antibody (Catalog No. 20069, ImmunoStar, Hudson, WI, United States) in PBS containing 5% donkey serum. The peptide was counterstained with Alexa Fluor 488-labeled anti-rabbit secondary antibody overnight in PBS containing 5% donkey serum. After unbound dye molecules were washed off with PBS, the sections were incubated overnight with anti-IRAP (D7C5) XP® rabbit monoclonal antibody (Catalog No. 6918, Cell Signaling Technology, MA, United States) labeled with allophycocyanin labeling kit – SH (Dojindo Molecular Technologies, Kumamoto, Japan). The stained samples were dried on glass slides and mounted on cover slips with FluorSave Reagent (Calbiochem, San Diego, CA, United States). Images were acquired on a FV3000 confocal laser scanning microscope (Olympus, Tokyo, Japan) using 488 and 647 nm lasers as excitation light sources.



Quantification of AVP

The levels of AVP in the brain were measured using an Arg8-vasopressin ELISA kit (ab205928, Abcam, Cambridge, United Kingdom) according to the manufacturer’s instructions.



Cell Culture, Differentiation, and Rhythmic Synchronization

PC12 (pheochromocytoma) cells were cultured in DMEM medium (Nacalai Tesque, Kyoto, Japan) containing heat-inactivated (56°C, 30 min) fetal bovine serum at 37°C in humidified air containing 5% CO2. The cells were differentiated with 100 ng/mL of murine NGF-2.5S from Sigma-Aldrich (St. Louis, MO, United States) for 5 days. For synchronization, cells were treated with 50% (v/v) horse serum for 2 h, in accordance with a reported method (Balsalobre et al., 1998), and then kept in the DMEM containing 10% fetal bovine serum medium.



Western Blot Analysis

A 10-μg aliquot of total protein in the tissue and cell extracts was analyzed by western blotting to detect P-LAP/IRAP (a monoclonal antibody termed GOH-1 was prepared by immunizing mice with recombinant human P-LAP/IRAP), IRAP (D7C5) XP® rabbit monoclonal antibody, IRAP (3E1) mouse monoclonal antibody (Catalog No. 9876, Cell Signaling Technology), and GAPDH (Santa Cruz, CA, United States). Protein blots were probed using an anti-P-LAP antibody followed by an HRP-labeled secondary antibody. The protein bands were detected using an ImageQuant LAS 4000 Mini Luminescent Image Analyzer (GE Healthcare, Chicago, IL, United States) and ECL Prime Western Blotting Detection Kit (GE Healthcare). Densitometric analysis of the antibody response was performed using the ImageJ software.



Measurement of Cystinyl-Aminopeptidase Activity

Cystinyl-aminopeptidase (CAP) activity was determined using S-benzyl-cysteine-4-methylcoumaryl-7-amide (Bzl-Cys-MCA; Bachem, Bubendorf, Switzerland) by modifying a previously described method (Matsumoto et al., 2000). Briefly, 25 μL lysate was mixed with 25 μL PBS containing 200 μM Bzl-Cys-MCA, and incubated at 37°C for 15 min. The concentration of 7-amino-4-methylcoumarin was measured using an SH-9000 Lab multi-microplate reader (Hitachi High Tech, Tokyo, Japan) at excitation and emission wavelengths of 380 and 460 nm, respectively. The measured fluorescence intensities were converted to enzymatic activities using a standard curve generated with 7-amino-4-methylcoumarin.



Statistical Analysis

All the data reported here are representative of at least 3 independent experiments and are presented as mean ± SE. Statistical analysis was conducted using the Student’s t-test and one-way ANOVA; p < 0.05 was considered statistically significant. The mean values of each group were compared using the Tukey–Kramer multiple comparison test.




RESULTS AND DISCUSSION

Initially, we compared the specificity of GOH-1 with 2 commercially available anti-P-LAP/IRAP monoclonal antibodies (D7C5 and 3E1) by western blot analysis (Pan et al., 2019; Evnouchidou et al., 2020). As shown in Figure 1, GOH-1, and D7C5 recognized the same protein with a molecular weight of 140–165 kDa, which was expected to be P-LAP/IRAP. As shown previously (Matsumoto et al., 2001), P-LAP/IRAP in the brain has a lower molecular weight than that in the heart, and the liver is associated with minimal expression of the enzyme. On the other hand, 3E1 recognized several unidentified proteins in addition to P-LAP/IRAP. Therefore, we concluded that the GOH-1 monoclonal antibody was suitable for western blot analysis.


[image: image]

FIGURE 1. Specific recognition of P-LAP/IRAP by the anti-P-LAP/IRAP antibodies employed in this study. Western blot analyses of PC12 cell lysate and tissue lysates prepared from C56BL/6J mice [detection of P-LAP/IRAP (top) and GAPDH (bottom) as an internal control]. Lane 1: PC12 cells, lane 2: brain, lane 3: heart, and lane 4: liver.



Expression Patterns of P-LAP/IRAP and AVP in Several Murine Brain Sub-regions

Placental leucine aminopeptidase/insulin-regulated aminopeptidase is known to cleave several peptide substrates located in the brain (Matsumoto et al., 2000). Among those tested, vasopressin was the most efficiently cleaved. Furthermore, vasopressin was the first reported physiological substrate of this enzyme (Wallis et al., 2007). Therefore, in this study, we attempted to elucidate the relationship between the expression pattern and levels of P-LAP/IRAP and vasopressin in several sub-regions of the murine brain, with the overall objective of elucidating the roles of P-LAP/IRAP in the brain.

Figure 2A shows the expression levels of P-LAP/IRAP in several sub-regions of the murine brain. A P-LAP/IRAP immunoreactivity band at a molecular mass of 140 kDa was detected in all the sub-regions except the pituitary gland, which expressed a 165 kDa peptide. We have previously reported the expression of P-LAP/IRAP in several human tissues, including the heart, small intestine, kidney, and brain (Matsumoto et al., 2001). The molecular mass of the enzyme expressed in the brain was slightly lower than that of the enzymes expressed in other tissues. Since the primary sequence of the enzyme contains 18 potential N-glycosylation sites (Rogi et al., 1996), differential glycosylation could have led to the observed differences in the molecular mass of the enzyme. Hence, we speculated that, in the murine brain, only the pituitary gland expressed a high-molecular-weight enzyme, presumably because of higher N-glycosylation levels. However, we could not exclude the possibility of amino acid deletions from the enzyme expressed in sub-regions of the brain other than the pituitary gland. In fact, we have previously reported 4 amino-acid deletions from the N-terminal end of the recombinant human P-LAP/IRAP expressed in CHO cells (Matsumoto et al., 2000).


[image: image]

FIGURE 2. Expression patterns of P-LAP/IRAP and AVP in several sub-regions of the murine brain. (A) Western blot analysis of P-LAP/IRAP distribution in several sub-regions of the murine brain. (B) Immunohistochemical localization of P-LAP/IRAP (green) and AVP (red) in several sub-regions of the murine brain. Higher-magnification views of the boxed areas in the merged images are shown at the bottom panel. CA2: cornu ammonis 2 area, CA3: cornu ammonis 3 area, 3V; 3rd ventricle, and opt; optic tract.


Next, we performed immunohistochemical analyses using D7C5 to rule out the possibility of non-specific interaction between GOH-1 and sample proteins prepared from several sub-regions of the brain. Frequent usage of D7C5 for immunohistochemical analysis has been previously established (Sun et al., 2014; Evnouchidou et al., 2020).

Figure 2B shows the immunohistochemical localization of P-LAP/IRAP and AVP in various regions of the murine brain.

In the hippocampus, expression patterns of P-LAP/IRAP and AVP exhibited large overlaps. The merged magnified image suggested that a substantial portion of P-LAP/IRAP was co-expressed with AVP, and this co-expression was typically seen in the CA3 to CA2 areas. In the paraventricular hypothalamic nucleus, P-LAP/IRAP was expressed ubiquitously, and strong expression was observed as patches where AVP-producing cells were co-localized with P-LAP/IRAP-expressing ones. A close look at the merged image suggested that higher expression of P-LAP/IRAP in these cells tended to be associated with lower AVP expression and vice versa. In the supraoptic nucleus, P-LAP/IRAP- and AVP-expressing cells were also concentrated in the same area. There were two areas showing apparently differential expression patterns, out of which showed both P-LAP/IRAP and AVP expression (as judged by the yellow color in the merged image), and the other predominantly expressed AVP. It was thus plausible that in the former area, P-LAP/IRAP and AVP were co-expressed in the same cells, and in the latter, cells dominantly expressing AVP were localized. P-LAP/IRAP-expressing cells were distributed in a diffused manner throughout the median eminence, whereas the localization of AVP-expressing cells was restricted to neural fibers at its center. Merged images suggested the co-expression of P-LAP/IRAP and AVP in the same cells in the central area. Taken together, although expression patterns of immunostained P-LAP/IRAP and mature AVP showed appreciable overlaps, non-overlapping staining patterns were also observed in several sub-regions of the murine brain. Considering our previous work showing that neuronal cells, but not glial cells, in the brain expresses the enzyme (Matsumoto et al., 2000), it is tempting to speculate that significant portions of neuronal cells co-expressed P-LAP/IRAP and AVP in several sub-regions of the murine brain. In addition, neuronal cells dominantly expressing AVP were also localized adjacent to the co-expressing cells in certain regions.

In the suprachiasmatic nucleus of the hypothalamus that contains a circadian pacemaker, circadian rhythms in vasopressin expression have been reported (Ingram et al., 1998; Mieda et al., 2015). Under LD conditions, AVP levels in the suprachiasmatic nucleus show diurnal rhythmic variations with a peak in the early light phase and a broad trough during the dark phase. Considering that vasopressin is one of the best substrates of P-LAP/IRAP, we compared the expression patterns of the latter with that of vasopressin in the brain hippocampus and pituitary gland. Vasopressin-synthesizing neurons in the paraventricular and supraoptic nuclei in the hypothalamus are known to project to the posterior pituitary (Swaab et al., 1975).



Diurnal Patterns of P-LAP/IRAP and AVP Expression in the Hippocampus and Pituitary Gland

Mice maintained under controlled environmental conditions with an LD cycle (12 h light, 12 h dark) were employed, as described in section “Materials and methods.” As expected, in the middle of the light phase, higher expression level of AVP was observed in both the hippocampus and pituitary gland. On the other hand, the AVP levels tended to decrease in the dark phase (Figure 3). One-way ANOVA revealed diurnal expression patterns of AVP in both the hippocampus and pituitary gland (p = 0.0035 and 0.0018, respectively). These results support the notion that although the experimental period in this study was rather short, diurnal rhythms in vasopressin content in both the hippocampus and pituitary gland could be detected.
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FIGURE 3. Expression levels of P-LAP/IRAP and AVP in the (A) murine hippocampus and (B) pituitary gland. The expression level of P-LAP/IRAP was monitored by western blot analysis (top panel) and quantified by densitometric analysis (bottom panel). AVP levels (bottom panel) were monitored using a commercially available ELISA assay kit, as described in section “Materials and methods.” The LD cycle of the sacrificed animals is also shown in the figure.


On the other hand, P-LAP/IRAP levels in the hippocampus and pituitary gland showed a trend opposite to that of AVP, reaching a minimum value in the middle of the light phase (Figure 3). In the dark phase, an increase in P-LAP/IRAP expression was noted. One-way ANOVA revealed diurnal expression patterns of P-LAP/IRAP levels in both the hippocampus and pituitary (p = 0.0088 and 0.024, respectively). Since the P-LAP/IRAP-expressing cells in the hippocampus were located near the AVP-producing ones, it is tempting to speculate that the expression level of P-LAP/IRAP might have affected the level of AVP secreted into the extracellular milieu. When P-LAP/IRAP levels were high, the levels of AVP secreted from the neighboring cells were low, and vice versa. Hence, we concluded that the expression of P-LAP/IRAP and AVP showed an antiphasic pattern. In addition, vasopressin mRNA levels in the brain have been reported to be rhythmically dominated by clock genes (Carter and Murphy, 1992; Garbarino-Pico and Green, 2007). To our knowledge, our findings constitute one of the first evidences to suggest that P-LAP/IRAP may contribute to post-translational rhythms in vasopressin expression levels by mediating proteolytic degradation. These results therefore suggest that P-LAP/IRAP modulates the physiological functions of vasopressin in hyperosmolality, memory, learning, and circadian rhythm.



Circadian Patterns of P-LAP/IRAP in PC12 Cells

In our previous work, we observed that nerve growth factor (NGF) treatment induced the differentiation of rat PC12 cells into neuronal cells and characteristic neurite outgrowth was observed within 2 days (Matsumoto et al., 2001). Additionally, an increase in the expression of P-LAP/IRAP in these cells was observed during differentiation. Considering the diurnal expression pattern of P-LAP/IRAP in the brain, we speculated that the enzyme expression and activity were regulated by the circadian clock in neurons. Therefore, we examined the expression and enzymatic activity patterns of P-LAP/IRAP in differentiated PC12 cells.

Cells were treated with NGF for 5 days and further incubated in the presence of 50% horse serum for 2 h. After serum shock, these cells were cultured in fresh culture medium (DMEM containing 10% fetal bovine serum) to start the synchronous culture. Then, the cells were collected every 6 h after replacement of the media (Figure 4A) and P-LAP/IRAP expression and CAP activity, which represents P-LAP/IRAP activity, were determined.
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FIGURE 4. Expression of P-LAP/IRAP in PC12 cells. (A) Protocol for P-LAP/IRAP expression in synchronized PC12 cells. NGF-treated PC12 cells were synchronized by the addition of fresh medium containing 50% horse serum. The cells were further incubated for the indicated times and their P-LAP/IRAP expression levels and enzymatic activities were monitored. (B) Time-course study (by western blot analysis) of P-LAP/IRAP protein content in PC12 cells after the addition of fresh medium. (C) Quantitative analyses of P-LAP/IRAP levels and their enzymatic activity in PC12 cells.


Figure 4B shows the changes in immunoreactivity of P-LAP/IRAP in NGF-treated PC12 cells up to 30 h after the serum shock. As expected, an immunoreactivity band at a molecular mass of 140 kDa was clearly detectable. In addition, we repeatedly observed a clear oscillation of the reactivity, with a peak between 12 and 18 h and a trough at 24 h after the serum shock. Figure 4C shows the quantified expression levels of P-LAP/IRAP normalized using the GAPDH level, confirming the changes in the expression level of the enzyme within 30 h after the serum shock. We also monitored CAP activity in these cells and observed an in-phase rhythmic variation of the activity with P-LAP/IRAP expression. These results suggest that the expression of P-LAP/IRAP in NGF-treated neuronal cells shows circadian rhythmicity with synchronized oscillation for at least 30 h after the serum shock. Considering the possible substrates of P-LAP/IRAP in the brain reported so far (Matsumoto et al., 2000; Wallis et al., 2007), this rhythmic pattern in its enzymatic activity may have regulatory roles in neuronal cell processes involving the modulation of the functions of its substrates, such as vasopressin.

In this study, we report possible autonomous expression of P-LAP/IRAP in the hippocampus and pituitary gland of the brain for the first time. Rhythmicity was also observed in NGF-treated PC12 cells, suggesting that it is an intrinsic property of neuronal cells that affects the expression levels of peptide substrates such as vasopressin, somatostatin, and oxytocin in the brain. Reciprocal rhythmic increases and decreases in P-LAP/IRAP and AVP levels in several regions of the brain support the notion that this enzyme regulates peptide levels via its enzymatic activity. In addition, it has also been reported that peptide substrates such as vasopressin and oxytocin increase the cell surface expression of P-LAP/IRAP in human umbilical vein endothelial cells and rat kidney cells, respectively, Nakamura et al. (2000), Masuda et al. (2003). It is therefore tempting to postulate a feedback loop between P-LAP/IRAP expression in neuronal cells and AVP secreted from same or neighboring cells. Alternatively, it is also possible that the intrinsic rhythmicity of P-LAP/IRAP expression in these cells solely facilitates its localization in the plasma membrane and thus modulates the level of extracellular AVP produced by these or adjacent cells. More studies are required to elucidate the roles of this rhythmic expression pattern of P-LAP/IRAP in the brain.
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Insulin-Regulated Aminopeptidase (IRAP, EC 3.4.11.3) is a multi-tasking member of the M1 family of zinc aminopeptidases. Among its diverse biological functions, IRAP is a regulator of oxytocin levels during late stages of pregnancy, it affects cellular glucose uptake by trafficking of the glucose transporter type 4 and it mediates antigen cross-presentation by dendritic cells. Accumulating evidence show that pharmacological inhibition of IRAP may hold promise as a valid approach for the treatment of several pathological states such as memory disorders, neurodegenerative diseases, etc. Aiming to the investigation of physiological roles of IRAP and therapeutic potential of its regulation, intense research efforts have been dedicated to the discovery of small-molecule inhibitors. Moreover, reliable structure-activity relationships have been largely facilitated by recent crystal structures of IRAP and detailed computational studies. This review aims to summarize efforts of medicinal chemists toward the design and development of IRAP inhibitors, with special emphasis to factors affecting inhibitor selectivity.
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Introduction

Insulin-regulated aminopeptidase (IRAP, oxytocinase, EC 3.4.11.3) is a type II transmembrane Zn-protease that belongs to the M1 family of aminopeptidases (Rogi et al., 1996; Laustsen et al., 1997; Nomura et al., 2013). IRAP was so named because it was first identified in specialized vesicles in fat and muscle cells co-localized with the glucose transporter GLUT4. Upon insulin receptor stimulation these vesicles translocate to plasma membrane to facilitate glucose uptake into the cells (Keller et al., 1995). IRAP is also called oxytocinase since it was also isolated from the placenta and was found to regulate the levels of circulating oxytocin during the later stages of human pregnancy (Rogi et al., 1996). IRAP is highly expressed in brain regions associated with cognition (Fernando et al., 2005) and is able to degrade macrocyclic peptides, such as oxytocin and vasopressin, which are known to influence favorably cognitive functions (Gulpinar and Yegen, 2004; Wallis et al., 2007; Rimmele et al., 2009; Albiston et al., 2011). Moreover, IRAP is inhibited by angiotensin IV (AngIV), hence IRAP was recognized as a potential target for the treatment of cognitive disorders during the last decade (Albiston et al., 2001; Lew et al., 2003; Albiston et al., 2008; Albiston et al., 2011; Andersson and Hallberg, 2012). Except from IRAP’s association to glucose metabolism and cognition-related functions, it is also involved in the generation of antigenic MHC peptides for cross-presentation (Saveanu et al., 2009; Saveanu and Van Endert, 2012), in the trafficking of T-cell receptors (Evnouchidou et al., 2020) and in the progress of cardiac and renal fibrosis (Gaspari et al., 2018a; Gaspari et al., 2018b). Although the development of IRAP inhibitors was initially aiming to the development of cognitive enhancers, applications in the regulation of immune responses or as antifibrotic agents are also emerging fields of pharmacological interest. In this mini-review, we present the different classes of IRAP inhibitors, we briefly discuss key interactions that govern inhibitor binding and we provide selectivity profile data and possible interpretation of observed selectivity. We must note that Ki or IC50 values of inhibitors mentioned in this review may have been estimated using different types of assays. Regardless of the methodology, general conclusions on the comparison of inhibition profiles are not significantly affected by this discrepancy.



Types of IRAP Inhibitors


AngIV Peptidic Analogs and Peptidomimetics

Undoubtedly, a strong inspiration toward the development of the first IRAP inhibitors came from the breakthrough discovery that IRAP is identified as the AT4 receptor (Albiston et al., 2001). Based on prior work of Harding and Wright on AngIV analogs with high affinity for AT4 (Sardinia et al., 1993; Sardinia et al., 1994; Krishnan et al., 1999), Lew et al. demonstrated that AT4 receptor ligands, such as Nle1–AngIV, divalinal-AngIV, decapeptide LVVYPWTQRF (LVV-hemorphin-7) and the parent peptide AngIV, inhibit the proteolytic activity of IRAP in HEK293T cell membranes with Ki values between 113 nM and 2.3 μM (Lew et al., 2003). In 2003, Lee et al. produced several truncated or alanine-substituted analogs of LVV-hemorphin-7 and evaluated their binding affinity in competition studies with 125I-AngIV in sheep adrenal and cerebellar membranes (Lee et al., 2003). The authors also estimated the Ki values in an enzyme inhibition assay for selected truncated LVV-hemorphin-7 analogs which revealed that N-terminal amino acid deletion can be tolerated up to Val3 whereas C-terminal deletion does not significantly affect binding affinity up to Pro6. Interestingly, tripeptide VYP is only three time less potent inhibitor (Ki = 620 nM) than the parent decapeptide (Ki = 196 nM), highlighting the importance of hydrophobic residues for binding affinity against IRAP.

In 2006, the research group of Hallberg designed and evaluated a series of disulfide-cyclized AngIV analogs based on the assumption that macrocyclization would confer metabolic stability toward enzymatic degradation while retaining the high affinity of AngIV for IRAP (Axén et al., 2006). Indeed, compound 1 (Figure 1) was identified which encompasses an 11-membered, conformationally flexible ring, displays similar inhibitory potency toward IRAP as AngIV and is characterized by reduced susceptibility against proteolysis. The significance of proper positioning of disulfide linkage within the peptide became evident after detailed evaluation of several suitably designed AngIV analogs, which revealed that only cyclization at the C-terminal region of AngIV can lead to inhibitors equipotent to AngIV. This observation led to the conclusion that the Cys4-Pro5-Cys6 moiety in compound 1 adopts an inverse γ-turn conformation that possibly resembles the bioactive conformation of AngIV, as it was further supported by conformational analysis. These findings triggered subsequent studies by the same group aiming to the gradual transition from AngIV peptide analogs to more “drug-like”, designed peptidomimetics. In a 2007 report, it was proposed that the conformational characteristics of the C-terminal sequence His4-Pro5-Phe6 of AngIV (or the Cys4-Pro5-Cys6 tail of compound 1) can be mimicked by a non-peptidic 2-(aminomethyl)phenylacetic acid (AMPAA) moiety which optimally positions the terminal carboxylate for efficient enzyme recognition (Axén et al., 2007). Compound 2 (Figure 1) showed considerably higher metabolic stability against metalloproteases present in CHO-K1 cell membranes than AngIV and it was able to induce proliferation of adult neural stem cells. Moreover, compound 2 was almost twice more selective for IRAP versus APN than the disulfide analog 2, which validates furthermore Hallberg’s rigidification approach.




Figure 1 | Chemical structures of AngIV-based inhibitors of IRAP 1-5, AL-11, AL-40, IVDE77, and HA08. Ki values for IRAP and APN are given in all cases.



In 2008, Hallberg and co-workers extended their previous studies on backbone modification of AngIV by introducing additional non-cleavable amino acid surrogates, in order to increase metabolic stability of IRAP inhibitors (Andersson et al., 2008). Among the various peptidomimetics developed, compound 3 (Figure 1) showed the highest potency for IRAP (Ki = 1.4 μM), albeit 23-fold lower than AngIV. As compared to AngIV structure, Tyr2 was replaced by a 4-hydroxydiphenylmethane scaffold and C-terminal sequence His4-Pro5-Phe6 was replaced by an AMPAA moiety. A conceptually similar approach was employed by Lukaszuk et al. who produced analogs of AngIV with β2- or β3-amino acid substitutions in order to enhance potency, stability and IRAP/APN selectivity (Lukaszuk et al., 2008). Compound AL-11 (Figure 1) was particularly interesting to that respect since it was able to inhibit IRAP with a Ki value of 27.5 nM, it displayed a ~200-fold selectivity for APN and it was completely stable in the presence of CHO-K1 cell membranes. The development of AL-11 was based on the observation that the introduction of β2-hVal1 and β3-hPhe6 substitutions contribute to the metabolic stability and the suppression of binding to AT1, respectively, whereas the synergy of both substitutions is responsible for the reported selectivity for IRAP versus APN. The same research team managed to improve inhibitory potency for IRAP by replacing His4-Pro5 of AngIV by Aia4-Gly5 (Aia: 4-amino-1,2,4,5-tetrahydro-indolo[2,3-c]-azepin-3-one) while maintaining the β2-hVal1 substitution (AL-40, Figure 1) (Lukaszuk et al., 2009). Evidently, the introduction of a constrained Trp analog instead of His4 is responsible for a substantial conformational transformation of AL-40 which boosts binding affinity for IRAP. Similar replacements of Tyr2 by constrained amino acids had a deleterious effect on potency whereas such modifications for Pro4 and Phe6 are well tolerated, albeit without surpassing the efficiency of AL-40 (Lukaszuk et al., 2011). Finally, screening of α-substituted amino acids in lieu of Gly5 of AL-40 led to the discovery of inhibitor IVDE77 (Figure 1) that shows remarkable efficiency in terms of potency for IRAP (Ki = 1.7 nM), IRAP/APN and IRAP/AT1 selectivity and metabolic resistance against proteolytic degradation (Nikolaou et al., 2013). Moreover, by using a tritiated analog of the inhibitor, it was demonstrated that IVDE77 was able to completely eliminate IRAP availability at the cell surface in vitro.

Concurrently with the work of Belgian researchers that culminated in the discovery of IVDE77, Hallberg and co-workers refined the structure of previously reported AngIV-based inhibitors bearing a C-terminal AMPAA motif (e.g. compound 2) by imposing conformational constraints at the N-terminal region (Andersson et al., 2010). Prior work had shown that replacement of Val1 and Ile3 of AngIV with Cys residues followed by oxidative cyclization causes a dramatic drop in IRAP inhibitory activity (Ki = 16.9 μM), suggesting that the N-terminal of AngIV is very sensitive to conformational changes (Axén et al., 2006). However, potency was significantly restored (Ki = 303 nM) when hCys instead of Cys residues were employed, thus expanding the initial 11-membered to a 13-membered ring. Interestingly, replacement of the C-terminal His4-Pro5-Phe6 with the AMPAA motif, not only resulted to a 13-fold increase in IRAP inhibitory potency but also abolished activity toward APN. Further structural modifications led to optimized inhibitor HA08 (Figure 1) which displays excellent IRAP potency and IRAP/APN selectivity and encompasses a β3-hTyr2-Cys3 sequence, thus retaining the privileged 13-membered ring size. Very recently, Mpakali et al. solved the crystal structure of IRAP/HA08 complex and identified several key features of the inhibition mechanism (Mpakali et al., 2020). The authors propose that upon binding, HA08 induces an extensive conformational change to IRAP which corresponds to the so-called “closed” state, previously observed also in the case of an IRAP inhibitor of phosphinic type (vide infra). This conformational transition establishes tight interactions between the macrocyclic inhibitor and the GAMEN loop of IRAP, a common structural feature of M1 aminopeptidases which in the case of IRAP presents unusual conformational plasticity and unprecedented adaptability. Despite HA08’s peptidic nature, its tolerance to degradation by IRAP relies on the tight spatial juxtaposition with the GAMEN loop that precludes water molecules to be activated by Glu465 and trigger catalysis.

Unfortunately, unlike IRAP, other proteases are able to degrade HA08, rendering this inhibitor metabolically unstable. To this regard, Andersson et al. developed a series of improved macrocyclic analogs by applying a ring-olefin metathesis protocol, in order to replace the labile disulfide bond of HA08 with a carbon-carbon bond (Andersson et al., 2011). Gratifyingly, researchers succeeded in producing proteolytically stable derivatives showing excellent potency for IRAP and IRAP/APN selectivity, as it is exemplified in the most efficient inhibitors of this series, compounds 4 and 5 (Figure 1). In contrast to HA08, optimized inhibitors 4 and 5 encompass an one-carbon expanded 14-membered ring, a structural feature that improves binding affinity by one order of magnitude, implying that the size of the macrocycle critically affects the conformational characteristics of the inhibitor. Efforts to bridge positions 1 and 3 of AngIV macrocyclic peptidomimetics by an amide bond had a negative effect in inhibitory potency, as it was described in a recent report (Barlow et al., 2020). According to molecular dynamics analysis, this behavior could be explained by an unfavorable orientation of the AMPAA moiety inside the active-site pocket, due to conformational changes induced by the presence of amide linkage.



4H-Benzopyrans

Another milestone discovery in the history of IRAP inhibitors appeared in the literature in 2008 by a group of Australian researchers (Albiston et al., 2008). By performing virtual screening of a database of 1.5 million compounds against an homology model of IRAP, the team identified the 2-amino-4H-benzopyran scaffold as a promising hit for further development. Indeed, after evaluating several benzopyran analogs and applying medicinal chemistry modifications to the most active lead, compounds HFI-419, HFI-435, and HFI-437 (Figure 2) were selected as those exhibiting Ki values lower than 1 μM. These were the first IRAP inhibitors that were not based on AngIV or other peptide scaffolds. All of the inhibitors were selective for IRAP versus other aminopeptidases such as LTA4H, APN, ERAP1, and ERAP2, as it is exemplified in the case HFI-437 in Figure 2. All compounds were tested as racemates, however the S-isomer is believed to be more active, as it was suggested by molecular docking that revealed a better fit to the catalytic site of IRAP (based on a LTA4H crystal structure) (Albiston et al., 2010). During these initial docking efforts, two different poses were predicted as optimal for pyridine and quinoline derivatives. In both cases, interactions with Phe544 appeared to be crucial for binding, as it was further verified by site-directed mutagenesis experiments. However, revisited predictions after the resolution of empty IRAP’s crystal structure showed both scaffolds dock with almost identical poses, with the hydroxyl group on the benzopyran ring interacting with Zn2+ and the benzopyran ring juxtaposing against the GAMEN loop (Hermans et al., 2015). This binding pose accurately explains SAR data showing the complete loss of activity after replacement of the hydroxyl group at 7-position of 4H-benzopyrans that was initially erroneously attributed to disruption of critical hydrogen bonding interactions with active site residues (Mountford et al., 2014). Moreover, according to revisited predictions, the aromatic system of pyridine or quinoline interacts with Phe544 to a different degree, which could explain the greater sensitivity of quinoline derivatives to mutations at residue Phe544. HFI-419 exhibited better aqueous solubility and allowed the improvement of spatial working and recognition memory in rodents, possibly by increasing hippocampal dendritic spine density via a GLUT4-mediated mechanism (Seyer et al., 2019).




Figure 2 | Chemical structures of non-AngIV based inhibitors of IRAP 6-13, HFI-410, HFI-435, DG013A, DG026, and DG046. Ki or IC50 values for IRAP are given in all cases. Ki or IC50 values for other aminopeptidases are also provided, if available.





Phosphinic Pseudopeptides

Among its several biological functions, IRAP has been implicated in an intracellular pathway that generates antigenic peptides for cross-presentation by dendritic cells (Saveanu et al., 2009; Saveanu and Van Endert, 2012). IRAP is highly homologous to ERAP1 and ERAP2, two other intracellular M1 aminopeptidases that are also key players in the trimming of antigenic peptide precursors to optimal length for loading onto MHC class I molecules. In 2003, in the quest of ERAPs inhibitors that could potentially regulate immune responses, with possible applications ranging from cancer immunotherapy to treatment of inflammatory autoimmune diseases, phosphinic pseudotripeptide DG013A (Figure 2) was developed being a potent inhibitor of all three enzymes, with a Ki value for IRAP of 57 nM (Zervoudi et al., 2013). The mechanism of inhibition by this rationally designed inhibitor was further investigated by solving the crystal structure of ERAP2/DG013A complex which revealed that the hydroxyphosphinyl moiety interacts with Zn2+ through the two oxygen atoms of tetrahedral phosphorous, forming also hydrogen bonds with Glu371 and Tyr455, two residues critical for catalysis. Based on the analogy of DG013A binding pose with the conformation of a substrate during the transition state of hydrolytic reaction, a typical property of phosphinic pseudopeptide protease inhibitors (Georgiadis and Dive, 2015), a subsequent SAR study was performed aiming to unveil those structural determinants that confer selectivity between ERAPs and IRAP (Kokkala et al., 2016). Two inhibitors derived from this study displayed distinct properties in terms of IRAP inhibition: DG026 and DG046 (Figure 2).

DG026, which includes a bulky benzydryl group in its P1΄ position, showed high potency and selectivity for IRAP vs ERAPs (115-fold for ERAP1 and 23-fold for ERAP2) and succeeds in reducing IRAP-dependent but not ERAP1-dependent cross-presentation by dendritic cells with nanomolar efficacy. Aiming at understanding the reasons behind this inhibition profile, Mpakali et al. solved the crystal structure of IRAP/DG026 complex which revealed for the first time a “closed” conformational state for IRAP that is believed to be induced upon ligand binding (Mpakali et al., 2017b). This conformation was known for ERAPs but it had never been observed for IRAP. Indeed, both IRAP structures available at that time, one ligand-free and one bound with an antigenic epitope-based phosphinic pseudopeptide, were found in an open or semi-closed conformation, respectively (Hermans et al., 2015; Mpakali et al., 2015). In the transition from empty IRAP to the closed conformation of IRAP/DG026, a large rearrangement of GAMEN loop takes place [as it was later observed in the IRAP/HA08 crystal structure (Mpakali et al., 2020)] that is not common in other aminopeptidases and may account for the wider substrate specificity of IRAP. The selectivity of DG026 could probably be attributed to unfavorable repulsive interactions of bulky hydrophobic benzhydryl goup with the overall more polar environment of ERAPs, compared to IRAP. Furthermore, it was proposed based on structural analysis that the high potency and selectivity of DG026 is a direct result of its near-optimal complementarity for IRAP, creating a network of interactions that probably drive the conformational change from the open to the closed state.

Interestingly, DG046 bearing a small, linear propargylic side chain at P1΄ position is one of the most potent IRAP inhibitors ever reported (Ki = 2 nM) with a fairly good selectivity versus ERAP1 and ERAP2 by a factor of ~20 for both. Probably, the proposed plasticity of IRAP’s active site leads to potent inhibitors with either small or bulky groups at P1΄ position. Recently, the ERAP1/DG046 structure became available which provides important insights on the selectivity determinants of DG046 (Giastas et al., 2019). In particular, stacking interactions of Tyr residues in the case of ERAP2 and IRAP with the phenyl ring of P2΄ position of DG046 cannot take place in ERAP1 that has a Ser at the same position. Finally, the side chain of Ile461 in the case of IRAP could properly orientate propargyl group toward a zinc coordinating histidine and favor the formation of critical π–π interactions.



3,4-Diaminobenzoic Acid Derivatives

Another class of compounds that have been extensively evaluated as inhibitors of IRAP and ERAPs by Vourloumis group are 3,4-diaminobenzoic acid (DABA) derivatives bearing natural and/or unnatural aminoacids (Papakyriakou et al., 2013; Papakyriakou et al., 2015). Selectivity for IRAP was feasible in the expense of potency, as it is exemplified in the case of compound 6 (Figure 2), an IRAP inhibitor of IC50 = 2.1μM which was inactive against ERAPs up to 100μM (Papakyriakou et al., 2015). Improvement of binding affinity led to reduced selectivity, as depicted in Figure 2 for compound 7. In fact, compound 7 (IC50 = 105nM) was the most potent inhibitor of all 77 compounds tested in this study for all three enzymes, which emphasizes the overall moderate efficacy of DABA-based inhibitors. Indeed, structural analysis of a DABA derivative with ERAP2 revealed a rather weak interaction between the carbonyl oxygen of DABA core with the zinc ion (Mpakali et al., 2017a). Further, variations of the same structural theme led to only moderate, non-selective IRAP inhibitors with compound 8 being the most representative example (Tsoukalidou et al., 2019).



Aryl Sulfonamides

In 2014, Swedish researchers recognized the ability of aryl sulfonamides to inhibit IRAP after screening a library of 10,500 drug-like compounds (Borhade et al., 2014; Engen et al., 2016). After a hit-to-lead process, several compounds of moderate potency were selected, such as 9 and 10 which were shown to alter dendritic spine morphology and increase spine density in primary cultures of hippocampal neurons (Diwakarla et al., 2016). Recently, further lead optimization furnished several fluorinated analogs (e.g. compound 11) that presented higher metabolic stability by human or mouse liver microsomes (Vanga et al., 2018). In the absence of any IRAP structure, initial attempts to rationalize inhibitor binding and interpret SAR data by molecular docking concluded that the tetrazole ring may be involved in stabilizing interactions with Zn2+ and Ty549 (Borhade et al., 2014). However, guided by the IRAP/DG026 structure published in 2015 by Stratikos group (Mpakali et al., 2017b), subsequent extensive computational analysis qualified an alternative binding pose where it is an oxygen atom of sulfonamide that coordinates with Zn2+. Moreover, the amide NH is stabilized by interactions with the Glu residue of the GAMEN loop and tetrazole ring develops polar interactions with Arg439.



Spiro-oxindole Dihydroquinazolinones

During the screening process that led to the discovery of aryl sulfonamide inhibitors, one of the most potent hits was compound 12 (Figure 2) based on the spiro-oxindole dihydroquinazolinone scaffold (Engen et al., 2016). Efforts to improve the poor solubility of hit compound 12 (e.g. compound 13, Figure 2) led in all cases to derivatives with reduced metabolic stability in vitro (Engen et al., 2020). Nevertheless, this class of compounds presents high specificity for IRAP vs APN. According to docking calculations, a unique feature of spiro-oxindole derivatives is that the inhibitor in its preferred binding pose is positioned in close proximity with the GAMEN loop without interacting with Zn2+, leading to uncompetitive inhibitors as it was further supported by kinetic experiments.




Conclusions

After two decades of intense efforts toward the discovery of IRAP inhibitors, it would not be an exaggeration to say that the field is still in its infancy. Recent crystal structures of IRAP with bound small-molecule inhibitors are expected to rationalize binding preferences of known inhibitors and facilitate the discovery of new ones, either by accelerating the hit-to-lead optimization process during screening endeavours or by guiding efforts toward structure-based rational design or scaffold hopping. Of course, a question that needs to be addressed is whether the “closed” conformational state of the enzyme and the GAMEN loop re-orientation observed in recent structures of IRAP with DG026 and HA08 (Mpakali et al., 2017b; Mpakali et al., 2020), constitute a prerequisite for efficient binding of small-molecule inhibitors or not. Recently, Vanga et al. predicted structural determinants for IRAP inhibition by aryl sulfonamides using IRAP’s “open” structure, however attempts to re-examine their predictions by using the “closed” structure of IRAP were unsuccessful due to the inability of inhibitors to access the catalytic site of the enzyme (Vanga et al., 2018). The authors formulate the assumption that in this specific case stabilization of an “open” enzyme conformation would probably be more favourable. Similarly, Mpakali et al. observed substantial differences between preferred binding modes of benzopyran inhibitor HFI-437 when docked to the empty IRAP “open” structure, as compared to the IRAP/DG025 “closed” one (Mpakali et al., 2017b). Taking into account the unique, ligand-induced active-site plasticity of IRAP, possible identification of additional conformational states of IRAP induced by inhibitors of other types will complicate even more the already perplexed mechanism of IRAP inhibition. Inspiration for the design of novel inhibitors can be drawn by scaffolds that have been successfully evaluated against other M1 aminopeptidases but not for IRAP (e.g. boronic acids, aminothiols, bestatin derivatives etc) (Mucha et al., 2010). However, extreme caution is required when such inhibitors are evaluated in order to avoid possible cross-reactivity which may trigger off-target side-effects (Drinkwater et al., 2017). Undoubtedly, delineation of binding particularities associated with different inhibitor scaffolds is expected to reveal those specific interactions that enhance inhibitor selectivity and eventually lead to next-generation inhibitors with safer inhibition profiles and improved pharmacological properties.
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The insulin regulated aminopeptidase (IRAP) has been proposed as an important therapeutic target for indications including Alzheimer’s disease and immune disorders. To date, a number of IRAP inhibitor designs have been investigated but the total number of molecules investigated remains quite small. As a member the M1 aminopeptidase family, IRAP shares numerous structural features with the other M1 aminopeptidases. The study of those enzymes and the development of inhibitors provide key learnings and new approaches and are potential sources of inspiration for future IRAP inhibitors.
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Introduction

The insulin regulated aminopeptidase (IRAP) is a zinc-dependent M1 aminopeptidase and a type II transmembrane protein with a cytoplasmic N-terminal domain and an extracellular/intra-endosomal C-terminal domain containing the catalytic zinc domain (Keller et al., 1995; Keller et al., 2002). IRAP is found in almost all human tissues (Keller et al., 1995; Tsujimoto and Hattori, 2005) and is known to be expressed in a range of neuronal cells (Fernando et al., 2005), placental cells (Nomura et al., 2005), and leukocytes (Saveanu et al., 2009). IRAP appears to play three distinct physiological roles. Firstly, IRAP degrades a number of extracellular signaling peptides through the removal of the N-terminal amino acid. Proposed substrates include oxytocin, vasopressin, angiotensin III, Met-enkephalin, dynorphin A, neurokinin A, neuromedin B, somatostatin, and CCK-8 (Rogi et al., 1996; Herbst et al., 1997; Matsumoto et al., 2001; Lew et al., 2003; Tsujimoto and Hattori, 2005), although the physiological relevance of these remains controversial. Secondly, IRAP participates in MHC class I antigen presentation through amino terminal trimming of exogenous cross-presenting peptides (Saveanu et al., 2009; Saveanu and van Endert, 2012). Thirdly, IRAP is co-located with Glut4 in insulin-responsive membrane vesicles and is thought to play a role in the insulin-induced translocation of these vesicles to the plasma membrane thus regulating cellular glucose uptake (Waters et al., 1997; Bryant et al., 2002; Pan et al., 2019). Interestingly, genetic deletion of IRAP in mice has not been associated with any major health defects, but rather provides protection against damage due to cerebral ischemia (Pham et al., 2012), thrombosis (Numaguchi et al., 2009; Gaspari et al., 2018) in models of those respective injuries, as well as diet-induced obesity (Niwa et al., 2015).

Commensurate with this pleiotropic character, IRAP is a potential therapeutic target for a range of therapeutic applications. In particular, IRAP is a potential therapeutic target for the treatment of Alzheimer’s disease and other cognitive impairments. Rodents treated with the IRAP inhibitors such as Angiotensin IV (AngIV, 1) (Figure 1) via intracranial injection or subcutaneous administration, show improved performance in learning and memory (Wright et al., 1999; Albiston et al., 2001; Pederson et al., 2001; Lee et al., 2004; Gard, 2008; Golding et al., 2010). The cellular mechanism for this increased learning is unclear and may be attributable to modulation of glucose uptake via GLUT4 containing vesicles or reduced degradation of oxytocin and vasopressin, which have both been shown to improve learning and memory (Vanderheyden, 2009; Fidalgo et al., 2019). A second emerging therapeutic application is the potential of IRAP inhibitors to protect against stroke, thrombosis, and obesity-related disorders in comparable fashion to the knockout phenotypes. A third therapeutic potential for IRAP inhibitors is drawn from their role in preparing peptides for cross-presentation. Disruption of this function by inhibitors has been demonstrated in vitro and underscores their potential application in cancer immunotherapy or control of autoimmunity (Stratikos, 2014; Papakyriakou et al., 2015; Kokkala et al., 2016). Together, this pool of research suggests that there may be a number of indications for IRAP inhibitors.




Figure 1 | Chemical structures of IRAP inhibitors.





A Quick Snapshot of IRAP Inhibitor Development

The search for inhibitors of IRAP dates back to its discovery as oxytocinase in 1959 (Hooper, 1959). In this first study of serum aminopeptidase activity from human placentae, Cu2+, di-isopropylphosphofluoridate (DFP), tetraethylpyrophosphate (TEPP), and ethylenediamine tetra acetic acid (EDTA) were shown to block the enzyme activity, signaling the metalloprotease nature of the enzyme. The first attempts to block this with competing ligands is described soon after using modified oxytocin peptides (Berankova et al., 1960; Berankova and Sorm, 1961). However, further progress appears to have been hampered by the challenges of the complex protease mixtures, including other M1 family members, in the tissue sources being studied.

A major step forward was the identification of the hexapeptide, AngIV, 1 (1) as an IRAP inhibitor. The memory enhancing effects of Ang IV administration and as well as its inhibitory effect on oxytocin metabolism were both reported and investigated separately prior to the appreciation that these effects were modulated through the action of a single target – IRAP (Braszko et al., 1988; Albiston et al., 2001). Ang IV is a component of the renin-angiotensin system as a degradation product from the proteolytic truncation of the vasoconstricting peptide, angiotensin II. With good affinity but poor plasma stability, successful structural modifications of 1 have led to the β-amino acid containing peptide mimetic 2 (Ki = 27 nM), which contains both N and C terminal β-amino acids and is less susceptible to degradation by IRAP (Lukaszuk et al., 2008) and the analogue IVDE77 (Nikolaou et al., 2013). In an alternate but comparable peptidomimetic approach, cyclic compounds, HA-08, 3 (Ki = 3.3 nM) and analogs were developed (Andersson et al., 2010). The design of these compounds had in mind IRAP’s unique ability to process cyclic peptides like oxytocin and vasopressin as part of the design. HA-08 was recently co-crystallised with IRAP (Mpakali et al., 2020), and a considerable body of SAR data pertaining to the cyclic structure has been accumulated (Andersson et al., 2011; Barlow et al., 2020).

Other IRAP inhibitors have been developed from investigations into the S1 subsite using fluorogenic substrates. Non-natural amino acids such as homoPhe and Nle were identified as S1 residues that conferred some substrate selectivity over other M1 aminopeptidases, ERAP1 and ERAP2 (Zervoudi et al., 2011). The selectivity of these probes inspired the development of the aminobenzamide inhibitor 4, which has good potency (IC50 = 110 nM) and selectivity against ERAP1 and ERAP2 (Papakyriakou et al., 2015). Transition state mimetics which build on the growing understanding of P1 and P1` SAR have also been effective. In particular, a number of phosphinic acids including 5 have exhibited good potency (Kd = 18 nM) (Kokkala et al., 2016). Compound 5 was also the first inhibitor to be co-crystallised in complex with IRAP (Mpakali et al., 2017a).

The first the small molecule inhibitor series to be described were benzopyrans discovered by a virtual screening approach, including HFI-419, 6 (Albiston et al., 2008; Mountford et al., 2014). This molecule also displays good potency (Ki = 0.48 µM). More recently, high throughput screening approaches have led to the discovery of 7 (IC50 = 6.1μM) and 8 (IC50 = 0.4μM) (Engen et al., 2016; Vanga et al., 2018).

While this represents a diverse series of compounds that have played their roles in defining the pharmacology of IRAP inhibitors, none have emerged as bone fide drug candidates as yet. In part, the challenges of delivery to the CNS for indications such as Alzheimer’s disease have hampered the progression of peptide-like molecules and have also proved challenging for small molecules. Similarly, for immunological antigen processing, intracellular delivery will be a requirement. Advancing these, or future series of IRAP inhibitors, will therefore require close attention to the specific requirements related to each indication.



Inspirational Inhibitors Within the M1 Aminopeptidase Family

The human M1 aminopeptidase family, which includes IRAP, contains 12 members (Table 1) (Rawlings et al., 2014). All members utilize a single catalytic zinc atom in a conserved HExxHx18E motif and contain a substrate binding domain comprised of a conserved GxMEN motif. Structural similarities between M1 aminopeptidases result in a number of common substrates that are degraded by more than one family member. Indeed, the N-terminal specificity of M1 aminopeptidases in known to be broad and overlapping, and inhibitors are usually required to engage several subsites in order to achieve selectivity (Rawlings and Barrett, 2013).


Table 1 | M1 aminopeptidases.



The collected crystallographic data (Table 1) supports the common structural features of the M1 family as well as various archetypes that distinguish them. A conserved tyrosine residue typically binds the distal C-terminal, and interdomain movement may allow binding of diverse substrates (Cadel et al., 2015; Drinkwater et al., 2017). In particular, both closed and open conformations of the catalytic domains are observed. A dynamic model has been proposed whereby the domains II and IV close around extended substrates to support binding and hydrolysis (Mpakali et al., 2020). This mode of binding may be mimicked by inhibitors, but the dynamic nature provides a challenge to structure-based inhibitor design.

Other members of the M1 aminopeptidase family have also been identified as targets for therapy, most notably APN, APA, LTA4H, and ERAP1. Given the similarities of the family members, it seems that the study of other inhibitor designs within the M1 aminopeptidase family may provide interesting insights into inhibition mechanisms that are pertinent for inhibitor design and could be exploited to provide new IRAP inhibitors.



Isoform Hopping—Endoplasmic Reticulum Aminopeptidase 1

As alluded to above, inhibitors of one aminopeptidase class can be expected to inhibit other classes. In a pessimistic sense, this characterizes the challenge of achieving selectivity, while in a positive sense, redesigns can be used to tune selectivity between family members without major changes to the core molecular scaffold. This selectivity transitioning often manifests within derivative libraries. For example, Zervoudi et al. identified the phosphinic acid inhibitors DG002 (9) and DG013 (10) to target antigenic processing enzymes, ERAP1, ERAP2, and IRAP (Figure 2) (Zervoudi et al., 2013). These compounds and, in particular, the R,S,S-diastereomer, DG013A, showed good potency across the three isoforms. The same team showed replacement of the central leucine yielded the IRAP selective compound 5 (DG026A) (Mpakali et al., 2017a).




Figure 2 | M1 aminopeptidase inhibitors from other families.



Note that phosphinic acids have an even broader general history. As far back as 1989, such compounds were described as transition state analogs for metalloproteases (Grobelny et al., 1989; Yiotakis et al., 1994) and are represented in the M-17 Leucine amino peptidase inhibitors described in 2003 by Grembecka et al. (2003). The broader activity and/or selectivity of these ligands needs to be considered (Talma et al., 2019). It is an interesting feature that these peptidomimetic transition state analogs possess intracellular activity also (Koumantou et al., 2019).



Success Is Hard to Achieve—Aminopeptidase N

As the archetype of the M1-aminopeptidase family, APN has been much studied and numerous attempts to develop inhibitors have been described. These have been extensively reviewed recently by Amin et al. (2018). As a protein, APN shares some features also characteristic of IRAP. They include the facts that APN is recognized to be involved in multiple functions (enzyme for peptide cleavage, and signalling molecule in signal transduction), it exhibits broad substrate specificity (although distinct from IRAP) and that it has been shown by crystallography to exist in an open and closed form (Joshi et al., 2017). It has been by far the most studied with respect to inhibitor development, although the results of those efforts are yet to yield an unambiguous drug candidate.

While a large body of work has accumulated in the development of APN inhibitors, the best known examples that have advanced to clinical studies, bestatin (11) and tosedostat (12), are potent but non-selective. Bestatin, bearing the pharmacophoric β-amino α-hydroxy amide motif was discovered as a natural product inhibitor. Tosedostat, is a synthetic product but shares the hydroxamic acid motif of the natural product actinonin (14) (Figure 2). While both bestatin and tosedostat’s acid metabolite, CHR-79888 (13), show good APN inhibition (IC50 ~ 200nM), the activity in vivo is not thought to derive simply from APN inhibition. Indeed, CHR-79888 is a potent LTA4 hydrolase inhibitor. A useful lesson to note regarding metabolism is that the circulating bioactive may have a much-altered selectivity profile compared to the administered drug.

Otherwise, these two compounds signal the generalised challenges of developing selective small aminopeptidase inhibitors. For active site binding aminopeptidases, the likely pharmacophore is built around S1 and S1’ binding and non-scissile interactions with the catalytic zinc atom. The compounds that achieve this typically will not be impeded from comparable interactions in other zinc metallopeptidase sites, rendering them non-selective. In developing substrate mimetic inhibitors the on-going challenge has been to tune down the generic zinc binding moiety (which can drive affinity) to exploit the subsite differences of across the metalloprotease families (Tsoukalidou et al., 2019).

The challenges associated with peptide-based analogs can imply replacement of backbone peptide bonds and the use of non-proteinogenic side chain motifs to enhance selectivity. For the former, the replacement of peptide bonds with ureido equivalents in the hydroxamic acid series led to some potent APN inhibitors such as 15. In the latter case, another series of hydroxamate based inhibitors exemplified by 16 (Ki 4.5 nM) were described by Lee J. et al. (2019). These molecules have no obvious peptide character and may offer improved opportunity for achieving selectivity.

Another small molecule series of interest are aminobenzosuberones, which have been identified as a scaffold that selectively inhibits mono-metallic aminopeptidases with 17 showing sub-nanomolar affinity against human APN (Ki = 350 pM) (Peng et al., 2017; Salomon et al., 2018). The origin of this series dates back to corresponding tetralones (Schalk et al., 1994) and the class appears to provide the advantages of small molecule inhibitors (low MW, potential oral availability, potentially BBB penetrating). Co-crystallization of a phenyl substituted benzosuberone with EcPepN showed the binding poExxHx18E motifs with the ketone function present in an sp3 hydrated form, acting as transition state mimetic not dissimilar from the β-amino α-hydroxy motif of bestatin (Peng et al., 2017). The implications for IRAP inhibitor design in this class are evident with one example showing strong inhibition of IRAP also (Ki = 34 nM). One cautionary note is that these compounds, like many small molecules, are predicted to have challenging metabolism and toxicity profiles although this should be tested experimentally (Salomon et al., 2018).



Designing for Selectivity and In Vivo Activity—Aminopeptidase A

In contrast, the development of the aminopeptidase A inhibitor, Firibastat (18) presents an optimistic picture of what is possible in the aminopeptidase class (Ferdinand et al., 2019). Firibastat has entered phase III clinical studies for therapy of treatment-resistant hypertension; yet at first view, it would seem an unlikely therapeutic. Firstly, the active species of Firibastat, (S)-3-amino-4-mercaptobutane-1-sulfonic acid (19, EC33) is a thiol. Thiols are known to be effective chelators of zinc and have been employed in a range of zinc enzyme inhibitors, most notably captopril. However, the capacity for numerous off-target chelating or covalent disulfide forming interactions would typically argue against pursuit of such compounds.

The discovery of Firibastat has a long history. Early work by Fournié-Zaluski et al. employed β-amino thiols as substrate mimetics targeting the S` subsite of APN (Fournie-Zaluski et al., 1992). An interesting comparison of zinc chelating groups within this report suggested that β-amino thiols are more effective inhibitors of APN than corresponding hydroxamic acid, phosphate, and carboxylate inhibitors. A compound from the series was found to have significant CNS activity when administered by iv injection as its disulfide prodrug form.

Turning their focus to APA, which cleaves N-terminal Glu or Asp residues and in particular cleaves the N-terminal Asp from angiotensin II, blocking angiotensin III formation. They found the acidic sulfonic acid derivative, EC33 was a potent and selective inhibitor (APA Ki = 0.37 µM, APN Ki = 25 µM) (Chauvel et al., 1994a; Chauvel et al., 1994b). Intracerebroventricular injection of EC33 was found to prevent APA production of the hypertensive agent angiotensin III, lowering central arterial blood pressure (Zini et al., 1996). By developing the corresponding disulfide prodrug 18, it has been possible to move to oral administration. The oral bioavailability is modest (10–15%), and the drug half-life is short (40 min) but with a somewhat heroic dose of 500 mg, twice daily Firibastat effectively reduced blood pressure in the cohort (Ferdinand et al., 2019). While these clinical studies continue, a second generation oral inhibitor NI956/QGC006 (20) with improved pharmaceutical properties is progressing (Keck et al., 2019).



Non-Canonical Binding Site ligands—Leukotriene A4 Hydrolase

Leukotriene A4 hydrolase has been another M1 aminopeptidase that has attracted attention as a potential therapeutic target, particularly in inflammatory disease. As suggested by its name, the best studied feature of the enzyme is not its ability to cleave N-terminal amino acids form substrate peptides, but rather to hydrolyse the epoxide ring of Leukotriene A4 to Leukotriene B4 (Haeggstrom et al., 2007). LTB4 is an inflammatory lipid and thus blocking its formation would be considered a therapeutic option. However, the enzyme has also been shown to process a variety of peptides, most notably Pro-Gly-Pro a collagen degradation product which is a pro-inflammatory chemotactic peptide (Snelgrove et al., 2010). This implies that the action of LTA4H has opposing actions, which may be context dependent, and the opposing activities of LTA4H reside within distinct yet overlapping active sites, with specific amino acid residues required for each. Several inhibitors including Bestatin (11) and Tosedostat (12) have advanced to the clinics as well as Acebilustat (21) which is in phase 2 studies for treatment of cystic fibrosis (Bhatt et al., 2017). Clinical trial results to date have been disappointing which has led to the postulate that the inhibiting Pro-Gly-Pro degradation was countering the desired therapeutic effects. In response, the concept of biased inhibitors that spare the aminopeptidase activity has emerged including allosteric ligands (22) that activate Pro-Gly-Pro hydrolysis only (Lee K. H. et al., 2019) or those that block LTA4 hydrolysis and activate Pro-Gly-Pro hydrolysis.

By analogy, Liddle et al. recently described an allosteric ligand for ERAP1 (23) that activates hydrolysis of small substrates (such as Leu-AMC) while inhibiting cleavage of longer substrates by competing with the extended peptide binding site such as the antigen precursor, YTAFTIPSI. It is postulated to achieve this by stabilizing the dynamics of active site residues and/or facilitating conformational change to a partially closed, more active conformation (Liddle et al., 2020).

The actual benefit of these concepts remains controversial, especially in the case of the Pro-Gly-Pro-sparing LTA4H inhibitors (Numao et al., 2017), but the dual activity raises interesting questions for IRAP research. Firstly, have the full gamut of substrates for IRAP been examined? The physiologically relevant peptide substrates are still not confirmed for IRAP and it may also be that there are small peptides or other non-peptide substrates (e.g., lipids) that can be processed by this hydrolytic enzyme. Secondly, what signals might be associated with IRAP cleavage of peptide substrates? It could be the down-regulation of a bioactive substrate (such as vasopressin) or maybe the effects derive from the generation of a bioactive product.



Conclusions

IRAP is emerging as a therapeutic target against a host of disease states. As well as long identified connection to indications such as cognition disorders due to the effects of AngIV, extended studies of gene deletion or modification are showing potential applications in stroke, thrombosis, and obesity-related disorders. The localization of IRAP in various tissues and cell types will also present other hypotheses proposing IRAP inhibitors as drug targets such as in immunotherapy and/or combatting autoimmunity.

As a member of the M1 aminopeptidase family, IRAP shares many structural and functional similarities with other family members that have been the subject of parallel drug discovery efforts. Much can be learned from these analogous drug discovery efforts that might be applied to IRAP inhibitor development and guide future drug discovery efforts. We have highlighted some of these efforts with in the M1 aminopeptidase family and outlined some of the success stories, insights, and interesting observations from these campaigns. We have also highlighted particular chemical scaffolds, which we feel may be adapted to serve IRAP focused drug discovery efforts. Hopefully, this information can foster progress in the development of candidate drugs that realize the therapeutic potential of IRAP inhibition.
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As a member of the M1 family of aminopeptidases, insulin regulated aminopeptidase (IRAP) is characterized by distinct binding motifs at the active site in the C-terminal domain that mediate the catalysis of peptide substrates. However, what makes IRAP unique in this family of enzymes is that it also possesses trafficking motifs at the N-terminal domain which regulate the movement of IRAP within different intracellular compartments. Research on the role of IRAP has focused predominantly on the C-terminus catalytic domain in different physiological and pathophysiological states ranging from pregnancy to memory loss. Many of these studies have utilized IRAP inhibitors, that bind competitively to the active site of IRAP, to explore the functional significance of its catalytic activity. However, it is unknown whether these inhibitors are able to access intracellular sites where IRAP is predominantly located in a basal state as the enzyme may need to be at the cell surface for the inhibitors to mediate their effects. This property of IRAP has often been overlooked. Interestingly, in some pathophysiological states, the distribution of IRAP is altered. This, together with the fact that IRAP possesses trafficking motifs, suggest the localization of IRAP may play an important role in defining its physiological or pathological functions and provide insights into the interplay between the two functional domains of the protein.
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INTRODUCTION

Metallopeptidases are a diverse family of proteolytic enzymes which are involved in regulating the activity of peptide hormones that play crucial roles in maintaining homeostatic balance in physiology (Cerda-Costa and Gomis-Ruth, 2014). Failure of these regulatory mechanisms has been shown to result in pathologies such as inflammation, tissue/organ dysfunction, neurological diseases and cardiovascular disorders (Lorenzl et al., 2003; Libby, 2006). A sub-family of metallopeptidases, the metallo-type 1 (M1) aminopeptidases, have important functions in cell maintenance, defense, and growth and development (Drinkwater et al., 2017). Structurally, the M1-aminopeptidases are characterized by two distinct binding motifs, the HEXXH zinc-binding motif which is involved in catalysis and the GXMEN exopeptidase motif which is an N-terminal recognition site that confers selectivity for peptide substrates (Figure 1; Cerda-Costa and Gomis-Ruth, 2014). These highly conserved motifs are found at the active site in the C-terminal domain and mediate the catalysis of a range of peptide substrates. This family consists of nine enzymes in humans, six of which are integral membrane proteins and three of which are found in the cytoplasm (Table 1). Interestingly, only one of these M1 aminopeptidases has a large cytosolic N-terminus which possesses motifs that regulate trafficking events (Figure 1; Keller et al., 1995). This enzyme, known as insulin regulated aminopeptidase (IRAP), is the focus of the current review.
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FIGURE 1. Structure of the two functional domains of IRAP: the cytosolic N-terminal domain which contains trafficking motifs and the extracellular C-terminal domain where the catalytic site is found.



TABLE 1. Enzymes in the M1 aminopeptidase family.

[image: Table 1]Much of the earlier work on elucidating the enzymatic role of IRAP have involved the use of angiotensin IV (Ang IV), a peptide inhibitor. Treatment with Ang IV or other IRAP inhibitors elicited effects on facilitation of memory (Braszko et al., 1988; Wright et al., 1993; Albiston et al., 2008; De Bundel et al., 2009; Royea et al., 2019) and protection against ischemic damage (Coleman et al., 1998; Faure et al., 2006a; Park et al., 2016). It can be reasonably asserted that these peptide inhibitors bind to IRAP at the cell surface, as like many M1 aminopeptidases, IRAP is an integral membrane protein with its catalytic domain on the cell exterior. This enables the regulation of the levels of circulating or extracellular peptide substrates that are secreted to exert autocrine, paracrine and endocrine activities. Given the unique role of the N-terminus of IRAP in the regulation of vesicular trafficking and tethering, the subcellular location of the protein is also an important consideration when investigating its function. Additionally, the mobilization of IRAP to the plasma membrane is observed in various disease settings suggesting there is an increased demand for its catalytic activity at the cell surface in these states. These properties of IRAP suggest that there is an interplay between the two functional domains of the enzyme and that its spatial location in the cell has important implications in the temporal determination of its aminopeptidase activity. This review will examine our current understanding of the physiological roles of the C- and N-terminus of IRAP and discuss potential evidence of an interplay between these domains.



TARGETING THE C-TERMINAL DOMAIN OF IRAP


Peptide Substrates of IRAP Inform on Its Function

The most extensively studied function of IRAP is the ability of its catalytic C-terminus to cleave a range of substrates albeit in vitro. These substrates include oxytocin, vasopressin, lys-bradykinin, angiotensin III, met-enkephalin, dynorphin A 1–8, neurokinin A, neuromedin B, somatostatin, and cholecystokinin 8 (Matsumoto et al., 2001a). There is great diversity in the structure of these substrates, from large cyclic peptides such as oxytocin and vasopressin to small linear peptides like met-enkephalin. This diversity can be attributed to the plasticity of the active site of IRAP. For example, remodeling of the GXMEN exopeptidase loop and reorientation of the key aromatic residue, Tyr549, results in an increased active site volume of ∼5,300 Å compared with ERAP1’s closed state volume of 2,920 Å and provides a potential explanation for IRAP’s ability to bind large cyclic substrates such as oxytocin and vasopressin (Hermans et al., 2015). This broad substrate specificity suggests IRAP is a relatively promiscuous enzyme and that potentially its conformation and subcellular localization may inform on substrate selectivity.

The diverse physiological roles of the substrates of IRAP range from blood pressure control to the pain response to digestion, reflecting the importance of the enzyme in regulating peptide hormone levels across multiple endocrine and paracrine systems. Notably, only vasopressin has been identified as a physiological substrate of IRAP in vivo. This was done by comparing the clearance of radiolabeled vasopressin from the circulation of wildtype and IRAP knockout mice. At 5 min after injection of [125I]-vasopressin, there was a ∼4-fold decrease in the intact substrate in the plasma of wildtype mice compared with IRAP knockout mice, with no intact substrate detected in wildtype mice after 20 min (Wallis et al., 2007). These findings were validated with the N-terminal cleavage product, 3-iodo-[125I]tyrosine, detectable only in plasma from wildtype and not knockout mice. In conjunction with the observations that IRAP knockout mice compensate for increased circulating vasopressin levels by decreasing vasopressin synthesis, it was concluded that IRAP plays a role in the cleavage and clearance of vasopressin from the circulation (Wallis et al., 2007).

It has also been proposed that one of the physiological roles of IRAP is regulating levels of circulating oxytocin, a peptide hormone important for initiating contractions during labor (Uvnas-Moberg et al., 2019). Interestingly, oxytocin was suggested to be degraded by secreted soluble IRAP rather than its membrane bound form (Rogi et al., 1996). Northern blot analysis revealed increasing levels of IRAP mRNA in human placental tissue with gestation, peaking at 38 weeks, which correlates with the increases in circulating oxytocin in the latter stages of pregnancy (Yamahara et al., 2000). Thus, it was proposed that oxytocin degradation by IRAP regulates the onset of labor in humans. However, there is conflicting evidence when we look at the reproductive profiles of IRAP KO mice. In support of the role of IRAP in regulating pregnancy, a significant shortening of gestational term was observed in IRAP KO mice compared with wildtype controls which was further shortened following administration of oxytocin (Ishii et al., 2009). In contrast, Pham et al. (2009) found IRAP deficient mice had no apparent differences in gestational length compared with wildtype controls. It was acknowledged by these authors that the Phe154-Ala155 cleavage site is absent in mice and many other species. Therefore, the role of circulating IRAP during pregnancy is likely restricted to humans. It is also possible that other serum enzymes inactivate oxytocin, with oxytocin cleared from circulation in vivo in the absence of IRAP (Wallis et al., 2007). Given there is ample evidence on this area in humans and that soluble IRAP has not been extensively characterized, it is too early to conclude that one of the physiological roles of IRAP is in oxytocin regulation during pregnancy.

Another physiological role of IRAP focuses on its aminopeptidase activity in dendritic cells where IRAP and its close family members, ERAP1 and 2, participate in antigen trimming, a process which is crucial in regulating the presentation of antigen epitopes onto MHC class I molecules in the adaptive immune response. This process was clearly demonstrated in a study by Saveanu et al., 2009, where IRAP-deficiency in bone-marrow derived dendritic cells resulted in a reduction of antigen presentation by 50–70% compared with wild type controls. Unlike ERAP1/2, IRAP is involved in the alternative endosomal pathway, in which exogenous antigens are directly loaded onto MHC class I molecules in endosomes as opposed to the endoplasmic reticulum (Joffre et al., 2012). Thus, IRAP as the principal trimming aminopeptidase in endosomes, is postulated to play a crucial role in cross presentation. Notably, this is the only known example in which IRAP is catalytically active intracellularly and suggests the spatial demand for its aminopeptidase activity may be cell- and tissue-dependent.

Various studies have also probed for IRAP’s substrate preference in terms of amino acid length and sequence, by measuring its ability to trim antigenic peptide precursors. Similar to ERAP1, IRAP was able to efficiently trim a variety of long peptide sequences and accumulate mature antigenic epitopes of 8 or 9 amino acids (Georgiadou et al., 2010). However, in contrast to ERAP1, IRAP was more efficient in accumulating smaller products by further trimming of the mature antigenic epitopes (Georgiadou et al., 2010). These findings suggest IRAP has a broad substrate selectivity compared with ERAP1 and is able to process peptide substrates of varying lengths and amino acid side chains.



Angiotensin IV, a Competitive Inhibitor of IRAP

IRAP has been identified as the angiotensin type 4 receptor (AT4R), the specific and high affinity binding site for Ang IV, a hexapeptide corresponding to residues 3–8 of angiotensin II (Ang II) (Albiston et al., 2001). This conclusion was supported by evidence that membranes from cells transfected with the full-length cDNA for human IRAP crosslinked with a photoactivable analog of Ang IV, [125I]Nle1-BzPhe6-Gly7-Ang IV. SDS-PAGE revealed the crosslinked IRAP was resolved as a major band of 165 kDa which was displaceable by 10 μM Ang IV, observations consistent with the previously characterized AT4R (Albiston et al., 2001). Additionally, in vitro receptor autoradiography confirmed the localization of both IRAP mRNA and protein in mouse brain sections correlated with the distribution of the AT4R (Albiston et al., 2001). These findings, along with a loss of Ang IV binding to the AT4R in the brain of the IRAP knockout mouse, provided compelling evidence that IRAP is the AT4R.

Ang IV was first shown to bind to IRAP in bovine adrenal cortex membranes (Swanson et al., 1992). Additionally, IRAP also binds LVV-hemorphin-7 (LVV-H7) (Moeller et al., 1997), which is structurally distinct and shares little sequence homology with Ang IV (Moeller et al., 1999a). Unlike substrates of the enzyme, both Ang IV and LVV-H7 are resistant to proteolytic degradation by IRAP and instead were found to be competitive inhibitors of IRAP. This was shown by Lew, Mustafa (28) where the inhibitory effects of the IRAP ligands Ang IV, Nle1-Ang IV, divalinal-Ang IV, and LVV-H7 was assessed following cleavage of leu-β-naphthylamide (Leu-β-NA), a synthetic substrate of the enzyme. All four of the tested IRAP ligands were seen to inhibit IRAP activity, with Ang IV displaying the highest potency (Ki = 113 nM) (Lew et al., 2003). Lineweaver Burk analysis also revealed a 14-fold increase in the Km for Leu-β-NA with increasing inhibitor concentrations and only minor changes in Vmax. Thus, it was concluded that IRAP inhibitors display competitive kinetics, indicating they bind directly to the catalytic site of the enzyme (Lew et al., 2003).

Despite Ang IV and LVV-H7 binding with high affinity to IRAP to inhibit its catalytic activity, a number of factors have hindered their potential for therapeutic use and as research tools to examine IRAP function. These include their limited stability in the circulation and lack of specificity for IRAP over other aminopeptidases and receptors such as the AT1R for Ang IV and μ-opioid receptor for LVV-H7 (Lew et al., 2003). Thus, a range of novel peptidomimetic (Axen et al., 2007; Lukaszuk et al., 2008; Andersson et al., 2010; Kokkala et al., 2016) and small molecule inhibitors (Albiston et al., 2008; Borhade et al., 2014) have been developed to address these limitations with some of these compounds showing promise as potential therapeutic agents.



IRAP Inhibition Facilitates Learning and Memory

Whilst Ang IV was initially thought to just be an inactive metabolic fragment of Ang II, it was demonstrated to have memory-enhancing properties in rats and mice in a range of memory and cognitive tasks. This facilitation of learning and memory occurs following acute central administration of Ang IV (Braszko et al., 1988; Wright et al., 1993), LVV-H7 (De Bundel et al., 2009), as well as with the small molecular weight IRAP inhibitor, HFI-419 (Albiston et al., 2008), further strengthening the proposal that inhibition of IRAP leads to enhancement of memory. IRAP therefore presents as a promising target for neurodegenerative diseases such as Alzheimer’s Disease (AD), in which there is progressive cognitive decline and memory loss. This was validated in a recent study by Royea et al. (2019) in which 4 weeks of centrally administered Ang IV (1.3 nmol/day) restored short-term memory, spatial learning and spatial memory in a transgenic mouse model of AD with alternatively spliced amyloid precursor protein.

Evidence of changes in the brain with IRAP inhibitor treatment include normalization of hippocampal subgranular zone cellular proliferation, enhanced dendritic branching, and reduced oxidative stress (Royea et al., 2019). Furthermore, treatment of primary rat hippocampal cultures with a number of different classes of IRAP inhibitors has been shown to significantly alter dendritic spine morphology and increase spine density (Diwakarla et al., 2016a,b; Seyer et al., 2019). Similarly, enhancement of long-term potentiation was observed in rats in the dentate gyrus in vivo following Ang IV treatment (Wayner et al., 2001) and within the hippocampus in vitro following treatment with Ang IV analogs (Kramar et al., 2001). The changes in spine morphology are thought to correlate with the strength and activity of the synapse, which coupled with enhanced long-term potentiation, provides strong supporting evidence of the memory enhancing role of IRAP inhibitors.

Despite these effects of IRAP inhibitors on memory enhancement, Albiston et al. (2010) found that global deletion of the IRAP gene resulted in mice with an accelerated, age-related decline in spatial memory as seen in the Y maze task. Similarly, conditional forebrain neuron specific-IRAP knockout led to deficits in spatial reference and novel object recognition memory (Yeatman et al., 2016). These unexpected observations were thought to potentially be due to altered brain development of the knockout mice, given there is high IRAP expression in the highly neurogenic ventricular and subventricular zone of the embryonic mouse brain, possibly implicating IRAP as having a role in neuronal development. Regardless of this finding, there is comprehensive evidence supporting the cognitive enhancing effect of IRAP inhibition (Albiston et al., 2004; Lee et al., 2004; De Bundel et al., 2009; Fidalgo et al., 2019; Royea et al., 2019).

Ang IV has also been shown to have positive effects on other central nervous system functions. For example, centrally administered Ang IV (0.1–1 μg/mouse) provides protection against pentylenetetrazol (PTZ)-induced seizures in mice, by dose-dependently increasing PTZ-seizure threshold and decreasing PTZ-seizure intensity (Tchekalarova et al., 2001). Additionally, inhibition of IRAP by Ang IV has an anxiolytic (Beyer et al., 2010) and anti-hyperalgesia (Chow et al., 2013) effect in rats and an anti-allodynia effect in male mice (Chow et al., 2018), all proposed to be due to elevated levels of oxytocin in the brain or spinal cord.



IRAP Inhibitor Treatment Protects Against Ischemic Damage

IRAP also presents as a promising target for the treatment of ischemic damage in the brain and heart. For example, IRAP inhibition with Ang IV (1 nmol) in a rat model of embolic stroke has been shown to significantly reduce cerebral infarct volume compared with untreated controls (Faure et al., 2006a). Importantly, this reduction corresponded with improvements in neurological performance and decreased mortality at 24 h post-stroke and is likely attributed to redistribution of blood flow to the ischemic areas (Faure et al., 2006a). However, these initial findings on the vasodilatory effect of Ang IV was contradicted by a more recent study by Faure et al. (2006b) who suggested low concentrations of Ang IV (0.001–3 μM) had a vasoconstrictive effect on isolated rat basilar arteries that is mediated by binding to IRAP. Given that increases in blood flow to damaged brain areas with subsequent neurological improvement have been consistently reported in a number of studies, it is likely that Ang IV acts as a vasodilator in the brain.

There are conflicting reports on the effects of Ang IV on the renal vasculature as well. Interestingly, this effect appears to be dependent on the concentration and route of administration of the inhibitor, with infusion of low doses of Ang IV (0.1–100 pmol) directly into renal arteries increasing renal blood flow (Coleman et al., 1998), compared with systemic administration of high concentrations of Ang IV (100 nmol/kg) which results in renal vasoconstriction (Fitzgerald et al., 1999; Yang et al., 2008). At higher concentrations, Ang IV also binds to the AT1R which may mediate this vasoconstrictory effect. Therefore, lower concentrations of Ang IV (<1 μM) should be used to investigate the effect of IRAP inhibition to avoid off-target binding. Similarly in the heart, 3 days of pre-treatment with Ang IV (1 mg/kg/day) in rats was found to blunt the ischemia/reperfusion (I/R)-induced increases in pro-fibrotic factors such as TNF-α, MMP-9, and VCAM-1 (Park et al., 2016). This led to an overall improvement in I/R-induced myocardial dysfunction in these rats. In combination, these studies suggest that loss of function of the catalytic activity of IRAP provides protection against ischemic events in multiple organs, which may potentially also prevent downstream consequences of this ischemic damage such as tissue fibrosis.



IRAP Inhibition Is Cardio- and Vaso-Protective

Ang IV treatment has also been observed to be cardio-protective, displaying opposing effects to Ang II. Yang et al. (2011) demonstrated that Ang II-induced cardiac dysfunction and injury were improved following Ang IV administration (100 nM) in isolated rat heart. Ang IV was also seen to inhibit Ang-II induced cell apoptosis, cardiomyocyte hypertrophy, and collagen synthesis of cardiac fibroblasts (Yang et al., 2011). Following IRAP siRNA knockdown, it was concluded that these effects were mediated by IRAP (Yang et al., 2011). The vaso-protective actions of Ang IV have also been observed, with increased aortic nitric oxide bioavailability following chronic Ang IV treatment (1.44 mg/kg/day) of high-fat diet fed apolipoprotein E-deficient mice (Vinh et al., 2008b). This improvement was associated with decreased superoxide levels and increased endothelial nitric oxide synthase-3 expression. Similarly, treatment with the small molecule IRAP inhibitor, HFI-419, prevents against acetylcholine-mediated vasoconstriction in vitro, in abdominal aorta from a rabbit model of coronary artery vasospasm (El-Hawli et al., 2017). These studies, in conjunction with those mentioned earlier on IRAP in I/R injury, suggest that IRAP inhibition is cardio- and vaso-protective.



Knowledge Gaps

In summary, the catalytic activity of the C-terminal domain of IRAP has been shown to have important functions in many body systems, ranging from reproduction to the cardiovascular system. Interestingly, whilst it is required for maintaining normal physiological processes in some of these systems, its upregulation is seen in many pathophysiological states such as atherosclerosis (Vinh et al., 2008a), following balloon injury of the carotid arteries (Moeller et al., 1999b) and in response to hypoxia in the carotid body (Fung et al., 2007), suggesting the consequences of its functions are cell/tissue- and state-dependent. Generally, inhibition of IRAP appears to provide protection against many of these diseases, encouraging researchers to further validate IRAP as a promising therapeutic target. However, many questions remain regarding the specific mechanisms underlying IRAP’s role in disease, and whether it is a cause or consequence of disease pathogenesis. Better understanding of these mechanisms would also provide important insights to guide the design of novel IRAP inhibitors as therapeutic agents. Notably, the subcellular localization of IRAP, regulated by its other functional domain at the N-terminus, has not been investigated in many of these contexts, nor has the trafficking of IRAP following inhibitor binding. It is also not known if the current classes of IRAP inhibitors have access to the catalytic site of IRAP in its location in intracellular vesicles. Interestingly, it has been demonstrated that the distribution of IRAP is altered in various disease states. Collectively, these findings suggest the efficacy of IRAP inhibitors may be influenced by the location of the enzyme. The trafficking of IRAP may reflect or regulate its function at a given point in time and location. Therefore, future research recognizing the role of the N-terminal domain and its potential influence on IRAP’s catalytic activity may help us to better understand IRAP function in disease.



RECOGNISING THE N-TERMINAL DOMAIN OF IRAP


Trafficking Motifs at the N-Terminus of IRAP Regulate Its Movement in the Cell

The cytosolic N-terminus is unique to IRAP compared with other M1 aminopeptidases and contains two dileucine motifs, each with a preceding acidic cluster (Keller et al., 1995). This domain is postulated to have two key functions both of which influence the subcellular distribution of IRAP. One of these involves regulating the trafficking of IRAP in vesicles in turn, modulating the subcellular distribution of associated vesicular proteins. The key studies exploring the trafficking of IRAP have been conducted in 3T3-L1 adipocytes, following observations that IRAP colocalized with the insulin responsive glucose transporter, glucose transporter isoform 4 (GLUT4), in these cells (Keller et al., 1995). This was clearly demonstrated by Waters et al. (1997), where microinjection of a fusion protein containing the cytosolic domain of IRAP into 3T3-L1 adipocytes resulted in translocation of GLUT4-containing vesicles to the plasma membrane. Interestingly, this increase in cell surface GLUT4 was equivalent to that seen following stimulation with insulin and was not blocked by wortmannin, an inhibitor of the PI3K signaling pathway downstream of insulin receptor activation (Waters et al., 1997). This suggests the translocation of GLUT4 was regulated by the N-terminus of IRAP. The fact that IRAP, unlike its close family members, has these trafficking motifs suggests that tight regulation of its localization must be important to, or even regulate, its function.

In the basal state, newly synthesized IRAP is targeted to the trans-Golgi network (TGN), evidenced by colocalization with a TGN-specific marker (TGN38) (De Bundel et al., 2015). It is subsequently transported for storage to specialized endosomal vesicles in the perinuclear region of the cell, with slow recycling of these endosomes to the plasma membrane (Figure 2; Shi et al., 2008; Jordens et al., 2010). The dileucine motif at position 76 and 77 of IRAP’s cytoplasmic N-terminal domain was found to be required for this sorting to specialized endosomes in adipocytes, with alanine substitution of these residues resulting in a dramatic increase in the cell surface localization of IRAP (Hou et al., 2006). Notably, an electron microscopy study in hippocampal neurons found IRAP specific immunoreactivity predominantly associated with 100–200 nm vesicles (Fernando et al., 2007). This finding, along with those from sub-cellular fractionation and dual-label immunofluorescence experiments, led the authors to propose the subcellular distribution of IRAP in these neurons is very similar to that seen in insulin-responsive cells (Fernando et al., 2007). Thus, the trafficking of IRAP observed in adipocytes can likely be generalized to other cell types such as neurons and cardiac fibroblasts, in which there is a distinct perinuclear IRAP distribution in a basal state.
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FIGURE 2. Key roles of the two functional domains of IRAP. IRAP is predominantly localized in specialized endosomes with a small proportion of IRAP-containing vesicles slowly recycling to the plasma membrane. This movement is regulated by the binding of interacting proteins to the N-terminal domain of IRAP. At the plasma membrane, the catalytic C-terminus of IRAP is exteriorized and therefore has access to cleave a range of peptide substrates.




IRAP Has a Role in Tethering Vesicles

The N-terminus of IRAP is also believed to be important for tethering specialized endosomes to the cytoskeleton via binding of interacting proteins including tankyrase (Chi and Lodish, 2000), acyl-coenzyme A dehydrogenase (Katagiri et al., 2002), formin homology domain (FHOD) (Babdor et al., 2017), p115 (Hosaka et al., 2005), Vps35 (Pan et al., 2019), and Akt substrate of 160 kDa (AS160) (Figure 2; Peck et al., 2006). This has been clearly demonstrated in dendritic cells, in which the role of the N-terminal domain of IRAP has only recently been implicated in immune function. A comprehensive study by Babdor et al. (2017) revealed that anchorage of endosomes containing toll-like receptor 9 (TLR9) to the actin cytoskeleton by the N-terminus of IRAP via the interacting protein, FHOD4, prevents TLR9 activation. Thus, in the absence of IRAP, the trafficking of TLR9 to lysosomes and subsequent activation was enhanced in cultured dendritic cells and in mice following bacterial infection, leading to an increased secretion of pro-inflammatory cytokines (Babdor et al., 2017). This study is crucial as it not only suggests another intracellular trafficking mechanism regulated by IRAP, but also has potential implications for understanding the mechanisms underlying certain autoimmune disorders such as arthritis, where there is inappropriate activation of endosomal TLRs (Rifkin et al., 2005). Furthermore, the importance of IRAP in immune functioning is supported by the identification of a deleterious missense mutation in IRAP’s gene associated with psoriasis, an autoimmune disorder linked to activation of TLR9 (Cheng et al., 2014).

The role of IRAP in tethering vesicles is also seen in adipocytes in which it is thought to regulate GLUT4 translocation. For example, Peck et al. (2006) proposes that a GTP-ase activating protein (GAP), AS160, is tethered with the cytosolic tail of IRAP in the basal state thus preventing the translocation of GLUT4 storage vesicles (GSVs). Subsequent stimulation by insulin is suggested to inactivate AS160, resulting in translocation of the GSV to the plasma membrane, thus facilitating glucose uptake by the cell. Notably, immunostaining revealed IRAP, GLUT4 and AS160 all have a punctate-like expression in the cytoplasm in a basal state, with areas of concentration adjacent to the nucleus, whilst insulin stimulation caused a marked redistribution of IRAP and GLUT4 to the plasma membrane (Peck et al., 2006). A recent study also found retrograde trafficking of IRAP from endosomes to the TGN was dependent on binding of the retromers Vps35 and Vps26 to the cytoplasmic tail of IRAP (Pan et al., 2019). Not only did these retromers strongly colocalize with IRAP in unstimulated 3T3-L1 adipocytes, but knockout of Vps35 in particular, increased the targeting of IRAP to lysosomes due to the lack of retromer-dependent endosomal retrieval to the TGN (Pan et al., 2019).

Studies exploring the functions of the N-terminus of IRAP in trafficking and tethering specialized vesicles have shed new light on its potential roles in these cells. However, the physiological relevance of these functions is not well-understood. Despite this, the fact that IRAP possesses a cytosolic N-terminus which has the ability to not only regulate its trafficking but that of other vesicular proteins, suggests the subcellular localization of IRAP must be significant in regulating its function. This logic provides the first hint of an interplay between IRAP’s functional domains.



AN INTERPLAY BETWEEN THE FUNCTIONAL DOMAINS OF IRAP?


Subcellular Localization of IRAP Is Altered in Pathophysiology

In a basal state IRAP is predominantly located intracellularly in specialized endosomes, with slow recycling of these vesicles to the plasma membrane (Shi et al., 2008; Jordens et al., 2010). However, this recycling appears to be altered in pathophysiology. For example, following exogenous stimulation, IRAP is seen to rapidly translocate to the cell surface. Measurement of cell surface IRAP using a cell surface biotinylation method revealed that following treatment of 3T3-L1 adipocytes with insulin, there was an 8-fold increase in the proportion of IRAP at the plasma membrane (Ross et al., 1998). Similar results were seen in the same cell line using an alternative technique; immunofluorescence with an IRAP specific antibody (Liu et al., 2005). Redistribution of IRAP to the cell surface was also observed following stimulation with endothelin-1 in 3T3-L1 adipocytes (Wu-Wong et al., 1999), oxytocin in human vascular endothelial cells (Nakamura et al., 2000), immunoglobulin E in mast cells (Liao et al., 2006) and forskolin in PC12 cells (Matsumoto et al., 2001b). This translocation of IRAP is potentially indicative of an increased cellular demand for the C-terminus of IRAP to be expressed at the cell surface in these stimulated states to subserve a particular protective or pathophysiological role. Importantly, some of these stimulants mimic what is seen in various pathophysiological settings in which IRAP has a predominantly cell surface localization. For example, an increase in cell surface IRAP, measured by binding of the radiolabeled IRAP inhibitor, [H3]IVDE77, was observed in mouse pro-inflammatory M1-activated macrophages following stimulation with interferon-γ or lipopolysaccharide (Nikolaou et al., 2014).

Furthermore, an alteration to the characteristic recycling of IRAP is seen in type 2 diabetes. Maianu et al. (2001) examined the subcellular localization of both GLUT4 and IRAP in adipocytes isolated from healthy controls and type 2 diabetics and found that despite no detectable difference in IRAP protein expression between groups, IRAP and GLUT4 trafficking in diabetic patients appeared to be altered with redistribution to high-density microsomes and plasma membrane fractions in basal cells and impaired translocation following insulin stimulation. This results in impaired insulin action and a decrease in insulin-responsive vesicular trafficking (Maianu et al., 2001). Importantly, the accumulation of IRAP at the plasma membrane in type 2 diabetics correlates with the redistribution of IRAP to the cell surface in other disease states.

Overall, these studies suggest that the slow recycling of IRAP-containing vesicles to the plasma membrane seen in a basal state, is altered in pathophysiology, and mimics what is reported following exogenous stimulation. This potentially provides a mechanism by which the cell is able to regulate IRAP function by altering its localization. It is also worth considering whether this change in IRAP distribution contributes to the disease phenotype, with both a loss of IRAP in one location and a gain of IRAP in another having positive or negative consequences on the cell.



Physiological Example of IRAP Trafficking Regulating Its Catalytic Activity

Most studies to date have explored the functions of either the C- or N-terminus of IRAP independently. However, there is one reported physiological example in which a clear relationship between these domains was demonstrated. In the study by Wallis, Lankford (16), fasted wildtype or IRAP knockout mice were injected with saline or insulin, and then 5 min later, with radiolabeled vasopressin. Blood samples taken at 1, 2, and 3 min after injection, revealed significantly less intact substrate in the plasma of insulin-treated wildtype mice compared with saline treated wildtype mice. This suggests that insulin increased the clearance of circulating vasopressin, most likely due to a higher proportion of IRAP found at the cell surface following insulin stimulation. Importantly, there was no difference in the clearance of radiolabeled vasopressin from the circulation of saline- or insulin-treated IRAP knockout mice, validating that the vasopressin cleavage in wildtype animals can most likely be attributed to IRAP’s aminopeptidase activity (Wallis et al., 2007). Additionally, these results were not due to insulin-induced changes in total distribution volume or excretion, with similar plasma concentrations of radiolabeled inulin in saline- and insulin-treated wildtype and IRAP knockout mice (Wallis et al., 2007). Taken together, these findings show that increased translocation of IRAP to the cell surface following insulin stimulation, mediated the increase in vasopressin cleavage in wildtype animals. This highlights the physiological role of the N-terminus of IRAP in potentially regulating its aminopeptidase activity at the C-terminus.



CONCLUSION

Whilst the catalytic activity of IRAP as well as the mechanisms underlying the trafficking of IRAP-containing vesicles have been independently studied, the influence of one functional domain on the other remains poorly understood. The fact that IRAP alone in the M1 aminopeptidase family possesses trafficking motifs in its N-terminal domain suggests that tight regulation of its localization must be important in determining its functional significance. Additionally, mobilization of IRAP to the cell surface in various pathophysiological states further supports the idea that its localization may reflect the cellular demand for its catalytic activity in a given location and time and may provide a means by which the cell can regulate the degradation of extracellular substrates. These observations provide insights into the interplay between the catalytic activity of IRAP and its trafficking, highlighting the importance of addressing these functions together in future studies.
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It was reported three decades ago that intracerebroventricular injection of angiotensin IV (Ang IV, Val-Tyr-Ile-His-Pro-Phe) improved memory and learning in the rat. There are several explanations for these positive effects of the hexapeptide and related analogues on cognition available in the literature. In 2001, it was proposed that the insulin-regulated aminopeptidase (IRAP) is a main target for Ang IV and that Ang IV serves as an inhibitor of the enzyme. The focus of this review is the efforts to stepwise transform the hexapeptide into more drug-like Ang IV peptidemimetics serving as IRAP inhibitors. Moreover, the discovery of IRAP inhibitors by virtual and substance library screening and direct design applying knowledge of the structure of IRAP and of related enzymes is briefly presented.
Keywords: angiotensin IV, peptidemimetics, aminopeptidase N, cystinyl aminopeptidase, insulin-regulated aminopeptidase
INTRODUCTION
Angiotensin IV (Ang IV) is a small bioactive peptide in the renin-angiotensin system (RAS) formed after proteolytic degradation of angiotensin II (Ang II). In 1988, Braszko et al. (1988), at the Medical University of Bialystok, Poland demonstrated that intracerebroventricular injection of Ang IV (Val-Tyr-Ile-His-Pro-Phe), 1 in rat (1 nmol dose) improved memory and learning (Figure 1). Furthermore, it was reported that Ang IV affects both passive and conditioned avoidance response as well as motor activity. The impact of the hexapeptide in various experimental models, e.g., for Barnes maze, swim mazes as well as radial arm mazes were subsequently explored (Wright et al., 1993; Wright et al., 1996; Wright et al., 1999; Lee et al., 2003; Braszko et al., 2008; De Bundel et al., 2009). Related Ang IV analogues were studied as well, such as Nle-Ang IV 2 (Nle-Tyr-Ile-His-Pro-Phe) and the endogenous LVV-hemorphin-7 3 (Leu-Val-Val-Tyr-Pro-Trp-Thr-Gln-Arg-Phe), both with structural similarities to Ang IV at the N-terminal part of the peptides (Figure 1). Nle-Ang IV 2 and LVV-hemorphin-7 3, the latter formed after degradation of β-globin, were demonstrated to be strong promoters of memory retention and retrieval in rats (Lee et al., 2003; Lee et al., 2004; De Bundel et al., 2009). In 1992, Wright and Harding identified binding sites for the hexapeptide Ang IV in several brain areas associated with cognition, motor and sensory physiological functions (Swanson et al., 1992), e.g., in hippocampus (Harding et al., 1992). The encouraging data obtained after administration of Ang IV in the experimental models and the impact of Ang IV on parameters anticipated to be linked to cognition promoted an interest in more detailed studies of the hexapeptide.
[image: Figure 1]FIGURE 1 | Peptides with high affinity to the angiotensin IV (AT4) receptor.
Excellent reviews on Ang IV and its contribution to cognition are available (Gard, 2008; Albiston et al., 2011; Ho and Nation, 2018; Jackson et al., 2018; Wright and Harding, 2019). Herein we summarize the efforts the last three decades to transform the hexapeptide into more drug-like peptidemimetics acting at its receptor(s). We discuss from a medicinal chemistry perspective, starting points in the design processes and the very different approaches applied. The incorporation of various unnatural amino acid residues into peptides was proven to be a very productive methodology. The iterative stepwise modifications of the parent ligand Ang IV is first presented.
LINEAR ANGIOTENSIN IV ANALOGUES AND INCORPORATION OF UNNATURAL AMINO ACIDS
After systematic structure activity studies (SAR) of Ang IV analogues, involving glycine and D-amino acid scans in combination with displacement and incorporation of various alternative amino acid residues it became clear that the N-terminal Val-Tyr-Ile residues of the peptide ligands were important for high affinity to the specific binding site identified (Sardinia et al., 1993), named the AT4 receptor (de Gasparo et al., 1995). Furthermore, amino acid residues with hydrophobic side chains in the 1-position of the Ang IV analogues, e.g., a norleucine residue (cf. 2) combined with an unsubstituted amino group in the N-terminal seemed optimal. On the contrary, alterations in the C-terminal seemed less critical for activity and for instance a deletion of the C-terminal phenylalanine residue of 1 had only a minor impact and the binding affinity was essentially maintained (Sardinia et al., 1993; Sardinia et al., 1994; Krishnan et al., 1999).
Ang IV and related analogues are susceptible to proteolytic cleavage of the peptide bond between the Val1 and Tyr2 amino acid residues. Thus, a reduction of this N-terminal peptide bond rendered peptides significantly less prone to hydrolysis. Notably, most of the affinity to the binding site was still maintained. The Ang IV analogue peptide 4 and the Nle-Ang IV analogue 5 provide examples comprising two basic amino groups accessible for protonation in the N-terminal of the peptides and flanking hydrophobic 2-isopropyl and n-butyl side chains, respectively (Figure 2) (Sardinia et al., 1994). A reduced peptide bond between the amino acid residues Ile3 (or Val3) and His4 is the characteristic feature of divalinal-Ang IV 6 and norleual 7, two pseudopeptides that both for a long time served as important research tools (Krebs et al., 1996; Kramár et al., 2001).
[image: Figure 2]FIGURE 2 | Linear peptides with high affinity to the angiotensin IV (AT4) receptor and that are less prone to proteolytic degradation.
In the late 1990s Taisho Pharmaceuticals filed patent applications covering compounds that according to competitive experiments with radiolabeled [125I]Ang IV exhibited high affinity to hippocampus membranes from guinea pig (Kobori et al., 1997; Kobori et al., 1998). Kobori et al. (1997), Kobori et al. (1998) characterized the compounds as Ang IV receptor agonists and some of them, e.g., 8 with the straight four-carbon chain of the Nle residue at position one, exhibited very high affinity to the binding site (IC50 values < 1 nM) (Figure 3). The drug-like 8 encompasses a styrene moiety replacing His-Pro-Phe residues in the C-terminal of Ang IV. Furthermore, it was demonstrated that saturation of the trans styrene double bond of 8 was deleterious for activity. Reduction of the remaining peptide bond of 8 furnished 9, a compound that still bind to the binding site although with 40 times lower affinity. From the series of compounds that were disclosed it appears that the binding site favors two amine functions in the N-terminal part of the ligands in order to achieve an efficient binding to the receptor (cf. 4, 5, 6). Hence, a compound with an intact peptide bond between the Nle1 and Tyr2 residues but with a reduced peptide bond between the Tyr2 and Ile3 residues was essentially inactive (Kobori et al., 1997; Kobori et al., 1998).
[image: Figure 3]FIGURE 3 | The low molecular weight high-affinity angiotensin IV (AT4) receptor binding analogues 8 and 9 incorporate one or two reduced peptide bonds. PNB-0408 (10), devoid of an N-terminal amino group crosses the blood-brain barrier, enhances cognition and is interfering with the hepatocyte growth factor/c-Met receptor system.
In 2001, Albiston and Chai suggested that Ang IV exerts its procognitive actions by inhibition of a peptidase, insulin-regulated aminopeptidase (IRAP) (Albiston et al., 2001) and not through binding to a G-protein-coupled receptor as is the case of its major precursor angiotensin II (Ang II, Asp-Arg-Val-Tyr-Ile-His-Pro-Phe), that mediates its effects mainly through the Ang II receptor type 1 (AT1R) and the angiotensin receptor type 2 (AT2R). Thus, while the octapeptide Ang II exerts a powerful hypertensive effect and acts as a receptor agonist, it is degraded by proteolysis to a bioactive hexapeptide metabolite with a very different pharmacological profile that acts as an enzyme inhibitor. Notably, there are several other examples known demonstrating that small neuropeptides can be converted into fragments with significantly different biological effects, e.g., the nociceptive substance P is degraded to the antinociceptive substance P (1–7) (Fransson et al., 2008; Hallberg, 2015). Ang IV binds to both AT1R and AT2R but only at micromolar concentrations (Bosnyak et al., 2011; Hallberg et al., 2017). Furthermore, the IRAP inhibitors Ang IV (1) and LVV-hemorphin-7 (3) (Lee et al., 2003; Lew et al., 2003) inhibit also aminopeptidase N (AP-N, EC 3.4.11.2) activity (Garreau et al., 1998; Fruitier-Arnaudin et al., 2002) and LVV-hemorphin-7 (3), in addition, binds to the μ-opioid receptor (Nyberg et al., 1996).
IRAP (EC 3.4.11.3) is a single-spanning transmembrane zinc-metallopeptidase that belongs to the M1 family of aminopeptidases. The enzyme was cloned and characterized in adipocytes in vesicles containing the insulin-regulated glucose transporter GLUT4 (Keller et al., 1995; Keller, 2003), was identified as placental leucine aminopeptidase, oxytocinase, gp160 and vp165 and is a cystinyl aminopeptidase (Tsujimoto et al., 1992; Kandror and Pilch, 1994; Rogi et al., 1996; Rasmussen et al., 2000; De Bundel et al., 2008). IRAP is able to cleave the peptide bond between the N-terminal amino acid residues from several bioactive peptides in vitro, e.g., met-enkephalin and leu-enkephalin, dynorphin A, lysine-bradykinin, neurokinin A1, cholecystokinin-8, somatostatin, oxytocin and vasopressin (Lew et al., 2003) although the key substrates seem to be the macrocyclic oxytocin and arginine-vasopresin (Albiston et al., 2010a). Studies on the IRAP knockout (KO) mice suggest that vasopressin, oxytocin and somatostatin are physiologically important substrates (Wallis et al., 2007; De Bundel et al., 2015). Hence, the N-terminal peptide bonds of macrocyclic peptidic regulators of cognition, as vasopressin and oxytocin can be cleaved (Alescio-Lautier et al., 2000; Matsumoto et al., 2000; Matsumoto et al., 2001; Wallis et al., 2007). The aminopeptidase is expressed in areas of the brain associated with cognition (Fernando et al., 2005; Albiston et al., 2007; Albiston et al., 2011), and the observation that Ang IV improves memory and learning has attracted attention to the aminopeptidase IRAP as a potential macromolecular target for drugs for treatment of cognitive disorders (Wolfe, 2002; Gard, 2008; Wright and Harding, 2008; Hallberg, 2009). Moreover, the enzyme mediates a series of other important physiological activities that are related to immunology (Stratikos, 2014), e.g., antigen processing and trafficking of T-cells receptors and of glucose transporters (Waters et al., 1997; Bryant et al., 2002). The catalytic site of IRAP is located in the extracellular region and is highly homologous to two other important members of the M1 aminopeptidase family, endoplasmic reticulum aminopeptidase 1 (ERAP1) and 2 (ERAP2) (Evnouchidou et al., 2009). IRAP, ERAP1, and ERAP2 are the three so-called antigen processing aminopeptidases responsible for the processing of the N-terminus of antigenic peptides and the activity of the three enzymes constitutes an important regulatory node in antigen processing, vide infra (Stratikos, 2014).
It should be emphasized that macromolecular targets other than IRAP have been proposed to account for the positive physiological effects on cognition observed in vivo after administration of Ang IV and related analogues (Vanderheyden, 2009; Kawas et al., 2012; Benoist et al., 2014). The tyrosine kinase receptor c-Met that binds hepatocyte growth factor (HGF) and that is associated with memory and learning consolidation is one candidate (Wright et al., 2008; Yamamoto et al., 2010) being implicated in Alzheimer’s disease (AD) (Wright and Harding, 2011). Consequently, it is suggested that Ang IV exerts its action through the c-Met signaling pathway (Wright and Harding, 2019) and an overexpression HGF in the nervous system enhances learning and memory performance in mice (Kato et al., 2012). The Ang IV analogue Norleual 7 inhibits HGF-mediated effects at picomolar concentrations and blocks [125I]HGF binding to c-Met (Yamamoto et al., 2010). The drug-like PNB-0408 (N-hexanoyl-Tyr-Ile-N′-(5-carbamoylpentyl)amide 10, synthesized in the laboratories of Wright and Harding is of particular interest and penetrates the blood-brain barrier and improves cognitive activity. (Figure 3) (Wright and Harding, 2008; Wright and Harding, 2009; McCoy, 2010). PNB-0408 (dihexa) with a primary amid function in the C-terminal attached via a lipophilic tether to the Ile residue is devoid of the N-terminal amino group found in most Ang IV analogues, vide supra. The compound 10, derived from Nle-Ang IV 2 facilitates formation of new functional synaptic connections, facilitates LTP in hippocampal slices and amplifies memory consolidation in animal models of AD (Wright and Harding, 2015; Wright and Harding, 2019). Even though the brain hepatocyte growth factor/c-Met receptor system has attracted considerable attention (Wright and Harding, 2019), with regard to synthesis of small molecules and medicinal chemistry, it seems that most efforts so far have been devoted to identify new selective inhibitors of IRAP. To the best of our knowledge, no data on inhibition of IRAP by compounds 8 and 9 and related ligands from the Kobori laboratory nor by PNB-0408 (10) are yet available in literature.
After the pioneering work by Wright and Harding at Washington State University and by Kobori et al. (1997), Kobori et al. (1998). at Taisho Pharmaceuticals in Japan who identified low molecule strong binders to the Ang IV receptor in the 1990s, several groups have been engaged in the search for improved compounds interacting with the Ang IV receptor. The fundamental discovery by Albiston and Chai that IRAP is a molecular target for Ang IV and that IRAP seems to play an important physiological role and is associated with cognition encouraged focused research aimed at identifying new efficient IRAP inhibitors that could serve as pharmaceutical agents. Several complementary approaches were applied; 1) iterative modifications of the endogenous Ang IV, 2) virtual and substance library screening, and 3) direct design applying knowledge of the structure of IRAP. To make orally bioavailable IRAP inhibitors that reach the brain and that are metabolically relatively stable is a tremendous challenge.
Previously metal chelators (e.g., EDTA and phenantroline) were normally added in the experimental settings for determination of binding affinity. Although many of the ligands that in the 1990 ties had been identified as high-affinity binders inhibit IRAP (Lee et al., 2003; Lew et al., 2003), the ligands often demonstrated differences in potencies and rank orders in the IRAP assay in experiments where chelators were absent. It was postulated that the differences observed were attributed to the absence of zinc in the active site in presence of metal chelators (Lew et al., 2003; Demaegdt et al., 2004; Laeremans et al., 2005; Demaegdt et al., 2006). It became apparent that chelators must be omitted to obtain physiologically relevant data (Demaegdt et al., 2009).
Introduction of unnatural amino acids into peptide structures was demonstrated to provide a successful concept in the search for potent and metabolically stable inhibitors of IRAP. Hence, a β-homoamino acid scan of Ang IV performed at Vrije University in Brussels resulted in the identification of the metabolically stable derivative 11 (AL-11) with five-fold higher affinity to IRAP than Ang IV (Ki = 7.6 vs. 62 nM for Ang IV) and exhibiting a high selectivity for IRAP over AP-N (Figure 4) (Lukaszuk et al., 2008). Thus, insertion of methylene groups in both in the N- and C-terminals of Ang IV improved the inhibitors. The His4 and Pro5 residues of Ang IV were subsequently replaced by conformationally constrained residues and the highly selective and stable IRAP inhibitor 12 (AL-40, IVDE77) was identified, with >30-fold higher affinity (Ki = 1.7 nM) than Ang IV and improved both selectivity and metabolic stability (Lukaszuk et al., 2008; Lukaszuk et al., 2009; Nikolaou et al., 2013). In addition, the Belgium group assessed the roles of Tyr2, Pro5, and Phe6 in Ang IV by systematic incorporation of constrained residues. The replacements of Tyr2 by residues with restricted flexibility were deleterious for activity. For example, the compound 13 (racemic) is a very week IRAP inhibitor (Lukaszuk et al., 2011) and compound 14 with a 4-hydroxydiphenylmethane scaffold as a substitute for Tyr2 is essentially inactive (Figure 4) (Andersson et al., 2008). Thus, in summery the lipophilic character of the side chain in position 1 is essential and the proper orientation of the Tyr2 side chain in space is critical for activity and IRAP inhibition while various alternations and topography at the C-terminal are more acceptable.
[image: Figure 4]FIGURE 4 | The high affinity and metabolically stable IRAP inhibitors 11 (AL-11) and 12 (AL-40) both comprising β amino acid residues. The compounds 13 and 14 where the Tyr2 residue is replaced are inactive as IRAP inhibitors.
MACROCYCLIC ANGIOTENSIN IV ANALOGUES
The capability of IRAP to degrade physiologically important cyclic peptides has inspired the development of macrocyclic analogues of Ang IV. Our group synthesized a series of macrocyclic peptides with the aim to determine bioactive conformations and better understand the mode of binding and structural requirements for efficient binding of Ang IV to IRAP (Axén et al., 2006; Axén et al., 2007; Andersson et al., 2010; Andersson et al., 2011). Steric constrains were introduced. Attempts to obtain high affinity binding inhibitors by cyclization in the C-terminal was productive as expected from previously obtained data. Hence, the macrocyclic disulphide 15 encompassing an 11-membered macrocycle was more potent as an IRAP inhibitor than the native Ang IV and exhibited a Ki value of 26 nM (Figure 5). Since the macrocyclic system of 15, as deduced from modeling tends to adopt a γ-turn (Schmidt et al., 1997; Lindman et al., 2001), the entire C-terminal tripeptide fragment His-Pro-Phe was replaced by a 2-(aminomethyl)phenylacetic acid moiety anticipated to serve as a proper γ-turn mimic. The structurally simplified Ang IV peptidemimetic 16 was almost as active as Ang IV as an IRAP inhibitor while 17 was five-fold and 18 and the open chain 19 were 20-fold less active (Figure 5). Furthermore, compound 16 is degraded considerably more slowly in membrane preparations than Ang IV and stimulates proliferation of mouse neural stem cells at low concentrations, supporting a role of IRAP in neurogenesis (Axén et al., 2007).
[image: Figure 5]FIGURE 5 | Modifications in the C-terminal. Compound 15 with an 11-membered macrocyclic ring adopting a γ-turn in the C-terminal binds better than Ang IV to IRAP and 16 with a scaffold serving as a γ-turn mimetic incorporated in the C-terminal is essentially as active as Ang IV. Compounds 17, 18, and 19 bind to IRAP but are more than five-fold less potent.
Contrary to the results obtained after modification in the C-terminal of Ang IV where essentially all compounds examined exhibited some activity, oxidative cyclization of the side chains of Cys1 and Cys3 and consequently creation of an 11-membered disulfide macrocycle in the N-terminal rendered the inactive compound 20 (Figure 6). However, a widening of the ring system was productive and the Ang IV analogue 21 with a 13-membered macrocycle exhibited a moderate IRAP inhibitory capacity. Compound 22, a hybrid with the N-terminal from 21 and the C-terminal from 16 demonstrated a further enhanced potency (Ki = 23 nM) and a high selectivity for IRAP over AP-N (Andersson et al., 2010). Notably 16, devoid of a macrocyclic ring system in the N-terminal is not selective and inhibits both IRAP and AP-N activity, suggesting that introduction of proper conformational constrains in the N-terminal by macrocyclization improves selectivity (Axén et al., 2007). As deduced from molecular modeling, 15 and Ang IV seem to adopt a γ-turn at the C-terminal when binding to IRAP, while in the case of 21, a less well-defined turn conformation is adopted at the N-terminal. Further structural optimization delivered a large number of macrocyclic disulfides and among them 23 (HA08) encompassing a β3-homotyrosine residue in a 13-membered ring system and exhibiting the lowest Ki value in the series (Ki = 3.3 nM). HA08 is formed after an Hcy1/Cys3 side chain cyclization and is a competitive inhibitor and 20 times more potent than Ang IV and less prone to proteolytic degradation (Figure 6). The compound was designed to provide both high IRAP inhibitory capacity and an improved metabolic stability attributed to the introduction of an β-amino acid residue adjacent to the predicted scissile peptide bond. Enlargement of the ring system of 23, by oxidatative cyclization of Hcy1/Hcy3 side chains rather than the Hcy1/Cys3 side chains of 23 resulted in a compound comprising a 14-membered macrocycle but with a somewhat lower affinity to IRAP (Ki = 5.1 nM), vide infra. Furthermore, one important characteristic of 23 (HA08) is its high 2,000-fold selectivity for IRAP over AP-N and high selectivity vs. the homologous enzymes ER aminopeptidase 1 (ERAP1) and ER aminopeptidase 2 (ERAP2). Replacement of the L-amino acids of 23 with D-amino acids were not productive (Andersson et al., 2010). Deletion of the N-terminal amino group of 23 had a dramatic effect. Hence, 24 is inactive as an IRAP inhibitor, cf. the potent cognitive enhancer 10 (PNB-0408, dihexa), derived from Ang IV, vide supra. Furthermore, removal of the methylene carboxy group at the C-terminal of 23 resulted in a less efficient IRAP inhibitor. Introduction of a primary carboxamide in the C-terminal (cf. PNB-0408, 10) to replace the carboxy group of 23 provided 25 that inhibits IRAP but exhibits a two-fold lower activity (Figure 6). A reduction of the N-terminal peptide bond of 25, with the ambition to achieve a compound even more resistant to proteolytic cleavage, provided 26 (Barlow et al., 2020). This maneuver was not fruitful and compound 26 displays a Ki value in the micromolar range in sharp contrast to what could be expected considering the results obtained after reduction of Ang IV or Nle-Ang IV, cf. 1 vs. 4 and 2 vs. 5 where the bioactivities were essentially retained after reduction of the carbonyl group of the peptide bond, vide supra. Moreover, in attempts to replace the hydroxyl group of the tyrosine moiety to avoid potential problems with phase II metabolism compound 27 was prepared (Barlow et al., 2020). This fluoro compound (27) is 10-fold less potent than 25 demonstrating that interactions with the hydroxyl group is important, although not critical for activity.
[image: Figure 6]FIGURE 6 | Macrocyclizations in the N-terminal. The Ang IV analogue 20 encompassing an 11-membered macrocycle is inactive while 21 with a 13-membered ring system inhibits IRAP efficiently. The selective compound 23 (HA08) is the most potent IRAP inhibitor in the series and deletion of the N-terminal amino group of 23 makes the ligand (24) inactive. The carboxamide 25 is two-fold and the fluoro compound 27 is 10-fold less potent than 23 as IRAP inhibitors. Compound 26 comprising a reduced peptide bond in the N-terminal is a weak IRAP inhibitor.
Crystal structures of IRAP were recently solved (Hermans et al., 2015; Mpakali et al., 2015). Based on analyses of available crystal structures a tentative model for 23 (HA08) binding to IRAP was created in 2016 by applying MD simulations and calculating associated binding free energies by the linear interaction energy (LIE) method. According to the model, the carbonyl group of the N-terminal peptide bond of 23 is coordinated to the Zn2+ ion, whereas the terminal amine is fixed by three glutamate carboxylates (Glu431, Glu487, and Glu295) (Diwakarla et al., 2016b). Regarding the affinity of the fluoro compound 27, it was anticipated that the hydroxyl group of the tyrosine side chain of 25 makes a hydrogen-bond with Glu494 of IRAP, an interaction that is lost in the case of 27 according to the free energy perturbation (FEP) analysis (Jespers et al., 2019), explaining the reduction in binding affinity of compound 27 as compared to the analogous compound 25. Moreover, it was postulated that the aromatic ring of the β3-homotyrosine side chain and the C-terminal phenyl ring interact and Phe550 in IRAP further stabilizes aromatic/hydrophobic packing (Barlow et al., 2020).
More recently, a crystal structure of IRAP with the macrocyclic peptide inhibitor 23 (HA08) was reported (Mpakali et al., 2020). After a comparison with the known IRAP structures and a combination with small angle X-ray scattering experiments it was proposed that IRAP is an open dimer in solution and assumes a more compact conformation upon HA08 binding. Thus, 23 (HA08) stabilizes the closed conformation of IRAP. Compound 23 is combining the structural elements from Ang IV and the physiological substrates vasopressin and oxytocin. The cleavage of the scissile bond of substrates as oxytocin and vasopressin is anticipated to take place after a nucleophilic attack by water assisted by the carboxylate function of Glu465 in the active site of IRAP. Importantly, the corresponding cleavage of the scissile bond of the 13-membered 23 (HA08) in the closed conformation of IRAP is less prone to occur since there is not enough space for motion of water molecules to interact with the carboxylate group of Glu465. In fact, no ordered water molecule is found in the crystal structure at that location. The structure reveals that the side-chain of the β-tyrosine amino acid residue is situated in the S1 pocket of the enzyme and that the disulfide bond abuts to the S1′ pocket. The phenylacetic acid group of HA08 was found in two different orientations; a) the carboxyl group makes electrostatic interactions with Arg439 and Arg929 of IRAP and b) phenyl ring of the phenylacetic acid group makes pi-stacking interactions with Tyr961. Moreover, it was suggested from inhibition data that 23 (HA08) acting through a competitive mechanism and Ang IV may occupy the same binding site and operate by the same mode of action. The structure of the IRAP (Mpakali et al., 2020) was found very similar to that reported previously with a phosphinic pseudotripeptide transition-state analogue binding to the enzyme, vide infra (Mpakali et al., 2017). It was concluded that HA08 binds to IRAP in a very similar conformation to what was proposed by the MD simulations (Diwakarla et al., 2016b; Barlow et al., 2020).
The metathesis reaction was applied to obtain a series of macrocyclic compounds, devoid of the reactive disulfide function and with the potential to become oral bioavailable and more metabolically stable (Driggers et al., 2008; Marsault and Peterson, 2011). Several carba analogues comprising a 13- or 14-membered heterocycle were synthesized and assessed (Andersson et al., 2011). Among those, the tyrosine derivative 28 exhibited a Ki value of 4.1 nM and the corresponding analogue with a saturated double bond, compound 29, a Ki value of 25 nM, demonstrating that a proper constrain of flexibility of the ring system, alternatively an electron density in the center of the lipophilic bridge between amino acid residues in positions 1 and 3 is favorable for affinity to IRAP (Figure 7). Compound 30 encompassing a homo tyrosine in a 14-membered macrocycle and with a trans double bond provided the lowest Ki value in the series, 1.8 nM, while the corresponding tyrosine analogues with the 13-membered ring system exhibited a Ki value of 50 nM. Compound 31, the cis isomer of 30, demonstrated a lower affinity to the enzyme (Ki = 30.4 nM). The high activity of 30 prompted a synthesis of the corresponding disulfide 32 with a 14-membered ring system anticipated be able to adopt a similar “trans conformation” as 30. A high activity was encountered, Ki = 5.1 nM, to be compared with 23 (HA08) with a Ki of 3.3 nM, the latter comprising a 13-membered macrocyclic system. Insertion of amide bonds at various locations in the carbon chain was not productive. The lactams 33 and 34 comprising 14-membered ring systems were most active in the series but nonetheless 100-fold less potent than the best disulfide and carba analogues (Barlow et al., 2020).
[image: Figure 7]FIGURE 7 | Macrocyclizations in the N-terminal. A comparison of the activity of a series of cyclized Ang IV analogues encompassing 14-membered ring systems. The macrocyclic 28 and 30, made by metathesis reactions are the most potent IRAP inhibitors in the series and somewhat more potent than the disulfide analogue 32. Compound 29 with a saturated carbon bridge and the cis isomer 31 are 10-fold less potent and the amides 33 and 34 more than 100-fold less potent than the most effective IRAP inhibitor compound 30.
The disulfide and carba analogues examined demonstrated a relative high stability against proteolysis by metallopeptidases, despite the similarities in the N-terminal to oxytocin 35 and vasopressin 36 that both serve as substrates to IRAP (Alescio-Lautier et al., 2000; Matsumoto et al., 2000; Matsumoto et al., 2001; Wallis et al., 2007; Hermans et al., 2015). This is most likely attributed to the inability of the constrained 13- and 14-membered macrocycles to adopt the proper transition states required for cleavage of the N-terminal peptide bond (Andersson et al., 2011) (Figure 8).
[image: Figure 8]FIGURE 8 | The macrocyclic disulfides oxytocin (35) and vasopressin (36) are IRAP substrates.
To conclude, macrocyclizations by oxidative disulfide formations in the N-terminal of Ang IV analogues or alternatively displacement of the disulfide unite with a trans double bond can provide very potent inhibitors of IRAP, as exemplified with 23 (HA08) comprising a 13-membered ring system and 28, 30, and 32 comprising 14-membered ring systems. Macrocyclization can convey drug-like properties of larger molecules (Driggers et al., 2008; Brandt et al., 2010; Marsault and Peterson, 2011; Mallinson and Collins, 2012; Giordanetto and Kihlberg, 2014) that includes improved membrane permeability compared to acyclic matched pairs and oral bioavailability but also often improved affinity for the target, improved selectivity and reduced metabolism (Hess et al., 2008; Bogdan et al., 2011; Yap et al., 2016).
The macrocycle 23 was selected as a proper research tool for more detailed studies since the molecule is convenient to prepare and due to its structural similarity to the IRAP substrates oxytocin and vasopressin in its N-terminal. A decline in the dendritic spine density (DSD) is an early characteristic feature of many neurodegenerative diseases (Fiala et al., 2002; Bourne and Harris, 2008; van Spronsen and Hoogenraad, 2010; Penzes et al., 2011) and drugs able to enhance DSD are suggested as potential candidates for future treatment of memory disorders (Lynch et al., 2008). Dendritic spines, small protrusions from the dendrites that acts as contacts with neighboring axons and contain all of the molecular machinery required for synaptic plasticity and storage of memories. Hence, the procognitive activity of a molecule in vivo correlates well with its in vitro ability to alter dendritic spine structure and DSD (Moser et al., 1994; O’Malley et al., 1998; O’Malley et al., 2000; Benoist et al., 2011; Fu et al., 2012; Lai et al., 2012; McCoy et al., 2013). The specific loss of stubby/mushroom spines, which morphologically are characterized by a larger spine head and functionally have stronger synapses (Nusser et al., 1998; Matsuzaki et al., 2001; Murthy et al., 2001) is assumed to have a more pronounced impact on cognitive decline (Kasai et al., 2003). The competitive IRAP inhibitor 23 (HA08) enhances the numbers of dendritic spines in hippocampal cell cultures and HA08 treatment resulted in an increasing number of stubby and mushroom-like spines, a morphology typically associated with mature spines, which are believed to have strengthened synaptic connectivity. The dendritic spines were also vesicular glutamate transporter 1 (vGLUT1) positive, indicating that spines were receptive to glutamatergic signaling. Notably, in contrast to 23 (HA08), a structurally very similar epimer (HA09) which differs only with regard to one stereogenic center and exhibiting a 100-fold lower affinity to IRAP did not affect spine morphology, indicating a correlation between the capacity to inhibit IRAP and a positive impact on DSD and spine morphology. HA09 comprises a Cys3 residue with R rather than S-configuration. The effect of 23 (HA08) was similar to that of brain-derived neurotrophic factor (BDNF) that is a known inducer of spine development (Diwakarla et al., 2016b).
SMALL MOLECULE INSULIN-REGULATED AMINOPEPTIDASE INHIBITORS FROM IN SILICO SCREENING
In 2008, Siew Chai and her group in Australia disclosed the first generation of drug-like small molecular weight inhibitors of IRAP (Albiston et al., 2008). An in silico screening of a homology model of IRAP based on the crystal structure of LTA4H (Leukotriene-A4 hydrolase) was applied (Thunnissen et al., 2001). The virtual screening of a library of approximately two million compounds resulted in a lead series of inhibitors encompassing a benzopyran scaffold. Among the more potent compounds were the racemic pyridine derivative 37 (HFI-419), and the quinoline derivatives 38 (HFI-435) and 39 (HFI-437) exhibiting Ki values of 420, 360, and 20 nM, respectively (Figure 9). The benzopyran-based IRAP inhibitor 37, with high selectivity vs. aminopeptidases such APN, ERAP1, ERAP2, and LTA4H, exerted a cognitive-enhancing effect in rodents after icv administration similar to that of Ang IV 1 and LVV-H7 3 (Albiston et al., 2008; De Bundel et al., 2009).
[image: Figure 9]FIGURE 9 | The first drug-like small molecule IRAP inhibitors reported. The benzopyran derivatives 37, 38, and 39 were discovered after in silico screening.
As deduced from computational docking the S-isomer is the preferred binding mode of the inhibitors although alternative binding conformations were suggested (Albiston et al., 2010b) However, after determination of the crystal structure of IRAP, computational docking of, e.g., 37, 38, and 39 into the IRAP structure demonstrated that these inhibitors all bind in the same orientation relative to the active site (Hermans et al., 2015), in contrast to conclusions drawn in previous modeling studies. Moreover, a rationale for the unique specificity of IRAP to process endogenous macrocyclic peptides such as oxytocin (35) and vasopressin (36) was presented (Hermans et al., 2015). Structure–activity relationship of a large series of benzopyran analogues has been established and the structural elements most important for binding have been determined. The lead candidate 37 (HFI-419) exhibits brain exposure following intravenous administration in rats but was found to be rapidly degraded to the corresponding deacetylated and less active IRAP inhibitor (Mountford et al., 2014).
An increase in the activity of matrix-metalloproteases (MMPs) or an increase in neuronal glucose uptake are two likely mechanisms by which inhibition of IRAP can provide an enhancement of memory. Modulation of either of the two systems is known to improve memory and learning as well as affect DSD. The benzopyran 37 (HFI-419) enhances spatial working memory in rats and the inhibition of IRAP by 37 increased DSD prior to peak dendritic growth in hippocampal neurons (Seyer et al., 2020). Moreover, it was concluded that this enhancement was likely to be driven by GLUT4-mediated changes to DSD. In particular, the inhibition of IRAP led to an enhancement of the proportion of mushroom/stubby-like spines. Furthermore, the spines were estimated to be functional based on their expression of the pre-synaptic markers vesicular glutamate transporter 1 and synapsin. The spine formation was inhibited in the case when the GLUT4-mediated glucose uptake was blocked. Thus, these results strongly suggest that IRAP inhibitors may facilitate memory by increasing hippocampal DSD via a GLUT4-mediated mechanism (Seyer et al., 2020).
SMALL MOLECULE INSULIN-REGULATED AMINOPEPTIDASE INHIBITORS FROM SUBSTANCE LIBRARY SCREENING
Our laboratory screened a substance library screen of 10 500 low-molecular-weight compounds in an enzyme inhibition assay with IRAP originating from Chinese hamster ovary (CHO). Three structurally different classes of compounds considered to be of particular interest as starting points for the development of small-molecule IRAP inhibitors were identified. The arylsulfonamide 40 with no structural similarities to Ang IV was one of them (Engen et al., 2016) (Figure 10). Compound 40 comprises a tetrazole ring in the meta position of an aromatic ring of an arylsulfonamide which is the characteristic feature of the sulfonamide class of compounds. Subsequently a large series of tetrazole derivatives were prepared and examined (Borhade et al., 2014) and a few of them were studied in detail. For example 41, that is a competitive inhibitor of IRAP and exhibits an IC50 of 540 nM in a recombinant human IRAP assay. This sulfonamide (41) demonstrates a high metabolic stability and alters dendritic spine morphology and increases spine density in primary cultures of hippocampal neurons (Diwakarla et al., 2016a; Vanga et al., 2018). Molecular dynamics simulations and binding affinity estimations with the linear interaction energy method were performed for a large series of the arylsulfonamides. The significant agreement with experimental affinities suggested one of several tentatively proposed binding modes. Thus, the side chain of Arg439 of IRAP was estimated to interact with the tetrazole ring of the inhibitors while one of the oxygens of the sulfonamide function binds to the zinc ion of the enzyme. The NH of the sulfonamide binds to Glu 431 och Glu 295 via a water molecule bridge. This proposal was supported by the essentially perfect correlation for binding affinity differences between the selected pair of compounds obtained by rigorous free energy perturbation calculations by Gutierrez-de-Teran’s group (Vanga et al., 2018).
[image: Figure 10]FIGURE 10 | The sulfonamides 40 and 41 and the spiro-oxindole dihydroquinazolinone 42 were identified after screening a substance library of 10,500 low-molecular-weight compounds.
In addition to the sulfonamides, e.g., 40 and 41, the spiro-oxindole dihydroquinazolinone derivative 42 was identified in the screening campaign and subsequently a large series of related analogues were made, e.g., by applying rapid MW-assisted reactions and thereafter examined as IRAP inhibitors in bioassays (Engen et al., 2020) (Figure 10). Compounds that were selective toward the closely related APN and that exhibited sub-μM affinity were identified. Enantiomers were separated and according to computational modeling the inhibitory capacity of the compounds were attributed to the S-configuration of the spiro-oxindole dihydroquinazolinones. The derivatives with corresponding R-configuration were postulated to be essentially inactive in all cases. Notably, the proposed binding mode is compatible with the simultaneous binding of the substrate L-Leu-pNA, in agreement with the uncompetitive IRAP inhibition determined for a representative compound. Unfortunately, the compounds suffer from poor in vitro metabolic stability (Engen et al., 2020).
DIRECT DESIGN FROM THE STRUCTURE OF INSULIN-REGULATED AMINOPEPTIDASE
In 2013, laboratories in Greece and Stratikos’ and Georgiadis’ groups reported that the phosphinic pseudotripeptide 43 (DG013A) is a potent inhibitor of IRAP with an IC50 of 57 nM (Figure 11). In contrast to 23 (HA08), the pseudotripeptide 43 was not selective and the related ERAP1 and ERAP2 were inhibited as well showing IC50 values of 48 and 80 nM, respectively (Zervoudi et al., 2013). As deduced from an X-ray crystallographic analysis of 43 in complex with ERAP2 it was concluded that the three first specificity pockets of the enzyme was of particular importance for binding to the enzyme (Zervoudi et al., 2013). The two oxygen atoms of the hydroxyphosphinyl group of 43 are interacting with the zinc ion whilst hydrogen bonds with Glu371 and Tyr455 essential for catalysis are created. Phosphinic peptides often share structural similarities with the transition-state of peptide substrate upon hydrolysis (Georgiadis and Dive, 2015).
[image: Figure 11]FIGURE 11 | The phosphinic pseudotripeptide 43 (DG013A) is a potent IRAP inhibitor but is not selective and is equally effective inhibiting both ERAP1 and ERAP2. Compound 44 (DG026) comprising a bulky P1ʹ substituent is more IRAP selective than 43. Compounds 45 (DG046) and 46 that are further modified in the P1ʹ position are the most potent IRAP inhibitors in the series and approximately 10-fold selective vs. ERAP1 and ERAP2. The IRAP inhibitors 47 and 48 encompassing a 3,4-diaminobenzoic acid (DABA) scaffold are significantly less efficient than 43–46 as IRAP inhibitors.
The phosphinic group is, as compared to, e.g., thiols and hydroxamic acids more weakly binding to zinc ions in metalloproteases and a significantly improved selectivity could be achieved by systematic variations of the side chains at P1′ and P2′ positions of 43. Thus, the affinity to IRAP was improved after an enlargement of the P1ʹ as exemplified by 44 (DG026) exhibiting an IC50 of 32 nM while the affinity to ERAP1 dropped 100-fold. The crystal structure of IRAP in complex with 44 reveals that the enzyme undergoes structural reconfiguration that allows the accommodation of bulky side chains of the inhibitor. A closed conformational state of IRAP is created that is believed to be induced upon ligand binding. A hollow structure is formed excluding access of external solvent to the catalytic center (Mpakali et al., 2017). Notably, a propargyl group at P1′ or alternatively an extended P1′ side chain resulted both in very potent and fairly selective IRAP inhibitors, 45 (DG046) with IC50 values of 2 nM and 46 with a IC50 value of 4 nM (Figure 11). Thus, the potent IRAP inhibitor 45 demonstrated for ERAP1 an IC50 of 43 nM and for ERAP2 an IC50 value of 37 nM. The corresponding IC50 values for the oxazole derivative 46 with the extended P1ʹ side chain were 35 and 57 nM, respectively (Kokkala et al., 2016). Recently, a high-resolution crystal structure of phosphinic pseudopeptide inhibitor 45 (DG046) in the closed-conformation of ERAP1 was disclosed (Giastas et al., 2019b) and a mechanism for antigen peptide selection by ERAP1 presented (Giastas et al., 2019a). A review on inhibitors ERAP1 and ERAP2 was recently published (Georgiadis et al., 2019).
In 2015, Papakyriakou et al. reported a large series of inhibitors of ERAP1, ERAP2, and IRAP. This set of compounds comprises a 3,4-diaminobenzoic acid (DABA) scaffold (Papakyriakou et al., 2015). Compound 47 exhibited the best IRAP inhibitory capacity (IC50 = 105 nM) and demonstrated an almost 10-fold selectivity vs. ERAP1 (IC50 = 900 nM) and 15-fold improved selectivity vs. ERAP2 (IC50 = 1,600 nM) (Figure 11). L-Nle was preferred in the N-terminal for optimal inhibition and zinc coordination to the oxygen of the benzamide function is estimated to allow the lipophilic P1 substituent to be easily accommodated in the S1 pocket. In such conformation, the terminal amine group can form salt bridge interactions with two conserved glutamates, Glu295 and Glu431. Furthermore, the free aniline group could form a hydrogen bond with the catalytic E465 residue of IRAP. Deprotection of 47 to furnish an inhibitor with a carboxylate in the C-terminal exhibited a somewhat lower binding affinity for IRAP (IC50 = 296 nM). L-Val-OBn rather than L-Trp-OBn in the C-terminal led to a ten times less potent inhibitor of IRAP. The IRAP inhibitor 48 was the best inhibitor in a second series of bioisosteric diaminobenzoic acid inhibitors but was both less potent and selective as compared 47 (Papakyriakou et al., 2015).
Most small molecule binders of the oxytocinase subfamily of M1 aminopeptidases, e.g., the phosphinic pseudotripeptides 43–46 address the active site and establish strong interactions with the catalytic zinc ion. Highly potent enzyme inhibitors can be achieved but the selectivity obtained is often insufficient. Vourloumis’ group explored a large series of weaker zinc binding groups as potential alternatives to, e.g., the zinc binding amide function found in the 3,4-diaminobenzoic acid derivatives 47 and 48 (Tsoukalidou et al., 2019). Functionalized pyridinone- and pyridinethione-scaffolds, nicotinic-, isonicotinic-, aminobenzoic- and hydrazinobenzoic acids were prepared and examined as bioisosters, but no significant improvement of affinity was encountered by this maneuver. It was concluded that the potency of the compounds in the oxytocinase subfamily is mainly attributed to the occupation of the active site specificity pockets and their orientation in the enzymes (Tsoukalidou et al., 2019).
CONCLUSION
A series linear Ang IV analogues demonstrating improved metabolic stability and very high affinity to IRAP have been reported, e.g., the potent hexapeptides 11 (AL-11) and 12 (IVDE77) with Ki values of 7.6 and 1.7 nM, respectively, data to be compared with the Ki value of Ang IV of 62 nM in the same binding assay. These pseudopeptides that have been studied in some detail are encompassing β-amino acid residues and 12, in addition a conformationally constrained residue close to the C-terminal of the peptide. Furthermore, various macrocyclizations of Ang IV and subsequent simplifications of the structures delivered a series of selective high affinity ligands mimicking the substrates oxytocin and vasopressin in the N-terminal. For example, the disulfide 23 (HA08) that comprises a 13-membered ring system, a γ-turn mimetic in the C-terminal and a β-amino acid residue in the N-terminal ring system exhibits a Ki of 3.3 nM. The density of dendritic spines is closely associated with memory enhancement and 23 was found to increase the density of spines in the hippocampus significantly. To summarize, although very potent IRAP inhibitors have been discovered after systematic alterations starting from Ang IV none of the compounds are expected to reach the brain, at least not after oral administration.
Furthermore, ligands derived from the hexapeptide Ang IV but that are not proven to act as IRAP inhibitors have been reported. Thus, according to patent literature the drug-like 8 and 9 exhibit a very high affinity to the Ang IV binding site named the AT4 receptor. Moreover 10 (PNB-0408), a low-molecular weight molecule lacking the N-terminal amino group found in Ang IV analogues enhances cognition and is reported to crosses the blood-brain barrier and subsequently exert its action by interacting with the hepatocyte growth factor/c-Met receptor system. The compound has been studied in detail and promising pharmacological data have been reported. We believe that the positive effects of 10 on cognition are not attributed to inhibition of IRAP.
The HFI series of compounds, e.g., 37 (HFI 419) identified in 2008 after the virtual screening are much more drug-like than the hexapeptides 11 (AL-11), 12 (IVDE77), and the potent macrocyclic Ang IV analogue 23 (HA08) and can hopefully after further systematic optimization be converted into bioactive small molecules with capacity to cross the blood-brain barrier. However, while HFI 419 exerts a proven cognitive-enhancing effect in rodents after icv administration similar to that of Ang IV 1 and LVV-H7 3, the Ki value of 420 nM seems not optimal. The high throughput screening campaign of the substance library provided several hit compounds one of those the drug-like aryl sulfonamide 40 that was subsequently optimized into 41 that is a metabolically stable and reversible IRAP inhibitor. The sulfonamide 41, like 23 (HA08) and 37 (HFI 419) increases spine density in primary cultures of hippocampal neurons but is unfortunately a too poor inhibitor of IRAP and is demonstrating a Ki value of 540 nM. Similarly, compounds from the spiro-oxindole dihydroquinazolinone series identified in the screening, e.g., 42 are weak inhibitors and besides that not stable in in vitro assays.
The phosphinic pseudotripeptide series of compounds designed from structural and mechanistic knowledge of IRAP and the related ERAP1 and ERAP2 are promising and some of them exert powerful IRAP inhibitory effects. Thus, pseudotripeptides 45 and 46 exhibit Ki values of 2 and 4 nM, respectively and an approximately 10-fold selectivity vs. ERAP1 and ERAP2. This class of inhibitors holds promise for the future. The 3,4-diaminobenzoic acid series of compounds, e.g., 47 with a Ki value of 105 nM are less efficient IRAP inhibitors.
In summary, both direct design relying on mechanistic knowledge and available structural data from the oxytocinase subfamily of M1 aminopeptidases as well as iterative manipulations of the parent peptide Ang IV, involving insertion of unnatural amino acids as β-amino acids, macrocyclizations and various structural simplifications have provided highly potent selective Ang IV peptidemimetics inhibiting IRAP. Nevertheless, no inhibitor has yet reached phase I clinical trials and further efforts are needed to circumvent all obstacles related to absorption, metabolism and various issues on pharmacokinetics in order to eventually achieve orally bioavailable drug candidates acting as cognitive enhancers in vivo.
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Insulin regulated aminopeptidase (IRAP) is a type II transmembrane protein with broad tissue distribution initially identified as a major component of Glut4 storage vesicles (GSV) in adipocytes. Despite its almost ubiquitous expression, IRAP had been extensively studied mainly in insulin responsive cells, such as adipocytes and muscle cells. In these cells, the enzyme displays a complex intracellular trafficking pattern regulated by insulin. Early studies using fusion proteins joining the IRAP cytosolic domain to various reporter proteins, such as GFP or the transferrin receptor (TfR), showed that the complex and regulated trafficking of the protein depends on its cytosolic domain. This domain contains several motifs involved in IRAP trafficking, as demonstrated by mutagenesis studies. Also, proteomic studies and yeast two-hybrid experiments showed that the IRAP cytosolic domain engages in multiple protein interactions with cytoskeleton components and vesicular trafficking adaptors. These findings led to the hypothesis that IRAP is not only a cargo of GSV but might be a part of the sorting machinery that controls GSV dynamics. Recent work in adipocytes, immune cells, and neurons confirmed this hypothesis and demonstrated that IRAP has a dual function. Its carboxy-terminal domain located inside endosomes is responsible for the aminopeptidase activity of the enzyme, while its amino-terminal domain located in the cytosol functions as an endosomal trafficking adaptor. In this review, we recapitulate the published protein interactions of IRAP and summarize the increasing body of evidence indicating that IRAP plays a role in intracellular trafficking of several proteins. We describe the impact of IRAP deletion or depletion on endocytic trafficking and the consequences on immune cell functions. These include the ability of dendritic cells to cross-present antigens and prime adaptive immune responses, as well as the control of innate and adaptive immune receptor signaling and modulation of inflammatory responses.
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IRAP IDENTIFICATION AND TISSUE EXPRESSION

The IRAP (insulin regulated or responsive aminopeptidase) protein is encoded by the human gene LNPEP. Although IRAP is the most commonly used name for this protein, other names related to the various substrates cleaved by the enzyme are also used, such as oxytocinase, OTASE, leucyl and cystinyl aminopeptidase, placental leucine aminopeptidase (P-LAP), cystinyl aminopeptidase (CAP), and vasopressinase.

While placental leucine aminopeptidase activities were described more than 50 years ago (Beckman et al., 1966, 1969), DNA sequences coding for IRAP were first identified in 1995 from a rat adipose tissue cDNA library (Keller et al., 1995) and 1 year later from a human placental cDNA library (Rogi et al., 1996). Soon after its identification, IRAP intracellular distribution was analyzed in adipocytes, where in basal conditions the enzyme colocalizes with the regulated glucose transporter, Glut4, in intracellular vesicles called Glut4 storage vesicles (GSV) (Ross et al., 1996). Upon adipocyte stimulation by insulin, IRAP, like Glut4, rapidly translocates to the cell surface from where it is rapidly endocytosed with a half-life of about 3 to 5 min, probably via a clathrin-mediated endocytic pathway (Summers et al., 1999). Even though the vast majority of studies on IRAP had been performed in adipocytes, already Keller et al. (1995) detected the protein by immunoblot in several tissues, such as heart, brain, spleen, lung, muscles, and kidney. The wide tissue distribution of IRAP has been confirmed by Mizutani’s group which detected IRAP at mRNA and protein level in placental syncytiotrophoblasts, endothelial cells, gastrointestinal tract, several epithelial cell types from the liver, pancreas, lung, and kidney, as well as neuronal cells (Nagasaka et al., 1997). They concluded that the broad tissue distribution of IRAP is suggestive for a much more complex and varied function of the protein beyond the regulation of oxytocin and vasopressin levels in the blood.

Further studies confirmed the almost ubiquitous IRAP expression and its involvement in a variety of physiological processes, such as antigen cross-presentation by major histocompatibility class I (MHC-I) molecules (Saveanu et al., 2009; Segura et al., 2009; Weimershaus et al., 2012), endosomal Toll-like receptor (TLR) signaling (Babdor et al., 2017), lactation (Tobin et al., 2014), cognition (Banegas et al., 2010; Elkins et al., 2017), and stress responses (Hernández et al., 2015). During the investigation of these various functions, it became evident that in all cell types analyzed, IRAP is localized in intracellular vesicles reminiscent of adipocyte GSV that we proposed to call “cell-specific storage endosomes” (Saveanu and van Endert, 2012).



IRAP PROTEIN STRUCTURE AND POST-TRANSLATIONAL MODIFICATIONS

IRAP belongs to the M1 aminopeptidase family and has more than 40% sequence identity with the endoplasmic reticulum aminopeptidases ERAP1 (synonyms A-LAP, PILSAP) and ERAP2 (synonym L-RAP). Based on phylogenetic analyses, IRAP, ERAP1, and ERAP2 were classified in a distinct group of M1 aminopeptidases named “oxytocinase subfamily of M1 aminopeptidases” (Tsujimoto and Hattori, 2005). Even though all three enzymes are able to trim the N-terminus of antigenic peptides, they do so in different patterns consistent with the need to produce epitopes in different antigen presentation pathways: ERAP1 and ERAP2 mainly contributing to direct MHC-I presentation (Saveanu et al., 2005; Weimershaus et al., 2013) and IRAP to cross-presentation (Saveanu et al., 2009; Segura et al., 2009; Weimershaus et al., 2012). The elucidation of the crystal structures of IRAP, ERAP1, and ERAP2 in combination with biochemical studies revealed differences in substrate specificity and mechanism of action (Nguyen et al., 2011; Evnouchidou et al., 2012, 2014; Mpakali et al., 2015a,b, 2017a) that could also explain different antigen processing by different cell types (Segura et al., 2009; Weimershaus et al., 2012; Dinter et al., 2014; Mpakali et al., 2017b). IRAP was the last member of this subfamily to have its crystal structure resolved (Mpakali et al., 2015b). This delay was mainly due to the presence of a cytoplasmic and transmembrane domain, which make the expression and purification of the full-length protein very difficult, as well as its high degree of glycosylation, which is a major hurdle for the acquisition of high-quality crystals suitable for crystallography. Therefore, much information on the enzyme structure came earlier from biochemical studies.

IRAP is a type-II membrane-spanning protein that has a cytoplasmic domain composed of 109 amino acids, followed by a 23-amino acid transmembrane domain and an extracellular or intraluminal (depending on its localization inside the cell) 893-amino acid domain. The extracellular domain bears the Zn2+ binding and GAMEN motifs that are essential for the enzyme’s aminopeptidase activity (Keller et al., 1995). Unlike murine IRAP, the human protein bears a putative cleavage site for ADAM12 (F154/A155) that after proteolysis allows the release of a soluble form detectable in the serum during pregnancy (Iwase et al., 2001; Ofner and Hooper, 2002; Ito et al., 2004). The targeting motifs in the IRAP cytosolic tail responsible for intracellular distribution and trafficking were identified to be the di-Leucine motifs LL53,54 and LL76,77 (Keller et al., 1995). Contrary to a mutant for LL53,54 that was found to have no effect on trafficking, a mutant for LL76,77 had a very strong impact on trafficking, indicating this di-leucine motif as the one essential for this function. More specifically, this motif was essential for the initial entry of IRAP in the insulin-responsive compartment during biosynthesis but not for its recycling back to this compartment after endocytosis (Hou et al., 2006; Watson et al., 2008). Moreover, a study by Jordens et al. (2010) demonstrated that the IRAP cytosolic domain alone is able to reconstitute the normal intracellular distribution of Glut4 in adipocytes and that its role is specific for trafficking of storage endosomes, since the constitutive TfR+ recycling endosomes were not affected.

A later study where recombinant IRAP fragments were expressed in, and purified from, insect cells provided important information on IRAP structure (Ascher et al., 2011). Using size-exclusion chromatography and dynamic light scattering, the authors observed that the full-length soluble protein was completely dimerized, even after mutation of two key cysteine residues that could form disulfide bonds, suggesting an extended dimer interface. Dimerization could be important for the optimization of the enzyme’s aminopeptidase activity, similar to findings for heterodimers formed by its sister enzymes ERAP1 and ERAP2 (Evnouchidou et al., 2014). The study by Ascher et al. (2011) also proposed an interaction between the domain containing the catalytic site and the C-terminal domain, since a construct lacking the latter showed reduced activity indicating an activating or regulatory role for the C-terminal domain. Recombinant IRAP exhibited enhanced substrate affinity in the presence of DTT suggesting a potential better access to the active site upon disruption of internal disulfide bonds. Moreover, the authors found evidence for a second non-catalytic Zn2+ binding site whose role still remains to be investigated.

The first IRAP crystal structure was obtained by the group of Parker (Hermans et al., 2015) at a 3.02 Å resolution for soluble recombinant human IRAP expressed in insect cells. The IRAP structure has four domains. Domain I forms an extended β-sandwich and domain II adopts a thermolysin-like α/β fold. Domain III forms a β-sandwich fold and makes a bridge between domains II and IV, while domain IV is completely α-helical and shows extensive interactions with domain II. IRAP was found as a dimer both in solution and in the crystal, with a conformation intermediate between the open and closed state of ERAP1 (Kochan et al., 2011; Nguyen et al., 2011). Similar to aminopeptidases A and N, IRAP uses its C-terminal domain to dimerize. Since the hydroxyl group of Tyr549, which is crucial for the formation of the catalytic intermediate, was not in a position allowing it to form a hydrogen bond, the authors proposed that the obtained structure is a snapshot of an inactive state of the enzyme. They suggested that this structure corresponds to an enzyme-product complex, where the C-terminal domain swings out from the active site in order to allow product release. The S1 pocket could fit well all amino acids except for tryptophan, which explains the wider specificity spectrum of IRAP compared to ERAP1 or ERAP2. More importantly, the GAMEN loop adopted a completely different position compared to other M1 aminopeptidases, which explains the unique ability of IRAP to cleave cyclic peptides such as oxytocin and vasopressin. Another structure (3.3 Å) obtained by the group of Stratikos (Mpakali et al., 2015b) superposed completely with the first one. In this case, the authors used a mammalian expression system with permanently transfected glycosylation-deficient cells, since use of cells with normal glycosylation did not provide crystals of good quality. The group provided also a second structure with a substrate analog (3.4 Å) containing a phosphinic group in the place of the first peptide bond, which allowed the formation of crystals corresponding to a transition state analog. The peptide N-terminus was anchored at the catalytic site while IRAP remained in the same semi-closed state, suggesting a domain organization unaffected by ligand binding, contrary to what has been observed for ERAP1. Though there were no deep specificity pockets interacting with the substrate, most interacting residues belonged to domain II. The C-terminus of the peptide was found to interact with residues from domain IV (C-terminal domain), but molecular dynamics simulations showed that it has a high degree of plasticity, suggesting that there is no specific recognition of the C-terminus by IRAP, again contrary to ERAP1. The GAMEN loop showed no direct interactions with the substrate, therefore it seems not to be crucial for binding of linear peptides. Mapping of the A609T single nucleotide polymorphism (SNP) that has been associated with psoriasis and ankylosing spondylitis revealed an interaction with the hinge domain III of IRAP. Similar to the ERAP1 SNP K528R also associated with various autoimmune diseases, the IRAP SNP A609T reduced enzyme activity almost by half. The same group obtained more recently the first structure of IRAP with an inhibitor at 2.53 Å that displayed important differences compared to the previous ones (Mpakali et al., 2017b). This structure is closed, with domain IV juxtaposed against domains I and II, being very similar to the active closed ERAP1 structure and to the only structure available for ERAP2 (Evnouchidou et al., 2012). The internal cavity containing the catalytic site has no access to the solvent and a new specificity pocket is formed. The GAMEN loop adopts in this case a unique configuration depicting an active site with structural plasticity that could allow accommodation of a wide range of substrates, including cyclic peptides suited to the various biological functions of IRAP. The active site shows a capacity to bind a greater variety of antigenic precursors and its structural adaptability could explain why most ERAP1 inhibitors are also IRAP inhibitors but not vice versa.

IRAP can undergo many post-translational modifications including N-glycosylation, S-acylation, phosphorylation, ubiquitination, acetylation, and mono-methylation and of course the soluble form produced by proteolytic processing in pregnant women (Table 1). Apart from being highly glycosylated already at steady state, IRAP glycosylation is modulated under inflammatory conditions since it contains glycans regulated by TNFα, as shown in adipocytes treated with TNFα. These altered glycans may modulate the role of IRAP in GSV trafficking (Parker et al., 2016). IRAP could be phosphorylated in vitro by PKC-ζ both in insulin-stimulated rat adipocytes and in purified Glut4 vesicles. Phosphorylation occurred on two major sites, Ser80 and Ser91, with the former accounting for 80–90% of total phosphorylation, and was partially inhibited in the presence of a PKC-ζ pseudo-substrate. The fact that intracellular trafficking of certain recycling membrane proteins has been shown to be regulated by phosphorylation and that PKC-ζ inhibitors abolish Glut4 recruitment to the plasma membrane, suggests that IRAP phosphorylation could be important for GSV trafficking (Ryu et al., 2002). More recently, IRAP was also found to be phosphorylated on Ser91 after activation of human CD8+ T lymphocytes bearing a chimeric antigen receptor (Salter et al., 2018), which indicates a potential role of IRAP in the trafficking of these receptors used in immunotherapy.


TABLE 1. Post-translational modifications found in human IRAP and their known or potential effect on IRAP function.

[image: Table 1]IRAP was found to be S-acylated at 60% in 3T3-L1 adipocytes. The two S-acylated residues were identified to be Cys103, just upstream of the transmembrane domain, and Cys114 that lies in the cytoplasmic side of the transmembrane domain. This attachment of palmitate and other fatty acids to a cysteine could mediate membrane attachment of soluble proteins, regulate intracellular trafficking and also affect protein–protein interactions and protein stability. A triple IRAP mutant that cannot be S-acylated was found to have a normal localization in HEK 293T cells (Werno and Chamberlain, 2015). However, in a recent study (Evnouchidou et al., 2020), we found that in T cells IRAP S-acylation is crucial for its interaction with the T cell receptor (TCR), even though, similar to HEK 293T cells, S-acylation-deficient IRAP mutant showed an unaltered intracellular localization. Therefore, it would be interesting to study the effect of IRAP S-acylation in other cell types, taking into account the specific function of IRAP in each cell type.



IRAP PROTEIN INTERACTIONS

Soon after its identification IRAP was found to interact with several proteins involved in vesicular trafficking, organelle tethering, and cytoskeleton remodeling (Figure 1). These include tankyrase-1, tankyrase-2 (Chi and Lodish, 2000), and p115 (Hosaka et al., 2005), three proteins involved in the regulation of Golgi vesicle trafficking, vimentin, an intermediate cytoskeleton filament (Hirata et al., 2011) and the actin remodeling protein FHOS [formin homolog overexpressed in the spleen (Tojo et al., 2003)]. In addition, IRAP was shown to interact with AS160/Tbc1d4, a Rab GTPase activating protein (GAP) specific for Rab8, 10, and 14, suggesting that IRAP participates in the recruitment of AS160 to endocytic membranes (Larance et al., 2005; Peck et al., 2006). However, further investigations did not confirm the role of the IRAP-AS160 interaction in AS160 recruitment to GSV in adipocytes (Jordens et al., 2010). In addition to these proteins involved in intracellular trafficking, IRAP was found to interact with proteins located in GSVs, such as sortilin, LRP1 and Glut4 in adipocytes (Shi et al., 2008; Kandror and Pilch, 2011), and with MHC-I in dendritic cells (DCs) (Saveanu et al., 2009). These protein interactions have been previously reviewed in Saveanu and van Endert (2012). The list of IRAP protein interactions has more recently been enriched by the discovery of its interaction with the ζ chain of the TCR as well as the Lck kinase in T lymphocytes (Evnouchidou et al., 2020) and by identification of other interactions relevant for IRAP’s role in vesicular trafficking, such as interaction with FHOD4, a formin similar to FHOS (Babdor et al., 2017), the retromer subunits Vps35 and Vps26 (Pan et al., 2019) and the Rab GAP Tbc1d1 (Mafakheri et al., 2018b).
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FIGURE 1. Summary of reported IRAP protein interactions. FHOS, formin homolog overexpressed in the spleen; Glut4, glucose transporter 4; MHC, major histocompatibility class; Vps, vacuolar protein sorting; TCR, T cell receptor.


FHOD4 is an actin-nucleation factor that assembles actin monomers into filaments (Kühn and Geyer, 2014) and might promote actin assembly on endosomes (Fernandez-Borja et al., 2005). We demonstrated that, in DCs, the interaction between FHOD4 and IRAP is required for anchoring the endosomes containing TLR9 and its ligands to the cell periphery and avoiding their fusion with lysosomes (Babdor et al., 2017).

The retromer is a large protein complex composed of a sorting nexin (SNX) dimer and a vacuolar protein sorting trimer (Vps26, Vps29, Vps35) that recycles diverse cargos from early endosomes to the trans-Golgi network or to the plasma membrane, preventing thus their transport to lysosomes (Chen et al., 2019). The SNX dimer is responsible for the retromer complex recruitment to the endosomal membrane, while the Vps trimer binds to various cargo molecules, among which IRAP has been recently identified (Pan et al., 2019). In the absence of the Vps35 subunit of the retromer, IRAP and Glut4 trafficking are perturbed and both proteins are found in lysosomes (Pan et al., 2017, 2019).

Tbc1d1 is a Rab GAP that is highly similar to Tbc1d4 and controls the activity of the same Rab proteins. When recruited to vesicular membranes, both Tbc1d4 and Tbc1d1 reduce the activity of Rab proteins involved in vesicle transport, thus mediating intracellular retention of IRAP vesicles. The interaction of Tbc1d1 with IRAP (Mafakheri et al., 2018a,b) suggests that IRAP participates in the mechanism of intracellular retention, not only in cells and tissues expressing Tbc1d4, but also in those expressing Tbc1d1. However, considering that in adipocytes depleted for IRAP, AS160 was still recruited to GSV (Jordens et al., 2010), the role of IRAP interactions with both Tbc1d4 and Tbc1d1 needs further investigation, not only in adipocytes, but also in other cell types.



REGULATION OF IRAP TRAFFICKING BY CELL-SPECIFIC CELL SURFACE RECEPTORS

In all the cells studied, IRAP is localized in intracellular vesicles, whose cargo varies depending on the cell type. In adipocytes, the main cargo is the regulated glucose transporter Glut4 and in neurons, the sst2A somatostatin receptor (De Bundel et al., 2015). In the immune system, where IRAP is expressed in almost all cells except neutrophils, IRAP vesicles contain MHC-I and TLR9 in DCs (Saveanu et al., 2009; Weimershaus et al., 2012; Babdor et al., 2017) or the ζ chain of the TCR in T cells (Evnouchidou et al., 2020). All these proteins display constitutive slow recycling and some of them also regulated trafficking, being transported to the cell surface under specific conditions. Thus, Glut4 translocates to the plasma membrane to increase glucose uptake under insulin stimulation (Antonescu et al., 2009) and the TCR ζ chain is rapidly transported to the plasma membrane under TCR activation by a cognate peptide/MHC-I complex (Evnouchidou et al., 2020).

The molecular mechanisms driving cell surface translocation of IRAP vesicle cargos are by far best understood for adipocyte GSV (Figure 2). In basal conditions, GSV are retained intracellularly and their recycling to the plasma membrane is much slower than that of TfR (Zeigerer et al., 2004). Insulin binding to its receptor initiates a signaling cascade, in which class I-A PI3K plays a key role by triggering rapid translocation of GLUT4 and IRAP to the cell surface. By producing the PtdIns(3,4,5)P3 lipid at the inner leaflet of the plasma membrane, class I-A PI3K induces membrane recruitment of the kinases of the Akt/PKB family (Hopkins et al., 2020). Although all the members of the Akt family can be recruited to PtdIns(3,4,5)P3-rich membranes, Akt2 is the major kinase recruited to the plasma membrane upon insulin stimulation, as demonstrated by total internal reflection fluorescence (TIRF) microscopy and confirmed by Akt2 depletion or deletion (Gonzalez and McGraw, 2009a,b). Akt activity phosphorylates the GAPs AS160/Tbc1d4 and Tbc1d1, as discussed above (Mafakheri et al., 2018a). Phosphorylation inactivates the GAPs and allows activation of their Rab substrates. In adipocytes, Rab10 seems to be the main GTPase regulating Glut4 trafficking (Brewer et al., 2016), while in muscle cells this role seems to be played by Rab8 (Sun et al., 2014).
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FIGURE 2. Regulation of IRAP trafficking by the insulin receptor in adipocytes. (1) Insulin binding to its receptor initiates a signaling cascade that induces the phosphorylation of insulin receptor substrate 1 (IRS1) on tyrosine residues (p-Tyr). p-Tyr in IRS1 serve as docking sites for class I-A PI3K. The interaction of PI3K with IRS1 activates PI3K leading to increased production of PIP3 at the inner leaflet of the plasma membrane that in turn leads to recruitment and activation of Akt. Akt phosphorylates Tbc1d4, the GAP for Rab14, Rab8, and Rab10 small GTPAses. (2) Tbc1d4 phosphorylation inactivates its GAP activity, allows Rabs activation and finally, induces GSV trafficking to the adipocyte cell surface (3). After Glut4 and IRAP translocation to the plasma membrane, Glut4 and IRAP rapidly re-internalize into intracellular vesicles (4). GTP, guanosine triphosphate; Glut4, glucose transporter 4; IRAP; insulin-regulated aminopeptidase; IRS1, insulin receptor substrate 1; GSV, Glut4 storage vesicles; PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol diphosphate; PIP3, phosphatidylinositol triphosphate; P, phosphorylation.


Although as yet there is no experimental evidence showing that the PI3K-AKT pathway and its downstream effectors, Tbc1d1/Tbc1d4, regulate IRAP vesicle trafficking in other cell types, recent data from our laboratory support the hypothesis that this may be the case in DCs (Weimershaus et al., 2018). In these cells, IRAP vesicle trafficking and translocation to the phagocytic cup is regulated by immune receptors, such as TLR4 and the receptors for the Fc fragment of immunoglobulins, FcγRs. Similar to insulin responsive tissues, the regulation of IRAP trafficking in DCs involves the GAP Tbc1d4 and its downstream effector Rab14, but the upstream kinases that phosphorylate Tbc1d4 in these cells remain to be identified.

By analogy with insulin responsive tissues and DCs, IRAP and the TCRζ chain trafficking might also be regulated by class I PI3K, which in T cells is activated downstream of the co-stimulatory receptor CD28 (Esensten et al., 2016). The downstream GAP and Rab effectors could differ between T lymphocytes and DCs, since the microarray data from the Immunological Genome Project1 predict that T cells express mainly Tbc1d1, Rab8, and Rab10, while DCs express foremost Tbc1d4 and Rab14 (Heng et al., 2008).



IRAP ENDOSOME TRAFFICKING IN IMMUNE CELLS

Immune cells display complex and highly regulated endocytic trafficking that is essential for triggering a correct immune response, avoiding inappropriate reactions that could lead to uncontrolled inflammation or autoimmune disease. Through its localization and protein interactions, IRAP participates in the regulation of diverse immunological processes described below.


Accelerated Phagosomal Maturation in the Absence of Rab14

In immune cells, endocytosis or phagocytosis of pathogens is followed by maturation of internalized vesicles through fusion and fission with intracellular vesicles (Huotari and Helenius, 2011). Gradual changes in protein composition and pH result in degradation of the internalized material, while delayed or attenuated maturation promotes cross-presentation (Alloatti et al., 2015). Published mechanisms regulating maturation kinetics include incomplete assembly of the proton pump V-ATPase (Delamarre et al., 2005), recruitment of NADPH oxidase 2 (Savina et al., 2006) and LPS-induced Rab34-dependent perinuclear clustering of lysosomes (Alloatti et al., 2015). More recently, we proposed an additional mechanism regulating trafficking of early endosomes and phagosomes, with important consequences for phagosome maturation (Weimershaus et al., 2018). We found that, in bone marrow-derived DCs (BMDCs), IRAP colocalizes with Rab14 in peripheral endosomes and that both proteins are required for the formation and stabilization of GSV-like vesicles in these cells. Moreover, Rab14 knock-down led to accelerated phagosome maturation and enhanced killing of phagocytized Pseudomonas aeruginosa. Our data confirmed the previously published reports demonstrating that pathogens recruit Rab14 to slow down phagosome maturation through an unknown mechanism (Kyei et al., 2006; Kuijl et al., 2007; Capmany and Damiani, 2010; Hoffmann et al., 2014) and revealed the involvement of Rab14 in antigen cross-presentation.

In the absence of Rab14, cross-presentation of ova-anti-ova immune complexes by HEK293 cells transfected with FcγR and H2Kb was significantly decreased, while reconstitution with Rab14 in the same cells led to formation of enlarged GSV-like early endosomes and completely restored cross-presentation. Similar results were obtained in BMDCs, where Rab14 knock-down led to defective cross-presentation of both particulate and a soluble receptor-targeted ovalbumin antigen. Consistent with this, knock-out of Tbc1d4, the GAP for Rab14, resulted in formation of enlarged Rab14+Stx6+ endosomes and promoted cross-presentation. However, both a GTP-locked and a GDP-locked form of Rab14 reduced cross-presentation suggesting that the balance between active and inactive Rab14 and GTP hydrolysis itself are critical for cross-presentation.

We further demonstrated that the mechanism underlying the important role of Rab14 in cross-presentation is its interaction with the kinesin KIF16b (Weimershaus et al., 2018). Using a proximity ligation assay (PLA), we showed that this interaction is strongly enhanced upon immune complex binding to FcγR both in HEK293 expressing FcγR and in BMDCs after LPS stimulation. Our data suggest that IRAP is required for phagosomal recruitment of Rab14 (Figure 3). Thus, in the absence of IRAP, Rab14 failed to get recruited to early phagosomes and, in line with this result, maturation of IRAP-deficient phagosomes is not affected by Rab14 knock-down. The Rab14+ vesicles, as well as cross-presentation, could be restored in these cells through microtubule stabilization or dynein knock-down, while these cellular manipulations had little effect on wild type (WT) BMDCs. These results indicate that the dominant retrograde transport along microtubules in IRAP-deficient (IRAP KO) cells is responsible for the destabilization of Rab14+Stx6+ endosomes by favoring their fusion with lysosomes. In contrast, in WT cells, the anterograde motor formed by Rab14 and KIF16b ensures peripheral distribution of the endosomes, as demonstrated by the central distribution of Rab14 upon KIF16b knock-down. Moreover, KIF16b depletion led to reduced recruitment of Rab14 to phagosomes and defective cross-presentation, while it had no effect in IRAP KO BMDCs. In agreement with the results obtained by PLA, we showed that in vitro KIF16b interacts exclusively with GTP-locked Rab14.
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FIGURE 3. Regulation of IRAP and Rab14 trafficking by TLR4 and FcγR in DCs. In DCs, at steady state, IRAP colocalizes with Rab14 in peripheral endosomes and both proteins are required for the formation and stabilization of GSV-like vesicles in BMDCs. Signaling downstream of TLR4 or FcγR leads to Rab14 interaction with the kinesin KIF16b. Rab14/KIF16b protein complex promotes microtubule-guided anterograde transport of IRAP endosomes and their recruitment to phagosomes and early endosomes. Disruption of Rab14/KIF16b complex formation accelerates phagosome maturation and microbial killing, but compromises antigen cross-presentation activity of DCs. DCs, dendritic cells; FcγR, Fc gamma receptor; GSV, Glut4 storage vesicles; IRAP, insulin-regulated aminopeptidase; MHC-I, major histocompatibility class I.


Based on these results, we proposed a model in which, after receptor-mediated endocytosis or phagocytosis, Rab14+Stx6+IRAP+ vesicles are recruited to the internalized material (Figure 3). The signaling cascade engaged after FcγR or TLR4 activation leads to phosphorylation and therefore inactivation of Tbc1d4 that results in Rab14 activation. Rab14 can then bind GTP and allow formation of Rab14/KIF16b complexes that will promote anterograde transport of the vesicles. This will finally result in delayed antigen degradation and enhanced cross-presentation, two interconnected processes that both depend on IRAP and Rab14 (Weimershaus et al., 2018).



IRAP Restricts TLR9-Driven Inflammatory Responses

Inappropriate activation of innate immune receptors, such as endosomal TLR7 or TLR9, promotes several autoimmune diseases, including psoriasis (Rahmani and Rezaei, 2016), a skin inflammatory disease that has been associated with single nucleotide mutations (A763T, A609T) in the Lnpep gene coding for IRAP. The A763T mutation generates a missense variant leading to decreased expression of the IRAP protein in skin lesions (Cheng et al., 2014). However, there is no direct evidence in humans that the IRAP protein regulates endosomal TLR activation in psoriasis. In contrast, in mice, we have demonstrated that IRAP controls the function of TLR9 (Babdor et al., 2017).

TLR9 is an innate immune receptor important for both innate and adaptive immune responses. Its activation directly induces innate immune responses, such as inflammatory cytokine and type I interferon (IFN) production. In parallel, by increasing the capacity of DCs to process and present antigens to lymphocytes, TLR9 indirectly participates in the generation of adaptive immune responses (Iwasaki and Medzhitov, 2004; Kawai and Akira, 2010). These responses are initiated by binding of pathogen-derived single-stranded DNA or self-derived nucleic acids to TLR9. While the recognition of pathogen DNA is crucial for the priming of immune responses, the recognition of self-DNA can generate autoimmune diseases. To prevent this, TLR9 activation is tightly regulated by intracellular receptor trafficking (Majer et al., 2017). At the steady state, TLR9 associated with the chaperon protein UNC93B1 is retained in the endoplasmic reticulum (ER) (Majer et al., 2019) whereas it translocates to endocytic vesicles after stimulation by TLR9 ligands, such as synthetic CpG-oligonucleotides. CpG dinucleotides are internalized via clathrin-mediated endocytosis in early endosomes, from where they are targeted to late endosomes containing the LAMP proteins (Latz et al., 2004). In addition, following cellular stimulation by TLR9 ligands, the TLR9-UNC93B1 complex is translocated to the cell surface, from where it is internalized in a clathrin-dependent manner through the interaction of UNC93B1 with the adaptor protein-2 (AP2) (Lee et al., 2013). The TLR9-UNC93B1 complex traffics to EEA1+VAMP3+ endosomes where TLR9 is processed by an array of proteases, such as cathepsins or the asparaginyl endopeptidase. This processing produces a carboxyterminal fragment able to bind the signaling adaptor Myd88 and to activate NF-κB-dependent proinflammatory cytokine production (Asagiri et al., 2008; Park et al., 2008; Sepulveda et al., 2009). Finally, the recruitment of AP-3 to the TLR9-UNC93B1 complex is mandatory for the trafficking of TLR9 to the lysosomal LAMP+ compartments where the IFN regulatory factor 7 (IRF7)-dependent signaling cascade is activated for type I IFN production (Sasai et al., 2010).

We recently found that IRAP interaction with the formin FHOD4 plays an important role in endosomal TLR9 trafficking and activation (Babdor et al., 2017). In the absence of IRAP and upon CpG activation of the cells, TLR9 signaling was amplified, leading to increased pro-inflammatory cytokine and type I IFN production in several DC subsets, such as BMDCs and splenic conventional and plasmacytoid DCs. IRAP-deficient mice displayed an exacerbated inflammatory response not only after CpG treatment, but also in the context of a model of respiratory infection (Babdor et al., 2017) with P. aeruginosa, a pathogen previously shown to activate TLR9 (Benmohamed et al., 2014). P. aeruginosa infection caused the death of IRAP-deficient animals, in experimental settings in which half of the WT animals survived. The death of IRAP-deficient animals was likely due to an uncontrolled inflammatory response since the broncho-alveolar lavage fluids from P. aeruginosa-infected IRAP-deficient mice contained higher concentrations of inflammatory cytokines (CXCL1, IL-6, TNF-α, and IL-1β) than that of WT mice. Moreover, upon ex vivo P. aeruginosa infection, alveolar macrophages isolated from IRAP-deficient mice secreted more IL-6 and TNF-α than their WT counterparts (Babdor et al., 2017).

By a combination of biochemical and cell biology methods, we demonstrated that TLR9 signaling is accelerated in IRAP-deficient BMDCs (Babdor et al., 2017). Enhanced TLR9 signaling was not due to IRAP’s enzymatic activity but was a consequence of aberrant TLR9 trafficking in the absence of IRAP. In WT cells, in basal conditions, TLR9 was localized in the ER and upon cell activation by CpG, TLR9 and CpG were internalized and retained for 2 h in IRAP+ endosomes. In contrast to WT cells, in IRAP-deficient cells, in basal conditions, TLR9 was found in LAMP+ lysosomes, in its processed form, ready to bind the signaling adaptors. In addition, upon cell activation, the TLR9 ligand was more rapidly targeted to lysosomes in IRAP-deficient cells compared to wild-type cells.

To understand how IRAP retains TLR9 and its ligand away from lysosomes, we screened the previously published interactions of IRAP with cytoskeleton proteins and demonstrated that the cytosolic tail of IRAP interacts with the formin FHOD4, an actin-polymerization factor involved in anchoring vesicles to the actin cytoskeleton (Goode and Eck, 2007). Similar to IRAP deletion, FHOD4 depletion by RNA interference led to aberrant trafficking of TLR9 and increased production of pro-inflammatory cytokines upon cell stimulation by CpG. These data indicate that IRAP recruits FHOD4 to TLR9-containing endosomes. FHOD4 might drive actin polymerization around the endosomal compartments (Fernandez-Borja et al., 2005; Kühn and Geyer, 2014) which could delay the transport of TLR9-containing endosomes to lysosomes, thereby limiting TLR9 processing and activation. Thus, in DCs, IRAP controls TLR9 activation by delaying targeting of the receptor and its ligand to the acidic lysosomal compartments (Figure 4). Future experiments are required to establish if in addition to the IRAP/FHOD4 interaction, the recently discovered interaction between IRAP and the retromer (Pan et al., 2019) also participates in TLR9 retention away from lysosomes.
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FIGURE 4. IRAP restricts TLR9-driven inflammatory response. (1) At steady state, TLR9 associated with the chaperon protein UNC93B1 is retained in the ER. (2) After cell stimulation by TLR9 ligands, such as synthetic CpG-oligonucleotides, the TLR9-UNC93B1 complex is translocated to the cell surface, from where it is internalized in a clathrin-dependent manner through the interaction of UNC93B1 with AP-2. (3) The internalized TLR9-UNC93B1 complex traffics to IRAP endosomes. IRAP interaction with the formin FHOD4 anchors the endosomes to the actin cytoskeleton and delays TLR9 trafficking to acidic endosomal compartments, where TLR9 undergoes a partial proteolysis and triggers the pro-inflammatory signaling cascades. AP2, adaptor protein-2; ER, endoplasmic reticulum; TLR9, Toll-like receptor 9; IRAP, insulin-regulated aminopeptidase.




Compromised TCR Signaling in the Absence of IRAP

The TCR complex is composed of the αβ, γε and δε heterodimers and a ζζ homodimer. The TCR initiates signaling cascades after recognition of a peptide-MHC (pMHC) complex, with low affinity recognition taking place in the thymus allowing for export to and survival in the periphery, and with high affinity interactions in initiation of effector T cell responses. The trafficking of TCR components and signaling partners is regulated in separate vesicular pools. While the α, β, γ, δ and ε chains are localized mainly in the ER, the nature of the ζ intracellular pool has been less well characterized (Soares et al., 2013; Alcover et al., 2018). Each of the γ, δ and ε chains bears one immunoreceptor tyrosine-based activation motif (ITAM), whereas each ζ chain contains three. In the absence of the ζ chain, TCR expression at the cell surface is almost abolished and there are substantial defects in T cell development (Love and Hayes, 2010; Alcover et al., 2018). Interestingly, signaling induced by the ζ chain is not necessary to reverse this situation but rather seems to be crucial for the activation of T cells in the periphery (Shores et al., 1994; Ardouin et al., 1999; Love and Hayes, 2010).

In a recent study (Evnouchidou et al., 2020), we investigated the nature of the intracellular ζ pool in Jurkat T cells and observed by immunofluorescence that it localizes in endosomes characterized by the presence of IRAP and Stx6. Moreover, IRAP could be co-immunoprecipitated with the ζ chain as well as with one of the first players in the TCR signaling pathway, the Lck kinase. We showed that at steady state, ζ chain endocytosis is controlled by the clathrin adaptor AP-2 and DnM2, while the absence of IRAP led to ζ chain accumulation at the cell surface, accompanied by higher expression of the whole TCR complex. To our surprise, despite higher TCR expression at the cell surface, IRAP-deficient Jurkat T cells presented a severe defect in TCR signaling as seen by diminished phosphorylation of various TCR signaling partners after activation. This result was in agreement with defective recruitment of these molecules to the immune synapse (IS) as seen by TIRF microscopy, and by confocal microscopy of conjugates of Jurkat T cells with Raji B cells loaded with the staphylococcal enterotoxin E (SEE) superantigen. Moreover, the conjugates with IRAP-deficient Jurkat T cells poorly stimulated IL-2 secretion, as measured by ELISA both in the case of the SEE superantigen and of a melanoma antigen.

To investigate whether the observed defect could be attributed not only to a defective polarization of the intracellular pool to the IS but also to a reduced signaling capacity of the intracellular pool itself, we took advantage of a CD3ζ FRET- FLIM reporter molecule (Yudushkin and Vale, 2010). We observed a significant FRET reduction in IRAP-deficient Jurkat T cells, which was much more profound in the intracellular pool. Using the same reporter, we were able to visualize IS formation in live cells and observed a dynamic IS in WT cells being continuously supplied with CD3ζ from the intracellular pool, whereas the IRAP KO IS was rather static, getting CD3ζ mainly from the plasma membrane. In accordance with these results, Lck as well as pCD3ζ were also located at the plasma membrane in IRAP KO activated cells and IRAP vesicles were shown to contain various components of the TCR signalosome by PLA. We concluded that apart from TCR plasma membrane signaling, T cell activation necessitates the engagement of endosomal TCR signaling that takes place in IRAP + compartments (Figure 5).
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FIGURE 5. IRAP regulates TCR ζ chain trafficking and signaling. The full TCR comprises the clonotypic αβ chains, the γε and δε heterodimers and a ζζ homodimer. (1) While the αβ, γε and δε heterodimers assemble in the ER and are transported via the Golgi stacks to the plasma membrane, the majority of the ζζ homodimer is stored in IRAP intracellular vesicles. (2) In basal conditions, the ζ chain recycles between plasma membrane and the intracellular pool by a recycling pathway involving the clathrin adaptor AP2, the DnM2 and IRAP. Inhibition of this recycling pathway by AP2, DnM2 or IRAP depletion increases the levels of ζ chain at plasma membrane. (3) Under T cell activation, the ζζ homodimer is internalized in IRAP vesicles, from where it is able to trigger signaling cascades, as demonstrated by its interaction with several signalosome components, such as ZAP-70, Lck and LAT. AP2, adaptor protein-2; DnM2, dynamin-2; ER, endoplasmic reticulum; IRAP, insulin-regulated aminopeptidase; LAP, linker for activation of T cells; TCR, T cell receptor.


Like in Jurkat T cells, IRAP colocalized with the TCR in mouse primary T cells and IRAP-deficient effector T cells presented increased TCR levels at the cell surface but defective signaling. Activation of the cells with a low affinity ligand resulted in similar initial cell division, but lower numbers of IRAP KO cells due to subsequent cell death. OT1 IRAP KO, as well as conditional IRAP KO in T cells, led to lymphopenia. In an effort to study whether this was due to a thymic selection defect, we checked IRAP expression and found that IRAP expression gradually increases through the stages of thymic selection and reaches its highest levels in the periphery. Moreover, there were no significant alterations observed in thymus subpopulations, which led us to the conclusion that the lymphopenic phenotype likely can be attributed to a reduced survival capacity in the periphery due to a defective tonic signal (Kirberg et al., 2001; Garbi et al., 2010). We finally showed that IRAP is important for the first wave of low affinity T cells in pathogen-specific T cell responses in the context of a tumor model where IRAP T cell conditional KO mice developed bigger tumors and were unable to initiate effective anti-tumor T cell responses. The results of this study could be used to ameliorate current T cell-based immunotherapies, as well as to investigate intracellular signaling of other immune receptors.



CONSEQUENCE OF IRAP DELETION ON ENDOCYTIC TRAFFICKING IN OTHER CELLS


IRAP as an Old Partner of Glut4 Transporter Trafficking

Soon after Glut4 discovery (Birnbaum, 1989; James et al., 1989), IRAP was identified as an abundant protein in biochemically isolated GSV (Keller et al., 1995). IRAP-deficient mice were produced for the first time in 2002 (Keller et al., 2002). These mice had normal levels of Glut4 mRNA but showed reduced levels of Glut4 protein, with a reduction varying between 45% and 85% in different muscles and in adipocytes, indicating a role for IRAP in Glut4 expression. Interestingly, Glut4 deletion also reduced by 35% the amount of IRAP at protein level, but not its mRNA (Carvalho et al., 2004), indicating that both proteins participate in the regulation of GSV trafficking.

Further studies in differentiated 3T3-L1 adipocytes confirmed that IRAP knock-down disturbs Glut4 trafficking by increasing its levels at the plasma membrane in basal conditions, but does not affect Glut4 translocation upon insulin stimulation of the cells (Jordens et al., 2010). However, Glut4 trafficking seems to be slightly different between differentiated 3T3-L1 adipocytes and primary adipocytes, in which IRAP deletion does not increase the cell surface levels of Glut4, but reduces its protein amount (Keller et al., 2002). Differences in Glut4 trafficking between differentiated 3T3-L1 and primary adipocytes are also suggested by a more recent report in which IRAP-depleted differentiated 3T3-L1 adipocytes did not show a strong reduction of Glut4 protein (Pan et al., 2019). However, this study detected a significant shift of Glut4 from the endosomal pool to acidic lysosomal compartments, similar to that observed for TLR9 in IRAP KO DCs (Babdor et al., 2017). The lysosomal localization of Glut4 in the absence of IRAP might be explained by the interaction between IRAP and the retromer (Pan et al., 2019). By interacting with the retromer, IRAP can cooperate with sortilin, another component of GSV that interacts with the retromer (Pan et al., 2017), and rescue Glut4 from degradation in lysosomes. This phenomenon could be particularly relevant in primary cells, where IRAP deletion strongly reduced Glut4 protein levels (Keller et al., 2002), probably due to its degradation in lysosomes.



Somatostatin Receptors

In neurons, the major somatostatin receptor subtype, sst2A, has been found in IRAP vesicles (De Bundel et al., 2015). Sst2A is an inhibitory receptor that reduces neuron excitability and has anticonvulsant effects (Schonbrunn, 1999). Like the majority of G-protein-coupled receptors, sst2A is rapidly internalized after ligand binding and undergoes slow recycling through the trans-Golgi network, avoiding lysosomal degradation. When rat hippocampal neurons were incubated with the sst2A agonist octreotide, the sst2A receptor was rapidly internalized in IRAP endosomes from where it was recycled back to the plasma membrane and reached the initial expression levels at the plasma membrane between 1 and 2 h after cell stimulation. IRAP depletion by lentiviral shRNA accelerated the recycling of the receptor that recovered its normal expression at the plasma membrane within 45 min. Interestingly, angiotensin IV and the LVV-H7 compound, two previously known IRAP ligands, also increased the speed of sst2A receptor recycling, similar to IRAP depletion. Further experiments are required to investigate if angiotensin IV or LVV-H7 binding to IRAP disturb IRAP intracellular trafficking and by consequence, sst2A receptor recycling.



CONCLUSION AND PERSPECTIVES

A growing number of experimental data, partially reviewed in this article, show that next to its aminopeptidase activity, IRAP is a regulator of endosomal trafficking. IRAP protein interactions with cytoskeleton components and with the retromer contribute to the regulation of cell specific receptor trafficking and activation. The majority of these receptors are involved in cellular adaptation to the environmental conditions, such as high glucose concentration for Glut4, bacterial infections for TLR9, increased neuronal excitability for sstA2 or anti-tumor activity of T lymphocytes for the TCR. Identification of other cell-specific cargos of IRAP endosomes in the future will complete the list of physiological and pathological conditions in which IRAP might help the organism to maintain its homeostasis. Whether the enzymatic activity of IRAP, next to its undisputed and independent role in processing substrates such as vasopressin, also matters in its role in vesicle trafficking remains to be explored further. Enzymatic activity is not involved in the regulation of TLR9 or TCR trafficking and function, and Glut4 trafficking in IRAP KO cells is restored by the expression of the cytosolic domain of IRAP that lacks aminopeptidase activity (Jordens et al., 2010). However, the example of modulation of sstA2 trafficking by IRAP inhibitors (De Bundel et al., 2015) suggests that IRAP inhibitors might change protein trafficking, a hypothesis that is worth future studies.

Further studies are also required to extend our knowledge on the cell surface receptors and the downstream signaling pathways that regulate IRAP vesicles trafficking in the immune system. For example, our recent results demonstrate that IRAP trafficking is affected by TLR4 and FcRs activation in DCs (Weimershaus et al., 2018), and by TCR activation in T cells (Evnouchidou et al., 2020). Class I PI3K are known to be activated by the signaling cascades downstream of TLR4 and FcRs (Ben Mkaddem et al., 2019; Fitzgerald and Kagan, 2020), as well as through the signaling downstream of T cell costimulatory receptors and the IL-2 receptor (Saravia et al., 2020). Therefore, PI3K/AKT signaling could be a regulator of IRAP trafficking in immune cells, similar to its role in adipocytes (Li et al., 2019). This hypothesis is compatible with the results available for immune cells and adipocytes but needs further experimental validation.
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The aim of our study was to determine the influence of inhibition of insulin-regulated aminopeptidase/oxytocinase (IRAP) on glucose tolerance and metabolism of skeletal muscle and visceral adipose tissue in obese Zucker rats. Obese Zucker rats administered with IRAP inhibitor–HFI-419 at a dose of 29 μg/100 g BW/day by osmotic minipumps implanted subcutaneously for 2 weeks. Two-hour intraperitoneal glucose tolerance test (ipGTT) was performed in fasting rats. Plasma oxytocin levels were measured by enzyme immunoassay after plasma extraction. In the musculus quadriceps and epididymal adipose tissue, the expression of factors affecting tissue oxidative status and metabolism was determined by real-time qPCR and/or Western blot analysys. The plasma and tissue enzymatic activities were determined by colorimetric or fluorometric method. Circulated oxytocin levels in obese animals strongly tended to increase after HFI-419 administration. This was accompanied by significantly improved glucose utilization during ipGTT and decreased area under the curve (AUC) for glucose. In skeletal muscle IRAP inhibitor treatment up-regulated enzymes of antioxidant defense system – superoxide dismutase 1 and 2 and improved insulin signal transduction pathway. HFI-419 increased skeletal muscle aminopeptidase A expression and activity and normalized its plasma levels in obese animals. In epididymal adipose tissue, gene expression of markers of inflammation and adipocyte hypertrophy was down-regulated in obese rats after HFI-419 treatment. Our results demonstrate that IRAP inhibition improves whole-body glucose tolerance in insulin-resistant Zucker fatty rats and that this metabolic effect of HFI-419 involves ameliorated redox balance in skeletal muscle.
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INTRODUCTION

Obesity comprises one of the key risk factors for the metabolic syndrome and contributes to the development of insulin resistance and subsequently to type two diabetes mellitus, atherogenic dyslipidemia and cardiovascular disease (Ritchie and Connell, 2007). The high fat intake is associated with oxidative stress and activation of pro-inflammatory transcription factors (Ritchie and Connell, 2007). One of the most deleterious effects of obesity is the deposition of lipids in non-adipose tissues and hyperlipidenia-induced reactive oxygen species production leading to mitochondrial dysfunction in insulin-responsive tissues which might promote inhibition of insulin action (Di Meo et al., 2017). The Zucker fatty rat represents a well-established model of human obesity and insulin resistance. Obesity in this animal model is a consequence of spontaneous mutation (fa) in the gene encoding the leptin receptor resulting in hyperphagia (Phillips et al., 1996).

Insulin-regulated aminopeptidase (IRAP; leucyl-cystinyl aminopeptidase; oxytocinase), encoded by a Lnpep gene, has a broad distribution including skeletal muscle and white adipose tissue (Chai et al., 2004). IRAP is predominantly present in cytosolic vesicles together with the glucose transporter (GLUT4), from where they translocate to the plasma membrane upon insulin stimulation. The IRAP is a membrane bound protein belonging to the M1 family of aminopeptidases and its substrates include vasopressin and oxytocin (Chai et al., 2004). IRAP has been proposed as the surrogate marker of insulin-regulated vesicular traffic along with GLUT4 since the presence of IRAP is required for maintaining normal insulin-dependent translocation as well as forming an insulin-responsive vesicular compartment at the plasma membrane (Gross et al., 2004).

It has been found out that obesity in Zucker rats and also ob/ob mice is associated with a high plasma aminopeptidase A (AP-A) activity, the enzyme responsible for generating angiotensin III, thus contributing to blood pressure control (Morais et al., 2017; Lory et al., 2019). In our previous study we have shown that increased AP-A release from the skeletal muscle in obese Zucker rats significantly contributes to elevated plasma AP-A activity (Lory et al., 2019).

Recently, we have shown that obesity is accompanied by marked reduction of plasma oxytocin level in Zucker fatty rats caused by increased peptide degradation by liver and adipose tissue (Gajdosechova et al., 2014). This study highlighted the importance of the oxytocin system in the pathogenesis of obesity and suggested oxytocinase inhibition to improve obesity-induced metabolic disturbances. Several studies have examined the role of IRAP in obesity and glucose handling using various animal models. Results have revealed that insulin regulated traffic of IRAP toward membrane fraction in adipocytes is disturbed by monosodium glutamate-induced obesity (Alponti et al., 2015) and IRAP deficiency in mice fed high-fat diet lead to prevention of development of obesity (Niwa et al., 2015). On the other hand, acute inhibition of IRAP aminopeptidase activity with specific inhibitor, HFI-419, does not affect glucose homeostasis in the streptozotocin-induced experimental rat model of diabetes mellitus (Albiston et al., 2017). However, the effect of inhibitor of aminopeptidase activity HFI-419 on the physiology of skeletal muscle and adipose tissue in obese pre-diabetic Zucker rats has not been examined yet. The main hypothesis of our study was that prolonged treatment with IRAP inhibitor moderates oxytocin degradation in tissues, normalizes plasma oxytocin level and alleviates the obese phenotype in Zucker rats.

The aim of our study was to investigate the impact of HFI-419 application on the (i) whole-body metabolic parameters, (ii) expression of the markers of oxidative stress in skeletal muscle and adipose tissue, and (iii) expression of the tissue-specific parameters involved in their (pato) physiology in obese Zucker rats.



METHODS


Animals

Male Zucker fatty rats (fa/fa) were purchased from Harlan (Udine, Italy). The animals were housed in a 12-h light/dark cycle with access to water and standard diet ad libitum. At the age of 34 weeks, the animals were divided into three groups. The control group of lean (n = 6) as well as the control group of obese (n = 6) rats received vehicle (30% cyclodextrin solution) and the experimental group of obese rats (n = 6) received IRAP inhibitor (HFI-419) (Merck KGaA, Darmstadt, Germany) in a dose 29 μg/100 g body weight/day dissolved in 30% solution of cyclodextrin) for two weeks via osmotic minipumps (ALZET, CA, United States) implanted subcutaneously, as described previously (Eckertova et al., 2011). After the minipumps were implanted, the rats were housed two per cage and were separated by a transparent barrier. On the 12th day, animals were subjected to intraperitoneal glucose tolerance test (ipGTT). After 2 days of recovery, overnight-fasted animals were sacrificed by decapitation at the age of 34 weeks. Experimental procedures involving animals were approved by the Jagiellonian University Ethical Committee on Animal Experiments and conformed to Declaration of Helsinki.



Intraperitoneal Glucose Tolerance Test

The ipGTT was performed to assess glucose clearance. Overnight-fasted rats were administered an intraperitoneal injection of 50% glucose (w/v) at a dose of 2 g/kg body weight. The blood glucose was measured in the tail vein blood prior to and 30, 60, 90, and 120 min after glucose administration using a glucometer (Accu-Check Active, Roche Diagnostics, Switzerland).



Measurement of Selected Metabolic Parameters and Hormones

After decapitation the trunk blood was collected in cooled tubes containing EDTA as anticoagulant and centrifuged immediately at 4°C to separate plasma, which was stored in aliquots at −20°C until analyaed. Fasting plasma insulin level was measured using commercial radioimmunoassay kit (Millipore, Bedford, MA, United States) following the manufacturer’s protocol. Fasting plasma glucose levels were measured using the multianalyser COBAS Integra 800 (Roche Diagnostics Ltd., Rotkreuz, Switzerland). Plasma lipid profile determination was performed using commercially available kits (Roche Molecular Diagnostics, Pleasenton, CA, United States). Quantitative insulin sensitivity check index (QUICKI) was calculated as follows: inverse of the sum of the logarithms of the fasting insulin (μU/ml) and fasting glucose (mg/dl). Plasma oxytocin concentrations were measured by EIA (Phoenix Pharmaceuticals, Burlingame, CA, United States) after extraction of the peptides using C-18 SEP COLUMN, following the manufacturer’s instructions. Precision of the assay declared by the manufacturer is: intra-assay variation <10%; inter-assay variation: <15%. Plasma C-peptide 2 concentrations were measured by ELISA (EMD Millipore Corporation, St. Louis, MO, United States) following the manufacturer’s protocol.



RNA Isolation and Real-Time PCR

Prior to sampling for RNA, dissected samples from musculus quadriceps and epididymal adipose tissues were removed, frozen in liquid nitrogen and stored at –80°C until analysis. Total RNA was isolated using RNeasy Plus Universal Mini Kit (Qiagen, Valencia, CA, United States) following the manufacturer’s instructions. The reverse transcription of isolated RNA was performed using Maxima First Strand cDNA Synthesis Kit (Thermo Fisher, Waltham, MA, United States) according to the manufacturer’s protocol. Real-time PCRs were carried out applying Maxima SYBR Green qPCR Master Mix (Thermo Fisher, Waltham, MA, United States) and run on an ABI 7900HT thermal cycler (Applied Biosystems, Life Technologies, Carlsbad, CA, United States) using rat-specific primer pairs as described previously (Dobrocsyova et al., 2020). Data were normalized to the expression of housekeeping gene ribosomal protein S29 (Rps29) which was not altered by the treatment.



Measurement of Enzyme Activity

Activity of glutamyl aminopeptidase was determined in the membrane fraction. Skeletal muscle and epididymal adipose tissue were homogenized using a glass Teflon homogenizer in lysis buffer (250 mM saccharose, 10 mM Tris, pH 7.4). The homogenates were centrifuged at 1,000 × g/10 min/4°C. The supernatants were collected and centrifuged at 16,000 × g/15 min/4°C to separate the membrane fraction. Protein concentration was measured by the Bicinchoninic Acid Protein Assay (Sigma-Aldrich, St. Louis, MO, United States). Prepared samples were mixed with substrate solution containing 100mM H-Glu-β-naphthylamide (Bachem, Bubendorf, Switzerland), 10 mg/100 ml bovine serum albumin, 10 mg/100 ml dithiothreitol, 50 mM CaCl2 in 50 mM Tris pH 7.4. The 96-well plate was placed in a Synergy H4 Hybrid Reader (BioTek, Winooski, VT, United States) fluorimeter and the enzyme kinetics was measured during 60 min at 37°C with data collection in 5-min intervals as the amount of β-naphthylamide released from the substrate due to the enzyme activity of AP-A at wavelengths 340 nm (excitation) and 410 nm (emission).

Superoxide dismutase activity was measured in skeletal muscle tissue samples by colorimetric SOD Activity Assay Kit (Abcam, Cambridge, United Kingdom). Tissue homogenization and assay procedure were performed in accordance with the manufacturer’ protocol.



Western Blot

Quadriceps muscle was homogenized as described previously (Gajdosechova et al., 2014). After separation of proteins by SDS-PAGE electrophoresis and theirs transfer to a PVDF membrane (Immobilon-FL, Millipore, Bedford, MA, United States) the blots were incubated with primary antibody overnight at 4°C against insulin receptor substrate 1 (IRS-1) total protein or its phosphorylated form at residue Ser307 and Ser612 (#2382, #2381, and #2386, respectively; all purchased in Cell Signaling Technology, Danvers, MA, United States), insulin receptor β (IRβ) total and phosphorylated IRβ at Tyr1150/1151 residue (#3025 and #3024, Cell Signaling Technology, Danvers, MA, United States), SOD1, SOD2, NAD-dependent protein deacetylase sirtuin-1 (SirT1) and GAPDH (#37385, #13141, #9475, and #5174, respectively; Cell Signaling Technology, Danvers, MA) diluted (1:1000) in blocking buffer containing 0.1% Igepal. After membrane washing, the signal of fluorescently labeled secondary anti-rabbit IgG (#5151; Cell Signaling Technology, Danvers, MA, United States) was detected using the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, United States) and quantified by Odyssey IR imaging system software version 2.0.



Statistical Analysis

The results are presented as mean ± SEM. Analysis of normally distributed data was performed using the Kolmogorov-Smirnov test. Non-normally distributed data were subjected to natural logarithm transformation prior to statistical analysis. ANOVA with repeated measures was used to analyze glycemia at different time points of glucose tolerance test. Differences in basic metabolic and morphometric parameters, hormone levels and total area under the curve (AUC) for the glucose between experimental groups were analyzed by one-way ANOVA and differences between obese rats treated with vehicle and obese rats treated with HFI-419 aimed at determing skeletal muscle and adipose tissue metabolism were analyzed using Student’s t-test. Overall level of statistical significance was reached at ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.



RESULTS

We determined the basic characteristics of systemic metabolic and morphometric parameters in lean and obese Zucker rats and obese Zucker rats treated with HFI-419 for two weeks. As expected, obesity in Zucker (fa/fa) rats was accompanied by an increase in plasma insulin, C-peptide 2, triglycerides, cholesterol and LDL/HDL ratio, decreased insulin sensitivity index (QUICKI) and plasma oxytocin level without significant changes in fasting glycemia (Table 1). Plasma oxytocin concentration displayed a strong tendency (p = 0.058) toward increase after HFI-419 treatment. Two weeks administration of HFI-419 had no statistically significant effect on obesity-induced impaired metabolic and morphometric parameters (Table 1).


TABLE 1. Metabolic parameters in lean and obese Zucker rats treated with vehicle and obese Zucker rats treated with HFI-419.

[image: Table 1]In order to determine the systemic effect of HFI-419 on glucose utilization, we performed ipGTT (Figure 1). The ANOVA with repeated measures revealed significant interaction between time and group of rats (p < 0.001) and subsequent post hoc analysis detected that HFI-419 treatment in obese rats led to decline of blood glucose at 30 (p < 0.001), 60 (p < 0.001), and 90 (p < 0.01) min after the glucose load when compared with obese animals treated with vehicle (Figure 1A). Similar marked tendency for 2-h glycemia to decrease (p = 0.065) was observed after the treatment (Table 1). Calculated AUC for glucose from ipGTT data was significantly reduced after HFI-419 administration (Figure 1B).
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FIGURE 1. The effect of HFI-419 treatment on glucose utilization evaluated by intraperitoneal glucose tolerance test (ipGTT) in Zucker rats presented as absolute glucose concentrations (A) and as area under the curve (AUC) (B). Data are shown as mean ± SEM and differences between experimental groups (n = 6) were analyzed by ANOVA with repeated measurements (for glucose concentrations) and one-way ANOVA (for AUC) with subsequent Holm-Sidak multiple comparison: *p < 0.05; **p < 0.01; ***p < 0.001 vs. lean vehicle group and ##p < 0.01; ###p < 0.001 vs obese vehicle group. The effect of HFI-419 treatment on phosphorylation of IRβ subunit at residue Tyr1150/1151 (C) and IRS-1 at residue Ser307 (D) in skeletel muscle determined as ratio between phosphorylated and total protein forms. Expressions of these proteins were evaluated by western blot and representative blots are shown at the panel (E). Results are presented as mean ± SEM and differences between experimental groups (n = 6) were analyzed by Student’s t-test. *p < 0.05.


Regarding the insulin signaling pathway the protein expression of total insulin receptor β subunit (IRβ) and insulin receptor substrate (IRS-1) as well as phosphorylation of IRS-1 at residue Ser307 and Ser612 and IRβ at residue Tyr1150/1151 were evaluated in skeletal muscle. We did not observe statistically significant differences in total IRβ content (IRβ/GAPDH: Vehicle – 1.224 ± 0.092 vs. HFI-419 – 1.215 ± 0.127 a.u., p = 0.589) and total IRS-1 protein level (IRS-1/GAPDH: Vehicle – 0.553 ± 0.084 vs. HFI-419 – 0.499 ± 0.063 a.u. p = 0.621) after HFI-419 administration. The ratios of phospho-IRβ (Tyr1150/1151)/IRβ was significantly increased by HFI-419 treatment while the phospho-IRS-1 (Ser307)/IRS-1 ratio was significantly reduced by IRAP inhibitor application (Figures 1C,D). The ratio of phospho-IRS-1 (Ser612)/IRS-1 was unaffected by the treatment (Ser612)/IRS-1: Vehicle – 0.238 ± 0.039 vs. HFI-419 – 0.252 ± 0.030 a.u. p = 0.780).

The observed changes led us to an extensive investigation of impact of HFI-419 treatment on insulin-responsive tissues metabolism in obese Zucker rats. Regarding skeletal muscle glutamyl aminopeptidase (AP-A), which is disregulated in obesity, both Enpep mRNA level (Figure 1A) and AP-A activity (Figure 2B) were significantly upregulated in this tissue in obese Zucker rats after the treatment. AP-A activity in plasma (Figure 2C) as well as epididymal adipose tissue (Figure 2D) was not affected by HFI-419 administration.
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FIGURE 2. Aminopeptidase A (AP-A) activity and expression in peripheral tissues and plasma. (A) Gene expression of AP-A (coded by Enpep gene) in musculus quadriceps determined by real-time PCR. Data were normalized to the housekeeping gene encoding 40S ribosomal protein S29 (Rps29) whose expression was not significantly changed by the treatment. (C) AP-A activity in the plasma and in the membrane fractions isolated from (B) skeletal muscle and (D) epididymal adipose tissue. Data are expressed as mean ± SEM Differences between vehicle – (n = 6) and HFI-419 – treated (n = 6) obese Zucker rats were analyzed by Student’s t-test: *p < 0.05; **p < 0.01.


Since hyperlipidemia-induced ROS production in skeletal muscle is involved in inhibition of insulin action, we evaluated the mRNA level of markers of oxidative stress and antioxidant defence mechanism in this tissue as well as in epididymal adipose tissue. In skeletal muscle, statistically significant upregulation of Sod1 and Sod2 mRNA levels were detected after HFI-419 administration (Figure 3A). A similar stimulating effect of HFI-419 was found in the case of SOD1 and SOD2 protein expression and SOD enzyme activity (Figures 3C,D). The expression of other genes encoding enzymes with antioxidant properties (Sod3, Nfe2l2, and Nos3) and NOX4 and P22PHOX subunit of NADPH oxidase (Nox4 and Cyba) were not significantly affected by the treatment. In adipose tissue, the expression of prooxidant and antioxidant genes was found unchanged except for Cyba mRNA level, which tended to decrease (p = 0.07) in rats treated with HFI-419 (Figure 3B).
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FIGURE 3. Effect of HFI-419 treatment on expression of genes and proteins with pro-oxidant and antioxidant action and genes coding proteins involved in skeletal muscle and adipose tissue metabolism. Gene expression of superoxide dismutase [Cu-Zn] (Sod1), superoxide dismutase [Mn] (Sod2), extracellular superoxide dismutase [Cu-Zn] (Sod3), nuclear factor erythroid 2-related factor 2 (Nfe2l2), endothelial nitric oxid syntase (Nos3), NADPH oxidase (Nox4) and cytochrome b-245 light chain (Cyba), type-2 angiotensin II receptor (Agtr2), peroxisome proliferator-activated receptor gamma coactivator 1-α (Ppargc1a), forkhead box protein O1 (Foxo1), transforming growth factor β-1 (Tgfb1), fatty acid-binding protein 4 (Fabp4), mesoderm-specific transcript homolog protein (Mest), C-C chemokine receptor type 2 (Ccr2) and plasminogen activator inhibitor 1 (Pai1) in musculus quadriceps (A,E) and epididymal adipose tissue (B,F) of vehicle– and HFI-419–treated obese Zucker rats determined by real-time PCR. Data were normalized to the gene expression of 40S ribosomal protein S29 (Rps29) whose expression was not altered by the treatment. Protein expression of SOD1 and SOD2 and silent information regulator 1 (SirT1) (C) and SOD activity (D) in skeletal muscle of obese vehicle– and HFI-419–treated rats. Expression of proteins was evaluated by western blot and obtained data were normalized to loading control GAPDH whose expression was not altered by the treatment. Representative blots are shown at the panel (G). SOD activity is expressed as percentage of inhibition of tetrazolium salt WST-1 conversion to formazan dye and is related to 1 mg of tissue. Data are presented as mean ± SEM and were analyzed by Student’s t-test: *p < 0.05; **p < 0.01.


In skeletal muscle, significantly elevated level of transcription factor forkhead box protein O1 (Foxo1) mRNA, involved in regulation of redox balance, were detected after HFI-419 treatment (Figure 3E). Interestingly, increased protein content of SirT1, regulator of Foxo transcriptional activity, were observed in skeletal muscle after HFI-419 administration (Figure 3C). The gene expressions of transforming growth factor β-1 (Tgfb1), peroxisome proliferator-activated receptor gamma coactivator 1-α (Ppargc1a), involved in mitochondrial biogenesis, and type-2 angiotensin II receptor (Agtr2) were not changed in obese Zucker rats receiving HFI-419 (Figure 3E).

Regarding the adipose tissue metabolism, the effect of HFI-419 treatment on the gene expression of markers involved in adipogenesis and inflammation were detected in epididymal fat depot of obese Zucker rats. The Fabp4 mRNA level was not changed while mesoderm-specific transcript homolog protein (Mest) and plasminogen activator inhibitor 1 (Pai1) mRNA levels were significantly reduced and C-C chemokine receptor type 2 (Ccr2) transcript level tended to decrease (p = 0.08) in HFI-419–treated rats (Figure 3F).



DISCUSSION

The genetically obese Zucker rats (fa/fa) represent a model of insulin resistance and prediabetes characterized by hyperinsulinemia, hyperlipidemia and peripheral glucose intolerance which is caused largely by an impairment of insulin-stimulated glucose uptake into skeletal muscle, the major site of insulin-mediated glucose disposal (Ionescu et al., 1985; King et al., 1992). We and other authors have previously shown that obesity is associated with dysregulation of IRAP activity in adipose tissue and skeletal muscle along with reduced plasma oxytocin due to increased peptide degradation by peripheral tissues (Gajdosechova et al., 2014; Alponti et al., 2015). A study on IRAP-knockout mice showed protective effect of aminopeptidase deficiency against development of obesity (Niwa et al., 2015). In order to investigate the impact of IRAP inhibition on peripheral glucose tolerance and skeletal muscle and adipose tissue metabolism, we treated obese Zucker rats with HFI-419, a specific inhibitor of IRAP catalytic activity, for 2 weeks.

In our study, we confirmed reduced plasma oxytocin levels in obese eight-month-old rats compared with lean animals. The inhibition of aminopeptidase activity by HFI-419 resulted in a strong elevating tendency of circulating oxytocin level which was accompanied with marked amelioration of the glucose utilization during ipGTT in obese rats treated with IRAP inhibitor. Based on decrease of AUC and 2-h glycemia (p = 0.065) to control values in HFI-419 – treated rats, we assume that inhibition of IRAP substantially improved glucose tolerance in obese rats. Decreased blood glucose level at 30 min in obese treated rats compared to both untreated obese and control lean rats during ipGTT may indicate that the HFI-419 treatment could enhance the insulin secretion after the glucose injection. However, plasma insulin and C-peptide was not determined during ipGTT in our study. Regarding peripheral glucose tolerance, our results are consistent with previous observations in IRAP-deficient mice (Irap-/-) in which glucose and insulin tolerance tests have revealed that the glucose disposal and the hypoglycemic effect of insulin did not differ between groups of animals fed a normal diet but both of those are improved in Irap-/- mice after a high-fat diet challenge (Niwa et al., 2015). On the contrary, acute single administration of IRAP inhibitor HFI-419 did not affect peripheral whole-body glucose handling during the glucose and insulin tolerance tests, neither in control rats nor in the streptozotocin-induced experimental rat model of diabetes mellitus type I (Albiston et al., 2017). In keeping with these results, IRAP in vitro inhibition (30-min and 24-h) of both basal and insulin-stimulated L6GLUT4myc cells did not alter glucose uptake (Albiston et al., 2017). Thus, the effect of HFI-419 on glucose utilization seems to depend on metabolic status of the animals with the positive effect seen only in obese and insulin resistant ones.

With regard to potential mechanism for improvement of glucose utilization in HFI-419–treated animals we found beneficial changes in the insulin signaling cascade in the skeletal muscle. The ratio of phospho-IRβ(Tyr1150/1151)/IRβ was increased after HFI-419 administration. Insulin receptor subunit β phosphorylation in the Tyr11501151 has been demonstrated to be an important control site for transmission of the insulin signal (White et al., 1988). Next we found significantly decreased the ratio of phospho-IRS-1(Ser307)/IRS-1 and unaffected phospho-IRS-1(Ser612)/IRS-1 ratio in skeletal muscle of HFI-419–treated rats. Increased phosphorylation of IRS-1 on residues Ser307 and Ser612 have been suggested to be responsible for the desensitization mechanisms of insulin-stimulated signal transduction which plays an important role in insulin resistance in obesity (Aguirre et al., 2000). Thus, our results suggest that IRAP inhibition has a beneficial effect on glucose metabolism in the skeletal muscle.

We have recently detected obesity-associated significant decrease of membrane-bound AP-A (glutamyl aminopeptidase) activity in the skeletal muscle of Zucker rats accompanied by elevated plasma AP-A activity suggesting stimulated tissue AP-A autolysis due to dyslipidemia in obese phenotype (Lory et al., 2019). AP-A hydrolyses angiotensin II to the heptapeptide angiotensin III which has the highest relative affinity for AT2 receptor and is the most potent endogenous AT2 receptor agonist (Bosnyak et al., 2011). After HFI-419 treatment, we found a significant increase of AP-A gene expression along with a significant increase of membrane-bound AP-A activity in skeletal muscle. Such an upregulation of tissue AP-A activity was not observed in the plasma implicating that IRAP inhibitor has the potential to normalize obesity-impaired release of AP-A into the circulation and normalize the levels of its soluble form. In our previous study, we found a significant (10-fold) increase in AT2 receptor and a parallel decrease in AT1 receptor gene expression in obese 8-month-old Zucker rats (Lory et al., 2019). Regarding skeletal muscle physiology, AT2 receptor activation improves skeletal muscle perfusion, glucose uptake and oxygenation and is required for normal muscle microvascular and metabolic responses to insulin (Chai et al., 2011).

In relation to hyperlipidemia-induced ROS production and mitochondrial dysfunction associated with development of insulin resistance in skeletal muscle, we evaluated expression of genes encoding proteins with pro- and antioxidant properties and found out that HFI-419 treatment elevates the Sod1 and Sod2 mRNA levels while the expression of prooxidative genes (Nox4 and Cyba) did not change. Increased superoxide dismutases gene expressions were also reflected in an increase in the SOD1 and SOD2 protein levels as well as in an increase in the SOD enzyme activity in the treated animals. The first line of antioxidant defense systems, critical in maintaining cellular redox balance, consists of superoxide dismutases (SODs), which eliminates superoxide to produce the less reactive H2O2: the cytosolic Cu/Zn-containing SOD (CuZnSOD encoded by Sod1 gene), the mitochondrial Mn-containing SOD (MnSOD encoded by Sod2 gene), and the extracellular SOD (EcSOD encoded by Sod3 gene) (Di Meo et al., 2017). Several lines of evidence have been provided that Sod1 overexpression improves insulin-dependent glucose uptake into cells as well as peripheral glucose tolerance (Hoehn et al., 2009; Boden et al., 2012). Furthermore, MnSOD −/+mice displayed a significant impairment in glucose tolerance despite similar insulin levels to control mice (Hoehn et al., 2009). This upregulation of Sod1 and Sod2 genes observed in our study indicate that HFI-419 treatment has a beneficial effect on the skeletal muscle redox homeostasis, which is reflected by the improved glucose utilization. The up-regulation of antioxidant enzymes SOD1 and SOD2 observed in our study suggests that HFI-419 treatment has an improving effect on the skeletal muscle redox homeostasis, which might contribute to skeletal muscle insulin sensitivity.

A novel observation of the present study is that IRAP inhibition induced an elevation of Foxo1 mRNA, transcription factor highly expressed in the major insulin target tissues, as well as protein content of SirT1, regulator of FoxO transcriptional activity in skeletal muscle of obese rats. It has been shown, that under pathophysiological conditions such insulin resistance and metabolic dysfunction FoxO1 expression may help drive the expression of genes involved in combating oxidative stress and that there is interplay between SirT1 and FoxO in ROS reduction. SirT1 also directly interacts with SOD, which could be regulated through FoxO (Gross et al., 2008; Zhang et al., 2017). It is tempting to speculate, that HFI-419–induced up-regulation of SirT1 protein may be involved in subsequent SOD upregulation and amelioration of oxidative stress in skeletal muscle of obese Zucker rats.

In relation to adipose tissue metabolism, plasminogen activator inhibitor 1 (PAI-1), a key component of fibrinolysis that has been demonstrated within adipose tissue being involved in adipose tissue expansion and insulin resistance was found to be reduced at the mRNA level after treatment with HFI-419. Study using Irap-/- mice revealed that IRAP deficiency may lead to attenuated PAI-1 expression in differentiated preadipocytes isolated from inguinal fat pads of mice, since adipocyte Pai1 mRNA as well as PAI-1 protein and its secretion into the culture medium were lower in adipocytes from Irap-/- mice than those of wild-type mice (Wang et al., 2018). PAI-1 also contributes to the development of inflammation in adipose tissue during obesity by mechanism involving up-regulation of M1 (clasically activated) macrophage numbers in visceral adipose depot (Wang et al., 2018). In addition to down-regulated Pai1 mRNA in our study, the gene expression of C-C chemokine receptor type 2 (Ccr2), a marker of adipose tissue macrophage infiltration and accumulation (Kim et al., 2016), and mesoderm-specific transcript homolog protein (Mest), displayed clear tendency to decline by HFI-419 application. MEST is thought to play a role in the facilitation of lipid accumulation and fat storage in adipocytes, adipogenesis and adipocyte hypertrophy (Takahashi et al., 2005; Prudovsky et al., 2018). Our study confirmed in vivo previously observed in vitro changes in PAI-1 and has showed a role for IRAP in the regulation of these adipocyte markers.

In summary, our results show that the specific inhibitor of aminopeptidase activity of IRAP, HFI-419, ameliorated the obesity-induced metabolic disturbances in in obese Zucker rats. Beneficial effect was manifested by improvement of the peripheral whole-body glucose tolerance as well as activation of skeletal muscle antioxidant mechanisms and insulin signaling pathway. The results presented are likely to motivate further research as there is a gap in the knowledge regarding the regulation of IRAP/oxytocinase in order to reveal new approaches to modulate metabolism in obesity.
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Dendritic cells (DCs) contribute to the immune surveillance by sampling their environment through phagocytosis and endocytosis. We have previously reported that, rapidly following uptake of extracellular antigen into phagosomes or endosomes in DCs, a specialized population of storage endosomes marked by Rab14 and insulin-regulated aminopeptidase (IRAP) is recruited to the nascent antigen-containing compartment, thereby regulating its maturation and ultimately antigen cross-presentation to CD8+ T lymphocytes. Here, using IRAP–/– DCs, we explored how IRAP modulates phagosome maturation dynamics and cross-presentation. We find that in the absence of IRAP, phagosomes acquire more rapidly late endosomal markers, are more degradative, and show increased microbicidal activity. We also report evidence for a role of vesicle trafficking from the endoplasmic reticulum (ER)–Golgi intermediate compartment to endosomes for the formation or stability of the IRAP compartment. Moreover, we dissect the dual role of IRAP as a trimming peptidase and a critical constituent of endosome stability. Experiments using a protease-dead IRAP mutant and pharmacological IRAP inhibition suggest that IRAP expression but not proteolytic activity is required for the formation of storage endosomes and for DC-typical phagosome maturation, whereas proteolysis is required for fully efficient cross-presentation. These findings identify IRAP as a key factor in cross-presentation, trimming peptides to fit the major histocompatibility complex class-I binding site while preventing their destruction through premature phagosome maturation.
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INTRODUCTION

Dendritic cells (DCs) are immune myeloid cells that exert prime functions in the initiation of adaptive immune responses. Key to the activation of cytotoxic CD8+ T lymphocytes, the effector cells required for immunity against most viruses and cancer, is the generation of stable peptide-major histocompatibility complex class (MHC)-I complexes (pMHC) on the surface of DCs (Jung et al., 2002). While all nucleated cells generate pMHC loaded with peptides from proteins encoded in the cellular genome in a process referred to as the classical pathway of MHC-I antigen presentation, few cell types, including DCs, are able to “cross-present” and thus activate CD8+ T lymphocytes with peptides derived from extracellular proteins. As the spatially restricted peptide-binding pocket on MHC-I molecules is best stabilized by 8-mer and 9-mer peptides, an appropriate hydrolytic machinery in antigen-presenting cells is required in order to break down complex protein antigens into fragments of a suitable size (reviewed in Rock et al., 2010). While the C-terminus of most MHC-I-associated peptides is generated by the proteasome, different N-terminal trimming peptidases have been identified (reviewed in Weimershaus et al., 2013). In this context, we have discovered an unexpected role as trimming enzyme for insulin-regulated aminopeptidase (IRAP), a widely expressed enzyme best studied for its role in oxytocin and vasopressin cleavage and its colocalization with glucose transporter (GLUT) 4 to specific cytoplasmic insulin-responsive storage vesicles (GSVs; reviewed in Li et al., 2019).

Insulin-regulated aminopeptidase is structurally and ontogenetically closely related to the endoplasmic reticulum (ER) aminopeptidases (ERAPs). However, while ERAPs are soluble enzymes in the ER lumen, IRAP is a type II transmembrane protein located in specific endosomes that in DCs contain also the small guanosine triphosphatase (GTPase) Rab14. Its trafficking is regulated by cell type-specific extracellular signals and requires the short cytoplasmic tail of IRAP (Kandror and Pilch, 2011). While adipocytes and muscle cells mobilize IRAP vesicles in response to insulin, we have shown that in DCs, ligation of Fc receptors (FcRs) by immune complexes triggers phosphorylation and inactivation of the Rab14 GTPase-activating protein (GAP) AS160/Tbc1d4, resulting in the activation of Rab14 (Weimershaus et al., 2018). Active Rab14-GTP can form a complex with the kinesin Kif16b, which enables plus-end-directed transport of the vesicles on microtubules and promotes fusion with early endosomes and phagosomes (Weimershaus et al., 2018).

Thus, IRAP vesicle trafficking intersects with endocytic and phagocytic pathways. Phagocytosis is an evolutionary ancient process by which cells internalize extracellular particles and include them in membrane-bound organelles in a receptor-dependent manner. While generally targeted for destruction upon fusion with highly degradative lysosomes (Fairn and Grinstein, 2012), phagosomes in DCs display particular features with regard to their fusion and fission dynamics as well as in the composition of their enzymatic arsenal. Thus, the DC phago-endosomal system seems to be optimized in order to preserve peptides of suitable size for loading on MHC-I molecules for cross-presentation (Amigorena and Savina, 2010). Several studies have added to our mechanistical understanding how DC phagosome maturation and therefore cross-presentation are regulated by different intracellular membrane-modifying and fusion components. Rab GTPases and soluble N-ethylmaleimide–sensitive factor attachment protein receptor (SNARE) tethers are master regulators of vesicular trafficking (Stenmark, 2009). Several factors have been reported to interfere with phagosome maturation and cross-presentation in DCs: Rab27a that brings NADPH oxidase 2 (NOX2)-containing vesicles to the phagosome (Jancic et al., 2007); Rab39a regulating ER–Golgi-to-phagosome transport and stabilizing phagosomal NOX2 and MHC-I molecules (Cruz et al., 2020); Rab3b/c (Zou et al., 2009), Rab11, and Rab22 involved in Toll-like receptor (TLR)-triggered MHC-I delivery to phagosome (Nair-Gupta et al., 2014); Rab34 inducing lysosomal clustering to the perinuclear region (Alloatti et al., 2015); and Rab43, a Golgi-related Rab controlling cross-presentation of phagocytized antigen in vivo (Kretzer et al., 2016). The SNARE protein Sec22b, by interaction with Stx4 on phagosomes, has been suggested to supply the latter with components of the peptide-loading complex and facilitate cross-presentation, although this role has been challenged by a second group using an in vivo model (Montealegre and van Endert, 2017; Wu et al., 2017).

A non-canonical role of proteins involved in autophagy also affects phagosome maturation, although the regulation of this pathway is incompletely understood. In this process, upon TLR or apoptotic cell receptor engagement, several components classically involved in macroautophagy sequentially associate with phagosomes and modulate their maturation. This so-called LC3-associated phagocytosis (LAP) is characterized by sustained recruitment of NOX2 and accelerated fusion with lysosomes leading to more efficient degradation of phagocytized substrates in murine macrophages and enhanced presentation of phagocytized antigens by MHC class II molecules (Sanjuan et al., 2007; Heckmann and Green, 2019).

While detrimental for cross-presentation when accelerated, phago-lysosomal fusion is the default end point of phagocytosis and required for peptide presentation on MHC-II and the destruction of internalized pathogens. The requirement to balance these functions against efficient cross-presentation underlines the importance for DCs of fine-tuning the endo-lysosomal system according to different cellular functions and extracellular cues (Samie and Cresswell, 2015).

Here we investigate how phagosome maturation specifically in DCs is controlled by fusion with an endosomal compartment marked by IRAP and Rab14, suggest that vesicle transport from the ER–Golgi intermediate compartment (ERGIC) affects IRAP vesicles, and confirm the role of IRAP peptidase activity in cross-presentation.



MATERIALS AND METHODS


Mice and Cells

Previously described IRAP–/– mice on an Sv129 background obtained from S. Keller were back-crossed up to 10 times to C57BL/6 mice obtained from Janvier (St. Quentin-Fallavier, France). While for some experiments mice with a lower number of back-crosses were used, cross-presentation experiments were always performed with mice on an identical genetic background. Control mice were either mixed background or C57BL/6 mice bred in our facility or C57BL/6 mice purchased from Janvier. Recombination-activating gene (RAG)1-deficient OT-1 T cell receptor transgenic mice were obtained from Taconic (Germantown, NY, United States) and bred in our animal facility. Animal experimentation was approved by the Comité d’Éthique pour l’Expérimentation Animale Paris Descartes (no P2.LS.156.10). Murine bone marrow-derived DCs (BM-DCs) were produced in vitro by culturing cells extruded from large bones for 6–8 days in complete medium [Iscove’s modified Dulbecco’s medium (IMDM) complemented with 10% fetal calf serum (FCS), 2 mM glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 50 mM β-mercaptoethanol supplemented with J558 supernatant containing 20 μg/ml granulocyte-macrophage colony-stimulating factor (GM-CSF)]. Bone marrow-derived DC differentiation and activation were checked by staining with CD11c and CD80 antibodies as described (Weimershaus and van Endert, 2013).



Antibodies

The following antibodies were used in this study.


Fluorescence Microscopy

immunoaffinity purified rabbit antibodies specific for the cytosolic IRAP domain (Keller et al., 1995); mouse monoclonal IRAP antibodies (a kind gift from M. Birnbaum, University of Pennsylvania) (Garza and Birnbaum, 2000); goat polyclonal anti-EEA1 and anti-mouse transporter 1, ATP-binding cassette subfamily B member transporter associated with antigen processing (TAP1) (both Santa Cruz Biotechnologies); rat anti-mouse lysosome-associated membrane protein (LAMP)1 clone 1D4B, mouse monoclonal anti-STX6, mouse monoclonal anti-GM130 (BD Pharmingen); rabbit polyclonal anti-STX6 (ProteinTech Group, Chicago, IL, United States); rat monoclonal anti-mouse mannose receptor, clone MR5D3 (AbD Serotec); rabbit polyclonal anti-Sec22b (Synaptic Systems); rabbit polyclonal anti-Rab14 (Sigma Aldrich); rat monoclonal anti-HA tag (Roche); rabbit polyclonal anti-LC3 (MBL). All secondary reagents were Alexa-coupled highly cross-adsorbed antibodies from Molecular Probes (Invitrogen).



Immunoblotting

In addition to antibodies also used for microscopy, the following antibodies were used for immunoblots: rabbit polyclonal anti-MHC-I (P8, a gift from H. Ploegh); rabbit polyclonal anti-EEA1 (Abcam); rabbit polyclonal anti-TAP2 (a gift from Dr. J. Monaco); rabbit polyclonal anti-calnexin (Stressgen); rabbit polyclonal anti-V-ATPase subunit E and goat polyclonal anti-Cathepsin D (both Santa Cruz Biotechnologies).



PhagoFACS Assays

PhagoFACS assays: (additional antibodies) rabbit polyclonal anti-ovalbumin (OVA) (Sigma Aldrich); mouse monoclonal anti-Rab7 (Abcam); rabbit polyclonal anti-BSA (Invitrogen).



Flow Cytometry and Sorting

Flow cytometry and sorting: (additional antibodies) rat anti-mouse CD11b/PE-Cy7 (clone M1/70; BD Biosciences); hamster anti-mouse CD11c/eFluor450 (clone N418; eBioscience); rat anti-H2-Kb (clone AF6-88.5; Biolegend); mouse IgG2a isotype control (clone MOPC-173, Biolegend); 7-actinomycin D (7-AAD, BD Biosciences).



ELISAs

Capture: rat anti-mouse interleukin (IL)-2 (clone JES6-1A12); detection: rat anti-mouse IL-2/Biotin (clone JES6-5H4; both BD Biosciences).



Fluorescence Microscopy

Bone marrow-derived DCs on day 7 were plated on fibronectin-coated 12-mm coverslips for 3 h in complete medium at 37°C. The cells were fixed in 4% paraformaldehyde (PFA) for 20 min at room temperature (RT), permeabilized in 0.2% saponin/0.2% bovine serum albumin (BSA) in phosphate buffered saline (PBS), quenched in 0.2 M glycine pH 7 and incubated with antibodies. For phagocytosis assays, the BM-DCs were seeded on IbiTreat channels (BioValley) for 3 h. Adherent cells were pulsed with latex beads (Polysciences) (dilution 1:100) or Saccharomyces cerevisiae cells expressing OVA attached to the cell wall (2 × 108/ml) in complete medium for 5 min at 37°C. The free particles were removed by washing with cold PBS, and cells were chased in complete medium. At the end of each chase period, the cells were fixed, permeabilized, and stained.

Immunofluorescence images were acquired with a Leica SP8 confocal microscope using a 40× oil immersion objective. Alternatively and where indicated, images were acquired with a Leica DMI 6000 microscope equipped with a piezoelectric-driven stage and Optophotonics XF100-2 [fluorescein isothiocayanate (FITC)], XF102-2 (Texas Red), and XF06 [4′,6-diamidino-2-phenylindole (DAPI)] filters, and processed for 3D deconvolution using MetamorphTM 6.3.7.



Image Analysis

Marker colocalization and signal intensity were evaluated using ImageJ. For each image, a stack of at least 10 planes was acquired, and only non-saturated images were measured. A manual threshold was established for each channel before image analysis. Individual cells were delimitated with the freehand selection tool and considered as region of interest (ROI) in ImageJ. For colocalization studies, all images were first translated to a binary image (black pixel intensity = 0; white pixel intensity = 1). The binary images for green and red channels were multiplied to create a mask that encompasses the pixels present in both channels. The areas of green pixels, red pixels, and pixels of the mask were calculated using the plugin “measure stack” of ImageJ. The percentage of green pixels that colocalized with red pixels was calculated as the ratio of the sum of area of pixels in the mask divided by the sum of the area of green pixels.

For measurement of endosomal and Golgi STX6 intensity, a z-projection of the stack image was performed using the sum projection method. On the z-projection image, two individual ROIs were delimitated for each cell analyzed, one for the Golgi stacks and one for the cellular area outside Golgi. Measurements performed with ImageJ were limited to threshold and included ROI area, ROI mean fluorescence intensity, and integrated density. The results were reported as mean of fluorescence or integrated density/area. Statistical analysis was performed with GraphPad Prism software using unpaired t-tests.



Flow Cytometry and Sorting

Bone marrow-derived DCs were incubated on ice with fluorochrome- or biotin-conjugated CD11b, CD11c, and AF6-88.5 antibodies diluted in PBS with 2% FCS. APC/Cy7-streptavidin (Biolegend) was used as a secondary reagent and 7-AAD (5 μl/sample) to discriminate live and dead cells. BD FortessaTM and fluorescence-activated cell sorting (FACS) ARIA-IITM machines were used for cell analysis and sorting, respectively.



Immunoblots

Latex bead-containing phagosomes were prepared from BM-DCs by sucrose gradients according to published procedures (Desjardins et al., 1994). Briefly, 1.5 × 108 BM-DCs were fed 0.5 ml deep-blue latex beads (Sigma). Cells were lysed mechanically, excess beads were removed by FCS flotation, and phagosomes were purified via a sucrose gradient by ultracentrifugation. Phagosomes were finally lysed in 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPS), the protein concentration was measured with the Bradford reagent (BioRad), and the protein composition was analyzed by immunoblots.



PhagoFACS

Here, 0.5 mg/ml OVA (Worthington) or ultrapure BSA (Sigma) were covalently coupled to 3 mm latex aminobeads (Biovalley). Bone marrow-derived DCs were pulsed with beads for 10 (Figure 4) or 20 (Figure 2A) min; the excess of non-phagocytized beads was removed by FCS flotation gradients, and the cells were harvested immediately or after another 10 min (Figure 4) or 40 min (Figure 2A) incubation of cells at 37°C. In the experiment shown in Figure 4, half of the BM-DCs were preincubated with 1 μM IRAP inhibitor DG-026A for 2 h and the inhibitor was maintained during phagocytosis. After completion of the time course, the cells were mechanically lysed with a syringe in 250 mM sucrose, 3 mM imidazole, 1 mM dithiothreitol (DTT), and phagosomes were enriched by low-speed centrifugation, fixed in 1% PFA, stained with the lipid marker CellMask (Invitrogen) and Rab7, LAMP1, or OVA antibodies, and analyzed on a Canto II or Gallios cytometer.



Phagosomal pH

The pH-sensitive dye carboxyfluorescein succinimidyl ester (CFSE) and the pH-insensitive dye AF647 were coupled to latex aminobeads (Polysciences) and added to DCs for phagocytosis. After removal of excess beads, the decrease of the CFSE-emitted fluorescence intensity was measured over time by flow cytometry. The signal was corrected for non-specific dye degradation with the AF647 signal. pH values were obtained by plotting the CFSE mean fluorescence intensity values to a calibration curve that was obtained by lysing phagosomes containing fluorochrome-conjugated beads in 1% Tween-20 solutions of known pH.



Microbicidal Activity in vitro

Bone marrow-derived DCs were incubated with Pseudomonas aeruginosa or S. cerevisiae for 3 h at a microbe/DC ratio of 1. Then, microbes were washed away and the DCs were lysed in 0.1% Triton. The lysates were plated at different dilutions on yeast and bacterial culture plates, respectively, and colony formation was quantified after 18 h of culture. For Aspergillus fumigatus conidia phagocytosis, BM-DCs were incubated with conidia at a conidia/DC ratio of 2, in 24-well plates. The plates were centrifuged at 4°C for 30 min followed by extensive washing with cold PBS to remove free conidia. The number of conidia bound to BM-DCs membrane was identical for wild-type (wt) and IRAP–/– cells. The BM-DCs were incubated for 5 h at 37°C in complete medium. Finally, the cells were lysed in 5 mM EDTA and 0.1% Tween 20 in H2O, and the lysates were plated on agar plates. A. fumigatus colonies were counted 48 h later.



Phagosomal Peptide Transport Assay

Three-micron latex beads (Polysciences) were coated by passive adsorption with 100 μg/ml rabbit immunoglobulin and incubated at a ratio of 3:1 for 20 min at 37°C for phagocytosis with BM-DCs. After elimination of free beads by FCS gradient, half of the preparation was disrupted immediately for phagosome preparation and the other half was incubated for another 20 min at 37°C to initiate phagosome maturation. Then, cells were disrupted mechanically in 220 mM sucrose, 3 mM imidazole, 1 mM DTT, and 5 mM MgCl2, and phagosomes were pelleted after removal of nuclei. Phagosomes were preincubated during 5 min with 0.9 mM ATP, 0.2 mg/ml creatine kinase, and 400 mM creatine phosphate and incubated for 15 min at 20°C or 4°C with 5 μM peptide RRYNAC(FITC)TEL (R9L-FITC) obtained at ∼80% purity from Pepscan or Sigma-Genosys. Finally, the phagosomes were washed with PBS, stained with 7.5 μg/ml CellMask Deep RedTM membrane stain (Invitrogen) for 30 min at 4°C, and analyzed for peptide accumulation by FACS. Phagosomes incubated at 4°C served as negative controls.



Cross-Presentation Assays

Here, 2 × 106 BM-DCs were transfected on day 5 of culture with 2 μg of plasmids encoding wt or mutant forms of IRAP or Rab14 using the Amaxa (Lonza) nucleofection kit for mouse immature DCs and program Y-001. On day 7, the cells were stained with CD11b and CD11c antibodies for 20 min, sorted as 7-AAD–CD11b+CD11c+GFP+ cells, and seeded at a concentration of 15,000–20,000 cells/well into 96-well round-bottom culture plates. After 1 h, CD8+ T cells purified from lymph nodes of OT-I mice were added to the culture for 20 h at a ratio T/BM-DCs: 1.5/1. To assess T cell activation, IL-2 concentration in supernatants was measured by sandwich ELISA using Nunc Maxisorp plates, streptavidin/horseradish peroxidase (Thermo Fisher Scientific), and OptEIA TMB substrate (BD Biosciences). Results represent the means of duplicate wells.



Peptidase Activity Assays

IRAP–/– mouse epithelial fibroblasts were transfected with wt IRAP or the E465A mutant by electroporation. Two days later, 2 × 106 surviving cells were lysed in 1% Triton, and IRAP was immunoprecipitated with specific mouse antibodies immobilized on Sepharose 4B beads. Half of the beads was resuspended in gel loading buffer and analyzed by immunoblot for IRAP content. The other half was used to prepare triplicate samples and incubated for 15 min with 50 μM Arg-AMC with continuous measuring of the fluorescence signal at 460 nm using a MithrasTM fluorometer (Berthold).



Cloning of Wild-Type and Mutant IRAP in pIRES2-eGFP

A cDNA coding for IRAP truncated by the 79 aminoterminal amino acids and extended by a carboxyterminal HA tag was amplified from mouse spleen cDNA using the following primers: 5′-ACC GGT GCC ACC ATG CTA CTA GTA AAT CAG TCA C (AgeI site underlined) and 5′-GAG CTC CTA GGC GTA GTC GGG CAC GTC GTA GGG GTA TCC CGA CAG CCA CTG GGA GAG-3′ (HA tag in italics, XhoI site underlined). The PCR product was cloned in the pMAX-GFP vector (Lonza) between the AgeI and XhoI sites, thereby replacing the GFP cDNA and resulting in the plasmid pMAX-IRAP. The absence of errors was confirmed by sequencing. A cDNA encoding truncated inactive IRAP was obtained by the megaprimer method. A megaprimer of 235 bp was produced by PCR using pMAX-IRAP as template and the primers: 5′-CT AAA ATC ATT GCT CAC GCA CTG GCA CAT CAG TGG-3′ (mutated base underlined) and 5′-GAA GAC TGA ACA GAT GAT GAT ATT GGA TGA-3′, the latter primer being located downstream of an EcoRI site in the IRAP cDNA. A second PCR product was obtained using the megaprimer and the sense primer 5′-ACC GGT GCC ACC ATG CTA CTA GTA AAT CAG TCA C (AgeI site underlined). This PCR product was used to replace the fragment between the AgeI and EcoRI sites in pMAX-IRAP, creating pMAX-IRAP E465A, followed by sequencing to confirm the mutation. To obtain plasmids encoding full-length IRAP, the first 650 bp of IRAP were amplified using the primers 5′-GCT AGC GCC ACC ATG GAG TCC TTT ACC AAT GA-3′ (NheI underlined) and 5′-TTG AAA TAT TAT GTC CTG TGC TAT-3′, using as template the cDNA clone MGC_144171 (plasmid IMAGE_40098425, obtained from Open Biosystems) corresponding to Genbank accession number BC120926.1. The N-terminal IRAP fragment was cloned in pCR Blunt (Invitrogen) and sequenced. The C-terminal fragments of wt and inactive IRAP were removed from the pMAX plasmids using EcoRV and XhoI and cloned together with the N-terminal fragment, excised using NheI and EcoRV, between the NheI and XhoI sites in pCDH-EF1alpha vector (System Biosciences). Finally, the full-length IRAP inserts were transferred from pCDH-EF1alpha into pIRES2-EGFP (Clontech) as NheI and XhoI fragments.



Lentivirus Production and Infection

The plasmids pLK0.1-puro carrying shRNA sequences specific for Sec22b (TRCN0000115089, also used by Cebrian et al., 2011) and a puromycin resistance gene were purchased from Open Biosystems. The control pLK0.1 plasmid carrying a non-targeting shRNA sequence (SHC002H) was purchased from Sigma Aldrich. The pLK0.1 plasmids were co-transfected with the packaging plasmids pCMVDelta8.2 and the envelope plasmid pMD2G into HEK-293-FT cells via calcium chloride transfection. Five hours post-transfection, the buffer was exchanged for complete Dulbecco’s modified Eagle’s medium (DMEM) and virus-containing supernatant was collected 24, 36, and 72 h post-transfection. The supernatants were concentrated in Centricon 70 devices (Millipore). To determine virus titers, NIH3T3 fibroblasts were transduced with several dilutions of viral supernatants. Two days later, cells were harvested, genomic DNA was isolated, and the viral gene fugw was amplified by qPCR, and copy numbers were determined by plotting the obtained signal against dilutions of a fugw-encoding plasmid amplified in the same experiment.

Red blood cell-depleted bone marrow cells on day 3 of culture in the presence of GM-CSF were put in contact with lentiviral supernatants at a multiplicity of infection (MOI) of 10 supplemented with 8 μg/ml polybrene and centrifuged for 100 min at 32°C. Subsequently, supernatants were washed off and replaced by BM-DC culture medium. Non-transduced cells were depleted by addition of 5 μg/ml puromycin on day 5. Transduced cells were used on days 7–8 of culture. The efficiency of knockdown was confirmed by immunoblot and qPCR.



Statistical Analysis

Statistical analyses including regression analysis, unpaired t-tests, and two-way ANOVA with p-values adjusted by Dunnett correction test (cross-presentation) were performed using GraphPad PrismTM software (version 7.0). For cross-presentation experiments, the mean values of four independent experiments were pooled and statistical significance was determined for every dose of antigen (parameter 1) and for every cell treatment (parameter 2) by comparing both the vector-IRAP+/+ and the IRAPE465A-IRAP–/– conditions to the vector-IRAP–/– condition. For visual simplicity, the graph shows the p value applying to the three higher antigen concentrations.



RESULTS


Loss of Insulin-Regulated Aminopeptidase Accelerates Phagosome Maturation

Aiming to identify the peptidases involved in trimming the amino-terminus of MHC-I-presented antigenic peptides, we have previously reported that IRAP is rapidly recruited to newly formed phagosomes (Saveanu et al., 2009; Weimershaus et al., 2012, 2018). Here, comparing wt with IRAP–/– DCs lacking Rab14+ storage endosomes, we set out to investigate in detail how this endosome species modulates the dynamic changes and molecular properties of phagosomes in the course of their maturation process. To this aim, we isolated latex-bead phagosomes from wt and IRAP–/– DCs and analyzed their content by immunoblot (Figure 1A). While neither the recruitment of the ER proteins Calnexin and TAP nor the amount of MHC-I molecules in phagosomes depended on the expression of IRAP, phagosomes from IRAP–/– DCs prematurely lost the early endosomal antigen (EEA) 1 and acquired more rapidly late endosomal and lysosomal markers such as cathepsin (Cat)D, the proton pump V-ATPase, and LAMP-1 (Figure 1A). To confirm these results by an alternative approach, we performed phagoFACS experiments, which allow for detection of selected membrane markers on bead-containing phagosomes at a given time point of maturation via flow cytometry (Savina et al., 2010). In agreement with the results from the immunoblot analysis, FACS staining for the late endosomal/lysosomal markers LAMP-1 and Rab7 showed higher fluorescence intensities on phagosomes isolated from IRAP–/– DCs, indicating an accelerated phagosome maturation in these cells compared to wt DCs (Figure 1B). These changes in the presence of endosomal markers on the phagosomal membrane were accompanied by a stronger acidification measured in IRAP–/– phagosomes (Figure 1C).
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FIGURE 1. Phagosome maturation is accelerated in insulin-regulated aminopeptidase (IRAP) – /– dendritic cells (DCs). (A) Latex bead phagosomes were isolated from wild-type (wt) or IRAP– /– bone marrow-derived DCs (BM-DCs) by sucrose gradients after a 20-min pulse (early) and after 120 min of chase (late). Equal protein amounts were analyzed by immunoblot for the markers indicated. One of three or more experiments. CatD, cathepsin D. (B) BM-DCs were pulsed for 20 min with latex beads and mechanically disrupted. Phagosomes in the post-nuclear supernatant were fixed, identified with the lipid marker CellmaskTM, stained for lysosome-associated membrane protein (LAMP)1 and Rab7, and analyzed by flow cytometry. One out of 10 (LAMP1) and three (Rab7) experiments. (C) The fluorescence intensity of phagocytosed latex beads conjugated to the pH-sensitive dye carboxyfluorescein succinimidyl ester (CFSE) and the pH-insensitive dye AF647 was monitored over time by flow cytometry. The ratio of CFSE to AF647 fluorescence was converted to pH values using a standard curve of beads in solutions of known pH. One of three similar experiments. (D) BM-DCs were pulsed for 20 min with latex beads, and LC3 staining of phagosomes containing single beads was performed as described in panel (B). The images to the right show BM-DCs pulsed for 5 min with latex beads, chased for 15 min, and stained for LC3 and EEA1.


Considering the published role of LAP in enhancing phagosome maturation, we wondered if IRAP–/– phagosomes displayed more LC3 on their membranes. Using phagoFACS and confocal imaging, we observed that early phagosomes from cells lacking IRAP showed stronger LC3 staining (Figure 1D). These results indicate that IRAP endosomes contribute to regulating phagosome maturation, stabilizing early endosomal markers and presumably a higher pH while limiting recruitment of a key element of the highly degradative LAP pathway.

As accelerated phagosome maturation and lower pH are generally associated with increased substrate degradation, we next analyzed the proteolysis of two model substrates in phagosomes from IRAP–/– and wt DCs. Using OVA- and BSA-coated latex beads, respectively, we observed accelerated protein degradation in IRAP–/– phagosomes (Figure 2A). Similar results were obtained when monitoring accumulation of a reporter peptide in an in vitro assay of peptide transport into phagosomes: while peptide accumulated during 40 min in wt phagosomes, with greater amounts in later vesicles, peptide amounts decreased over time in IRAP–/– phagosomes. This was due to the more degradative milieu rather than diminished transport activity in IRAP–/– phagosomes, as addition of protease inhibitors increased the peptide amounts accumulating in the vesicles lacking IRAP, whereas it was without effect in IRAP+/+ phagosomes (Figure 2B).
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FIGURE 2. Insulin-regulated aminopeptidase (IRAP) – /– phagosomes are more degradative and microbicidal. (A) Wild-type (wt) and IRAP– /– bone marrow-derived dendritic cells (BM-DCs) were pulsed for 20 min with latex beads coupled to ovalbumin (OVA) or bovine serum albumin (BSA) and half of the cells were chased for 40 min. The cells were lysed, and the beads were stained for BSA or OVA and analyzed by flow cytometry. One out of three or more experiments. (B) BM-DCs were incubated for 20 min with latex beads, washed, and lysed mechanically immediately or after another 20 min incubation at 37°C for phagosome preparation. The phagosomes obtained from wt and IRAP– /– BM-DCs were incubated for 15 min at 4°C or 20°C with peptide R9L-FITC followed by analysis of peptide accumulation by fluorescence-activated cell sorting (FACS). One representative of three experiments is shown. (C) Wt and IRAP– /– BM-DCs were allowed to phagocytose the indicated microbes and incubated for 3 h (Pseudomonas), 5 h (Aspergillus fumigatus conidia), or 6 h (Saccharomyces cerevisiae). The microbe survival was determined as the number of colony-forming units (cfu) in solid cultures. The numbers represent the means ± SEM of three independent experiments and are expressed as percent of survival in wt cells. *p < 0.02, **p < 0.002, ***p < 0.0001.


One physiological function of phagosome maturation is the inactivation and killing of potentially harmful content including microbes. We thus compared the intracellular survival of bacteria, fungi, and yeast upon phagocytosis by IRAP–/– and wt DCs. All three microbe species showed significantly diminished survival in IRAP–/– phagosomes, consistent with a more proteolytic and microbicidal content (Figure 2C).



Insulin-Regulated Aminopeptidase Peptidase Activity Is Required for Antigen Presentation

We have previously shown that IRAP exerts trimming activity toward the amino-terminus of peptides in the MHC-I cross-presentation pathway. IRAP–/– DCs fail to efficiently activate CD8+ T cells to cross-presented antigens (Saveanu et al., 2009). However, as accelerated phagosome maturation alone might be sufficient to hamper cross-presentation through increased destruction of antigenic peptides in the phagosome, we sought to dissect the contribution of IRAP peptidase activity to efficient cross-presentation as opposed to a merely structural, i.e., non-enzymatic role of IRAP in storage endosomes and their trafficking.

To this end, we generated a peptidase-dead IRAP variant carrying a single amino acid mutation in the catalytic site (E465A), which we overexpressed in IRAP–/– DCs (Figure 3A, upper panel). As expected, in contrast to wt IRAP, the immunoprecipitated peptidase-dead mutant lacked hydrolytic activity toward the fluorogenic substrate Leu-AMC (Figure 3A). While peripheral endosomes staining for Stx6 and Rab14 were essentially absent in IRAP–/– cells, the expression of the peptidase-dead mutant was sufficient to promote the appearance of peripheral endosomes staining for the storage endosome hallmark proteins Stx6, Rab14, EEA1, and mannose receptor (MR; Figure 3B). Wt and mutant IRAP colocalized to the same extent with the endosome markers analyzed, displaying the characteristic strong co-localization with Stx6 and Rab14 and weaker co-staining with EEA1 and MR (Figure 3C). However, while wt IRAP fully restored cross-presentation, the peptidase-dead mutant failed to rescue the cross-presentation defect observed in IRAP–/– DCs (Figure 3D), consistent with a requirement of peptide trimming by IRAP for efficient CD8+ T cell priming.
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FIGURE 3. Insulin-regulated aminopeptidase (IRAP) peptidase activity is required for efficient cross-presentation. (A) IRAP–/– mouse epithelial fibroblasts (MEFs) were transfected with full-length wild-type (wt) or mutant IRAP or mock-transfected (ctrl), followed by immunoprecipitation of IRAP 2 days later. The precipitates were analyzed for IRAP content by immunoblot and for peptidase activity toward the fluorogenic Arg-AMC substrate using mock-transfected cells as control. (B) IRAP–/– bone marrow-derived DCs (BM-DCs) were nucleofected with the plasmid pMAX-IRAP-E465A and analyzed 36 h later by confocal microscopy. Wt and untransfected IRAP–/– BM-DCs are shown as controls. (C) The colocalization of storage endosome markers in IRAP wt and IRAP–/– BM-DCs transfected with wt or protease-dead IRAP was analyzed for five representative cells. The graph shows mean co-localization ± SEM. (D) IRAP+/+ or IRAP–/– BM-DCs were nucleofected with empty pIRES2-GFP or the active site IRAP mutant E465A cloned in pIRES2-GFP. Live transfectants were sorted as GFP+7AAD–CD11c+CD11b+ cells and put in contact with graded amounts (mg/ml) of pre-formed complexes formed between MR antibodies and OVA fusion protein and with OT-I T cells. T cell stimulation was assessed by interleukin (IL)-2 ELISA. Histograms show the mean concentration of IL-2 ± SEM after subtraction of values obtained with control Glutamic acid decarboxylase (GAD) fusion protein from four independent experiments. ∗∗p < 0.01; ns, not significant.


However, it was still possible that protease-dead IRAP was sufficient to reconstitute storage endosomes but not normal, i.e., DC-typical attenuated phagosome maturation. Given the poor efficiency of full-length IRAP expression through transfection of BM-DCs, we were not able to obtain sufficient numbers of transfected BM-DCs to perform immunoblot and phagoFACS experiments for monitoring phagosome maturation. However, we reasoned that pharmacological IRAP inhibition should also reveal a potential requirement of proteolysis for physiologic phagosome maturation. We have previously shown that the inhibitor DG-026A reduces cross-presentation by wt BM-DCs to levels observed in IRAP–/– DCs but has no effect on presentation in the latter, indicating selective inhibition of IRAP enzymatic activity in live cells (Kokkala et al., 2016). As expected, early phagosomes prepared from IRAP–/– BM-DCs acquired higher levels of Lamp1 and Rab7 and contained somewhat lower levels of OVA than wt vesicles (Figure 4). However, incubation with DG-026A was without effect on acquisition of late endosome markers and OVA degradation not only in IRAP–/– phagosomes, as expected, but also in wt vesicles. Therefore, we were unable to find experimental evidence for a role of IRAP enzymatic activity in phagosome maturation.


[image: image]

FIGURE 4. Inhibition of insulin-regulated aminopeptidase (IRAP) protease activity does not alter phagosome maturation. Latex beads covalently coupled to ovalbumin (OVA) were fed to bone marrow-derived dendritic cells (BM-DCs) preincubated with the IRAP inhibitor DG-026A or solvent were incubated for 10 min with OVA-coated latex beads, washed, incubated in the presence of DG-026A for another 10 min at 37°C, and then lysed mechanically for preparation of phagosomes. Fixed phagosomes were stained for the late endosome markers Lamp1 and Rab7 and for OVA and analyzed by flow cytometry. One out of three experiments each performed in duplicate is shown. MFI, mean fluorescence intensity.




Insulin-Regulated Aminopeptidase Endosome Stability Depends on Sec22b

Efficient cross-presentation has been suggested to depend on the partial fusion of ER membranes with endosomal compartments in a process relying on the ERGIC SNARE protein Sec22b and its phagosomal fusion partner Stx4 (Cebrian et al., 2011). In order to analyze the importance of Sec22b-mediated membrane fusion in phagosome maturation in IRAP–/– and wt DCs, we knocked down Sec22b expression using a lentivirus-expressed sequence also used by Cebrian and associates. To our surprise, abolishing Sec22b expression profoundly altered the organization of early endosomal structures. Specifically, immunofluorescence imaging revealed a near complete absence of peripheral endosomes staining for Stx6 or IRAP, while EEA1 staining was also slightly affected by Sec22b knockdown in BM-DCs (Figure 5A). Examining the correlation between the endosomal staining intensity for these markers and the efficiency of Sec22b knockdown in individual cells, we observed a strong correlation between Sec22b expression and the presence of IRAP+ and Stx6+ endosomes, contrasting with a much weaker correlation for EEA1+ endosomes (Figure 5A, right panels). TAP and LAMP staining was not affected by Sec22b knockdown. GM130 staining, in contrast, was inversely correlated with Sec22b expression, i.e., increased upon Sec22b deletion. As Stx6 is involved in vesicle traffic between the trans Golgi network (TGN) and endosomes, we asked whether its depletion was selective to endosomes. However, although Sec22b knockdown reduced Stx6 staining outside the Golgi more strongly than within, its distribution was not significantly altered (Figure 5B).
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FIGURE 5. Sec22b knockdown results in severe perturbation of insulin-regulated aminopeptidase (IRAP)+STX6+ endosomes. (A) Bone marrow-derived dendritic cells (BM-DCs) were transduced with shNT or shSec22b lentiviruses, stained for Sec22b, and analyzed by confocal microscopy with identical settings for shNT and shSec22b samples. The adjacent graphs show the correlation between the mean fluorescence intensities for Sec22b and for a second marker, each dot representing a different cell. Correlation coefficients were computed using exclusively unsaturated images. (B) BM-DCs were transduced as in panel (A) and stained for Sec22b and STX6. The integrated density of STX6 staining was measured in the Golgi area and outside of it for each cell analyzed using unsaturated images. ****p < 0.0001; **p < 0.001; ns, not significant.




DISCUSSION

The regulation of phagosomal maturation by myeloid cells is intimately linked to their specific role in the immune system. While macrophages excel in the intracellular destruction of phagocytosed cargo by rapid and efficient phagosome–lysosome fusion, it is widely accepted that the “mild” endosomal milieu in DCs promotes their capacity to cross-present. In this context, we have identified a cellular mechanism of regulated trafficking and fusion of Rab14+IRAP+ storage endosomes with phagosomes in response to TLR4 engagement (Weimershaus et al., 2018). Here, we further characterize the trafficking dynamics during IRAP endosome-dependent phagosome maturation and report suggestive evidence relating it to previously described mechanisms regulating phagosome maturation such as LAP and the interaction of the ERGIC with post-Golgi vesicles.

We find that the absence of IRAP accelerates the loss of early and the acquisition of late endosomal markers. Consistent with this changed kinetics, IRAP–/– phagosomes display a lower luminal pH and an increased hydrolytic activity, which translates into increased killing of phagocytosed yeast, fungi, and bacteria, as well as increased TLR9 signaling (Babdor et al., 2017). Accelerated phagosome maturation most likely implicates the regulated movement of storage endosomes along microtubules: IRAP’s N-terminus protrudes from the vesicular membrane to the cytosol where it physically interacts with the formin FHOD4, which anchors the endosomes to the actin cytoskeleton (Babdor et al., 2017). Additionally, we have previously shown that IRAP interacts with Tbc1d4/AS160, the Rab14 GAP in DCs (Weimershaus et al., 2018). Tbc1d4/AS160 activity is negatively regulated by the class I phosphoinositide 3-kinase (PI3K)/Akt signaling (Sadacca et al., 2013), a pathway known to be triggered by innate immune receptors and Fc receptors (Nair et al., 2011). Akt enzymatic activity leads to phosphorylation of Tbc1d4/AS160 and to guanosine diphosphate (GDP)–GTP exchange at Rab14. GTP-bound Rab14 associates with the kinesin Kif16b and promotes anterograde transport of IRAP endosomes to the cell periphery. The presence of IRAP and Rab14 in early phagosomes suggests that in DCs, phagocytosis is rapidly followed by fusion with storage endosomes, such that interaction of the two proteins with the cytoskeleton takes control of phagosome maturation (Saveanu et al., 2009; Weimershaus et al., 2012, 2018).

According to our findings in this and our previous report, the loss of IRAP and its static anchoring to the cytoskeleton is sufficient to promote destabilization of storage endosomes and at the same time abolish plus-end-directed vesicle transport via the regulated Rab14-Kif16b hub, such that transport toward and fusion with lysosomes become dominant. In addition, via its recently discovered interaction with the retromer complex (Pan et al., 2017), IRAP might contribute to the retrieval of specific subdomains and cargos from early endosomes and phagosomes to trans-Golgi-derived vesicles, avoiding thus their targeting to lysosomes, a possibility that needs further investigation.

Interestingly, IRAP–/– phagosomes acquired more lipidated LC3 on their membranes. LC3-associated phagocytosis had first been described in murine macrophages as a non-canonical function of autophagy proteins (Sanjuan et al., 2007), resulting in accelerated phagosome maturation compared to phagocytosis without LC3 implication. Several membrane receptors have been described to trigger LAP, including TLR1/2/6, TLR4, TIM4, and FcR (Martinez, 2018). The initial signaling cascade, however, triggering the recruitment of the class III PI3K complex upstream of LC3 association, remains elusive, as well as the mechanisms through which the autophagy machinery promotes phagosome–lysosome fusion. Nevertheless, our findings suggest that the factors delivered to DC phagosomes by TLR4 or FcR-triggered fusion with IRAP storage endosomes “override” early signaling events leading to LC3 association with phagosomes because efficient LC3 association is only observed in IRAP–/– DCs. Analyzing the presence of Rubicon (a LAP-exclusive class III PI3K subunit) or the resulting phosphoinositide-3-phosphate levels on nascent phagosomes in IRAP–/– cells could provide further insight into the early membrane-modifying events that are regulated by IRAP.

The analysis of purified phagosomes did not reveal differences in the transport of MHC-I molecules to this compartment between wt and IRAP–/– cells. The exact relationship, however, between IRAP+ storage endosomes and the DC endocytic recycling compartment (ERC) described by Nair-Gupta et al. (2014) remains unclear. This compartment is defined by VAMP3/VAMP8/Rab11 and harbors stocks of MHC-I molecules delivered upon TLR4 signaling for peptide loading to phagosomes. Note that despite the suggestive name of the ERC, the origin of its MHC-I molecules is unclear, as we have been unable to observe delivery of internalized recycling MHC-I molecules to it (Montealegre et al., 2019). IRAP deficiency did not affect the recruitment of ER-derived components (Calnexin, TAP) to phagosomes, which positions storage endosomes offside the trafficking and fusion events of ER membranes with phagosomes.

Interestingly, we observed that the knockdown of the ERGIC-SNARE Sec22b destabilized IRAP+ storage endosomes in the steady-state. A role of this SNARE in intracellular IRAP trafficking has not been described; however, indirect evidence from studies on GSVs in insulin-responsive cells might help to explain our observations: in the absence of insulin signaling, GSVs are retained at a pre-Golgi location by the action of the Golgi tether proteins TUG, Golgin-160, and p115, the latter of which directly binds IRAP (Hosaka et al., 2005; Williams et al., 2006). TUG, Golgin-160, and p115 localize to the cis-Golgi, ERGIC, and ER exit sites, where p115 has been shown to form stable complexes with Sec22b (Wang et al., 2015). Compromised formation of Sec22b-p115 complexes might result in misdirection of IRAP from the ERGIC or in its retrieval to the ER for eventual degradation; given the essential absence of IRAP in Sec22b knockdown BM-DCs, we favor the latter possibility. Whatever the mechanism underlying IRAP depletion upon Sec22b knockdown, our observation suggests a potential explanation for the previously unexplained accelerating effect of Sec22b knockdown on phagosome maturation (Cebrian et al., 2011). Next to affecting the delivery of ER membrane components to phagosomes, Sec22b may be required for correct formation of storage endosomes, which in turn regulate phagosome maturation

Finally, we address the question of the dual role of IRAP as a trimming aminopeptidase and a constitutive component of storage endosomes in cross-presentation. We show that protease-dead IRAP fully reconstitutes IRAP+ endosomes with a typical set of markers and that an IRAP inhibitor does not accelerate phenocopy IRAP knockout, i.e., does not accelerate phagosome maturation. Taken together, these findings suggest that IRAP has a structural role in storage endosomes and that this role is sufficient to mediate normal phagosome maturation. As DC-typical phagosome maturation has a well-documented importance in cross-presentation, it is plausible and likely that the structural role of IRAP has an independent effect on cross-presentation. Conversely, the fact that cross-presentation by BM-DCs expressing protease-dead IRAP is indistinguishable from cross-presentation by IRAP–/– cells lends credibility to a requirement of peptide trimming by IRAP for cross-presentation.

Interestingly, active proteasome complexes have recently been detected in endocytic DC vesicles, the precise identity of which remains to be determined (Sengupta et al., 2019). In our hands, cross-presentation of soluble, receptor-targeted, or particle-associated OVA is proteasome-dependent. Concerning TAP dependence, we have previously shown that the detrimental effect of TAP deficiency on cross-presentation of phagocytosed (but not receptor-targeted soluble) OVA by BM-DCs can be overcome by restoring cell surface class I levels through low-temperature incubation (Merzougui et al., 2011). In other words, particulate OVA cross-presentation by BM-DCs requires antigen degradation by proteasome complexes but not antigenic peptide transport by TAP, features shared by the experimental system employed by Sengupta et al. (2019). It is therefore conceivable that proteasome complexes reside in IRAP+ vesicles, which then would contain a complete proteolytic chain for production of antigenic peptides. As the selectivity of IRAP trimming overlaps significantly with that of ER(A)P (Georgiadou et al., 2010; Mpakali et al., 2015), such a scenario would increase the likelihood that similar peptides are produced and presented in the endogenous and exogenous antigen presentation pathways, ensuring efficient recognition of tissue cells by CD8+ T cells primed by cross-presenting DCs.

Collectively, our findings highlight the important and dual role of IRAP+Rab14+ endosomes in optimizing cross-presentation and suggest that their availability may physiologically contribute to regulating the capacity of DCs to cross-prime CD8+ T cell responses.
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Insulin resistance (IR), currently called prediabetes (PD), affects more than half of the adult population worldwide. Type 2 diabetes (T2D), which often follows in the absence of treatment, affects more than 475 million people and represents 10–20% of the health budget in industrialized countries. A preventive public health policy is urgently needed in order to stop this constantly progressing epidemic. Indeed, early management of prediabetes does not only strongly reduce its evolution toward T2D but also strongly reduces the appearance of cardiovascular comorbidity as well as that of associated cancers. There is however currently no simple and reliable test available for the diagnosis or screening of prediabetes and it is generally estimated that 20–60% of diabetics are not diagnosed. We therefore developed an ELISA for the quantitative determination of serum Insulin-Regulated AminoPeptidase (IRAP). IRAP is associated with and translocated in a stoechiometric fashion to the plasma membrane together with GLUT4 in response to insulin in skeletal muscle and adipose tissue which are the two major glucose storage sites. Its extracellular domain (IRAPs) is subsequently cleaved and secreted in the blood stream. In T2D, IRAP translocation in response to insulin is strongly decreased. Our patented sandwich ELISA is highly sensitive (≥10.000-fold “normal” fasting concentrations) and specific, robust and very cost-effective. Dispersion of fasting plasma concentration values in a healthy population is very low (101.4 ± 15.9 μg/ml) as compared to those of insulin (21–181 pmol/l) and C-peptide (0.4–1.7 nmol/l). Results of pilot studies indicate a clear correlation between IRAPs levels and insulin sensitivity. We therefore think that plasma IRAPs may be a direct marker of insulin sensitivity and that the quantitative determination of its plasma levels should allow large-scale screening of populations at risk for PD and T2D, thereby allow the enforcement of a preventive health policy aiming at efficiently reducing this epidemic.

Keywords: IRAP, diabetes, biomarker, prediabetes, diagnosis, screening, GLUT4


STATE OF THE ART AND CURRENT ISSUES

Type 2 diabetes (T2D) is a severe chronic disease whose incidence has been increasing continuously over the past decades becoming a major public health and socio-economic issue (Herman and Zimmet, 2012; Menke et al., 2015; International Diabetes Federation, 2019). T2D does not develop abruptly, but is preceded by a gradually worsening impaired glucose tolerance or insulin resistance, now generally referred to as prediabetes (Perreault, 2000; Edwards and Cusi, 2016). This disease which is essentially asymptomatic, is due to the progressive appearance of a resistance of target tissues to the metabolic actions of insulin (Kahn, 1996). One of the most extensively characterized initial signs of prediabetes is a reduction of the rate of glucose uptake by the insulin responsive cells after a meal (Garvey et al., 1998; Jung and Lee, 1999). This together with increased hepatic gluconeogenesis leads to higher levels of postprandial glycemia and to a delayed return to basal glycemia levels. These two phenomena are usually accompanied by increased postprandial insulin levels. Additional features are usually hypertriglyceridemia, mild hypertension and overweight.

The situation generally worsens with time over a period which can take several years, to finally result in fasting hyperglycemia which is the definition of type 2 diabetes (Geiss et al., 2010).

Contrary to type 1 diabetes which is due to a severe decrease in insulin secretion by the pancreas, type 2 diabetes is due to defects in signal transduction between the insulin receptor and the molecular mechanisms involved in glucose uptake and other metabolic actions of insulin. These defects, make the cells resistant to the metabolic actions of insulin (Kahn, 1992, 1996). Whereas, not all tissues, e.g., the brain and the liver, depend on insulin for glucose uptake, the major glucose storage tissues, i.e., skeletal muscle and adipose tissue do. In addition, insulin is no longer able to inhibit gluconeogenesis, especially by the liver, thereby contributing to the progressive worsening of hyperglycemia. Numerous studies have shown that in the absence of early and adequate management of insulin-resistance, prediabetes almost invariably evolves to T2D (Perreault, 2000; Herman and Zimmet, 2012; Kerrison et al., 2017; Braga et al., 2019). Currently the International Diabetes Foundation (IDF) estimates that more than 460 million people have diabetes worldwide. Seventy five percent of the individuals having diabetes (> 350 million) are aged between 20 and 64 years and are therefore part of the working age population which explains the huge socio-economic burden of the disease (International Diabetes Federation, 2019).

T2D is the first cause of death in adults worldwide, namely about 4.2 million people, i.e., 11.3% of deaths. It is also a major cause of disability (Gregg et al., 2016; International Diabetes Federation, 2019).

It is now widely recognized that prediabetes carries an equal risk of morbi-mortality as T2D (Huang et al., 2016; Casagrande et al., 2018b) with regard to cardiovascular diseases (Balakumar et al., 2016; Strain et al., 2018) and/or cancer (Scappaticcio et al., 2017). Current IDF estimations emphasize that more than 375 million people worldwide have prediabetes (Bullard et al., 2018; International Diabetes Federation, 2019). The total number of people living with a high risk of developing insulin-resistance associated diseases, essentially cardiovascular diseases and cancer, is therefore ≥ 835 million individuals. Moreover, the IDF considers that approximately half of the population having diabetes is undiagnosed and therefore unaware of having the disease (International Diabetes Federation, 2019).

Finally, about 16% of the pregnant women, i.e., more than 20 million women worldwide, develop diabetes during pregnancy. This gestational diabetes often results in potentially severe complications either during pregnancy or at the parturition and even later on in life both for the infant and the mother (Chiefari et al., 2017; Casagrande et al., 2018a; Plows et al., 2018).

From an economic point of view, the IDF estimated last year's worldwide direct cost of diabetes at 760 billion USD and its indirect costs at 455 billion USD (in 2015) (International Diabetes Federation, 2019).

Despite these impressive figures and the grim projections of the progression of the prevalence of these diseases for the next decades, there is so far no simple, reliable, and cost-effective diagnostic test for T2D and even less so for prediabetes (Muniyappa et al., 2008; Malkani and DeSilva, 2012; Wolffenbuttel et al., 2013; Xiang et al., 2014; Gloyn and Drucker, 2018).

Currently, all diagnostic tests for T2D are based either on the determination of glycemia, insulin or its secreted precursor C-peptide levels or on the assessment of the consequences of hyperglycemia, e.g., hemoglobin glycation (HbA1c levels). The most common screening test used is random plasma glucose testing (RPG). In an elegant paper, Herman's group showed that this method results in an extremely high overestimation of the incidence of T2D using a cut-off value of 130 mg/dl (Johnson et al., 2005). In order to try to standardize screening it has been recommended to assay fasting plasma glucose levels instead. It turned out that using a cut-off value of 126 mg/dl, the sensitivity of FPG ranges between 35 and 59% and the specificity between 85 and 95%, comparable to the sensitivity and specificity of an RPG cut-off point of 160 mg/dl (Blunt et al., 1991; Bortheiry et al., 1994; Engelgau et al., 2000). Another, more logical approach for the screening of T2D considering that it is due to insulin resistance, is to measure post-prandial glycemia (PPG). The major drawback of this method is the considerable inter-individual and intra-individual variability of PPG (Venn and Green, 2007; Rohling et al., 2019) due to high interpersonal variability in post-prandial glycemic responses to the same food (Zeevi et al., 2015). It is thus obvious now that these tests cannot be used for screening for T2D and even less so for PD (Bansal, 2015).

Another parameter whose measurement has been proposed for screening of T2D, is HbA1c. The rationale behind it is that HbA1c should reflect an integrated measurement of glycemia over a period of ~3 months as compared to the real time punctual information represented by FPG and PPG. Unfortunately, HbA1c levels are also strongly determined by genetic factors (Cohen et al., 2006; Bloomgarden et al., 2008; Cavagnolli et al., 2017) and do therefore show important interindividual variability independently of glycemia. In agreement with this, a lack of correlation with FPG and PPG have been consistently reported (Bonora et al., 2001; E. van 't et al., 2010; Cavagnolli et al., 2011; Nathan et al., 2014), as well as other discrepancies (Gomez-Perez et al., 1998; Bonora and Tuomilehto, 2011; Tucker, 2020).

Therefore, whereas it is a useful marker for the follow-up of glycemia in T2D patients, each patient acting as his own control, it obviously cannot be used as a diagnostic neither as a screening assay (Gomez-Perez, 2015).

Considering the lack of sensitivity and specificity of these static markers, dynamic tests have been and are currently being used. The most widely used is the oral glucose tolerance test (OGTT) first described by JW Conn in 1940, in which patients are challenged with glucose after which their glycemia and insulinemia are monitored for 2 h or more (Matthews et al., 1985; American Diabetes Association, 2020). Based on the glycemia and insulinemia values during the 2-h duration of OGTT, Matsuda has proposed an equation which fits better with the data obtained using the euglycemic hyperinsulinemic clamp, considered to be the gold standard (Matsuda and DeFronzo, 1999). This index has further been improved using the AUCs for both parameters (Abdul-Ghani et al., 2007). Nevertheless, the intrinsic problem of this dynamic test is the important intra- and interindividual variability of glycemia and insulinemia, even if this issue is somewhat alleviated by integrating the values measured at several time points. Thus, whereas OGTT may represent an improvement for the diagnosis of T2D, the immobilization of the patients for more than 2 h it requires, precludes it from being used for screening purposes. This is even more so for the euglycemic hyperinsulinemic clamp which can only be used in research settings.

In an attempt to find a solution to this issue, an index based on the mathematical modeling of the steady-state basal plasma glucose and insulin concentrations feedback loop has been developed. It has been proposed by the authors that comparison of a patient's fasting values with the model's predictions allows a quantitative assessment of the contributions of insulin resistance and deficient beta-cell function to the fasting hyperglycaemia (homeostasis model assessment, HOMA) (Matthews et al., 1985). However, as indicated by the authors, “The low precision of the estimates from the model (coefficients of variation: 31% for insulin resistance and 32% for beta-cell deficit) limits its use (Matthews et al., 1985).” Most important are, as stated by the authors, the facts that 1° The HOMA model is a model of the glucose-insulin feedback system in the homeostatic (overnight-fasted) state and 2° it has been designed to predict pancreatic β-cell function (%β) and insulin sensitivity (IS) in the fasting steady state. Its initial aim was to provide an accurate representation of physiology and successfully predict the homeostatic responses to an intravenous glucose infusion (Levy et al., 1998).

This model has been extrapolated to a clinical use to determine IS and %β and from there to diagnose diabetes despite the caveats and inappropriate uses pointed out by the authors (Wallace et al., 2004). Obviously, the value of the HOMA index essentially depends on the quality of the sample measurements (Matthews et al., 1985) which brings us back to the issue of FPG with its high degree of intra-and interindividual variability which also holds for insulinemia.

Many other indices have been proposed based on direct, i.e., insulin infusion-based tests, and indirect, i.e., insulinemia measurements, methods. The advantages and caveats of the major indices for clinical purposes has been reviewed in detail by Matsuda in 2010 (Matsuda, 2010). The correlations of 35 indices with IS and 1/IS obtained from IVGTT and standard hyperglycemic breakfast test have been reported and are indicative of the important discrepancies between most of them (Aloulou et al., 2006). More interesting even is the comparison of several of these indices in similar settings between diabetics and healthy subjects (Brun et al., 2013). The data reported unambiguously show that whereas there is a good correlation of some indices in healthy subjects, this is not the case in patients with diabetes. This thus once more raises the issue of extrapolating indices which reflect physiological glucose homeostasis to clinical settings.

In summary, all available methods used so far for the diagnosis of T2D suffer from more or less serious drawbacks and particularly the tests based on single time point determinations. This is obviously even more true for PD where increases in glycemia and insulinemia are less pronounced than in T2D.

The most reliable diagnostic test being OGTT based, there is thus as yet no reliable method available allowing for the screening of T2D and PD.

Recent work aimed at finding novel biomarkers of PD and T2D has resulted in the identification of copeptin, which is the C-terminal fragment of pre-provasopressin (Enhorning et al., 2011; Wannamethee et al., 2015; Roussel et al., 2016; Jensen et al., 2019). The mechanisms which link the secretion of copeptin to insulin-resistance are however still unclear. It is possible that increased copeptin levels in T2D are due to decreased translocation of IRAP which has been reported to degrade vasopressin, thereby triggering the secretion of its precursor pre-pro-vasopressin. Interestingly however copeptin appears to be an interesting independent marker of renal and cardiovascular complications in T2D (Riphagen et al., 2013; Velho et al., 2013; Bar-Shalom et al., 2014; Zhu et al., 2016; Potier et al., 2019).



A NOVEL DIAGNOSTIC APPROACH

Our approach has therefore been to shift from an integrative parameter, glycemia, to a specific and exclusively insulin-dependent parameter, glucose uptake. Indeed, insulin resistance which is the defect underlying prediabetes, T2D and gestational diabetes, always involves altered insulin-mediated glucose uptake (Kahn, 1996).

The mechanism through which insulin stimulates cellular glucose uptake, is by inducing the translocation of the vesicles which contain the glucose transporter GLUT4, from the cytoplasm to the plasma membrane (Bryant et al., 2002). As a result, these vesicles fuse with the plasma membrane and the GLUT4 proteins become inserted there. Since there is an important concentration gradient of glucose from the extracellular fluid to the cytosol, glucose will enter the cell by passive diffusion and will be instantaneously phosphorylated to enter the metabolic pathways. Thus, cytosolic glucose concentrations always remain extremely low, maintaining the concentration gradient.

Apart from this pathway, there is no other additional or alternative way for glucose to enter cells in an insulin-dependent fashion. Certain cells and organs like the brain and the liver do not rely on insulin for glucose uptake and express other glucose transporter isoforms which are located constitutively in the plasma membrane.

The major issue with this approach was to find the appropriate biomarker. Indeed, determining plasma membrane vs. vesicular GLUT4, is not only complex but also invasive as it requires muscle or adipose tissue biopsies. Such an approach is obviously not suitable for routine and large-scale screening or diagnosis of insulin resistance.

The challenge was thus to find a plasmatic or serum biomarker of GLUT4 vesicle translocation.

GLUT4 vesicles contain a series of other proteins, most of which are essentially involved in the translocation process (Bogan and Kandror, 2010).

Interestingly, among these vesicular proteins, there is an aminopeptidase which appears to be closely associated with GLUT4 in a stoechiometric fashion. A peculiarity of this protein called Insulin-Regulated AminoPeptidase (IRAP) which was identified and cloned in 1994 (Mastick et al., 1994; Keller et al., 1995; Ross et al., 1996), is that its large 160 kDa extracellular domain is cleaved by metalloproteases, ADAM 9 and 12 and thus secreted in the bloodstream (Figure 1) (Ito et al., 2004), similar to angiotensin-converting enzyme (ACE) (Costerousse et al., 1992).


[image: Figure 1]
FIGURE 1. Insulin-mediated glucose uptake through GLUT4. (A) In the absence of insulin, glucose cannot enter the cell. (B) Secreted insulin binds to its receptors and triggers multiple signaling pathways. (C,D) Among these pathways, insulin triggers the translocation of part of the GLUT4 containing vesicles (GSV) to the plasma membrane. (E) Upon fusion with the plasma membrane (PM), GLUT4 molecules are inserted in the PM and allow glucose to enter the cell. Glucose is rapidly phosphorylated to glucose-6-phosphate (G-6-P) as an intermediate metabolite in glycolysis, pentose pathway and glycogen synthesis. (F) In the fused GSVs, IRAP is inserted the PM together with GLUT4 and its C-terminal extracellular domain is cleaved and secreted in the bloodstream. Subsequently, GSV proteins will be recycled and incorporated in newly formed cytoplasmic GSVs. (G) Part of the GSVs stay in the cytoplasm and are available for future translocation. IRAP molecules are intact.


Since insulin triggers the translocation of the GLUT4 vesicles to the plasma membrane, the circulating levels of IRAP should reflect the amount of IRAP and GLUT4 which are translocated to the plasma membrane (Figure 1)and hence reflect the degree of insulin sensitivity.

In agreement with this hypothesis, data from the literature indicate a decrease of IRAP translocation in response to insulin in adipocytes and skeletal muscle in diabetic rats (Takeuchi et al., 2006) and in patients with type 2 diabetes (Garvey et al., 1998; Maianu et al., 2001). It is therefore reasonable to assume that circulating IRAP (IRAPs) levels will be decreased in people having prediabetes or diabetes.

IRAPs may therefore be a direct marker of insulin response and sensitivity. Accordingly, its quantitative determination by a simple and robust method could allow the screening of populations at risk for prediabetes, type 2 diabetes and gestational diabetes.

Similar to what had been done previously by other investigators for measuring circulating angiotensin-converting enzyme (ACE) (Danilov et al., 1996), we attempted to develop an assay for the quantitative determination of IRAPs in serum.

After having investigated and tried different techniques, we chose to further develop a sandwich ELISA using two monoclonal antibodies directed against two epitopes of the globular extracellular domain of IRAP (Figure 2) identified by 3-D modeling (Mpakali et al., 2015). The ELISA is calibrated with recombinant human IRAPs obtained through (over)expression in mammalian cells.


[image: Figure 2]
FIGURE 2. Structure of the cleaved extracellular domain of IRAP: 3-dimensional model of the cleaved extracellular domain of IRAP. Epitopes recognized by the monoclonal antibodies used in the ELISA are in red.


The assay is highly specific for IRAP and does not display any cross-reactivity with other related aminopeptidases under the analytical conditions. Its sensitivity is 10 ng/ml for reference values around 100 μg/ml in healthy volunteers under fasting conditions. This assay and the diagnostic applications of IRAP have been patented under the reference PCT/FR2009/05133 and published as WO 2010/001079.

Clinical trials to validate the diagnostic interest of this assay are currently under way. Preliminary data from pilot studies indicated that IRAPs is cleared from the circulation within 1 hr and that (Figure 3), in healthy individuals, its levels appear to follow glycemia and insulinemia (Figure 4). Interestingly, the dispersion of the IRAP concentrations determined in healthy volunteers under fasting conditions using this assay is low (101.4 ± 15.9 μg/ml) as compared to glycemia, insulinemia (21–181 pmol/l) or C-peptide (0.4–1.7 nmol/l), adding to its potential clinical value as a biomarker.


[image: Figure 3]
FIGURE 3. Immunoblots of the secreted domain of IRAP. (A,B) Samples were submitted to SDS PAGE on 4–15% gradient gels under non-reducing conditions and transferred to PVDF membranes by semidry blotting. Blots were probed resp. with 4G6 mAb (A) and 40C10 mAb (B) and revealed using an anti-mouse-HRP antibody (preadsorbed to human IgG) and luminol. Lanes: 1: molecular weight markers, 2: -, 3: 150 ng recombinant human IRAP secreted domain (rhuIRAP sd), 4: -, 5: 1.5 μL human serum spiked with 150 ng rhuIRAPsd, 6: 1,5 μL fetal bovine serum, 7: 1.5 μL human serum, 8: 0.75 μL human serum. (C) Sera obtained during an insulin-induced hypoglycemia test were submitted to native PAGE on a 4–15% gradient gel under non-reducing conditions and transferred to PVDF membranes by semidry blotting. The blot was probed with 4G6 mAb and revealed using an anti-mouse-HRP antibody (preadsorbed to human IgG) and luminol. Indicated times are in minutes following insulin injection.



[image: Figure 4]
FIGURE 4. Glycemic, insulinemic, and serum IRAP concentration profiles during OGTT. Representative three-time points OGTT profiles in two euglycemic (MB and TD) and two severely insulin-resistant diabetic (KJ and SZ) patients. Glycemia, blue; insulinemia, green; IRAP, red.




PRELIMINARY RESULTS

As shown in Figures 3A,B, immunolabeling of serum IRAP after SDS-PAGE with either of both monoclonal antibodies used in the ELISA, i.e., 4G6 for capture and 40C10 for detection, reveals a major band with an apparent molecular weight (Mr) of approximately 160 kDa. Another band with a higher Mr between 300 and 400 kDa seen in the recombinant human IRAP secreted domain preparation probably corresponds to dimerization. Conversely, bovine serum does not show any detectable IRAP, in agreement with the absence of a proteolytic cleavage site required for its shedding. Interestingly, the mAb 40C10 also detects a minor band with an Mr of ~100 kDA which may correspond to a proteolytic fragment.

Figure 3C shows that in serum samples obtained during an insulin-induced hypoglycemia test, IRAP reaches a peak concentration within 20 min after insulin injection and is cleared within 60 min. The mechanisms involved in IRAP clearance are not elucidated yet but probably involves proteolysis as we observed a proteolytic fragment with one of the monoclonal antibodies (Figure 3B). The PAGE performed under “native” conditions shown in this figure also indicates that IRAP forms oligomers. These dissociate in the presence of SDS, yielding a single band with an apparent molecular weight of approximately 160 kDa as shown in Figures 3A,B. Effective dissociation of the oligomers is obviously a key feature of the ELISA.

As expected, IRAP levels do not follow insulinemia in severe insulin resistance. Figure 4 shows typical glycemia, insulinemia and serum IRAP concentration profiles during OGTT in two euglycemic and two severely insulin-resistant diabetic patients. Whereas, serum IRAP levels correlate with glycemia and insulinemia in the two euglycemic patients, IRAP levels do not increase in response to increased insulinemia be it at 60 or 120 min after glucose intake.

These observations are in agreement with the hypothesis that IRAP translocation and shedding are strongly dependent upon insulin sensitivity.



CONCLUSIONS

Type 2 diabetes and its preceding condition, prediabetes, are two major health issues worldwide, considering the dramatically increasing number of people having these conditions and the associated growing socioeconomic burden (Herman and Zimmet, 2012).

Interestingly and as opposed to other important health issues like cancer and infectious diseases, the major issue with T2D and PD is not so much their treatment, which is very cost-effective if started at an early stage and in constant progress with the advent of novel drugs, but timely diagnosis. The use of glycemia to screen for T2D and even more so for PD, has proven delusive probably due to its complex regulation and so are HbA1c and insulinemia.

IRAP, a protein associated with GLUT4 and directly involved in insulin-mediated glucose uptake, appears to be an interesting candidate biomarker for insulin-resistance.

We developed a highly specific and sensitive ELISA allowing the quantitave measurement of the circulating domain of IRAP in plasma and serum. The currently ongoing clinical trials will tell whether this test is a valuable tool for the screening and diagnosis of the insulin-resistance dependent diseases: prediabetes, type 2 diabetes and gestational diabetes.
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Inhibition of the insulin-regulated aminopeptidase (IRAP) improves memory and cognition in animal models. The enzyme has recently been crystallized and several series of inhibitors reported. We herein focused on one series of benzopyran-based inhibitors of IRAP known as the HFI series, with unresolved binding mode to IRAP, and developed a robust computational model to explain the structure-activity relationship (SAR) and potentially guide their further optimization. The binding model here proposed places the benzopyran ring in the catalytic binding site, coordinating the Zn2+ ion through the oxygen in position 3, in contrast to previous hypothesis. The whole series of HFI compounds was then systematically simulated, starting from this binding mode, using molecular dynamics and binding affinity estimated with the linear interaction energy (LIE) method. The agreement with experimental affinities supports the binding mode proposed, which was further challenged by rigorous free energy perturbation (FEP) calculations. Here, we found excellent correlation between experimental and calculated binding affinity differences, both between selected compound pairs and also for recently reported experimental data concerning the site directed mutagenesis of residue Phe544. The computationally derived structure-activity relationship of the HFI series and the understanding of the involvement of Phe544 in the binding of this scaffold provide valuable information for further lead optimization of novel IRAP inhibitors.
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INTRODUCTION

Insulin-regulated aminopeptidase (IRAP, EC 3.4.11.3), also known as leucyl-cystinyl aminopeptidase, placental leucine aminopeptidase, and oxytocinase is a transmembrane zinc metalloenzyme that belongs to the M1 family of aminopeptidases (Lew et al., 2003). High levels of IRAP expression are found in areas of the brain associated with cognitive function including the hippocampus (Harding et al., 1992; Roberts et al., 1995; Chai et al., 2000), and it has been associated with several biological functions such as antigenic peptide processing for MHC Class I cross-presentation (Saveanu et al., 2009; Segura et al., 2009), GLUT4 regulation and transportation (Albiston et al., 2007), and regulation of oxytocin and vasopressin levels in the brain (Chai et al., 2004; Stragier et al., 2008; Hattori and Tsujimoto, 2013). In 2001, angiotensin IV (Ang IV) was identified as a potential inhibitor of IRAP (Albiston et al., 2001) along with LVV-hemorphin-7 (LVVYPWTQRF, a degradation product of β-globin) (Lee et al., 2003; Lew et al., 2003), both with Ki values in the nanomolar range.

It has been shown that inhibiting IRAP with Ang IV (1, Figure 1) and other structurally related peptidomimetics like HA08 (2) (Diwakarla et al., 2016b) is linked with improved memory and learning in vivo (Braszko et al., 1988; Wright et al., 1993, 1996, 1999; O’Malley et al., 1998; De Bundel et al., 2009; Fu et al., 2012), including enhancement of dendritic spine density (DSD) exerted by HA08 in hippocampal cells (O’Malley et al., 1998; Fu et al., 2012), as well as drug mitigation and lesion-induced memory deficits in rodents (Vauquelin et al., 2002; Albiston et al., 2003; Chai et al., 2004). Endogenous IRAP substrates such as the macrocyclic peptides oxytocin (3) and vasopressin (4, Figure 1) also improve cognitive parameters in the brain (Chai et al., 2004; Stragier et al., 2008). Consequently, it is not surprising that during the last 10–15 years, considerable efforts have been devoted to the discovery of small molecule IRAP inhibitors as potential cognitive enhancers. Comprehensive reviews are now available, and existing IRAP inhibitors reported include drug-like scaffolds like sulfonamides (5) or benzopyrans (6–9, Figure 1) (Hallberg, 2009; Barlow and Thompson, 2020; Georgiadis et al., 2020; Hallberg and Larhed, 2020). The later scaffold was identified in 2008 by virtual screening, and subsequently optimized resulting in a series coined as HFI (Howard Florey Institute) (Albiston et al., 2008). The most potent inhibitors present affinity values within the nanomolar range, and include either a 4-(pyridin-3-yl) or a 4-(isoquinolin-3-yl) substituent at the benzopyran and also a 2-amino or 2-acetamido substitution (Figure 1; Albiston et al., 2008). Recently it was demonstrated that HFI compounds, exemplified by HFI-419 (8), enhance spatial working memory possibly by promoting the formation of functional dendritic spines by facilitating GLUT4-mediated glucose uptake into hippocampal neurons (Seyer et al., 2020).
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FIGURE 1. Structure of IRAP inhibitors and substrates.


A binding mode and derived SAR of the inhibitory mechanism of the HFI series was initially proposed on the basis of a homology model of the catalytic domain of IRAP, which was built on the template of the equivalent domain of leukotriene A4 hydrolase (E.C. 3.3.2.6; LTA4H, PDB ID: 1HS6) (Thunnissen et al., 2001). Benzopyrans are chiral molecules, and the model proposed presented the S-isomer as the active enantiomer, with two well defined binding poses for pyridinyl and the quinolinyl derivatives, respectively (Albiston et al., 2010); while the pyridinyl derivatives would coordinate the Zn2+ ion through the benzopyran oxygen, for the quinolinyl compounds the coordination was predicted to occur through the nitrogen in this ring. Based on this model, a full series of HFI compounds was synthesized and pharmacologically characterized in 2014 (Mountford et al., 2014). However, the crystal structures of IRAP reveal a more open binding crevice as compared to other aminopeptidases. In the first crystal structure of IRAP (PDB code 4PJ6), the particular conformation of the GAMEN loop was related to the IRAP specificity for hydrolyzing cyclic peptides (Hermans et al., 2015). Even the last crystal structure of IRAP with the macrocyclic inhibitor HA08 (2), reported during the preparation of this manuscript, shows a binding site more open than in LTA4H, since the partially closed GAMEN loop is compensated with a rearrangement of the topology of some helical domains (Mpakali et al., 2020).

A computational docking study of HFI compounds performed right after the release of the first IRAP crystal structure suggested this time the R-enantiomer as the bioactive one, showing a unified binding orientation across the whole series in contrast to the previous models. In this new modeling, the Zn2+ ion would be coordinated by the oxygen of the hydroxyl group from the benzopyran ring, while the chromene ring remained packed against the GAMEN loop (Hermans et al., 2015). A later crystal structure of the closed conformation of IRAP (PDB ID: 5MJ6), was recently used to propose a different binding pose for compound 9 (HFI-437) (Mpakali et al., 2017). However, none of the binding modes proposed so far could explain the SAR of the HFI series, which motivated the present study. In addition to the SAR, we were interested in the role of specific residues in ligand binding. To accomplish these goals, we designed an approach combining molecular docking, molecular dynamics (MD) and binding free energy calculations utilizing both linear interaction energy (LIE) and free energy perturbation (FEP) approaches. These models were analyzed on their capacity to reproduce and explain the available experimental affinity data of the HFI inhibitor series for the wild type (WT) IRAP (Mountford et al., 2014), as well as the mutagenesis data of position Phe544 for a subseries of HFI compounds (Albiston et al., 2010). Our results suggest a unified binding mode that is compatible with all the (SAR) data available for this series, allowing a better understanding of the molecular details involved in inhibitor binding to IRAP.



MATERIALS AND METHODS


Preparation of the IRAP Structure and Ligand Docking

The crystal structure of human IRAP was retrieved from the protein data bank (PDB code 4PJ6) (Hermans et al., 2015), and monomer A from the crystal dimer was retained for docking and molecular dynamics (MD) simulations. The structure was prepared with the protein preparation wizard utility in Maestro v. 9.2. (Schrödinger, LLC; NY, United States), involving addition of hydrogens and rotamer assignment of Asn, Gln, and His sidechains to optimize the H-bonding pattern. The F544I and F544V mutants were model on this structure using the Prime tool in Maestro, which allows adapting side chain conformation for neighboring residues to the modeled mutation. The 3D structures of all ligands (6–9, 15a-g, 16–18, see Figure 1 and Table 1) were built in Maestro and prepared with the LigPrep utility, which includes hydrogen addition considering most probable tautomers and isoelectric species and generation of independent stereoisomers, with a final optimization of the 3D structure. Docking explorations of subset 6–9 were performed with GLIDE-XP (Halgren et al., 2004) on a 30 Å cubic grid centered on the equivalent position of the Cα atom of His in Ang IV (Diwakarla et al., 2016b). These settings were applied in two separate docking approaches: (i) without constraints, and (ii) with constraints, where H-bond/Metal and Metal Coordination constraints against the Zn2+ ion were used in the receptor grid generation, to ensure a metal–ligand interaction preserving the initial metal coordination. Once one binding mode was determined for this subset, it was used as a template to dock the entire HFI-series of compounds (15a-g, 16a-r, 17a-g, 18d-h, see Table 1) in analogous orientation on the wt-IRAP using the Flexible Ligand Alignment in Maestro v. 9.2. All docking poses resulted from the docking calculations were retained for further analysis and MD calculations.


TABLE 1. LIE-Calculated and experimental binding free energies of HFI-series compounds.
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Molecular Dynamics (MD) Simulations

Molecular dynamic simulations were performed with spherical boundary conditions using the program Q (Marelius et al., 1998), optimized for efficient sampling suitable for the free energy calculations for ligand series or protein mutations (Boukharta et al., 2014; Shamsudin Khan et al., 2015). The OPLS-AA force field for proteins was used (Jorgensen et al., 1996), in combination with compatible parameters for Zn2+ ion and automatic parametrization of the ligands within the same force field, performed with Macromodel version 10.6 (Schrödinger, LLC; NY, United States). A simulation sphere of 25 Å radius centered on the equivalent position of the Cα atom of His4 in Ang IV was built as previously described (Diwakarla et al., 2016a,b; Vanga et al., 2018). The sphere was solvated with TIP3P water molecules (Jorgensen et al., 1983) and subjected to polarization and radial constraints according to the surface constrained all-atom solvent (SCAAS) model (King and Warshel, 1989; Marelius et al., 1998) to mimic the properties of bulk water at the sphere surface. Protein atoms outside the simulation sphere were restrained to their initial positions and only interacted with the system through bonds, angles, and torsions. Excluding His, all other titratable residues within 20 Å of the Zn2+ ion were treated in their charged form. In addition, the residues Lys520, Lys726, Glu767, Asp773, Arg817, Glu818, Arg820, Glu825, Arg858, Glu887, Lys890, Lys892, Glu895, Arg933, and Glu1002, within the 20–25 Å layer of the sphere were also treated as ionized since they are forming salt bridges, while all other ionizable residues within this layer were treated as neutral to avoid insufficient dielectrical screening. With this setup, the simulation sphere was overall neutral, thus avoiding the consideration of additional Born terms in the calculation of free energies of charged ligands as compared to bulk solvent. Non-bonded interactions were calculated explicitly up to a 10 Å cutoff, except for the ligand atoms for which no cutoff was used. Beyond the direct cutoff, long-range electrostatics were treated with the local reaction field (LRF) multipole expansion method (Lee and Warshel, 1992). During a 175 ps equilibration stage, the system was slowly heated to the target temperature of 310 K while initial positional restrains on all solute heavy atoms were gradually released. The subsequent data collection phase consisted of 10 replicate MD simulations of 2 ns each, with randomized initial velocities, accounting for a total of 20 ns sampling trajectories where the ligand-surrounding energies were collected for binding affinity calculations. A time step of 1 fs was used and no positional restraints were applied. Solvent bonds and angles were constrained using the SHAKE algorithm (Ryckaert et al., 1977). Non-bonded pair lists were updated every 25 steps, and the ligand-surrounding interaction energies were sampled every 50 steps. In order to estimate free energies of binding, the same setup was used for the reference state calculations. For the LIE and ligand-FEP simulations, this involves sampling the ligand-surrounding energies in parallel MD simulations of the ligand solvated in water, while for the residue FEP simulations the reference MD simulations involve the apo state of the protein, i.e., without the ligand complexed.



Linear Interaction Energy (LIE) Calculations

Binding free energies for every compound were calculated for every docked ligand using the linear interaction energy (LIE) method as (Aqvist et al., 1994; Hansson et al., 1998)
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where, [image: image] and [image: image] are the differences in the average nonpolar and polar ligand-surrounding interaction energies in the two states, that is, water solvated (free ligand) and in complex with the protein (bound ligand). The coefficients α and β are scaling parameters (Hansson et al., 1998; Almlöf et al., 2004, 2007) for the nonpolar and polar terms, respectively. In the standard LIE model, α has a value of 0.18, while β depends on the chemical nature of the ligand. The IRAP active site has a divalent Zn2+ ion together with a cluster of carboxylates, causing very large electrostatic interaction energies with the ligands. Because these interaction energies, particularly those involving the Zn2+ ion, will be very sensitive to the force field parameters, we follow a protocol used earlier for binding sites containing ions (Mishra et al., 2012) and treated β as a free parameter. The reported non-bonded energies correspond to average values over 10 replicate MD simulations on each state (free and bound), and the corresponding errors are calculated as the standard error of the mean (SEM).

Experimental binding free energies [image: image]) were extracted from inhibition constant (Ki) experimental values as
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Free Energy Perturbation (FEP) Simulations


Ligand FEP

The relative binding free energy between selected pairs of ligands, A and B, was calculated using the free energy perturbation (FEP) method. In this method ligand A is transformed into B in parallel MD simulations in both the protein-bound ligand and the free (water-solvated) reference state. The construction of a closed thermodynamic cycle connecting these processes allows the estimation of the relative binding free energy between the pair of ligands (ΔΔGbind,hboxB−A)), as the difference in the free energy of each transformation of A → B, as
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The free energy difference associated with each ligand transformation was calculated using Zwanzig’s exponential formula (Zwanzig, 1954)

[image: image]

where U_m denotes the effective potential energy function of a particular FEP window and n is the number of intermediate states. U_m is constructed as a linear combination of the initial (A) and final (B) potentials

[image: image]

where the coupling parameter λm is stepwise incremented from 0 to 1, in our case divided into 51 λ-windows, where every window is sampled for 30 ps.



Residue FEP

Similar to the ligand FEP method, relative binding free energies associated with amino acid side-chain mutations are calculated following Eq. 4–6, but instead the two states (A and B) correspond to the wild-type (wt) and mutant (mut) versions of the enzyme. This protocol is based on a computational alanine scanning protocol developed in our lab, which makes use of the additive property of thermodynamic cycles sharing a common leg to allow non-alanine mutations (Boukharta et al., 2014; Keränen et al., 2015). During annihilation of a side-chain, each atom group will undergo three consecutive transformations (i) annihilation of partial charges, (ii) introduction of a soft-core potential for the van der Waals (Lennard-Jones) potential to prevent singularities, and (iii) annihilation of the soft-core potential. Depending on the nature of the starting sidechain, and the number of atom-groups therein defined, this involves a number of stages that varies from 4 (for simple cases like Set to Ala) to 11 (i.e., Trp to Ala). Each of these stages is performed over a number of FEP windows (51 λ-windows, each sampled for 30 ps), assuring enough sampling to achieve converged results. The full transformation (wt → Ala) is performed in in 10 replica molecular dynamics (MD) simulations for each state, which in this case involves the receptor in complex with the ligand (holo) and the free (apo) receptor. The difference in ligand binding free energy between the wt and Ala (mut) versions of the receptor ([image: image]) can be estimated by solving the associated thermodynamic cycle. It follows that, for non-alanine mutations, one can start the same set of annihilations to Alanine starting from the modeled (mut) state, and calculate the associated ([image: image]). The relative free energy associated with non-Ala mutations (in our case, F544I and F544V) will be the result of the combination of the corresponding thermodynamic cycles as

[image: image]

When performing several mutations for the same position, the wt → Ala of the cycle needs to be calculated only once and can be reused for any mutation at that position. Hysteresis as a measure of convergence is calculated as the absolute difference between forward and reverse pathways of each subperturbation. The total hysteresis is the sum of the hysteresis values for each subperturbation of the transformation.



RESULTS


Docking, MD and LIE Calculations

The binding mode of compound 6–9 was explored with two independent docking protocols, and the poses obtained for each ligand were followed by MD relaxation. This stage allowed discarding any binding orientation that did not show structural stability. In particular, none of the binding poses obtained with the “no constraints” docking with GLIDE (Halgren et al., 2004) showed any direct contact with the Zn2+, despite being in the vicinity of the ion, and the simulations confirmed unstable binding modes in all cases, with protein-ligand interactions lost during the MD sampling. Conversely, the docking pose obtained for R-isomer of ligand 7 (HFI-435) by imposing an interaction with the cation as a constraint, revealed itself as a stable binding mode after the MD stage. This binding mode showed coordination to the Zn2+ through the ester carbonyl oxygen, while the benzopyran ring formed a stable π-stacking interaction with Phe544, accompanied by frequent polar interactions of the exocyclic 2-amino group with Glu431 and Glu295. The quinolone ring in R4 displayed π-stacking with Tyr549 (Figure 2). This binding mode was then retained and used as a template to build the entire HFI-series of compounds (Mountford et al., 2014) (15a-g, 16a-r, 17a-g, 18d-h, see Table 1) in analogous orientation on the wt-IRAP. Additionally, for ligands 6–9 we also generated the corresponding complex with the two IRAP mutants here investigated (F544I and F544V). The next step was the estimation of the ligand binding affinities to the wt-IRAP for the whole series. For this, the same MD sampling used in the previous stage was replicated 10 times per ligand-IRAP complex, accompanied by the same MD sampling of each ligand in a similar water sphere, all of which was used as a basis to calculate the binding free energy with the linear interaction energy (LIE) method (Aqvist et al., 1994).


[image: image]

FIGURE 2. Binding pose of compound 7 (orange sticks) in IRAP active site obtained from the constrained docking calculations. Key residues in the active site are shown as gray lines, and the Zn2+ as light blue sphere.


All compounds were stable during these MD simulations, maintaining the key coordination of the Zn2+ through the carbonyl oxygen of the 3-ethyl ester, with the exception of the 3-cyano derivatives 15a-g. For these compounds, it was found that the 3-cyano group could not be accommodated near the metal while preserving other key protein-ligand interactions, resulting in instability of the initial binding pose (see Supplementary Table 1, indicating average ligand RMSD along the MD trajectories) and consequently low values for the LIE estimated binding free energies, due to loss of key interactions with IRAP. This observation is in line with the experimental data, showing ligands 15a-g as inactive compounds (only 15c has measured Ki, but as low as 50 μM). Compounds 8 and 9 showed an edge to face π-stacking interactions with Phe544 (Figure 3A). In these compounds, the hydroxyl group at the position 7 of the benzopyran ring interacts with Arg439 via a water molecule, while Tyr549 makes π-stacking with the 3-pyridyl (8) or 3-quinolinyl (9) rings (Figure 3A). In compounds 7 and 8, the central core ring is stabilized by π-stacking interactions with Phe544 (parallel π-stacking) and Tyr549 (edge-to-edge), while the free 2-amino group makes H-bonds with Glu295 and Glu431. Interestingly, along the MD simulations of all 2-amino compounds the role of His464 and His468 in coordination of the Zn2+ ion was replaced with two water molecules (Figure 3B).


[image: image]

FIGURE 3. Binding mode of compound 9 (panel A, green sticks), and 6 (panel B, yellow sticks) in IRAP as determined from the MD simulations used for LIE calculations. Zn2+ and water molecules are shown as gray and red spheres, respectively. All of the figures shown are extracted from representative snapshots of 2 ns MD simulations. H-bonds are shown as black dotted line, and π – stacking interactions in the purple color dashed line.


Owing to the strong electrostatic ligand interactions with the Zn2+ ion, which is very sensitive to given force field parameters, it was found necessary in previous LIE calculations to determine the parameters α, β, and γ (Diwakarla et al., 2016a,b; Vanga et al., 2018) empirically. The earlier derived LIE parameters were based on a few chemically diverse compounds. In the present series, 25 out of 39 compounds have experimentally determined Ki values for the wild-type enzyme, while the remaining compounds (non-binders) have Ki values > 100 μM. Hence, we selected this subset of 25 compounds to optimize the LIE model by independent fitting. We applied the resulting LIE parameterization to estimate the affinities to wt-IRAP for the entire series, including the known non-binders. The results, summarized in Table 1, show excellent agreement with the experimental data, with a calculated mean unassigned error (MUE) for the 25 compounds with measured Ki as low as was 0.50 kcal/mol.

For compounds 6–9, binding free energies were estimated not only with wt-IRAP, but also with the F544I and F544V modeled mutants, for which experimental data was available (Albiston et al., 2010). Replacement of Phe544 with either Ile or Val led to the loss of the π- stacking between the wt sidechain and the benzopiran, partially explaining the significant decline in binding affinity observed in most cases (see Table 2). Indeed, the correlation of the LIE-calculated with the experimental values for the mutations on these four ligands was quite remarkable (Table 2), with a calculated MUE of 0.5, 0.68, and 0.5 kcal/mol for wt-IRAP, F544I, and F544V, respectively.


TABLE 2. LIE calculated and experimentally binding free energies (ΔG, in kcal/mol) for compounds 6–9 in wild type and mutant IRAP.
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The overall results of the LIE model are summarized in Figure 4, showing the correlation between calculated and experimental binding free affinities for the HFI compounds with experimental Ki values for both wt (triangles) and mutants (stars). This model not only shows very small average deviations from experimental values (overall MUE = 0.51 kcal/mol), but the relative ranking within the series, which is key to assess further optimization efforts, is excellent with a Pearson correlation coefficient, R = 0.71.


[image: image]

FIGURE 4. Scattered plot of LIE calculated (Y axis) and experimental (X-axis) binding affinities of all HFI compounds that have experimentally determined Ki values for WT (triangles) and F544I/V mutant version (stars) of IRAP. Main line denotes perfect agreement with experiments, while the two dashed lines are +/– 1 kcal⋅mol– 1.




Free Energy Perturbation Calculations

To further confirm the binding mode proposed for the HFI series and the derived SAR, we designed a set of free energy perturbation (FEP) transformations between selected pairs of ligands, following the experimental design illustrated in Figure 5. The advantage of this approach is that, by estimation of the relative binding free energies (ΔΔG) between four pairs of compounds, one can not only compare with the corresponding experimental differences in affinity, but also estimate the error of such calculations, since the overall energy change along the closed thermodynamic cycle is ΔG = 0 kcal/mol. The vertical legs of the closed thermodynamic cycle shown in Figure 5 explore the effect of replacing the acetamide by a free amino group in position 2 of the benzopyran ring, while the horizontal legs refer to the change of replacing 3-quinoline by 3-pyridyl.


[image: image]

FIGURE 5. Closed thermodynamic cycle depicting the FEP pair transformations that connect the four compounds 6–9.


The results of these FEP simulations are summarized in Table 3 and Figure 6. The detrimental effect of replacing the acetamide by a free amino group in position 2 of the benzopyran ring was observed in both 9 → 7 and 8 → 6 FEP transformations. Our model reproduces the experimental effect very accurately, and assigns this effect to the loss of the interaction established between acetamide oxygen with the Glu431 backbone (Figure 6D). Interestingly, the detrimental effect of replacing 3-quinoline by 3-pyridyl (transformation of 9 → 8 and 7 → 6) was indirect, inducing the loss of the π-stacking interactions between the ligand and Phe544, while no significant effect was observed in the region of the substituent changed. During the transformation 9 → 8, these changes were accompanied by a replacement of the interaction of the acetamide oxygen with the backbone of Glu431, to establish a new interaction with Gln293, as shown in Figure 6A. These structural rearrangements explain the large experimental shifts in relative binding affinities between compounds 9 and 8, which were captured in our FEP simulations (Table 3). Overall, the calculated relative affinity change between the four compound pairs is in excellent agreement with the experimental data, with a MUE = 0.04 kcal/mol and an equally negligible cycle closure error of 0.09 kcal/mol, reinforcing the ability of this binding mode to explain the SAR of this series.


TABLE 3. Experimental and FEP calculated relative binding free energies between ligand within the subset of compounds 6–9, both in wild type and mutant versions of IRAP.
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FIGURE 6. Binding modes of compound 8 (A, orange sticks) and 7 (D, cyan sticks) in wt-IRAP active site determined by FEP simulations. Binding mode of compound 8 in F544I (B) and F544V (C). Binding mode of compound 7 in F544I (E) and F544V (F). All of the figures shown are extracted from representative snapshot simulations. Residues playing a role in ligand binding are explicitly shown, while residues F544I and F544V are represented in magenta color. The remaining atom representations and protein-ligand interactions following the scheme as in Figure 3.


The next question was to evaluate the mutagenesis effects with FEP simulations. A first approach was to perform the four transformations illustrated in Figure 5 but considering the F544I and F544V IRAP mutants. While the four ligands bound in a conserved way as compared to the wt-IRAP, several important interactions are missing. For example, as shown in Figure 6B, compound 8 shows only two direct interactions, with Zn2+ and a π- stacking with Tyr549. The experimental reduction in binding affinity can thus be assigned to the loss of critical interactions such as π-stacking with Phe544 and H-bonds with Arg439. The obtained relative binding free energies from the FEP transformations in the mutant versions of IRAP are again in excellent agreement with the experimental data (Table 3), with MUE values of 0.31 kcal/mol (F544I) and 0.17 kcal/mol (F544V), and calculated cycle closure errors of 1.22 (F544I) and −0.19 (F544V). The larger error observed for the F544I simulations is found to arise from the 9→7 transformation, which is off by about 1 kcal/mol from the experimental value.

The above calculations were further complemented with a direct simulation of the Phe544 mutation both to Val and Ile. The protocol to perform such in silico site-directed mutagenesis approach has been recently automated (Jespers et al., 2019) and thoroughly applied in our lab to characterize the site-directed mutagenesis effects on ligand binding for a number of GPCRs (Boukharta et al., 2014; Keränen et al., 2014, 2015). Here, one needs to perform the residue transformation both in the presence and in the absence of the bound ligand to fulfill the thermodynamic cycle, obtaining an estimated shift in the binding affinity of the ligand involved, due to the mutation examined. The FEP protocol is based on successive annihilation of the sidechain atoms to the common intermediate of alanine, which is performed once from the wt sidechain, and in parallel simulations for each of the modeled mutant sidechains, so that the two thermodynamic cycles can be joined and the total effect of wt → mutant calculated. The results, summarized in Table 4, show again excellent agreement with the experimental mutagenesis data, with MUE of 0.17 and 0.18 kcal/mol for Phe544Ile and Phe544Val, respectively, further confirming the validity of the proposed binding mode. It can be appreciated that for the case of the Phe → Ile transformation, the effect on ligand binding was more accurately described by this approach (i.e., in silico mutagenesis) rather than comparing the ligand transformations performed in wt and mutant versions of the enzyme. As opposed to the end-point LIE simulations, the FEP simulations show a maintained interaction between the ligand and Arg439 along the wt-IRAP transformations (8→ 6 and 9→ 7, Figures 6A,D). The fact that this interaction is selectively lost in the simulations on the two IRAP mutants provides a molecular mechanism to the reduced affinity besides the weakened interactions with the mutant (Val or Ile) sidechains replacing Phe544. The simulations also allowed to envisage the reasons of high affinity of compound 9, which when transformed to either compound 8 or 7, consistently loses interactions with Glu431 and Glu487 or with Glu295, respectively, on both mutant or the mutant versions of IRAP (Figure 6).


TABLE 4. Experimental and FEP calculated shifts in binding free energies due to point mutations of IRAP, for the subset of compounds 6–9. ΔΔG (mut – WT, kcal mol–1)a.
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DISCUSSION

The benzopyran-based small molecule IRAP inhibitors (HFI series) constitute a promising chemotype for the development of first-in-class drugs for dementia and related diseases. Understanding the molecular mechanism of IRAP inhibition is thus crucial for the further hit-to-lead and lead optimization process of the existing collection of HFI compounds. In the absence of a crystal structure of any IRAP-HFI complex, we conducted an exhaustive docking study on the most potent compounds using the crystal structure of the semi-open conformation of IRAP (PDB 4PJ6). The selection of this conformation of the enzyme was based on the fact that it presents a different orientation of the GAMEN loop, as compared to the latest closed conformation structure of IRAP (PDB ID: 5MJ6). The superposition of the HFI-complex here determined with the closed conformation of IRAP, depicted in Figure 7, shows, however, no predicted steric clashes with the closed configuration of the GAMEN loop, thus suggesting that the HFI-series of compounds may bind to different IRAP conformations. The validity of the binding pose was further assessed by systematic estimation of the binding affinity for the complete series with the LIE approach, showing excellent agreement with the experimental data (R = 0.71, MUE = 0.5 Kcal/mol). More important, this binding mode allowed for a consistent interpretation of the full SAR for this series, in contrast with previous proposals in the literature. Such binding poses were proposed based on homology model (Albiston et al., 2010), semi-open (Hermans et al., 2015), and closed conformations (Mpakali et al., 2017) of IRAP, but all of them failed in explaining some intriguing features of this series. One particularly intriguing aspect not solved in the previous models was the role of 3-position substitutions on the chromene ring and the inactivity of 3-cyano compounds. Our binding pose of the HFI chemotype can explain this inactive series by highlighting the role of the oxygen of the ester group in position 3 in coordinating the Zn2+ ion. Thus, the 3-cyano series (15a-g) show instability of the predicted binding pose (high ligand RMSD values as compared to the compounds with measurable affinity), losing the key interactions with the enzyme and consequently the trajectories resulted in low LIE predicted free energies of binding. The LIE model also captures the observed tolerance for the aliphatic chain of the ester, even admitting an aromatic chain (17g) once the substituent at position 4 is fixed on the pyridine-3-yl substituent (series 17a-g, Table 2). Finally, the role of the hydroxy substituent in the chromone scaffold is also tuned down in our model, presenting this group toward a solvent-exposed area with polar residues in the vicinity, in agreement with the experimental SAR showing that this substituent can be swapped between positions 7 and 8 of the benzopyran ring (18f) while a fused phenyl ring is absolutely detrimental for the affinity (compounds 18g, 18h).


[image: image]

FIGURE 7. The GAMEN loop in the closed conformation (red color cartoon, PDB ID: 5MJ6) is compared with the GAMEN loop of open conformation (cyan color cartoon, PDB ID: 4PJ6) while compound 9 (green sticks) is docked in the active site. Zn2+ ion shown as gray sphere.


One common aspect with previous binding models is the role of residue Phe544, an important anchoring point through π – stacking with the benzopyran ring (Figure 3). The experimental mutagenesis data on this residue (Albiston et al., 2010) was here computed in different ways, providing further support for this interaction but quantifying its effect. LIE simulations reveal that the interactions with the Zn2+ are maintained in the Phe544 mutant versions, explaining the moderate effect of mutation of this position to hydrophobic sidechains. However, moderate changes in affinity due to marked structural changes, as is a sidechain mutation or the type of the chemical modifications within series 6–9 (topological changes on a ring, amide versus substituted acetamide) might fall out of the sensibility of LIE modeling. For this reason, we investigated the 6–9 series and the mutagenesis effects with FEP simulations. The use of complementary FEP transformations (i.e., ligand perturbations on different enzyme forms, and receptor mutation upon binding of different ligands) provides “two sides of the same coin” that provide a comprehensive perspective of the ligand binding process, as recently showed for the elucidation of the binding mode of A2A adenosine receptor antagonists (Jespers et al., 2020). In the IRAP system, these simulations allowed to identify interactions that were selectively lost on the mutant versions of the enzyme (i.e., between the ligand and Arg439), or differences in ligand binding consistently observed within wt and mutant versions of the enzyme, as the case of the interactions of compound 9 with the network of glutamic acid residues (Figure 6). These simulations also showed the role of residues like Tyr549 and Glu295 and Glu431, suggesting further site directed mutagenesis experiments to probe this model.

In summary, the binding model for the HFI series here presented, which is supported by different methods of free energy calculations, provides a unified model across the series that satisfactorily explains the observed SAR of the series. Moreover, this binding model points to a relatively promiscuity for the conformations of IRAP, and sets the grounds for further structure-based optimization.
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AG (kcal mol—1)2

Compound LIEP Experimental®
wt-IRAP
6 —-8.17 £ 0.4 —7.76 £ 0.26
7 —-873+04 —8.83 £ 0.43
8 —8.56 + 0.1 —8.35 + 0.41
9 —9.09 £ 0.2 —-10.23 £0.13
F5441
6 —7.71 £0.4 —6.52 +0.33
7 —7.29 £0.1 —7.40 £ 0.17
8 —7.53 £ 0.1 —7.82 +£0.19
9 —8.09 £ 0.2 —-9.13 £ 0.15
F544V
6 —6.61 +0.4 —7.34 +£0.02
7 —7.54 +£0.2 —7.63 £ 0.21
8 —8.26 £ 0.1 —8.41 £0.20
9 —-8.34 £ 0.2 —8.95 £ 0.30

8Fnergies are expressed as mean + S.E.M. estimated from independent experi-
ments (Albiston et al., 2010) or replicate MD simulations (LIE). ®Optimized LIE
model, with o = 0.285, B = 0.138, y = —1.2. °Experimental values are extracted
from Albiston et al. (2010).
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Compound R3 Rs Rs_g K (nM)2 AG Calc? AG Exp°®

15a CN 4-methoxyphenyl 7-OH >100 —5.26 £0.12 > —5.45
15b CN 3-methoxyphenyl 7-OH >100 —5.35 £ 0.11 > —5.45
15¢ CN 3,4-dimethoxypheny! 7-OH 50 —5.56 £ 0.12 -5.86
15d CN 3,5-dimethoxypheny! 7-OH >100 —5.83+0.14 > —5.45
15e CN 3,4,5-trimethoxypheny 7-OH >100 —6.05 £ 0.17 > —5.45
15f CN pyridin-3-yl 7-OH >100 —5.03 £ 0.26 > —5.45
159 CN 4-N,N-dimethylaminophenyl 7-OH >100 —5.40 £ 0.14 > —5.45
16a COoEt phenyl 7-OH >100 —5.46 £ 0.17 > —5.45
16b COoEt 2-cyanophenyl 7-OH >100 —5.61£0.19 > —5.45
16¢ COLEt pyridin-2-yl 7-OH 29 —6.67 £ 0.19 —7.55
16d COoEt quinolin-2-y! 7-OH 3 —7.64 £ 0.09 —7.53
16e COzEt 2-nitropheny! 7-OH 42 —7.01 £0.08 —5.96
16f COoEt 3-chloropheny! 7-OH 35 —715+0.14 —6.07
169 COoEt 3-cyanophenyl 7-OH 3.2 —7.37 £0.11 —7.49
16h COoEt 2,4-dichloropyridine-3-yl 7-OH 14 —7.38+£0.18 —6.61
16i COoEt 4-methylphenyl 7-OH >100 —5.24 +£0.10 > —5.45
16j COoEt 4-bromophenyl 7-OH >100 —6.00 £+ 0.11 > —5.45
16k COoEt 4-chloropheny! 7-OH >100 —5.86 £ 0.16 > —5.45
16l COoEt 4-cyanophenyl 7-OH 1 —7.55 £ 0.08 —6.76
16m COoEt pyridin-4-yl 7-OH 3.7 —7.23+£0.07 —7.40
16n COoEt quinolin-4-yl 7-OH 0.9 —7.93 +£0.17 —-8.24
160 COoEt 4-nitrophenyl 7-OH i —7.83+0.22 —6.97
16p COoEt 4-(pyridin-2-yl)phenyl 7-OH >100 —5.96 +£0.18 > —5.45
169 COzEt 4-N,N-dimethylaminophenyl 7-OH 5.3 —7.57 £0.20 —-7.19
16r COoEt 3,4-dimethoxypheny 7-OH 6.2 —7.72 £0.21 -7.10
17a CO2Me pyridin-3-yl 7-OH 4.9 —6.86 £+ 0.07 —7.24
17b COoPr pyridin-3-yl 7-OH 1.6 —713+£0.14 —7.90
17¢ COzn-But pyridin-3-yl 7-OH 2.6 —7.07 £0.17 —7.61
17d COut-But pyridin-3-yl 7-OH 1.9 —715+0.15 —6.71
17e CO2-(CH2)2-O-CH3 pyridin-3-yl 7-OH 4 —6.97 £ 0.20 —7.36
179 CO,-Bz pyridin-3-yl 7-OH 1.7 —7.31 £0.08 —7.86
18d COoEt pyridin-3-yl 6-Cl, 7-OH 5.6 —7.33+0.24 —-7.16
18f COoEt pyridin-3-yl 8-OH 8.8 —6.79 £ 0.21 —6.83
189 COoEt pyridin-3-yl 7-8, fused phenyl >100 —7.47 £0.10 > —5.45
18h COoEt pyridin-3-yl 5-6, fused phenyl >100 —5.49 £ 0.21 > —5.45

aExperimental data extracted fromMountford et al. (2014). PEnergies in kcal mol=?, obtained from the optimized LIE model, with o = 0.285, p = 0.138, y = —1.2 and
expressed as mean + 1 SEM from the replicate simulations. Average unsigned error is 0.5 kcal mol~" (considering only compounds with experimentally determined K;).

CExperimental values obtained as AGg e, RTINK;.
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