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Abstract:
PI3Kd is a lipid kinase which plays a key role in airway inflammatory conditions. Accordingly, the inhibition of PI3Kd can be considered a valuable strategy for the treatment of chronic respiratory diseases such as Asthma and Chronic obstructive pulmonary disease (COPD). In this work, we describe our efforts to identify new PI3Kd inhibitors following an “inhalation by design” strategy. Starting from the identification of a purine scaffold, we carried out a preliminary SAR expansion which led to the identification of a new hit characterized by a high enzymatic potency and moderate PI3Kd selectivity. A subsequent optimization led to novel purine based derivatives with favourable in vitro ADME profiles, which might represent promising starting points for future development of new inhaled drug candidates.
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1. Introduction
PI3-kinases (PI3Ks) are lipid kinases that phosphorylate the 3-hydroxyl group of the inositol ring, leading to three different products: phosphatidylinositol (PtdIns), phosphatidylinositol 4-phosphate (PtdIns4P), and phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2)[1]. PI3Ks can be divided in three functional classes (I, II and III) based on their protein domain structure, lipid substrate specificity and associated regulatory subunits[2]. Among them, Class I is the most studied one due to its involvement in different human pathologies such as cancer, inflammation, cardiovascular and metabolic diseases[3]. Class I is further divided in two sub-classes: Class IA (PI3Ka, b and d) and Class IB (PI3Kg)[4]. 
PI3Kd is highly expressed in leucocytes[5] and it is implicated in the development, differentiation and functioning of T and B cells[6], neutrophil trafficking[6] and mast cells homeostasis[7]. More specifically, preclinical models of airway inflammation have highlighted the specific role of this isoform in airways inflammatory conditions observed in different respiratory diseases, such as Asthma and Chronic obstructive pulmonary disease (COPD)[8]. Furthermore, PI3K is overexpressed in lung macrophages of COPD patients and is responsible of steroid resistance[9]. Consequently, selective inhibition of PI3K might restore glucocorticoid responsiveness in patients affected by COPD and Severe Asthma. In summary, PI3Kδ shows considerable promise as a drug target for the treatment of airway chronic inflammation underlying diseases such as Asthma and COPD.
Despite the long-standing interest in PI3Kδ inhibitors and the remarkable number of compounds which have successfully entered or even completed clinical trials, many oral PI3Kd-selective inhibitors have presented several side-effects such as pneumonitis, nausea, severe diarrhea, hepatic toxicity, and hyperglycemia[10]. For instance, the oral dual PI3Kδ/γ inhibitor Duvelisib has shown positive effects in clinical trials for asthma and rheumatoid arthritis, but its development was halted possibly due to side effects. Similarly, the oral PI3Kd inhibitor Idelalisib, which has been effective in the treatment of B cell lymphomas, showed dose-limiting toxicity ([10];[11]). To reduce the risk of systemic exposure and, consequently, side-effects, several groups succeeded in the identification of PI3Kd agents suitable for inhaled delivery. Respivert (RV 1729), Nemiralisib (GSK 2269557), AZD 8154 and LAS 195319 are the most recent PI3Kd inhibitors exhibiting suitable pharmacokinetic properties for an inhaling administration, with a sustained deposition in the lung and minimal systemic distribution[12] [13], [14,15][15]
All these considerations led us to start the identification of novel PI3Kd inhibitors with a limited systemic exposure. To this aim, we first identified a novel class of PI3K modulators, which was subsequently optimized following “inhalation by design” criteria[16,17]. This campaign led to the discovery of new purine derivatives with favorable ADME profile, which might represent promising starting points for the future development of novel inhaled therapeutics.
2. Results and Discussion
With the aim of identifying novel PI3Kd inhibitors, a PI3K-focused virtual library of 1,360 compounds was retrieved from Life Chemicals[18]. Compounds bearing undesired functionalities were excluded (for further details see Experimental Section) to select a restricted subset of lead-like candidates. The resulting set of molecules was then evaluated for the ability to inhibit human PI3Kδ in a DiscoverX kinase inhibition assay. Specifically, only those compounds able to inhibit kinase activity by more than 30% at both 1 µM and 10 µM were progressed. Interestingly, only three structurally unrelated derivatives were able to consistently elicit an inhibitory activity on PI3Kδ at both concentrations (Figure 1).


[bookmark: _Ref109395328]Figure 1: Identified HIT compounds.
Compound 1 contains a well-known imidazo-pyrimidine hinge-binding group, which has been widely applied in the design of potent PI3K inhibitors, some of which have successfully reached the market (Idelalisib and Duvelisib), or clinical trials (Tenalisib)[19]. Similarly, compound 2 is characterized by a 2-aminobenzothiazole scaffold, which has already been introduced in different series of PI3K inhibitors[20],[21],[22]. Given the remarkable structural similarity of compounds 1 and 2 with known PI3K inhibitors, our attention was focused on molecule 3. Although this hit compound incorporates the same purine substructure included in 1, the two bicyclic systems could exhibit distinct roles in the protein active site. Indeed, while in compound 1 the purine moiety was known to act as the hinge-binding group, in molecule 3 the hinge-binding motif was likely represented by the exocyclic primary amide[23], with the purine ring being the central core moiety. Interestingly, compounds containing the same purine scaffold have already been reported as modulators of different therapeutically relevant targets, including kinases[24], molecular motor proteins[25] and microtubule severing proteins[26]. Moreover, a close analogue of 3 has been identified during a high-throughput screening campaign against PI3Kδ and PI3Kγ[27]. That said, no studies reported an extensive structure-activity relationship (SAR) analysis of this chemical series against PI3K isoforms, prompting us to exploit this promising chemotype as a starting point for a systematic and extensive chemical exploration. As a first step, compound 3 was resynthesized in house, its structure was confirmed by NMR and LC-MS analysis and its inhibitory activity was determined in human (h) recombinant kinases hPI3Kα (p110α/p85α), hPI3Kβ (p110β/p85α), hPI3Kδ (p110δ/p85α) and hPI3K (p110) by means of a flash-type luminescence assay (ADP-Glo). Compound 3 showed pKi values of 7.1, 6.5, 6.9 and 6.9 for α, β, γ and δ isoforms (Table 1), respectively, further supporting its use as a suitable starting point for the design of novel and potent inhibitors. 
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[bookmark: _Ref91584394]Figure 2: (A) Best-ranked docking pose of compound 3. PI3Kδ is represented with white sticks and cartoons, whereas ligand carbons are colored in green. H-bond interactions are depicted with black dashed lines. (B) superposition of the docked geometry of compound 3 (green carbons) and the co-crystallized poses of three PI3Kδ-selective inhibitors (PDB: 6PYR[28], orange carbons; PDB: 5VLR[29], cyan carbons; PDB: 5UBT[30], yellow carbons).
In its best-ranked docking pose, compound 3 formed extensive H-bond and hydrophobic interactions with the residues delimiting the ATP-binding cavity of PI3Kδ (Figure 2A). The exocyclic amide was bound to the backbone of Val828 through an H-bond interaction, while the phenol substituent, accommodated within the affinity pocket, formed H-bond interactions with the side chains of Tyr813 and Asp787. The purine core was sandwiched between the side chains of Ile777 and Ile910 while the terminal fluorophenyl group formed extensive hydrophobic contacts with the side chain of Met752. We speculated that promiscuous activity exhibited by compound 3 could be ascribed to the absence of a ligand structural feature engaging the so-called “specificity pocket” of PI3Kδ[31], which is delimited by Trp760, Met752 and Thr750 on the glycine-rich loop. Indeed, co-crystal structures of PI3Kδ-selective modulators revealed the presence of extensive interactions between the terminal pendant group of the inhibitor molecule and the “specificity pocket” of the enzyme (Figure 2B). Thus, with the aim of establishing the interaction with this fundamental protein sub-site, we started a SAR exploration focused on position 9, being the closest exit vector to the specificity pocket (Figure 3). 


[bookmark: _Ref116910975]Figure 3: Highlights of the explored portions of compound 3.
The first round of exploration targeted a broad chemical diversity at position 9 of the purine scaffold (head groups HG, R1, Table 1) to find decorations showing preliminary hints of selectivity. To this aim, differently decorated aryl and hetero aryl groups, either directly connected to the core or bearing a spacer moiety, as well as five or six-membered saturated rings, were designed and synthesized (4-13, Table 1). All compounds were submitted to a preliminary cell-free assay where inhibition of PI3K enzymatic activity was determined by means of ADP-Glo assay. The results of this first round of exploration are reported in Table 1. Overall, all new analogues displayed improved inhibition for the isoform of interest with respect to the initial hit. In particular, different saturated (8, 9, 10) and unsaturated (4, 5, 7) cyclic systems retained PI3Kδ activities in the mid-nanomolar range, indicating that this portion of the active site tolerated functional groups characterized by different steric and electrostatic properties. The only exceptions were represented by compounds 6 and 11. Indeed, the replacement of F-phenyl group with a tetrahydrothiophene 1,1-dioxide function (11) brought to a complete loss of activity for PI3Kd, while the thiophenyl group (6) did not positively modulate PI3Kd inhibition, leading to a non-selective inhibitor. Interestingly, the highest cell-free potencies were observed for compounds 12 and 13, both characterized by an aromatic ring connected to position 9 through an ethylene spacer. In particular, the insertion of a thiophenyl-ethylenic group (12) led to a 32-fold increase in potency for the δ isoform compared to the initial hit compound. However, this modification did not translate in an improved selectivity profile. Intriguingly, the substitution of the terminal thiophene ring of 12 with a dichloro-phenyl system (13) led to a slight decrease in potency for PI3Kd (pKi = 8.0) but had a remarkable effect on selectivity, with 13 being 20-fold and 40-fold more potent on the δ isoform compared to PI3Ka and PI3Kb, respectively.
[bookmark: _Ref91605829]Table 1: SAR exploration of Specificity Pocket
	Compound
	Structure


	pKia

	[bookmark: _Hlk94341568][bookmark: _Hlk94385050][bookmark: _Hlk91576797]
	HG (R1)
	PI3Kδ
	PI3Kγ
	PI3Kβ
	PI3Kα

	[bookmark: _Hlk91771013]3
	

	6.9 ± 0.07
	6.9 ± 0.01
	6.5 ± 0.063
	7.1 ± 0.015

	4
	

	7.8 ± 0.11
	7.3 ± 0.05
	7.0 ± 0.01
	7.7 ± 0.02

	5
	

	7.3 ± 0.14
	6.9 ± 0.001
	6.8 ± 0.10
	7.4 ± 0.13

	6
	

	7.0 ± 0.03
	7.2 ± 0.02
	6.7 ± 0.06
	6.9 ± 0.07

	7
	

	7.4 ± 0.01
	5.8 ± 0.01
	7.1 ± 0.006
	≤ 4.7

	8
	

	7.6 ± 0.005
	7.1 ± 0.06
	6.9 ± 0.04
	7.4 ± 0.02

	9
	

	7.4 ± 0.07
	7.4 ± 0.01
	6.7 ± 0.06
	7.4 ± 0.08

	10
	

	7.4 ± 0.05
	6.6 ± 0.005
	6.5 ± 0.03
	7.4 ± 0.032

	11
	

	≤ 4.7
	5.9 ± 0.023
	6.2 ± 0.09
	7.0 ± 0.02

	[bookmark: _Hlk94385086]12
	

	8.4 ± 0.06
	7.0 ± 0.09
	7.4 ± 0.035
	7.5 ± 0.06

	13
	

	8.0 ± 0.003
	6.5 ± 0.01
	6.4 ± 0.12
	6.7 ± 0.01


[bookmark: _Hlk93919047]a Data expressed as mean ± standard deviation of two independent determinations.
We speculated that the dichloro-phenylethyl moiety could elongate through the binding site to reach the specificity pocket, thus achieving d selectivity. To confirm our hypothesis, compound 13 was co-crystallized with human PI3Kδ (Figure 4).
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[bookmark: _Ref109395373]Figure 4: X-ray crystal structure of compound 13 (magenta carbons) in hPI3Kδ, resolution at 2.43 Å. View from the solvent exposed region (PDB code 8BCY, see supplementary Information Table 1). The original docking pose of compound 3 is depicted with transparent green carbons.
The purine core and the phenol substituent of 13 well superposed the corresponding moieties of 3 in its best-scored docking solution, displaying the same pattern of H-bond and hydrophobic interactions with neighboring residues. Interestingly, the side chain of Met752 assumed a different rotameric state compared to other X-ray structures of PI3Kδ-selective inhibitors. Indeed, in case of compound 13, Met752 underwent a significant outward rotation, pointing towards the outer portion of the ATP-binding cleft. This peculiar geometry of Met752 side chain allowed the dichloro-phenylethyl head group of 13 to accommodate within the “specificity pocket” of PI3Kδ, where it established extensive hydrophobic interactions with Trp760 and Met752 side chains[32],[33],[12]. 
Given the positive effect of the dichloro-phenylethyl head group on selectivity, we used 13 as a starting point for a focused chemical exploration of the Affinity group (AG, R2, Table 2). In particular, the original phenol fragment was replaced with other aromatic moieties able to act as H-bond donors or acceptors. The introduction of an indole (14) led to a 5-fold decrease in PI3K inhibition and a 10-fold increase in PI3K inhibition with respect to compound 13. Interestingly, the introduction of an indazole (15), which bears an additional nitrogen atom on the indole ring, led to an even more pronounced effect on PI3Kd potency (pKi = 6.9). This subtle change was also detrimental from PI3Kβ. Giving the inability of bicyclic aromatic systems to retain PI3Kδ potency, we hypothesized that the introduction of a flexible, positively charged substituent on the aromatic ring, like a dimethyl-amino functionality (16), could strengthen the interaction with Asp787 of the DFG motif. Disappointingly, this decoration led to a dramatic loss of activity for all PI3K isoforms, probably due to severe steric clashes within the binding site.


[bookmark: _Ref91685922][bookmark: _Hlk91683841]Table 2: SAR exploration of the affinity region
	Compound
	Structure
	pKia

	
	

	

	
	AG
	PI3Kδ
	PI3Kγ
	PI3Kβ
	PI3Kα

	13
	

	8.0 ± 0.00
	6.5 ± 0.01
	6.4 ± 0.12
	6.7 ± 0.01

	14
	

	7.35 ± 0.10
	≤ 4.7
	7.4 ± 0.04
	≤ 4.7

	15
	

	6.9 ± 0.07
	5.8 ± 0.06
	≤ 4.7
	≤ 4.7

	16
	

	≤ 4.7
	≤ 4.7
	≤ 4.7
	≤ 4.7


[bookmark: _Hlk93934947]a Data expressed as mean ± standard deviation of two independent determinations.
At the end of this chemical exploration, 12 and 13 were identified as the most promising compounds and, therefore, they were further characterized in vitro. First, their  inhibitory activity was determined in a cell-based assay with THP-1 monocytes. In these cells, the PI3Kd/AKT pathway is specifically stimulated by application of Macrophage Colony-Stimulating Factor (M-CSF) and the resulting AKT phosphorylation measured through Homogeneous Time Resolved Fluorescence (HTRF) technology[34]. The investigation of the activity of PI3Kd/AKT pathways has previously been used by several groups to test the effect of PI3Kd inhibitors in cell-based assays and preclinical models of respiratory diseases[12],[35],[36]. Interestingly, both compounds 12 and 13 showed a high drop in potency in cell-based assay, with pIC50 values in the low micromolar range. Additionally, only compound 12 showed good kinetic solubility (Table 3). Although the cell-based activity and the solubility profile of 12 were superior to 13, the latter derivative proved to be the most selective compound in the first two-dimensional SAR exploration. Thus, the off-target profile of compound 13 at 1 μM was evaluated on a dedicated panel of 371 protein kinases and no activity >50% was shown by the compound against any of the tested kinases (full details in Supplementary Information Table S2). Then, the CellTiter-Glo® luminescent cell viability assay on human hepatocellular carcinoma line (HepG2) was set up to test the cytoxicity of compound 13 by measuring the ATP cellular content after 48 hr of compound incubation. Increasing concentrations of compound 13 from 1 to 30 mM did not result in significant changes in cell viability, indicating that a direct in vitro toxicity was absent. Similar results were obtained with Idealisib whereas a decrease of cell viability was observed for the positive control Tamoxifen at both 10 and 30 mM (Figure 5).
[image: ]
[bookmark: _Ref126938587]Figure 5: Cytotoxicity assay: Cell viability of HepG2 cells treated with compound 13, Idelalisib and Tamoxifen for 48 hr. Data are expressed as mean ± standard deviation of three independent determinations.
Thus, in light of these positive findings, compound 13 was selected as starting point for a further exploration aimed at optimizing its ADME profile to be compatible with an inhaled route of administration. To this aim, we sought to apply an “inhalation by design” strategy, which combines specific Phys-chem and ADME criteria to minimize systemic exposure. 
[bookmark: _Ref94385240]Table 3: Cell potency and Solubility of compounds 12 and 13
	[bookmark: _Hlk132211127]Compound
	Structure
	pKia
	
	

	
	

	
	pIC50a
	Solb.

	
	HG
	PI3Kδ
	PI3Kγ
	PI3Kβ
	PI3Kα
	THP-1
	(mM)

	12
	

	8.4 ± 0.06
	7.0 ± 0.09
	7.4 ± 0.03
	7.5 ± 0.06
	6.1 ± 0.23
	405

	[bookmark: _Hlk94386092]13
	

	8.0 ± 0.003
	6.5 ± 0.01
	6.4 ± 0.12
	6.7 ± 0.01
	5.8 ± 0.05
	62


a Data expressed as mean ± standard deviation of two independent determinations.
b Kinetic Solubility.
According to these principles [16,17], inhaled therapeutics might be favored by high in vitro cellular potency and sustained solubility, which could mitigate dose limitations associated with the use of inhaler devices [37] as well as potential risks derived by accumulation, respectively [35],[36]. Additionally, a low permeability coupled to a high clearance could favor the on-site duration of action, limiting the risk of systemic liabilities[38]. Giving these considerations, a set of new analogues, potentially fulfilling the above criteria, was designed, and synthesized. 
We then sought to identify the most favorable portion of compound 13 which could be structurally modified during the subsequent chemical exploration. Giving the crucial role of the central scaffold in pre-orienting the amide hinge-binding fragment through intramolecular H-bond interactions, the purine system was not considered for chemical modifications. Similarly, the phenolic moiety represented a potential site of glucuronidation that could increase the metabolic turn over and was thus retained during the following chemical exploration [37][38]. Consequently, the second optimization round was mainly focused on the portion of compound 13 interacting with the specificity pocket. Specifically, we introduced new decorations on the terminal phenyl group, such as hydrophobic substituents or Cl isosteres (Table 4), which should increase the Sp3 character of the molecule whilst strengthening the interaction with the specificity pocket. The insertion of a benzodioxol group (20) was well tolerated since the compound maintained good potency and moderate isoform selectivity. On the contrary, isopropyl group (19) had a detrimental effect on enzymatic activity, showing a PI3Kd inhibition even lower than the hit compound 3 and a complete loss of activity over the other isoforms. Small heterocycles and cycloalkyl moieties, including pyrrolidine and cyclopropyl (17 and 21), were also considered, as they could pre-orient the phenyl group in the selectivity pocket whilst retaining a high Sp3 fraction. The pyrrolidine group showed a predicted pKa value of 8.7 (Percepta), which could increase lung tissue binding and, consequently, favor a prolonged lung retention. Indeed, introduction of basic groups represents a well-known strategy that relies on the entrapment of dissolved compounds into acidic organelles which are highly abundant in lung tissue[37,39]. Compound 21 retained enzymatic activity on all isoforms, but it completely lost selectivity for PI3Kδ. On the other hand, while the insertion of the pyrrolidine ring as new linker (17) determined a marginal increase in PI3Kd activity, this substitution brough to a significant inhibition also of the b isoform. Interestingly, the same enzymatic inhibition profile was observed for compound 18, which elicited a significant inhibitory activity on δ and β isoforms. Nonetheless, compounds 17 and 18 displayed a markedly improved cellular potency compared to their parent compound 13, with pIC50 values in the high-nanomolar range (Table 5). It should be also noted that compounds 17 and 18 were both tested as racemic mixtures and, therefore, a slight increase in potency can be expected for one of the two enantiomers. Intriguingly, the good kinetic solubilities exhibited by compounds 17 and 18 were further improved by the insertion of a methyl group on the phenol Affinity Group (22). This effect could be ascribed to the ability of the additional methyl group to disrupt molecular planarity. However, this modification was not associated with further improvements neither in selectivity nor in cellular potency.
[bookmark: _Ref93857372]Table 4: SAR of compound 13 close analogues.
	
	[bookmark: _Hlk91776639]Structure
	
	pKia
	
	

	
	

	
	
	pIC50a
	Solb.

	Compound
	R1
	R2
	PI3Kδ
	PI3Kγ
	PI3Kβ
	PI3Kα
	PI3K
(THP-1)
	M

	13
	

	

	8.0 ± 0.003
	6.5 ± 0.01
	6.4 ± 0.12
	6.7 ± 0.01
	5.8 ± 0.05
	62

	17
	

	
	8.3 ± 0.04
	6.5 ± 0.07
	7.7 ± 0.09
	6.9 ± 0.04
	6.5 ± 0.13
	178

	18
	

	
	8.5 ± 0.04
	6.4 ± 0.02
	8.2 ± 0.05
	6.7 ± 0.04
	7.0 ± 0.19
	414

	19
	

	
	6.7 ± 0.03
	≤ 4.7
	≤ 4.7
	≤ 4.7
	na
	na

	20
	

	
	7.7 ± 0.06
	6.3 ± 0.07
	6.7 ± 0.08
	7.1 ± 0.03
	na
	na

	21
	

	
	7.2 ±0.02
	6.8 ± 0.10
	6.8 ± 0.03
	6.8 ± 0.05
	na
	na

	22
	

	

	7.7 ± 0.06
	6.35 ± 0.10
	7.3 ± 0.10
	6.5 ± 0.04
	6.2 ± 0.06
	498


[bookmark: _Hlk93936550]a Data expressed as mean ± standard deviation of two independent determinations.
b Kinetic Solubility.


Given their favorable profile, compounds 17 and 18 thus emerged as the most promising derivatives at the end of this optimization round. Accordingly, they were subsequently characterized in different in vitro ADME assays (Table 5) to obtain preliminary indications about their potential ability to be retained in the lung whilst exhibiting a limited systemic exposure. Interestingly, both analogues displayed high lung stability in Lung-S9 cells, with compound 18 showing a half-life longer than 8 hours in both rat and human species. Both compounds also showed high plasma protein binding in rat and human as well as a high lung protein binding in rat. Moreover, PAMPA permeability assays clearly showed negligible permeation for both 17 and 18 (permeability of compound 18 also measured in CACO cells was below limit of quantification, data not shown). Taken together, these data strongly suggested that both compounds could potentially act as inhaled agents, whose lung-restricted effect could be favored by the high stability, low permeability and low free fraction in lung. It should be also noted that the ADME profile of both compounds could disfavor a remarkable systemic exposure, potentially minimizing the risk of systemic adverse effects. Indeed, the low permeability, the remarkable microsomal and hepatic clearance, and the low free fraction in plasma could favor the compound elimination, thus avoiding a systemic pathway inhibition. In addition, compounds 17 and 18 did not show significant changes on human HepG2 cells viability up to 30 and 3 µM, respectively, indicating a lack of a direct in vitro toxicity of the two derivatives at the tested concentrations. At 10 and 30 µM a reduction of cell viability was, however, observed for compound 18 similarly to Tamoxifen. The cytotoxicity of compound 18 at 10 and 30 M is quite surprising since this derivative is a very close analogue of compound 13, which resulted clean in the same assay. It has previously been reported that compounds also possessing PI3K activity showed cytotoxicity against a variety of tumor cells, including HepG2[40,41]. In our in vitro enzymatic assays compound 18 resulted also active towards PI3K (see Table 4) , thus suggesting a possible role of this specific isoform in the observed cytotoxicity.
[image: ]
Figure 6: Cytotoxicity assay: Cell viability of HepG2 cells treated with compounds 17 and 18, Idelalisib and Tamoxifen for 48 hr. Data are expressed as mean ± standard deviation of three independent determinations.
To further strengthen the potential lung-restricted effect of compounds 17 and 18, we compared their ADME profile with that of Idelalisib, the approved oral PI3Kδ inhibitor. Not surprisingly, Idelalisib showed a remarkable permeability and only a moderate clearance in both microsomes and hepatocytes, compatible with an oral route of administration. Moreover, its systemic exposure is further favored by increased plasma and lung free fractions, which were higher than those observed for compounds 17 and 18.
In summary, the physico-chemical and in vitro ADME profiles of compounds 17 and 18 strongly differed from that obtained for a reference PI3Kδ designed for oral administration, showing peculiar characteristics for a lung-restricted application. Thus, 17 and 18 represented advanced hit compounds which could be exploited as promising starting points for the future development of inhaled therapeutics.
[bookmark: _Ref93935047]Table 5: PI3Kd cellular potency, Cellular Drop-off, Solubility and in Vitro ADME characterization of compound 17 and 18.
	[bookmark: _Hlk132211192]
	
	
	In vitro 
ADME

	[bookmark: _Hlk92268012]
	pIC50a
	pIC50a
	Microsome 
clearancec
mL/min/mg
	Hepatocyte
Clearanced
mL/min/10^6Cell
	Lung S9
stability t½ (min)
	PPBe
	LPBf
	Permeabilityg

	Compound
	PI3Kδ
	PI3Kd
(THP-1)
	R
	H
	R
	H
	R
	H
	R
	H
	R
	

	17
	8.0 ± 0.05
	6.5 ±0.13
	133
	70
	163
	55
	>500
	141.8
	96.7
	96.8
	97.9
	0.2 g

	18
	8.2 ± 0.04
	7.0 ± 0.19
	50
	19
	120
	79
	>500
	>500
	>99
	>99
	>99
	BLQh

	Idelalisib
	8.5 ± 0.03
	7.5 ± 0.06
	9
	7
	28
	4
	146
	>500
	85.2
	96.9
	86.1
	23.43g


a Data expressed as mean ± standard deviation of two independent determinations, b Kinetic solubility, c Compounds were incubated with liver microsomes at 0.5μM for 30 min, d Compounds were incubated with liver microsomes at 0.5μM for 180 min,e Plasma Protein Binding, f Lung Protein Binding, g measured in PAMPA, 10-6 cm /sec; B-A=basal to apical, h Below limit of quantification.

3. [bookmark: _Ref91667873]Chemistry
Compound 3-16, 19-22 were prepared following a parallel synthetic approach reported by Booth et al.[42]. The synthetic strategy allowed us to synthesise the 7H-purin-8(9H)-one central core in as little as two steps (Scheme 1).
In the first step, 2,3-diaminomaleonitrile (DAMN) reacts with commercially available isocyanates (23-36), affording the synthesis of ureic intermediates 37-50 bearing the first substituent, defined as Head-group (R1). The second step envisages the reaction of intermediates with commercially available aldehydes (51-55) in the presence of TEA and catalytic amounts of I2, leading to the formation of the central core and the introduction of the second substituent, named Affinity group (R2). In most cases, purification was not needed neither for the first intermediate nor for the final compound since derivatives precipitated as pure solids and were isolated by simple filtration. Resulting yields and reagents for the synthesis of all compounds are reported in the Experimental Section.


[bookmark: _Ref109394948]Scheme 1: General synthesis of final compounds 3-16 and 19-22.


23, 37: R1= 4-fluorophenyl-
24, 38: R1= 4-(methylsulfonyl)-phenyl-
25, 39: R1= 4-morpholinophenyl-
26, 40: R1= thiophen-2-yl-
27, 41: R1= 5-methyl-3-phenylisoxazol-4-yl-
28, 42: R1= 1-(methylsulfonyl)piperidin-4-yl-
29, 43: R1= Cyclopentyl-
30, 44: R1= (tetrahydrofuran-3-yl)methyl-
31, 45: R1= (1,1-dioxidotetrahydrothiophen-3-yl)methyl)-
32, 46: R1= 2-(thiophen-2-yl)ethyl-
33, 47: R1= 3,4-dichlorophenethyl-
34, 48: R1= 4-isopropylphenethyl-
35, 49: R1= 2-(benzo[d][1,3]dioxol-5-yl)ethyl-
36, 50: R1= 2-phenylcyclopropyl-

51: R2=3-OH-Ph-
52: R2= 1H-indol-4-yl-	
53: R2=1H-indazol-4-yl-
54: R2= (dimethylamino)methyl)-Ph-
55: R2=5-hydroxy-2-methyl-Ph-

	
3: R1= 4-fluoro-phenyl; R2= 3-OH-Ph
4: R1= 4-(methylsulfonyl)-phenyl; R2= 3-OH-Ph
5: R1= 4-morpholino-phenyl; R2= 3-OH-Ph
6: R1= thiophen-2-yl; R2= 3-OH-Ph
7: R1= 5-methyl-3-phenylisoxazol-4-yl	; R2= 3-OH-Ph
8: R1= 1-(methylsulfonyl)piperidin-4-yl; R2= 3-OH-Ph
9: R1= Cyclopentyl	; R2= 3-OH-Ph
10: R1= (tetrahydrofuran-3-yl)methyl; R2=3-OH-Ph
11: R1= (1,1-dioxidotetrahydrothiophen-3-yl)methyl); R2=3-OH-Ph
12: R1= 2-(thiophen-2-yl)ethyl; R2=3-OH-Ph
13: R1= 3,4-dichlorophenethyl; R2=3-OH-Ph
14: R1= 3,4-dichlorophenethyl; R2=1H-indol-4-yl
15: R1= 3,4-dichlorophenethyl; R2=1H-indazol-4-yl
16: R1= 3,4-dichlorophenethyl; R2= (dimethylamino)methyl)-phenyl
19: R1= 4-isopropylphenethyl; R2=3-OH-Ph
20: R1= 2-(benzo[d][1,3]dioxol-5-yl)ethyl; R2=3-OH-Ph
21: R1= 2-phenylcyclopropyl	; R2=3-OH-Ph
22: R1= 3,4-dichlorophenethyl; R2=5-hydroxy-2-methyl-phenyl

Reagents and conditions: (a) ACN, rt, 24-48 hr. (b) I2, TEA, MeOH, rt, 24-28 hr.
Compounds 17 and 18 required isocyanates which were not commercially available, thus a different synthetic pathway was followed (Scheme 2).
[bookmark: _Ref91757466]Scheme 2: Synthesis of final compounds 17 and 18.


58: R1= 1-benzylpyrrolidin-3-yl		
59: R1= 3,4-dichlorophenyl)propan-2-yl					17: R1=1-benzylpyrrolidin-3-yl;R2= 3-OH-Ph
18: R1= 3,4-dichlorophenyl)propan-2-yl;R2=3-OH-Ph

Reagents and conditions: (a) Cl3COCOOCCl3, DCM, DMAN, rt-40°C, 57%; (b) DPPA, DMAN, Toluene, 80°C, 16%; (c) 3-hydroxybenzaldehyde, TEA, MeOH, rt, 23% for 17, 15% for 18.
[bookmark: _Hlk109395075]Synthesis of the isocyanate required for the preparation of analogue 17 started from commercially available amine (56) which was converted into isocyanate using triphosgene and reacted in situ with DAMN. This approach led to the formation of 58 in a 57% yield over two steps. Subsequent reaction with 3-hydroxybenzaldehyde gave racemic final product 17 in a 23% yield. 
Compound 18 was prepared starting from 2-benzylpropionic acid 57. Corresponding isocyanate was synthesized through Curtius rearrangement using DPPA and reacted in situ with DAMN to give intermediate 59 in 16% yield. After reaction with 3-hydroxybenzaldehyde, compound 18 was obtained in 15% yield.
4. Conclusions
In summary, a virtual PI3K-focused library was filtered applying lead-like criteria, leading to the identification of a few hits showing activity against human PI3Kδ. One of them incorporated a novel 7H-purin-8(9H)-one scaffold and was thus selected as a promising starting point for the design of novel PI3Kδ inhibitors. Taking advantage of a convenient and parallel synthetic approach, we have explored the specificity pocket as well as the affinity region of the PI3Kd binding site. This effort resulted in the identification of compound 13, which demonstrated a nanomolar enzymatic potency against PI3Kδ and, notably, a moderate selectivity towards other PI3K isoforms as well as a striking selectivity among other kinases. Giving its promising in vitro profile, compounds 13 was used as a starting point for a subsequent medicinal chemistry exploration driven by “inhalation by design” criteria. Accordingly, the insertion of subtle and focused modifications on the head group allowed to increase potency in THP-1 cellular assay and to ameliorate kinetic solubility, whilst enhancing the in vitro clearance, the protein binding and S9 stability. Compounds 17 and 18 thus emerged as promising advanced hit compounds for the future development of new inhaled preclinical drug candidates.

5. Experimental Section

[bookmark: _Toc100301927]5.1 Computational section
[bookmark: _Toc100301928]5.1.1 Virtual high-throughput screening
A PI3K-focused virtual library of 1,360 compounds was retrieved from Life Chemicals. Molecules that were either not available in stock or contained a hydrazone or an imine functionality were discarded. The resulting set of 1,299 compounds was subsequently processed with Instant JChem 5.5, which was used to calculate different physico-chemical descriptors, including molecular weight (MW), cLogD7.4, number of hydrogen-bond donors (HBD), number of hydrogen-bond acceptors (HBA), number of rotatable bonds (RotB) and number of rings (#R). The dataset was then filtered using loose lead-like criteria, applying the following thresholds: MW ≤ 450; HBD ≤ 5; HBA ≤ 8; #R ≤ 4; RotB ≤ 5; 0 ≤ cLogD ≤ 4. The final set of 404 compounds was evaluated in a DiscoverX kinase inhibition assay. Specifically, compounds were tested at two concentrations (1 µM and 10 µM) against human PI3Kδ. Only those molecules inhibiting kinase activity by more than 30% at both concentrations were progressed.
5.2 Chemistry
5.2.1 General chemical methods
All commercially available chemicals and reagent grade solvents were purchased commercially and used directly without further purification unless otherwise specified. Reactions were monitored by thin layer chromatograph (TLC) on silica gel or plates using UV-light (254 and 365 nm) detection or visualizing agents. When needed purifications were performed on flash chromatography, with a Biotage Isolera instrument, using Biotage Columns (SNAP Cartridges: Silica, NH-Silica and C18). 
1H-NMR spectra were recorded at room temperature on a Varian spectrometer operating at 400 MHz or on a Bruker Avance 600 spectrometer. Chemical shifts are reported as δ values in ppm relative to trimethyl silane (TMS) as an internal standard. Coupling constants (J values) are given in hertz (Hz) and multiplicities are reported using the following abbreviations (s= singlet, d=doublet, t=triplet, q=quartet, m=multiplet, br=broad, nd=not determined). In all cases, NMR data were consistent with the proposed structures. Not all exchangeable protons are always visible. 
[bookmark: _Toc46922520][bookmark: _Toc46922987][bookmark: _Toc47865860][bookmark: _Toc48768769][bookmark: _Toc49073995][bookmark: _Toc49079247][bookmark: _Toc49079794][bookmark: _Toc46922523][bookmark: _Toc46922990][bookmark: _Toc47865863][bookmark: _Toc48768772][bookmark: _Toc49073998][bookmark: _Toc49079250][bookmark: _Toc49079797][bookmark: _Toc46922524][bookmark: _Toc46922991][bookmark: _Toc47865864][bookmark: _Toc48768773][bookmark: _Toc49073999][bookmark: _Toc49079251][bookmark: _Toc49079798]High Resolution Mass Spectrometry (HRMS) analysis for compounds was performed with a Q Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer. Analytical UPLC and Electron Spray Ionization (ESI) condition were performed on a Waters ACQUITY UPLC equipped with a Photo Diode Array (PDA) detector and a Single Quadrupole Mass Detector (QDA) or equipped with a Triple Quadrupole (Waters Xevo -TQS). 
HPLC purities of all target compounds were estimated by one of the following methods: 
Method 1: Acquity UPLC CSH C18 column (50mm x 2.1mm i.d. 1.7 μm particle size). Column Temperature (°C) 40.0. Mobile phases: 0.1% v/v solution of HCOOH in water (A); 0.1% v/v solution of HCOOH in Acetonitrile (B). Flow (ml/min) 1. Stop Time (mins) 2.0.
Method 2: Acquity UPLC CSH C18 column (50mm x 2.1mm i.d. 1.7 μm particle size). Column Temperature (°C) 40.0. Mobile phases: 0.1% v/v solution of HCOOH in water (A); 0.1% v/v solution of HCOOH in Acetonitrile (B). Flow (ml/min) 1. Stop Time (mins) 4.0.
Method 3: Acquity UPLC CSH C18 column (50mm x 2.1mm i.d. 1.7 μm particle size). Column Temperature (°C) 50.0. Mobile phases: HCOONH4, 0.025M, pH=3 (A); 0.1% v/v solution of HCOOH in Acetonitrile (B). Flow (ml/min) 0.35 Stop Time (mins) 10.0.
[bookmark: _Toc100301931]5.2.2 General procedure for the synthesis of urea intermediates (37-50)
In a 20 mL vial, 1 eq. of 2,3-diaminomaleonitrile (DAMN) was dissolved in 15 mL of ACN and the solution was stirred at rt for 10 minutes. Afterwards, 1.06 eq. of the corresponding isocyanate (23-36) was added. After stirring for 24 hr, a precipitate was formed and filtered off using Solid Phase Extraction (SPE) tubes equipped with polyethylene frits. The precipitate was washed with ACN and dried under N2 flow for 12 hr affording the desired urea intermediate (37-50). Where not specified, UPLC-MS Method 1 was generally used to determine purity of final compounds. Yield calculated on mmol of DAMN.
1-(2-amino-1,2-dicyanovinyl)-3-(4-fluorophenyl)urea (37).
1H NMR (400 MHz, DMSO-d6)  ppm 7.05 - 7.15 (m, 2 H) 7.21 (s, 2 H) 7.44 (dd, J=8.99, 5.04 Hz, 2 H) 7.56 (br s, 1 H) 8.87 (s, 1 H). UPLC-MS: tR= 0.66 min; MS (ESI): m/z 245.9 [M + H]+. UPLC-MS Purity: 90%. Yield: 89% (6.88 mmol).
1-(2-amino-1,2-dicyanovinyl)-3-(4-(methylsulfonyl)phenyl)urea (38).
1H NMR (400 MHz, DMSO-d6)  ppm 9.39 (s, 1 H) 7.99 -8.13 (m, 2 H) 7.78 - 7.86 (m, 3 H) 7.68 (d, J=8.55 Hz, 2 H) 7.32 (s, 2 H) 6.65 (br s, 1 H) 6.58 - 6.73 (m, 1 H) 3.15 (s, 3 H). UPLC-MS: tR =0.53 min; MS (ESI): m/z 306.0 [M + H]+. UPLC Purity: 95%. Yield: 10% (1.30 mmol).
1-(2-amino-1,2-dicyanovinyl)-3-(4-morpholinophenyl)urea (39).
1H NMR (400 MHz, DMSO-d6)  ppm 8.58 (s, 1 H) 8.24 - 8.32 (m, 1 H) 7.48(s, 1 H) 7.29 (d, J=8.11 Hz, 2 H) 7.09 - 7.19 (m, 1 H) 6.87 (d, J=8.99 Hz, 2 H) 3.67 - 3.79 (m, 4 H) 2.96 - 3.07 (m, 3 H). UPLC-MS: tR= 0.48 min, MS (ESI): m/z 313.0 [M + H]+. UPLC Purity: 83%. Yield: 39% (0.46 mmol).
1-(2-amino-1,2-dicyanovinyl)-3-(thiophen-2-yl)urea (40)
1H NMR (400 MHz, DMSO-d6)  1H NMR (400 MHz, DMSO-d6) d ppm 9.87 (s, 1 H) 7.68 (s, 1 H) 7.32 (br s, 2 H) 6.86 (d, J=5.48 Hz, 1 H) 6.78 - 6.81 (m, 1 H) 6.56 - 6.61 (m, 1 H). UPLC-MS: tR= min, MS (ESI): m/z 234.1 [M+H]+ UPLC Purity: 86%. Yield:25% (3.88 mmol).
1-(2-amino-1,2-dicyanovinyl)-3-(5-methyl-3-phenylisoxazol-4-yl)urea (41)
1H NMR (400 MHz, DMSO-d6)  ppm 8.19 (s, 1 H) 7.84 (br s, 1 H) 7.41 - 7.58 (m, 6 H) 7.24 (br s, 1 H) 6.71 (s, 1 H) 2.35 (s, 3 H). UPLC-MS: tR= 0.69 min, MS (ESI): m/z 309.2 [M+H]+. UPLC Purity: 94%. Yield: 70% (4.63 mmol).
1-(2-amino-1,2-dicyanovinyl)-3-(1-(methylsulfonyl)piperidin-4-yl)urea (42)
1H NMR (400 MHz, DMSO-d6)  ppm 7.34 (s, 1 H) 6.94 (s, 2 H) 6.42 - 6.49 (m, 1 H) 3.42 - 3.53 (m, 2 H) 2.78 - 2.88 (m, 5 H) 1.79 - 1.91 (m, 2 H) 1.38 - 1.50 (m, 2 H). UPLC-MS: tR= 0.44 min, MS (ESI): m/z 313.1 [M+H]+. UPLC Purity: 99%Yield: 45% (2.12 mmol).
1-(2-amino-1,2-dicyanovinyl)-3-cyclopentylurea (43)
1H NMR (400 MHz, DMSO-d6)  ppm 7.23 (s, 1 H) 6.87 (s, 2 H) 6.34 (br d, J=7.02 Hz, 1 H) 3.87 (sxt, J=6.80 Hz, 1 H) 1.74 - 1.85 (m, 2 H) 1.44 - 1.68 (m, 4 H) 1.29 - 1.41 (m, 2 H). UPLC-MS: tR= 0.6 min, MS (ESI): m/z 220.3 [M+H]+. UPLC Purity: 99%. Yield: 42% (8.68 mmol).
1-(2-amino-1,2-dicyanovinyl)-3-((tetrahydrofuran-3-yl)methyl)urea (44)
1H NMR (400 MHz, DMSO-d6)  ppm 7.39 (s, 1 H) 6.87-7.04 (m, 2 H) 6.55 (br t, J=5.59 Hz, 1 H) 3.55-3.76 (m, 3 H) 3.39 (dd, J=8.33, 5.48 Hz, 1 H) 3.31 (s, 1 H) 2.93 3.09(m, 2 H) 2.33 (dquin, J=13.69, 6.83, 6.83, 6.83, 6.83 Hz, 1 H) 1.81 -1.99 (m, 1 H) 1.52 (dq, J=12.93, 6.58 Hz, 1 H). UPLC-MS: tR= 0.4 min, MS(ESI): m/z 236.2 [M+H]+. UPLC Purity= 99%. Yield 34% (3.76 mmol).
1-(2-amino-1,2-dicyanovinyl)-3-((1,1-dioxidotetrahydrothiophen-3-yl)methyl)urea (45)
1H NMR (400 MHz, DMSO-d6)  ppm 7.46 (s, 1 H) 7.07 (s, 2 H) 6.67 (t, J=5.92 Hz, 1 H) 3.11 - 3.21 (m, 4 H) 3.04 (dt, J=13.15, 8.77 Hz, 1 H) 2.78 (dd, J=13.15, 9.87 Hz, 1 H) 2.12 - 2.22 (m, 1 H) 1.77 (dq, J=13.32, 9.23 Hz, 1 H). UPLC-MS: tR= 0.33 min, MS (ESI): m/z 284.2 [M+H]+.UPLC Purity: 99%. Yield: 49% (2.80 mmol).
1-(2-amino-1,2-dicyanovinyl)-3-(2-(thiophen-2-yl)ethyl)urea (46)
1H NMR (400 MHz, DMSO-d6)  ppm 7.54 (s, 1 H) 7.34 (dd, J=5.15, 1.21 Hz,1 H) 6.88 - 7.01 (m, 4 H) 6.49 (br t, J=5.59 Hz, 1 H) 3.24 - 3.30 (m, 2 H) 2.93 (t, J=7.23 Hz, 2 H). UPLC-MS: tR= 0.67 min MS (ESI): m/z 261.7 [M+H]+.UPLC Purity: 95%. Yield: 65% (4.63 mmol).
1-(2-amino-1,2-dicyanovinyl)-3-(3,4-dichlorophenethyl)urea (47)
1H NMR (400 MHz, DMSO-d6)  ppm 7.44 - 7.57 (m, 3 H) 7.22 (dd, J=8.33, 1.97 Hz, 1 H) 6.94 (s, 2 H) 6.42 (t, J=5.59 Hz, 1 H) 5.28 - 5.35 (m, 1 H) 3.23 - 3.29 (m, 2 H) 2.73 (t, J=7.02 Hz, 2 H). UPLC-MS: tR= 0.93 min, MS (ESI): m/z 324.0 [M+H]+.UPLC Purity: 95%.Yield=52% (4.37 mmol).
1-(2-amino-1,2-dicyanovinyl)-3-(4-isopropylphenethyl)urea (48)
1H NMR (400 MHz, DMSO-d6)  ppm 7.48 (s, 1 H) 7.09 - 7.19 (m, 4 H) 6.90 (s, 2 H) 6.38 (br t, J=5.48 Hz, 1 H) 5.30 (br s, 1 H) 3.20 - 3.27 (m, 2 H) 2.84 (dt, J=13.81, 6.91 Hz, 1 H) 2.67 (t, J=7.34 Hz, 2 H) 1.18 (d, J=7.02 Hz, 6 H). UPLC-MS: tR= 1.0 min, MS (ESI): m/z 298.1 [M+H]+. UPLC Purity: 81%. Yield 5% (2.49 mmol).
1-(2-amino-1,2-dicyanovinyl) -3-(2-(benzo[d][1,3]dioxol-5-yl)ethyl)urea (49)
1H NMR (400 MHz, DMSO-d6)  ppm 7.47 (s, 1 H) 6.90 (br s, 2 H) 6.78 - 6.85 (m, 2 H) 6.67 (d, J=7.89 Hz, 1 H) 6.35 (br t, J=5.48 Hz, 1 H) 5.96 (s, 2 H) 3.22 (q, J=6.80 Hz, 2 H) 2.63 (t, J=7.23 Hz, 2 H). UPLC-MS: tR= 0.71 min, MS (ESI): m/z 300.0 [M+H]+.UPLC Purity: 99%. Yield: 50% (4.93 mmol).
1-(2-amino-1,2-dicyanovinyl)-3-(2-phenylcyclopropyl) urea (50)
1H NMR (400 MHz, DMSO-d6)  ppm 7.41 (s, 1 H) 7.22 - 7.31 (m, 2 H) 7.07 - 7.19 (m,3 H) 7.01 (s, 2 H) 6.87 (br d, J=2.19 Hz, 1 H) 2.64 - 2.74 (m, 1 H) 1.93 - 2.02 (m, 1 H) 1.08 - 1.21 (m, 2 H). UPLC-MS: tR= 0.78 min, MS (ESI): m/z 268.1 [M+H]+.UPLC Purity: 100%. Yield 41% (1.48 mmol).
[bookmark: _Toc74659258][bookmark: _Toc100301933]5.2.3 General procedure for the synthesis of compounds 3-13 described in Table 1, 14-16 described in Table 2 and compounds 19-22 described in Table 4.
In an 8 mL vial, 0.120 mmol of the corresponding diaminomaleonitrile urea was dissolved in 5 mL of MeOH. Then the corresponding aldehyde 51-55 (0.030 g, 0.246 mmol) was added to the suspension and kept stirring at rt for 10 minutes. TEA (0.017 mL, 0.120 mmol) was added to the reaction mixture after 10 min. A homogeneous solution was obtained and shortly after a solid started to precipitate out. A catalytic amount of I2 was added to the mixture. The mixture was stirred for 12 hr at room temperature. In all cases the desired product was filtered, washed with MeOH, Et2O and dried under vacuum.Where not specified, UPLC-MS Method 1 was generally used to determine purity of final compounds.
9-(4-fluorophenyl)-2-(3-hydroxyphenyl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (3)
1H NMR (400 MHz, DMSO-d6) d ppm 11.76 (s, 1 H), 9.47 (s, 1 H), 8.55 (s, 1 H), 7.85 - 8.04 (m, 2 H), 7.65 - 7.85 (m, 3 H), 7.46 (m, 2 H), 7.15 - 7.30 (m, 1 H), 6.68 - 6.92 (m, 1 H). 13C NMR (DMSO-d6, 151 MHz) δ 166.1, 161.6, 157.9, 155.1, 153.4, 153.3, 138.7, 133.3, 129.8, 129.4, 129.2, 120.4, 119.1, 117.6, 116.4, 114.7, 40.5, 0.7, 0.6, 0.4, 0.2 UPLC-MS (Method 2): tR= 1.46 min; MS (ESI): m/z 366.08 [M + H]+. UPLC-MS Purity: 97% Yield: 76%.
2-(3-hydroxyphenyl)-9-(4-(methylsulfonyl)phenyl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (4)
1H NMR (400 MHz, DMSO-d6)  ppm 11.89 (s, 1 H), 9.49 (s, 1 H), 8.41 (br. s., 1 H), 8.07 - 8.21 (m, 4 H), 7.93 - 8.01 (m, 2 H), 7.77 -7.84 (m, 1 H), 7.27 (t, J=7.9 Hz, 1 H), 6.81 - 6.89 (m, 1 H), 3.33 (s, 3 H). UPLC-MS: tR= 0.71 min, MS (ESI): m/z 425.95 [M+H]+.UPLC-MS Purity: 95%.Yield: 32%.
2-(3-hydroxyphenyl)-9-(4-morpholinophenyl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (5)
1H NMR (400 MHz, DMSO-d6) d ppm 11.66 (bs, 1 H), 9.46 (s, 1 H), 8.37 (bs, 1 H), 7.90 - 7.95 (m, 2 H), 7.76 (s, 1 H), 7.50 (d, J=9.2 Hz, 2 H), 7.24 (t, J=7.9 Hz, 1 H), 7.13 (d, J=9.2 Hz, 2 H), 6.80 - 6.90 (m, 1 H), 3.75 - 3.84 (m, 4 H), 3.18 - 3.26 (m, 4 H). UPLC MS: tR= 0.79 min, MS (ESI): m/z 433.3 [M+H]+. UPLC Purity: 91%. Yied 15%
2-(3-hydroxyphenyl)-8-oxo-9-(thiophen-2-yl)-8,9-dihydro-7H-purine-6-carboxamide (6)
1H-NMR (400 MHz, DMSO-d6)  ppm 11.96 (s, 1 H) 9.56 (s, 1 H) 8.42 (s, 1 H) 8.05 (d, J=7.89 Hz, 1 H) 8.00 (s, 1 H) 7.94 (t,J=1.86 Hz, 1 H) 7.88 (dd, J=3.73, 1.32 Hz, 1 H) 7.49 - 7.54 (m, 1 H) 7.31 (t, J=7.89 Hz, 1 H), 7.19 (dd, J=5.37, 3.84 Hz, 1 H). UPLC-MS: tR= 0.86 min, MS (ESI): m/z 354.0 [M+H]+ . UPLC Purity: 98%. Yield 33%
2-(3-hydroxyphenyl)-9-(5-methyl-3-phenylisoxazol-4-yl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (7)
1H-NMR (400 MHz, DMSO-d6)  ppm 11.95 (br s, 1 H) 9.46 (s, 1 H) 8.42 (br s, 1 H) 7.99 (br s, 1 H) 7.86 (br d, J=7.67 Hz, 1 H) 7.69 (s, 1 H) 7.53 - 7.46 (m, 2H) 7.44 - 7.34 (m, 3 H) 7.22 (t, J=7.89 Hz, 1 H) 6.85 - 6.78 (m, 1 H) 6.58 - 6.46 (m, 1 H) 3.28 (s, 1 H). UPLC-MS: tR= 0.87 min, MS (ESI): m/z 429.0 [M+H]+. UPLC Purity: 95%. Yield 19%
2-(3-hydroxyphenyl)-9-(1-(methylsulfonyl)piperidin-4-yl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (8)
1H-NMR (400 MHz, DMSO-d6)  ppm 11.56 (br s, 1 H) 9.60 - 9.48 (m, 1 H) 8.43 - 8.26 (m, 1 H) 8.06 - 7.82 (m, 3 H) 7.29 (t,J=7.89 Hz, 1 H) 6.99 - 6.81 (m, 1 H) 4.50 - 4.28 (m, 1 H) 3.75 (br d, J=11.40 Hz, 2 H) 3.06 - 2.91 (m, 5 H) 2.01 - 1.83 (m, 2 H). UPLC-MS: tR= 0.7 min, MS (ESI): m/z 433.0 [M+H]+. UPLC Purity: 90% . Yield 10%
9-cyclopentyl-2-(3-hydroxyphenyl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (9)
1H-NMR (400 MHz, DMSO-d6)  ppm 11.49 (s, 1 H) 9.53 (s, 1 H) 8.32 (br s, 1 H) 8.05 - 7.96 (m, 1 H) 7.91 (br s, 1 H) 7.87 (s, 1 H) 7.28 (t,J=7.89 Hz, 1 H) 6.91 - 6.84 (m, 1 H) 4.83 (quin, J=8.28 Hz, 1 H) 2.30 - 2.15 (m, 2 H) 2.09 - 1.90 (m, 4 H) 1.75 - 1.61 (m, 2 H). UPLC-MS: tR= 0.90 min, MS (ESI): m/z 340 [M-H]+ . UPLC Purity: 95%. Yield 17%
2-(3-hydroxyphenyl)-8-oxo-9-((tetrahydrofuran-3-yl)methyl)-8,9-dihydro-7H-purine-6-carboxamide (10)
1H-NMR (600 MHz, DMSO-d6)  ppm 11.43 - 11.63 (m, 1 H), 9.20 - 9.53 (m, 1 H), 8.24 - 8.40 (m, 1 H), 7.98 - 8.05 (m, 1 H), 7.82 - 7.95 (m, 2 H), 7.24 - 7.34 (m, 1 H), 6.68 - 6.90 (m, 1 H), 3.88 - 3.94 (m, 2 H), 3.78 - 3.85 (m, 1 H), 3.68 - 3.73 (m, 1 H), 3.58 - 3.66 (m, 2 H), 2.69 - 2.92 (m, 1 H), 1.89 - 2.02 (m, 1 H), 1.63 - 1.78 (m, 1 H). UPLC-MS (Method 3): tR= 2.06 min, MS (ESI): m/z 356.0 [M+H]+ . UPLC Purity: 93%. Yield 68%.
9-((1,1-dioxidotetrahydrothiophen-3-yl)methyl)-2-(3-hydroxyphenyl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (11)
1H-NMR (400 MHz, DMSO-d6)  ppm 11.57 (brs, 1 H) 9.51 (s, 1 H) 8.32 (br s, 1 H) 8.02 (d, J=7.89 Hz, 1 H) 7.91 (s, 2 H) 7.28 (t, J=7.89 Hz, 1 H) 6.88 (dd, J=8.00, 2.08 Hz, 1 H) 4.04 (d, J=6.36 Hz, 2 H) 3.35 (br 1 H dd, J=12.61, 6.91 Hz,) 3.27 - 3.15 (m, 1 H) 3.13 - 2.87 (m, 3 H) 2.35 - 2.21 (m, 1 H) 2.04 - 1.91 (m, 1 H). UPLC-MS: tR= 0.6 min, MS (ESI): m/z 404.2 [M+H]+ . UPLC Purity: 96%. Yield 67%.
2-(3-hydroxyphenyl)-8-oxo-9-(2-(thiophen-2-yl)ethyl)-8,9-dihydro-7H-purine-6-carboxamide (12)
1H-NMR (400 MHz, DMSO-d6)  ppm 11.51 (s, 1 H), 9.49 (s, 1 H), 8.31 (br. s., 1 H), 7.99 (d, J=7.9 Hz, 1 H), 7.89 (d, J=1.8 Hz, 2 H), 7.32 - 7.21 (m, 2 H), 6.92 - 6.80 (m, 3 H), 4.16 (t, J=7.0 Hz, 2 H), 3.39 (t, J=7.0 Hz, 2 H). UPLC-MS: tR= 0.87 min, MS (ESI): m/z 382.0 [M+H]+. UPLC Purity: 94%. Yield 28%.
9-(3,4-dichlorophenethyl)-2-(3-hydroxyphenyl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (13)
1H-NMR (600 MHz, DMSO-d6) δ ppm 11.49 (s, 1 H) 9.49 (s, 1 H) 8.31 (s, 1 H) 7.93 (d, J=8.82 Hz, 2 H) 7.92 (s, 1 H) 7.86 - 7.91 (m, 1 H) 7.53 (d, J=2.05 Hz, 1 H) 7.44 (d, J=8.21 Hz, 1 H) 7.27 (t, J=7.89 Hz, 1 H) 7.14 (dd, J=8.21, 2.05 Hz, 1 H) 6.88 (ddd, J=7.98, 2.53, 0.90 Hz, 1 H) 4.17 (t, J=6.73 Hz, 2 H) 3.14 (t, J=6.73 Hz, 2 H). 13C NMR (151 MHz, DMSO-d6) δ ppm 166.04 (s, 1 C) 157.95 (s, 1 C) 155.11 (s, 1 C) 154.03 (s, 1 C) 153.30 (s, 1 C) 140.05 (s, 1 C) 138.71 (s, 1 C) 132.80 (s, 1 C) 131.35 (s, 1 C) 131.28 (s, 1 C) 130.82 (s, 1 C) 129.74 (s, 1 C) 129.70 (s, 1 C) 129.55 (s, 1 C) 119.85 (s, 1 C) 119.18 (s, 1 C) 117.54 (s, 1 C) 114.92 (s, 1 C) 40.77 (s, 1 C) 32.85 (s, 1 C). UPLC-MS: tR= 1.04 min, MS (ESI): m/z 445.9 [M+H]+. UPLC Purity: 95%. HRMS analysis: calc. for C20H15Cl2N5O3: 444.0625, exp. 444.0623 [M+H]+. Yield 23%.
9-(3,4-dichlorophenethyl)-2-(1H-indol-4-yl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (14)
1H-NMR (400 MHz, DMSO-d6)  ppm 11.48 (s, 1 H), 11.28 (s, 1 H), 8.21 - 8.30 (m, 1 H), 8.16 (bs, 1 H), 7.98 (bs, 1 H), 7.58 (d, J=2.2 Hz, 1 H), 7.51 - 7.56 (m, 1 H), 7.44 - 7.50 (m, 2 H), 7.31 - 7.38 (m, 1 H), 7.19 - 7.24 (m, 1 H), 7.11 - 7.19 (m, 1 H), 4.17 - 4.26 (m, 2 H), 3.18 (s, 2 H).UPLC-MS: tR= 1.12 min, MS (ESI): m/z 466.6 [M+H]+. UPLC Purity: 98%. Yield 50%
9-(3,4-dichlorophenethyl)-2-(1H-indazol-4-yl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (15)
1H-NMR (400 MHz, DMSO-d6)  ppm 3.18 (t, J=6.69 Hz, 2 H) 4.26 (t, J=6.80 Hz, 2 H) 7.15 (dd, J=8.22, 1.86 Hz, 1 H) 7.42 (d, J=8.33 Hz, 1 H) 7.48 (t,J=7.78 Hz, 1 H) 7.56 (d, J=1.75 Hz, 1 H) 7.68 (d, J=8.33 Hz, 1 H) 7.98 (br s, 1 H) 8.30 (br s, 1 H) 8.39 (d, J=7.45 Hz, 1 H) 8.85 (s, 1 H) 11.38 - 11.71 (m, 1H) 13.22 (s, 1 H). UPLC-MS: tR= 0.99 min, MS (ESI): m/z 467.8 [M+H]+. UPLC Purity: 96%. Yield 60%.
9-(3,4-dichlorophenethyl)-2-(3-((dimethylamino)methyl)phenyl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (16)
1H-NMR (400 MHz, DMSO-d6) ppm 11.34 - 11.59 (bs, 1 H), 8.27 - 8.49 (m, 3 H), 7.85 - 8.00 (m, 1 H), 7.50 - 7.59 (m, 1 H), 7.35 - 7.45 (m, 3 H), 7.07 - 7.22 (m, 1 H), 4.06 - 4.31 (m, 2 H), 3.45 - 3.66 (m, 2 H), 2.95 - 3.18 (m, 2 H), 2.21 (s, 6 H). UPLC-MS: tR= 0.66, MS (ESI): m/z 484.7 [M+H]+. UPLC Purity: 97%. Yield 41%.
2-(3-hydroxyphenyl)-9-(4-isopropylphenethyl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (19)
1H-NMR (400 MHz, DMSO-d6) δ ppm 11.44 (s, 1 H), 9.45 (s, 1 H), 8.26 (br s, 1 H), 7.93 (br d, J=7.89 Hz, 1 H), 7.71 - 7.89 (m, 2 H), 7.24 (t, J=7.89 Hz, 1 H), 7.01 - 7.16 (m, 4 H), 6.84 (dd, J=7.89, 1.97 Hz, 1 H), 4.09 (br t, J=7.23 Hz, 2 H), 3.04 (br t, J=7.23 Hz, 2 H), 2.67 - 2.78 (m, 1 H), 1.05 (d, J=6.80 Hz, 6 H). UPLC-MS: tR= 1.1 min, MS (ESI): m/z 418.0 [M+H]+. UPLC Purity: 95% Yield 27%.
9-(2-(benzo[d][1,3]dioxol-5-yl)ethyl)-2-(3-hydroxyphenyl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (20)
1H-NMR (400 MHz, DMSO-d6)  ppm 11.47 (br s, 1 H) 9.44 - 9.58 (m, 1 H) 8.26 - 8.38 (m, 1 H) 7.97 (br d, J=7.89 Hz, 1 H) 7.82 - 7.93 (m, 2 H) 6.83 - 6.93 (m, 2 H) 7.20 - 7.34 (m, 1 H) 6.71 (d, J=7.89 Hz, 1 H) 6.56 (d, J=7.89 Hz, 1H) 5.94 - 6.00 (m, 1 H) 5.85 - 5.89 (m, 2 H) 4.10 (br t, J=6.91 Hz, 2 H) 3.04 (br t, J=7.02 Hz, 2 H). UPLC-MS: tR= 0.87 min, MS (ESI): m/z 419.8 [M+H]+ . UPLC Purity: 90%. Yield 21%.
2-(3-hydroxyphenyl)-8-oxo-9-(2-phenylcyclopropyl)-8,9-dihydro-7H-purine-6-carboxamide (21)
1H-NMR (400 MHz, DMSO-d6) δ ppm 11.41 (s, 1 H) 9.44 (s, 1 H) 8.28 (s, 1 H) 7.96 (d, J=7.67 Hz, 1 H) 7.85 - 7.92 (m, 2 H) 7.28 - 7.38 (m, 4 H) 7.21 - 7.28 (m, 2 H) 6.85 (dd, J=8.00, 2.30 Hz, 1 H) 3.06 - 3.12 (m, 1 H) 2.62 (ddd, J=9.76, 6.69, 3.29 Hz, 1 H) 1.79 - 1.88 (m, 1 H) 1.63 (q, J=6.72 Hz, 1 H). UPLC-MS: tR= 0.96 min, MS (ESI): m/z 387.8 [M+H]+. UPLC Purity: 96%. Yield 85%.
9-(3,4-dichlorophenethyl)-2-(5-hydroxy-2-methylphenyl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (22)
1H-NMR (400 MHz, DMSO-d6)  ppm 11.51 (s, 1 H), 9.26 (s, 1 H), 8.00 and 7.91 (2 bs, 2 H, 1 H each), 7.41 - 7.56 (m, 2 H), 7.24 - 7.31 (m, 1 H), 7.00 - 7.17 (m, 2 H), 6.66 - 6.81 (m, 1 H), 3.94 - 4.28 (t, J=1.0 Hz, 2 H), 3.11 (t, 3.11 (t, J=1.0 Hz, 2 H), 2.37 (s, 3 H). UPLC-MS: tR= 1.08 min, MS (ESI): m/z 457.5 [M+H]+. UPLC Purity: 98%. Yield 46%.
[bookmark: _Toc100301935]5.2.4 Preparation and characterization of compounds 17 and 18 described in Table 4
Step b: Synthesis of 1-(2-amino-1,2-dicyanovinyl)-3-(1-benzylpyrrolidin-3-yl)urea (58)
To an ice-cold stirring solution of 1-benzylpyrrolidin-3-amine, 56 (100 mg, 0,567 mmol) in 3 mL of DCM was added triphosgene (337 mg, 1.135 mmol). The solution was stirred at rt and added of a solution of 2,3-diaminomaleonitrile (184 mg, 1.702 mmol) in THF. Solution was stirred for 12 hr at rt and then evaporated. Reaction was quenched with HCl 1N (1mL). Solvent was evaporated under vacuum to give the title compound 58 (100 mg, 0.322 mmol, 56.8 % yield).
UPLC-MS: tR= 0.29 min, MS (ESI): m/z [M+H]+ 311.03
UPLC Purity: 85%
Step c: 9-(1-benzylpyrrolidin-3-yl)-2-(3-hydroxyphenyl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (17)
[bookmark: _Hlk52118451]3-hydroxybenzaldehyde (30 mg, 0.246 mmol) was dissolved in MeOH (Volume: 5 ml) and then intermediate 58 (100mg, 0.322 mmol) and TEA (17L, 0.120 mmol) were added and the solution was stirred for 2 hr, UPLC analysis revealed the presence of the dihydropurine moiety as impurity so a little amount of I2 was added. Solvent was evaporated under vacuum. Crude was purified by flash chromatography (Biotage Isolera System), SNAP C18, 60 gr, gradient elution from 100:0 to 40:60 A/B in 15 CV, A: water/acetonitrile 95:5 + 0.1% conc HCOOH, B: acetonitrile/water 95:5 + 0.1% conc HCOOH. Purification yielded 12 mg of desired product (23.26 % yield) as formate salt.
1H-NMR= (400 MHz, DMSO-d6) δ ppm 11.54 (br s, 1 H), 9.51 (s, 1 H), 8.31 (br s, 1 H), 7.99 (d, J=7.89 Hz, 1 H), 7.92 (br s, 2 H), 7.22 - 7.49 (m, 6 H), 6.90 (dd, J=7.78, 1.86 Hz, 1 H), 5.05 (br s, 1 H), 3.49 - 3.99 (m, 2 H), 2.10 - 3.11 (bs, 4 H)
UPLC-MS: tR= 0.5 min, MS (ESI): m/z: 431.3 [M+H]+ 
UPLC Purity: 93% 
HRMS analysis: calc. for C23H22N6O3: 431.1826, exp. 431.1828 [M+H]+.
Step a: Synthesis of 1-(2-amino-1,2-dicyanovinyl)-3-(1-(3,4-dichlorophenyl)propan-2-yl)urea (59)
3-(3,4-dichlorophenyl)-2-methylpropanoic acid, 57 (100 mg, 0.429 mmol) and TEA(0.149 ml, 1.287 mmol) were dissolved in Toluene (Volume: 3 ml) then DPPA (0.269 ml, 0.858 mmol) was added at rt. The solution was heated up to 80 °C for 2 hr. Then 2,3-diaminomaleonitrile (139 mg, 1.287 mmol) dissolved in 2 ml of THF was added to the reaction. The solution was cooled down to 50 C° and stirring was continued for another 2 hr. The solution was diluted with DCM (10 mL) and organic phase was washed with NaHCO3 saturated solution, brine, dried over Na2SO4. Organic phase was evaporated to give 23 mg of crude which was used in the next step without any further purification.
UPLC-MS: tR= 0.9 min, MS (ESI): m/z [M+H]+ 338.05
Step c: Synthesis of 9-(1-(3,4-dichlorophenyl)propan-2-yl)-2-(3-hydroxyphenyl)-8-oxo-8,9-dihydro-7H-purine-6-carboxamide (18)
Intermediate 59 (23 mg, 0.068 mmol) was dissolved in MeOH (Volume: 3 ml) then 3-hydroxybenzaldehyde (17.03 mg, 0.139 mmol) and TEA (9.45 µl, 0.068 mmol) were added to the solution. After 24 hr, the solvent was evaporated under vacuum. Purification by flash chromatography, Biotage Isolera, on Silica gel, eluting with 30% of MeOH in DCM. Appropriate fractions were combined and evaporated under vacuum to give 4.7 mg of desired compound 18 (15% yield), as racemic mixture.
[bookmark: _Hlk52118345]1H NMR (400 MHz, DMSO-d6) δ ppm 1.64 (d, J=6.80 Hz, 3 H) 3.21 (dd, J=13.81, 5.04 Hz, 1 H) 3.48 - 3.58 (m, 1 H) 4.76 - 4.86 (m, 1H) 6.88 (dd, J=7.89, 1.75 Hz, 1 H) 6.99 (dd, J=8.22, 1.86 Hz, 1 H) 7.30 (t, J=7.89 Hz, 1 H) 7.36 - 7.46 (m, 2 H) 7.89 (br s, 1 H) 7.92 (s, 1 H) 8.00 (br d,J=7.89 Hz, 1 H) 8.32 (br s, 1 H) 9.51 (s, 1 H) 11.42 (br s, 1 H)
UPLC-MS (Method 2): tR= 1.10 min, m/z 458.0 [M+H]+
UPLC Purity: 99% 
HRMS analysis: calc. for C21H17Cl2N5O3 458.0781, exp. 458.0782 [M+H]+.
[bookmark: _Toc100301936]5.3 In Vitro Pharmacology
[bookmark: _Toc100301937]5.3.1 PI3Kδ, -γ, -β, -α ADP-Glo Assay
Human recombinant proteins ΡΙ3Κα, ΡΙ3Κβ, ΡΙ3Κγ and PI3K were purchased from Millipore Ltd (Billerica, MA). Compounds were dissolved at 0.5mM in DMSO and were tested at different concentrations for their activity against PBKs using the ADP-Glo™ Kinase Assay (Promega, Madison WI) according to the manufacturer’s 15 instructions. Briefly, the kinase reactions were performed in 384-well white plates (Greiner Bio-One GmbH, Frickenhausen). Each well was loaded with 0.1 l of test compounds and 2.5 μl of 2x reaction buffer (40 mM Tris pH7.5, 0.5 mM EGTA, 0.5 mM Na3VO4, 5 mM β-glycerophosphate, 0.1 mg/ml BSA, 1 mM DTT), containing 50 μΜ PI and PS 20 substrates (L-a-phosphatidylinositol sodium salt and L-a-phosphatidyl-L-serine, Sigma-Aldrich, St. Louis MO) and the PBK recombinant proteins (ΡΙ3Κγ 0.25 ng/μl, ΡΙ3Κδ 1 ng/μl, PBK 0.125 ng/μl, ΡΙ3Κβ I ng/μl). The reactions were started by adding 2.5 μl of 2x ATP solution to each well (final concentrations: ΡKγ ATP 30 μΜ; ΡΙ3Κδ ATP 80μΜ; PBK ATP 50 μΜ; ΡΒΚβ ATP 100 μΜ) and incubated for 60 min at room temperature. Subsequently, each kinase reaction was incubated for 40 min with 5 μl ADP-Glo™ Reagent, allowing depletion of unconsumed ATP. Then, the Kinase Detection Reagent (10μl) was added in each well to convert ADP to ATP and to allow the newly synthesized ATP to be measured using a luciferase/luciferin reaction. Following 60 min incubation, the luminescence signal was measured using a Wallac EnVision® multilabel reader (PerkinElmer, Waltham MA). Curve fitting and IC50 calculation were carried out using a four-parameter logistic model in XLfit (IDBS, Guilford, UK) for Microsoft Excel (Microsoft, Redmont, WA).
[bookmark: _Toc75441664][bookmark: _Toc100301938]5.3.2 THP-1 Cellular Assay
The inhibitory activity of compounds on PI3Kinase in living cells was determined by evaluating the inhibition of the PI3Kδ-AKT pathway endogenously expressed on THP-1 cells. THP-1 cell suspension from T75 flask (0.4-1.0 x 106/mL) was centrifuged and the cell pellet re-suspended in starvation medium at 1.5 x 106 cells/mL. Cell plate was prepared by dispensing 3 x 105 cells/well and incubated for 24 hours at 37°C before the assay. Test compounds were serially diluted 1:3 in DMSO and then further diluted 1:100 in compound medium. Starved THP-1 cells were pre-incubated at 37°C for 60 minutes with test compound solutions or vehicle. Cells are then stimulated for 10 minutes by Macrophage Colony-Stimulating Factor (M-CSF) 2.5 ng/mL or stimulus medium (control of basal pAKT levels). Cells were then lysed and the amount of phosphorylated AKT measured by using a Cisbio p-Ser473 AKT HTRF assay kit. Stimulation was ended by the addition of supplemented lysis buffer. Cell plate was shaken for 30 minutes at room temperature to complete cell lysis, followed by the addition of HTRF conjugates and incubated for further 4 hours at room temperature. Conjugates react with pAKT causing an increase in HTRF signal that is measured with the Envision plate reader with a HRTF reading protocol. Ratio data were fitted using a logistical four-parameter equation to determine compound pIC50 value (-log IC50).
5.3.3 Cytotoxicity determination
Hep G2 (ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% Fetal Bovine Serum (FBS), antibiotics (50U/ml penicillin and 0.05 mg/ml streptomycin) and 2 mM L-glutamine, in an atmosphere of 95% air and 5% CO2 at 37° C.
To determine compounds cytotoxicity, Hep G2 were seeded in white 96-well plates at the density of 7.5x104 cells/well and incubated overnight. Cells were treated with vehicle or compounds at different concentrations in medium without FBS and incubated for 48hr.
Cytotoxicity was determined using CellTiter-Glo® Luminescent Cell Viability Assay (Promega) according to the manufacturer’s instructions. Briefly, CellTiter-Glo® was added to the wells, the plate was incubated at room temperature for 10 min and the luminescence was recorded.
Data are expressed as a percentage of viability when compared with untreated cells (negative control—considered as 100% of viability).

[bookmark: _Toc100301939]5.4 In Vitro ADME 
[bookmark: _Toc100301940]5.4.1 Solubility Measurements
The standard solution was prepared by dispensing 10 L from 10mM compound stock solution in DMSO in a well in duplicate. Then 190 L of DMSO were added in each well and mixed with shaking at room temperature for 10 minutes. Final concentration was 500 M. The sample solution was prepared by dispensing 10 L of a 10 mM compound stock solution in a well in duplicate and adding 190 L of PBS buffer at pH=7.4 in each well. Wells were mixed with shaking at room temperature for 90 minutes, then solutions were filtered. 150 µL of filtrate were transferred in a vial. The measurement of concentration was achieved by comparison of UV absorbance of the sample solution and that of the known standard solution following an HPLC separation. The solubility of each sample was expressed by the ratio of amount of compound in the sample test solution to the amount of compound in the standard solution as expressed in the equation below.
[bookmark: _Hlk132211443]Solubility of sample=
[bookmark: _Toc100301941]5.4.2 Lung S9 Assay
Lung S9 was supplied by an accredited supplier and were thawed rapidly in a water bath at 37°C and kept on ice until use. Lung S9 was diluted with 50 mM potassium phosphate buffer pH 7.4 to protein concentration of 3.16 mg/mL. The general procedure consists of incubation of test compound at 0.5 µM (final concentration) with 2.5 mg/mL of Pooled rat lung S9 plus NADPH solution. Incubation was conducted in single. Reaction was terminated after 0, 15, 30, 45, 60 and 120 minutes in shacking 37°C water bath. Incubation in single was carried-out using 7-ethoxyresorufin at 0.5 µM, with NADPH and UDPGA as positive control. Negative control was pooled lung S9 plus all cofactors without compound. Tecan Evo system was used to perform the incubations. Test item and 7-ethoxyresorufin were dissolved with an appropriate solvent in order to obtain a 5 or 10 mM stock solution that was further diluted in appropriate solvent to achieve a final working solution as detailed above. This concentration might be varied, e.g. when the test item was not soluble in the selected solvent. All solutions were prepared immediately before the assay. 5 µL of test item and 7-ethoxyresorufin working solution, (to give final concentration of 0.5 µM) were added to 495 µL of incubation mixture. Details of automated assay steps performed by RSP Freedom EVO (Tecan) and Hamilton system are as follows: Hamilton dispensed 150 µL of quenching solution in each well of 96 deep well 1mL plates. Then the following steps were performed manually: 5 µL of test item or 7-ethoxyresorufin were added to 395 µL of the 3.16 mg/mL human or rat lung S9 solution in a 96 well plate (incubation plate) at 37°C. The incubation reactions were initiated by adding 50 µL of pre-warmed NADPH and 50 µL buffer or 50 µL of pre-warmed NADPH and 50 µL UDPGA or 50 µL of UDPGA and 50 µL buffer to incubation mixtures. The following steps were performed by RSP Freedom EVO (Tecan): 50 µL-aliquots of the incubation mixture were removed after 0, 15, 30, 45, 60 and 120 minutes and the reaction was stopped by adding 3 volumes of ACN. Then samples were centrifugated at 3000 rpm for 10 minutes, and supernatant was further diluted with water containing appropriate IS (internal standard) to optimize the analytical condition prior the LC-MS/MS analysis. Incubations of test items and positive control were run in single (n=1). Samples were analysed in RapidFire-MS/MS or LC-MS/MS conventional system to monitor the test item or positive control to internal standard peak ratio as representative of the test or control items concentrations. Values for CLi are expressed as µL/min/mg lung protein. The computer system to acquire and elaborate data included Integrator (Agilent), Multiquant (AB Sciex™), XLFit (Excel macro, Microsoft) and Morphin (The Edge).
5.4.3 Parallel artificial membrane permeation assay (PAMPA)
Permeability was assessed by using PAMPA model. Polyvinylidene fluoride (PVDF) 96-well filter plate with 0.45µm pore size pre-coated with lipid/oil/lipid tri-layer membrane was used (BD Biosciences Discovery Labware, Bedford, MA).
Passive permeability was assessed measuring the transport of the test compounds at pH 7.4 (n=3), at a single timepoint and at 10 µM concentration. Atenolol and Propranolol were used as low permeable and high permeable reference compounds, respectively, at a single timepoint and at 10 µM concentration.
Donor working solutions of test and reference compounds were prepared at a concentration of 10 µM, diluting the stock solutions in Transport Buffer (PBS pH 7.4, final concentration DMSO 0.5-1% v/v). Receiver working solutions were prepared adding 0.5-1% (v/v) DMSO to PBS pH 7.4. The initial donor solutions were added to the donor compartment wells (300 µL/well) while receiver solutions were added to the receiver compartment wells (200 µL/well) and acetonitrile containing IS (internal standard) and centrifuged for 10 min at 3000 rpm. Samples were analysed using Agilent RapidFire High-Throughput MS.
The apparent permeability (Papp) for test items and control items was determined: in [B®A] direction. Papp (apparent permeability) values was calculated according to the following equation:

[image: ]
Where:
dQ/dt is the permeability rate (dQ/dt is amount of test/control items within the incubation period).
Amount of test/control items was expressed as area ratio meaning analyte peak area divided by internal standard peak area ratio; C0 is the initial concentration of test/control items (internal standard peak area ratios) in the donor compartment; A is the surface area of the filter.
The Papp value was reported as average Papp (nm/sec) ± standard deviation from three [B®A] directions, where applicable. Permeability classification of compounds was made based on the comparison between its Papp values and those from reference permeability controls.
5.4.4 Lung and Plasma Protein Binding
150 µL of test item-free buffer (isotonic phosphate buffer for plasma and a Hanks’ Balanced Salt Solution, HBSS, buffer for lung) were dispensed in one half-well of 96 well dialyzer apparatus (HTDialysis LLC) and 150µL of spiked matrix (plasma or lung tissue) were loaded in the other half-well. At the end of the equilibration period (device was sealed and shaken 500 rpm for 5 hours at 37°C), 50 µL of dialysed matrix were added to 50 µL of corresponding test item free dialysed buffer, and vice versa for buffer, such that the volume of buffer to matrix was the same. Samples were extracted by protein precipitation with 300 µL of acetonitrile containing IS (internal standard) and centrifuged for 10 min at 2800 rpm. Supernatants will be collected (100 µL), diluted with 18% ACN in Milli Q water (200 µL) and then evaluated using Agilent RapidFire High-Throughput MS
6.1 Crystallization, data collection and structure determination
Protein production, purification, crystallization of the protein-inhibitor complex, data collection and processing, and crystal structure determination were handled externally by Proteros Biostructures GmbH, Planegg-Martinsried, Germany. 
Suitable constructs for the recombinant human PI3Kδ protein expression and purification from Baculovirus/insect cell system had been previously established by Proteros. The protein was expressed as an N-terminal HIS-fusion protein on complex with p85 and purified by a three-step chromatographic procedure comprising affinity and size exclusion chromatography steps, including tag cleavage. Homogeneous protein was produced in preparative amounts with a purity greater than 95% as judged from Coomassie stained SDS-PAGE.
The purified protein was used in the crystallization trials employing both a standard screen with approximately 1200 different conditions as well as crystallization conditions identified using literature data. Conditions initially obtained have been optimized using standard strategies, systematically varying parameters critically influencing crystallization, such as temperature, protein concentration, drop ratio, and others. These conditions were also refined by systematically varying pH or precipitant concentrations. Co-crystallization experiments were performed in order to obtain crystals of the PI3Kδ–13 complex by using the hanging drop vapor diffusion method (protein concentration 9 mg/mL, ligand concentration 2 mM; drops set up: 1 µL reservoir + 1 µl protein-ligand complex solution).
The application of the Free Mounting System was necessary to obtain well diffracting crystals. At room temperature, the protein crystal was mounted "freely" with a cryo loop into an adjustable and reproducible flow of humidified air or gas[43] . The crystals were then transferred to the N2 cryo-stream at 100K. The X-ray diffraction data have been collected from crystals of the PI3Kδ–13 complex at the Swiss Light Source (SLS, Villigen, Switzerland) using cryogenic conditions. Data were processed with XDS/XSCALE[44]. The data collection statistics are summarized in Supplementary Table 1.
The phase information necessary to determine and analyze the structure was obtained by Patterson search techniques. A previously solved structure of human PI3Kδ was used as a search model. Subsequent model building and refinement was performed according to standard protocols with the software packages CCP4 [45]and COOT [46]. For the calculation of the free R-factor, a measure to cross-validate the correctness of the final model, about 2.0 % of measured reflections were excluded from the refinement procedure (see Supplementary Table 1). TLS refinement has been carried out with REFMAC5 [47] , which resulted in lower R-factors and higher quality of the electron density map. The ligand parameterization and generation of the corresponding library files were carried out with CORINA[48]. The interpreted X-ray diffraction data essentially showed a clear binding mode, as well as the orientation and conformation of the ligand bound to the active site. The water model was built with the "Find waters"-algorithm of COOT by putting water molecules in peaks of the Fo-Fc map contoured at 3.0 σ, followed by refinement with REFMAC5 and checking all waters with the validation tool of COOT. The criteria for the list of suspicious waters were B-factor greater than 80 Å2, 2Fo-Fc map less than 1.2 σ, distance to closest contact less than 2.3 Å or more than 3.5 Å. The suspicious water molecules and those in the ligand binding site (distance to ligand less than 10 Å) were checked manually. The occupancy of side chains, which were in negative peaks in the Fo-Fc map (contoured at -3.0 σ), were set to zero and subsequently to 0.5 if a positive peak occurred after the next refinement cycle. The refinement statistics are summarized in Supplementary Table 1. 
The coordinates of the human PI3Kδ co-crystal in complex with compound 13 have been deposited in the RCSB Protein Data Bank under the accession code 8BCY.
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