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Abstract: Phosphoinositide 3-kinase (PI3K) plays a key role in a plethora of physiologic processes and controls
cell growth, metabolism, immunity, cardiovascular and neurological function, and more. The discovery of wort-
mannin as the first potent PI3K inhibitor (PI3Ki) in the 1990s provided rapid identification of PI3K-dependent pro-
cesses, which drove the discovery of the PI3K/protein kinase B (PKB/Akt)/target of rapamycin (mTOR) pathway.
Genetic mouse models and first PI3K isoform-specific inhibitors pinpointed putative therapeutic applications.
The recognition of PI3K as target for cancer therapy drove subsequently drug development. Here we provide a
brief journey through the emerging roles of PI3K to the development of preclinical and clinical PI3Ki candidates.

Keywords: Drug discovery - Kinase inhibitors - mTOR - PI3K - Phosphoinositide - Wortmannin

Chiara Borsari is a senior postdoctoral
fellow and co-lecturer at the University of
Basel. Her research is focused on the devel-
opment of kinase inhibitors, with a particu-
lar attention on PI3K and mTOR signalling
pathway. After the successful discovery and
optimization of reversible lead compounds,
she is currently leading a variety of proj-
ects on covalent inhibitors, PROTACs and
bifunctional compounds. After research
visits at the NHRF in Athens and the State University of New
York at Albany, USA, she obtained her PhD from the University
of Modena and Reggio Emilia (Italy) in 2017. She is a board
member of the EFMC-YSN (European Federation of Medicinal
Chemistry and Chemical Biology — Young Scientists Network)
and the EFMC Communication Team.

Matthias P. Wymann is professor at
the Department of Biomedicine at the
University of Basel. He graduated from
the Theodor Kocher Institute in Berne in
1988, performed post-doctoral studies at
the Institute of Microbiology in Linkdping,
Sweden, and started independent research
at the University of Fribourg in 1991; in
2004 he took up his current position. He
discovered the first PI3K inhibitor, wort-
mannin, and elucidated its covalent PI3K interactions. In vari-
ous EU framework programs (ACID, MAIN) and the ESF pro-
gram Euromembranes (TraPPs) he investigated PI3Ky function
in chronic inflammation and metabolism and produced chemical
(PI3K) probes that fueled clinical development programs.

1. Phosphoinositide Signaling - History
The correlation between phosphoinositide levels and cell
surface receptor signaling was first suggested by experiments of

*Correspondence: Prof. M. P. Wymann, E-mail: matthias.wymann@unibas.ch

Lowell and Mabel Hokin in the 1950s, who observed that ace-
tylcholine increased the incorporation of radioactive inorganic
phosphate into lipids.[!! Twenty years later, Michell and Lapetina
connected the receptor-stimulated phosphoinositide turnover with
the increase of inositol phosphate, diacylglycerol (DAG) and cy-
tosolic calcium levels.[23] Streb, Irvine, Berridge and Schulz fi-
nally resolved the receptor-initiated activation of phospholipase
C and the hydrolysis of phosphatidylinositol(4,5)-bisphosphate
(PIP,) to DAG and inositol(1,4,5)-trisphosphate (IP,), which trig-
gered a cytosolic calcium [Ca* ] increase.[*5 DAG and Ca**, were
then found to translocate and activate the Ser/Thr protein kinase C
(PKC) discovered in Nishizuka’s lab,[6-8] the first known effector
kinase dependent on phosphoinositide turnover.

A new chapter of phosphoinositide signaling was opened
when several groups independently discovered a lipid kinase
activity that was associated with transforming viruses and could
phosphorylate phosphatidylinositol. Balduzzi’s lab detected the
lipid kinase in avian sarcoma virus,!° Erickson and Cantley found
it associated with v-Src from Rous sarcoma virus,['% and Kaplan,
Cantley and Roberts identified a p85 kD protein that was co-im-
munoprecipitated from cells transformed with polyoma middle T
antigen.!''' With the contribution of the Downes lab, the lipid prod-
uct was identified as phosphatidylinositol(3)-phosphate (PI-3P),
assigning this novel lipid kinase the ability to phosphorylate the
3'-OH position of the inositol headgroup.[1?!

As it turned out later, however, PI-3P was not the primary
signal produced downstream of the cell surface receptor-activat-
ed lipid kinase: Traynor-Kaplan and Sklar isolated from neutro-
phils stimulated with the G protein-coupled receptor (GPCR)
ligand fMLP (formyl-Met-Leu-Phe peptide) an inositol tet-
rakisphosphate (IP,) containing lipid, and identified the latter as
phosphatidylinositol(3,4,5)-trisphosphate (PIP,, Fig. 1a).[16.17]

Using rapid metabolic labelling with **P, Hawkins and
Stephens demonstrated subsequently that upon stimulation of
the platelet-derived growth factor (PDGFR) the last phosphate
group transferred from ATP to the inositol headgroup is added to
the 3'-OH position to form PIP, (Fig. 1a and b).!'8) These experi-
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Fig. 1. a) Activation of class IA PI3Ks by growth factor receptors (GFR): regulatory subunits (p85-like proteins, encoded by the three PIK3R1-3 loci)
contain two src-homology 2 domains that bind to phosphorylated YxxM (Tyr-x-x-Met) motifs on GFR chains after receptor dimerization and trans-
locate the catalytic p110 kD Class IA PI3K subunits (encoded by PIK3CA, B, D genes) to the membrane. Translocated PI3K gets access to plasma
membrane-bound PIP, to produce Ptdins(3,4,5)P, (PIP,). Effector proteins such as protein kinase B (PKB/Akt) or phosphoinositide-dependent kinase
1 (PDK1) containing a pleckstrin homology (PH) domain recognize PIP, and initiate downstream signaling cascades. PTEN (a 3-phosphatase) and
SHIP (a 5-phosphatase) counteract PI3K activity. b) 3D model of the transfer of the ATP y-phosphate group to the 3-OH position of PIP,. Lys802

in p110a (Lys833 in p110y) activates ATP by interaction with the B-phosphate group of ATP, while positive charges in the so-called activation loop
(Lys942, Arg949) compensate for the negatively charged poly-phosphoinositol headgroup. If mutated, class | PI3Ks become incapable to process
PIP,.I'14 For an extended historical perspective on phosphoinositide signaling consult ref. [15].

ments showed elegantly that the enzyme activity downstream of
the PDGFR and the fMLP receptor was what we call today a
class I phosphoinositide 3-kinase (PI3K), forming PIP, from ATP
and PIP,. Carpenter and Cantley purified this PI3KI!°T and kindly
distributed it to other labs, including ours, to produce radioactive
poly-phosphoinositide standards. The first cloning of the catalytic
PI3Ka subunit, p1 100, was then achieved in Waterfield’s lab.[20]
Not much later Emr and colleagues showed that Vps34, required
for vacuolar protein sorting in S. cerevisiae, was a phosphatidyl-
inositol 3-kinase (PtdIns 3-K). Kunz and Hall cloned from the
same organism the target of rapamycin (TOR) with homology to
pl10o and Vps34.21 It was initially not excluded that rapamy-
cin blocked TOR’s lipid kinase activity, before the mammalian
orthologue, initially dubbed FKBP-rapamycin-associated protein
(FRAP),22I was shown to phosphorylate and activate S6 kinase
(S6K) — which already laid out a rudimentary signaling pathway
from growth factor receptors to cell growth at that time.

The oncogenic potential of PI3K was then later confirmed by
three seminal findings: the frequently mutated tumor suppres-
sor Phosphatase and Tensin homolog (PTEN/MMACI), initially
identified as a protein tyrosine phosphatase,?3l was showed to
hydrolyze PIP, to generate PIP, by Machama and Dixonl>4 and
others,[2526] thus reversing the action of PI3K. Finally it was dem-
onstrated that PIK3CA encoding p110o was frequently mutated
in human tumors by Samuels and Velculescu,[27-28] and Brugge’s
and Vogt’s groups29-3% could then demonstrate that the expres-
sion of mutated p110c could transform mammalian cells. In spite
of these findings identifying PI3K as a target in oncology, early
reports of embryonic lethality in mice with a genetically targeted
PIK3CA3! or PIK3CB (encoding p110p)32 locus dampened ini-
tially the enthusiasm to develop drug targeting programs for PI3K.

2. Nature - First Source of PI3K Inhibitors
Unnoticed by the scientific community, nature selected PI3Ks
early on as a target and devised natural compounds for biological

warfare. In 1957 Brian et al.[33lisolated from a broth of Penicillium
wortmannii a compound with specific antifungal activities, which
was named wortmannin. Only in 1972 was the absolute structure of
wortmannin determined (Fig. 2a).131 In the following years, wort-
mannin and 2,3-dihydrobenzofuran-2-one derivatives inspired by
wortmannin were shown to have anti-inflammatory properties
in rat models of carrageenan-induced paw edema and adjuvant-
induced arthritis.[*0] However, these compounds also showed con-
siderable toxicity and immune suppression.[*!1 Baggiolini and col-
laborators reported later that wortmannin inhibited the so-called
respiratory burst in neutrophils,*2] now known as the production
of superoxide anions (O,”) by NADPH-oxidase. When respiratory
burst measurements were refined by the use of chemiluminescent
assays,*31 oscillatory dynamics of O,” production became appar-
ent in wortmannin treated neutrophils. Those correlated with co-
ordinated cycles of actin polymerization and shape changes, 4446l
but did not go along with fluctuations in second messengers at the
time. A report that claimed phospholipase C (PLC) and D (PLD)
were direct targets of wortmannin in neutrophils34 did not pro-
vide signals explaining these oscillations. When we investigated
poly-phosphoinositide pools in fMLP-stimulated neutrophils
metabolically labelled with **P, we found that wortmannin at
nM concentrations blocked agonist-induced elevations of cellular
PIP, and also inhibited PI3K reactivity immunoprecipitated with
anti-p85 antibodies. 7! In fibroblasts stimulated with PDGF, wort-
mannin abolished actin rearrangements and PIP, elevations at the
same time, but did not interfere with the PDGFR-mediated Tyr
phosphorylation of the p85 regulatory subunit.[*81 Similarly, Yano
and Matsuda documented the inhibition of IgE-mediated hista-
mine secretion by wortmannin in TBL-2H3 cells, and also found
that wortmannin-derivatives with an open and substituted furane
ring lost the capacity to inhibit PI3K.[38] This, together with the
fact that tritiated wortmannin was retrieved with a 110 kD protein
on denaturing gel electrophoresis, ! suggested that wortmannin
was a covalent inhibitor of PI3K. We identified the covalent bind-
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Fig. 2. a) Publications on wortmannin in PubMed and Scifinder over
time. The interest for the compound increased significantly after the
identification of phosphoinositide 3-kinase (PI3K) as a nM target.
Phospholipase C (PLC) and PLD reported earlier to be inhibited by wort-
mannin®¥ were affected indirectly. Myosin light chain kinase® is inhibit-
ed at elevated wortmannin concentrations. b) Mechanism of the nucleo-
philic attack of Lys802 of p110a. at the furan C20 of wortmannin and the
formation of a covalent link via a Schiff-base.t® In PI3Ky, Lys833 is the
target residue. The mechanism of Schiff-base formation fits the one pro-
posed in 1975, established for selective functionalization of wortmannin
by substitutions masking the furan ring of wortmannin,®” which render
wortmannin-derivatives with an opened furan ring inactive.®®

ing site of wortmannin by proteolytic digestion of wortmannin-
labelled PI3Ko (p850a/pl100-wortmannin complex) and used
anti-wortmannin antibodies to detect wortmannin-labeled peptide
fragments on immunoblots. The validation of nucleophilic tar-
get residues by mutational analysis revealed finally that Lys802
in p110a attacked wortmannin,3% while Lys833 did the same in
p110y.59 As Lys802 (or Lys833 in p110y) to Arg mutations elimi-
nated all PI3K activity, these results showed that these lysines en-
gaged the B-phosphate group of ATP to facilitate the y-phosphate
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Fig. 3. a) Wortmannin-p110y complex joined via C20 and Lys833.5" Asp964 is the start of the classical DFG motif present in the ATP-binding site
of many kinases, and the nitrogen of the hinge Val882 is an important interaction site for many PI3K inhibitors (PI3Ki). b) A selection of PI3Ky inhibi-
tors with increasing drug-likeness properties: AS-604850, AS-605240 and AS-242525 are potent PI3Ky inhibitors used in many inflammatory mouse
models,®® NVS-PI3-4 has been successfully explored in the attenuation of mast cell activation and allergy in vivo;%¢" |PI-549/Eganelisib® has

entered phase Il clinical trials as an immuno-oncology candidate; and AZ2 is a highly specific PI3Ky with a novel binding mode inducing conforma-
tional changes in PI3Ky.[5!

transfer to PIP,. With wortmannin reversibly bound, the attacking
Lys acts as a strong nucleophile that attacks the C20 of wortman-
nin’s furan ring (Fig. 2b) to form a Schiff-base, which is relatively
stable at physiologic pH, by a mechanism proposed on the basis
of the amine substitutions masking the furane ring carried out by
Haefliger and Hauser at Sandoz in 1975.537]

The link between C20 of wortmannin and Lys833 was con-
firmed by a high-resolution X-ray crystal structure of PI3KYy es-
tablished in Williams’ lab (Fig. 3a).5! This structure was seminal
to spur the development of novel inhibitors. Efforts have been
undertaken to stabilize wortmannin, as the compound is rather
unstable under physiological conditions. Pegylation yielded
PWT-478521 and masking the furan ring of wortmannin lead to
Sonolisib/PX-866,1531 which reached phase II clinical trials in on-
cology.

3. Assembly of the PISK Pathway

In parallel, wortmannin and LY294002 (a uM inhibitor of
PI3K541) contributed to the assembly of the PI3K signaling path-
way. Activation of protein kinase B (also dubbed Akt!55! and re-
lated to A and C kinase [RAC][5¢) was shown to be wortmannin-
sensitive, and is translocated to PIP, via its pleckstrin homology
(PH) domain.71 At the membrane, PKB/Akt is phosphorylated on
Thr308 by phosphoinositide dependent kinase 1 (PDK1) — which
also presents a PH domain for recruitment to PIP,.158 Target of ra-
pamycin initially cloned from yeast(2!] and identified as FKBP12-
rapamycin-associated protein (FRAP/RAFT, now called mecha-
nistic target of rapamycin, mTOR)[22] was integrated into the PI3K
pathway based on the observation that wortmannin abrogated
the phosphorylation of the mTOR substrate S6 kinase (S6K).[64]
Although mTOR was thus correctly situated downstream of PI3K,
it was later predicted3¢! and finally demonstrated that wortmannin
and LY?294002 inhibited mTOR kinase directly.[5] Further inves-
tigations showed that the Raptor (Regulatory-associated protein
of mTOR) containing mTOR complex 1 (TORC1) phosphory-
lated S6K, and TORC2 containing Rictor (Rapamycin-insensitive
companion of mTOR) phosphorylated PKB/Akt on Ser473, which
unleashed together with the PDK1-mediated Thr308 phosphory-
lation the full activity of PKB/Akt.[66:67]

The identification of SIN1/MIP1 (Mammalian stress-ac-
tivated protein kinase interacting protein 1) as a component of
TORC2168.81 with a PH domain specific for PIP, explained then
how PKB/Akt, PDK1 and TORC?2 are colocalized on PIP, dock-
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ing sites to generate a full scale PKB/Akt signal. The PI3K-PKB/
Akt-mTOR pathway has now evolved into a complex network
controlling cell growth, proliferation, metastasis, metabolism, im-
mune responses and more, and has been identified as a target in
oncology.[70.711

4. Genetic Models and Pharmacology: First
Applications

In the early days, inhibition of all class I PI3Ks was met with
skepticism, which prioritized strategies to produce PI3K isoform-
specific inhibitors. As mentioned above, initial genetic inactiva-
tion of PI3Ko and PI3K[3 yielded embryonic lethality, and the
PI3KY (p110y) null mice produced in collaboration with Hirsch’s
lab (competing with Li’sl’?l and Penninger’s labs[’3l) were the
first viable knock-out mice. Loss of p110y completely abrogat-
ed GPCR ligand-induced PIP, production in all tested hemato-
poietic cells, including neutrophils, macrophages, and dendritic
cells, 74771 which resulted in attenuated chemotaxis towards che-
mokines in vitro and in vivo.U8-80] In mouse models of rheuma-
toid arthritis, ! pancreatitis,/8!1 and atherosclerosis, 32831 the first
PI3Ky-specific inhibitors produced at Ares-Serono by Rommel
and collaborators (Fig. 3b, AS-604850, AS-60524005°1) showed
a protective action. Similarly, monocyte and T-cell extravasation
were reduced in atherosclerosis,®4 and LDL uptake was attenu-
ated in the absence of PI3Ky, which slowed the progression of
macrophages to foam cells.[85-80]

To better fit a pharmacological inhibition of PI3KY, mice ex-
pressing an inactive PI3KYy catalytic subunit (p110y*P%P] a kinase-
dead Lys833 to Arg mutant) were produced, and a comparison of
p110y null and p110y*P%P mice uncovered a scaffolding function
of the p110y protein: without P110y, cAMP levels in cardiomy-
ocytes and cardiac contraction were elevated due to the loss of
phosphodiesterase 3B (PDE3B) activity.!87!

That PI3KY is a crucial mediator of metabolic syndrome be-
came clear in Solinas’ lab with PI3Ky null mice on a high fat diet:
in comparison to their wild type counterparts they stayed lean due
to increased thermogenesis.[88-891 There is still a lot to learn con-
cerning the implicated cellular networks and if the results in mice
can be translated into humans — also due to their very different
volume to surface ratios.

5. Case Study of PI3KY Inhibitors

In allergy mouse models PI3Ky targeting eliminated IgE-
triggered mast cell recruitment and anaphylactic responses. A
collaboration with Novartis (Thomas & Hollingworth) provided a
PI3Ky-selective inhibitor (NVS-PI3-4) to validate results obtained
with genetic models targeting PI3Ky activity. NVS-PI3-4 and the
elimination of PI3Ky both efficiently attenuated IgE/antigen-in-
duced passive cutaneous anaphylaxis (PCA), but PI3Kyinhibitors
or aknock-in of ‘kinase dead’ PI3Kd showed no significant effects
in PCA.I611 While the PI3Ky inhibitor NVS-PI3-4 had an excel-
lent selectivity for PI3Ky over PI3KS9, the physiological half-life
was short. With Petersen (AstraZeneca), we have characterized
improved compounds that show a superb PI3Ky selectivity and
provide a novel binding mode leading to conformational changes
of the lipid kinase.[%3] The clinically most advanced PI3Ky is cur-
rently IPI-549/Eganelisib, 2] which has entered phase II clinical
trials as an immuno-oncology candidate, based on the observation
that PI3Ky inhibition could reverse tumor resistance to immune
checkpoint antibodies (anti-CTLA4 and anti-PDL1).°01 Last but
not least, PI3Ky mutations have been identified in human patients,
which result in immune-pathologies.[®!l Structural and molecular
dynamic studies of mutated PI3Ky in combination with crystal
structures of PI3Ky bound to IPI-549, NVS-PI3-4, and PKI587/
Gedatolisib (a potent PI3Ki and mTOR kinase inhibitor [TORKi])
reveal novel strategies to develop PI3Ky inhibitors with alterna-
tive binding modes.[2!

6. From Chemical Probes to Drug Candidates

Considering the pivotal role of PI3K in cancer and inflamma-
tion, pharma companies and academic labs have put a tremendous
effort into the development of lead compounds and drugs targeting
the PI3K pathway. In spite of that, only a handful of combination
therapies for PI3Ki have been approved up-to-date: i) idelalisib
(Zydelig/CAL-101/GS-1101; Gilead Sciences; PI3Kdi), ii) co-
panlisib (Aliqopa/BAY 80-6946; Bayer; PI3Ka/d1), iii) duvelisib
(Copiktra/IPI-145/INK1197; Verastem, now Secura Bio; PI3Ko/
vi) and iv) umbralisib (TGR-1202; TG Therapeutics; PI3K&/
CKlei) in specific relapsed hematological malignancies,[3-931
and v) alpelisib (Piqray/NVP-BYL719; Novartis; PI3Kai) in
advanced breast cancer bearing PI3Kq activating mutations.[°]
High-throughput screening (HTS) campaigns of diverse com-
pound collections together with structure-based drug design led to
more than 15 chemical classes of PI3Ki, covering a broad chemi-
cal space. A broad range of PI3Ki bearing a pyrimidine, triazine,
or fused pyrimidine core contains at least one morpholine moiety
essential for binding into the PI3K hinge region.97.98 Inspired by
ZSTK474,191 a pan PI3Ki with a triazine core, we designed and
synthesized a large library of triazine derivatives which led to the
identification of PQR309/bimiralisib. PQR309 broke ground after
the elucidation of the mechanism of action of BKM120/buparlisib
(Novartis), which has entered more than 80 clinical trials (see
clinicaltrials.gov).[100]

While BKM120 and PQR309 have similar potencies as PI3Ki,
BKM120 also interacts with tubulin. As a first step to deconvolute
its microtubule-destabilizing agent (MDA) and PI3K activity, we
separated the two biological activities of BKM120 to specifically
target either PI3K or tubulin.'®1 Replacement of the BKM120
pyrimidine core with a pyridine yielded the microtubule target-
ing drug 147 (MTD147) with negligible PI3Ki activity (Fig. 4a),
while PQR309 with a triazine core showed no detectable MDA
activity.

A subsequent crystal structural investigation located BKM 120
in the colchicine-binding pocket of tubulin (Fig. 4c). Despite its
structural similarity to BKM120 and MTD147, PQR309’s addi-
tional nitrogen in the triazine core prevents tubulin interaction.
Extensive molecular dynamic simulations, combined with the
synthesis of BKM 120 regioisomer (Fig. 4c and d) and asymmetri-
cally substituted derivatives, corrected the rotational orientation
of BKM120 in PI3K as compared to a structure published by
Burger et al.'911 Only when BKM120 was docked into p110yin a
way to point the pyrimidine core C—H towards Tyr867, the struc-
tured water network remained intact (C —~H; Fig. 4c) in molecular
dynamic simulations. When BKM 120 was placed as proposed by
Burger et al.'0 (C ~H; Fig. 4d), the hydrogen bond interactions
between inhibitor, water molecules, side chains of Asp964 and
Asp836 were disrupted.[100]

PI3Ki and MDA activity were thus successfully separated
by minimal chemical modifications of the core pyrimidine ring.
PQR309 has been explored in phase II clinical trials for the treat-
ment of solid tumors and lymphoma.[1021031 After the entry of
PQR309 into clinical trials, the portfolio of pre-clinical candi-
dates with PI3K (PQR5141104)), dual PI3K/mTOR (PQR53011057)
and highly selective mTOR inhibitor activity has been enlarged,
and many of these molecules were successfully assessed in tumor
models and preclinical development.102.104-106]

7. Achieving Selectivity for mTOR

In parallel to the development of PI3Ki and dual PI3K/mTOR
inhibitors, we focused on the development of highly selective
TORKIi. Due to the structural similarities between the ATP-
binding pockets of PI3K and mTOR, the design of compounds
able to specifically inhibit mTOR kinase is challenging. Different
strategies were adopted to achieve mTOR selectivity, such as (i)
introduction of sterically hindered morpholines or properly sub-
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Fig. 4. a) Exchange of BKM120’s pyrimidine core with pyridine yields
MTD147 and with triazine yields PQR309. Rectangles below chemical
formulas schematically indicate microtubule-destabilizing agent (MDA,
red) and PI3K (green) inhibitor activities. b) Comparison of X-ray crystal-
lographic structures of free tubulin (PDB ID: 1JFF) and tubulin-BKM120
complex (PDB ID: 5M7E). ¢,d) Two opposing orientations of BKM120

in p110y were set as starting points for modelling of water movements.
Positions of water dipoles after molecular dynamics calculations and
energy minimization are reported.

stituted heteroaromatic rings; and (ii) a conformational restriction
approach. Both the binding affinity pocket and the hinge region
have been recognized as key regions in determining selectivity
profiles (Fig. 5a).[197.108] Computational studies pointed out that a
leucine-phenylalanine replacement in the hinge region (Leu2354
mTOR- Phe961 PI3KY) leads to a deeper pocket in mTOR com-
pared to PI3K.[19] For this reason, bridged morpholines are well
accommodated in the hinge pocket of mTOR kinase, but cause
steric clashes in PI3Ks. Starting from the dual PI3K/mTOR in-
hibitor PQR530,11%51 a variety of substituted morpholines were
explored until a highly potent and selective TORKi (PQR620,
Fig. 5b and c) was identified. PQR620 displayed a > 1000-fold
selectivity towards mTOR over PI3Ko in binding assays,!'1% and
PQR620 has been characterized as a suitable compound for ro-
dent experiments. The excellent brain penetration allowed the
use of PQR620 as proof-of-concept molecule to assess the action
of ATP-competitive TORKi in mouse models of epilepsy: mice
with conditional inactivation of the Tsc/ gene primarily in glia
(T'sc 1S*APCKO mice) develop glial proliferation, postnatal epilepsy
and show a highly increased mortality. In this Tuberous Sclerosis
Complex mouse model, PQR620 (100 mg/kg, p.o.) and PQR530
(25 mg/kg, p.o.), a dual PI3K/TORKi, eliminated seizures almost
completely. PQR309 (50 mg/kg, p.o.) did not reduce seizure fre-
quency significantly, mostly due to its short half-live in mice (Fig.
5d).[11091 PQR620 has been broadly explored in rodent tumor mod-

els.[113-1151 s limited stability in human hepatocytes, corroborated
by a PK study in Cynomolgous monkey, prevented its transition to
clinical trials in neurological disease and TSC patients. The ethyl-
ene bridge on the two morpholines in PQR620 has been identified
as the primary metabolic liability in human liver microsomes!!16]
and human hepatocytes. We therefore focused on the modifica-
tion of both morpholines of PQR620 and on the development of a
follow-up compound with potential improved metabolic stability
in humans. An extensive investigation of the morpholine ring en-
gaging the mTOR solvent exposed region led to the discovery of
PQR626 (Fig. 5b and ¢), a highly potent, selective, brain penetrant
TORK:i. It overcame the metabolic liabilities of PQR620 and sig-
nificantly reduced the loss of Tsc/-induced mortality at 50 mg/kg
p.o. twice a day (Fig. 5d). PQR626 qualifies as a potential thera-
peutic candidate for the treatment of neurological disorders.[!12]

Another strategy adopted for the development of highly selec-
tive TORKi was the exploitation of a conformational restriction
strategy. The design of conformationally constrained analogs is
often used to minimize the entropic loss associated to target bind-
ing, to enhance the potency for the target and to increase the se-
lectivity.['17] A rigidification strategy allowed us to disclose the tri-
cyclic pyrimido-pyrrolo-oxazine moiety as an innovative scaffold
for selectively targeting of mTOR kinase.l'!8] A systematic struc-
ture—activity relationship (SAR) study identified the pyrazine de-
rivative PQR617 as a potent TORKi showing a 212-fold selectiv-
ity over PI3Ko (Fig. 5b and c).[!18] However, PQR617 presented a
limited ability to cross the blood-brain barrier (BBB), hampering
its application in the treatment of Central Nervous System (CNS)
disorders such as epilepsy. Very recently, we explored different
bio-isosters, and difluoro/trifluoro-substituted heteroaromatic
rings on the tricyclic scaffold to modulate lipophilicity and BBB
permeability. This study led to the identification of compound 11
(Fig. 5b and c), bearing a 3-CF,-substituted pyridine and showing
MDCK-based BBB permeability. These second-generation tricy-
clic pyrimido-pyrrolo-oxazines pave the way for the exploitation
of conformationally constrained analogs in the treatment of CNS
disorders.l!1%1 Our lead optimization strategies provided highly
selective inhibitors of mTOR kinase with tuned pharmacological
profiles.

8. Conclusions

The converging stories of wortmannin and the still progressing
assembly of the PI3K/mTOR pathway is a beautiful example for
the success of basic science: unrelated initial research amalgam-
ated to accelerate progress and to provide a path to translational
development. Although we have learned that the PI3K/mTOR
pathway is frequently over-activated in cancer, there is still a lack
of knowledge concerning the interplay of organs and systemic
signals that cause severe adverse effects like hyperglycemia, in-
sulin resistance and hyperinsulinemia due to pan-PI3Ki targeting
all class I PI3Ks.

While PI3K has been explored as a therapeutic target in on-
cology, other applications such as chronic inflammation, cardio-
vascular disease and restenosis, allergy, metabolic syndrome, and
more have not progressed far in clinical trials.!120]

With the help of many collaborators and fair competitors, our
journey in the PI3K field — starting with the identification of wort-
mannin as the first nM PI3Ki, the deconvolution of its covalent
mechanism of action, genetic mouse models in inflammation and
allergy and to the present development of preclinical and clinical
candidates — continues. Currently we explore covalent strategies
to develop potent and selective chemical (PI3K) probes targeting
kinases with the aim to alleviate adverse effects. The discovery
of highly selective PI3Ki could shed light on the systemic role
of the different class I PI3K isoforms in cancer and metabolism
and could pave the way to the development of improved targeted
therapy.
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Fig. 5. a) Key regions of the mTOR catalytic site illustrated with a model of mTOR in complex with PQR626 based on PBD ID: 4JT6.0'"1

b) Chemical structures of highly selective TORKi developed in the Wymann Lab, bearing the triazine and tricyclic pyrimido-pyrrolo-oxazine scaffold.
¢) Compound potencies for mTOR and PI3Ka: and selectivity for mTOR over PI3Ko.. *K|(PI3Ka)/K(mTOR). d) Effects of treatments on the survival
rate of Tsc1%"*CKO mice.''? e) Effects of mTOR and PI3K inhibition on frequency of electrographic seizures caused by neuron-specific elimination
of TSC1. Tsc1P conditional knockout mice were treated from postnatal days 21-53 with vehicle, PQR620 (100 mg/kg), PQR309 (50 mg/kg), or

PQR530 (25 mg/kg).l"3
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