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Abstract

Inhibitors developed to target the epidermal growth factor receptor (EGFR) are an
effective therapy for patients with non-small cell lung cancer harbouring drug-sensitive
activating mutations in the EGFR kinase domain. Drug resistance due to treatment-acquired
mutations within the receptor itself has motivated development of successive generations of

inhibitors that bind in the ATP-site, and third-generation agent osimertinib is now a first-line
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treatment for this disease. More recently, allosteric inhibitors have been developed to overcome
the C797S mutation that confers resistance to osimertinib. In this study, we present the rational
structure-guided design and synthesis of a mutant-selective EGFR inhibitor that spans the ATP-
and allosteric sites. The lead compound consists of a pyridinyl imidazole scaffold that binds
irreversibly in the orthosteric site fused with a benzylisoindolinedione occupying the allosteric
site. The compound potently inhibits enzymatic activity in L858R/T790M/C797S mutant EGFR
(4.9 nM), with relative sparing of wild-type EGFR (47 nM). Additionally, this compound
achieves cetuximab-independent, mutant-selective cellular efficacy on the L858R and

L858R/T790M variants.

Introduction

The epidermal growth factor receptor (EGFR) is one of the most investigated receptor
tyrosine kinases and its link to non-small cell lung cancer (NSCLC) is well established.
However, over 75% of patients succumb to this disease within 5 years after their diagnosis.?
Tumours driven by activating mutations within the EGFR tyrosine kinase domain, e.g. point-
mutation L858R or in-frame exon-19 deletions (ex19del) are initially sensitive to first and
second generation EGFR tyrosine kinase inhibitors (TKIs), such as gefitinib, erlotinib, and
afatinib,>* but become resistant due to the acquisition of the secondary ‘gatekeeper’ T790M
mutation.>® Third-generation inhibitors overcome T790M-mediated resistance. Osimertinib and
other third-generation EGFR TKIs are mutant-selective, and rely on formation of a covalent
bond with C797 for their potency.'®* Osimertinib was initially approved for treatment of
patients whose tumours harboured the T790M resistance mutation, but is now also approved as a

front-line therapy in untreated EGFR mutant NSCLC patients.*? Not surprisingly, patients can
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become resistant to osimertinib through the acquisition of the C797S mutation that precludes the

ability of the drug to form its essential covalent bond with the receptor.*3

As an extension of our on-going efforts on inhibitors of p38 MAP kinases, we discovered that
trisubstituted imidazole compounds are capable of inhibiting the EGFR kinase.'*® Medicinal
chemistry optimization aided by molecular docking of these scaffolds allowed for the
development of a series of inhibitors that can productively inhibit EGFR and exhibited low
nanomolar potency against osimertinib-resistant L858R/T790M/C797S triple-mutant EGFR due
to their additional strong noncovalent interactions (e.g. LN2057). Structural characterization of a
series of trisubstituted imidazole inhibitors in complex with EGFR indicated that the enhanced
reversible binding of these inhibitors is due to intramolecular interactions with the kinase
residues K745 and D855 in the aC-helix outward inactive conformation.}” Although they are
potent against L858R/T790M/C797S EGFR, they have limited therapeutic potential because they
also potently inhibit wt EGFR. Mutant-selectivity, i.e. relative sparing of wt EGFR, is required

for achieving a therapeutic window with EGFR TKIls in NSCLC.*®

As an alternative to the aforementioned ATP-site inhibitors, highly mutant-selective inhibitors
with an allosteric mechanism of action have recently been described.'®*?° These EGFR allosteric
inhibitors (EAIs) bind within an allosteric pocket created by the outward displacement of the aC-
helix in the inactive conformation of the kinase. Binding of these allosteric agents is antagonized
by formation of active EGFR dimers, and the initial allosteric agent EAIO45 required co-
administration of the dimer-blocking antibody cetuximab for efficacy. A much more potent
allosteric inhibitor, JBJ-04-125-02, is effective in vivo without a requirement for cetuximab.?

Importantly, allosteric inhibitors can bind EGFR simultaneously with certain ATP-site inhibitors,
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including osimertinib. As such, JBJ-04-125-02 synergizes in vivo with osimertinib in a

potentially cooperative mechanism involving simultaneous binding of both agents.

Considering the adjacency of the orthosteric and allosteric sites (Figure 1) and the potential for
development of a more effective therapeutic, we sought to design inhibitors that span both
binding pockets. With the goal of developing a compound that was both potent against the
T790M and C797S resistance mutations and selective for the mutant over wt EGFR, we designed
and synthesized a series of compounds that fused portions of the allosteric inhibitor EAI045 with
ATP-site inhibitor LN2057 (Figure 2). Here we describe the structure-guided design, medicinal
chemistry optimization, and characterization of these compounds leading to a mutant-selective
agent that potently inhibits L858R/T790M/C797S EGFR (4.9 nM) but exhibits relative sparing

of the wt kinase (47 nM).
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LN2057 EAIO045

Figure 1: A) Structural superposition of the ATP-site binding LN2057 (PDB code 6V6K) and allosteric inhibitor EAI045
(yellow, PDB code 6P1L) illustrating the overlaying features of the 4-Fluorophenyl of LN2057 with the aminothiazole of EA1045.
B) Chemical structures of LN2057 and EAI045

Results

Guided by structural superpositions that showed close correspondence in the binding
poses of the 4-fluorphenyl moiety of LN2057 and the thiazole of EA1045 (Figure 1), we prepared
a series of compounds fusing successively larger portions of the allosteric inhibitor with the
pyridinyl imidazole scaffold (Figure 2). By linking the two scaffolds via the phenyl group of the
ATP-site scaffold, rather than the aminothiazole of EAIO45, we avoided introducing a chiral
center and simplified chemical specifications. Compound 2a combines the pyridinyl imidazole

scaffold with the 2-fluoro-5-hydroxyphenyl moiety of EA1045. In compound 2b, we installed the
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1-oxoisoindolin-2-yl, and in 2c we introduced instead a 1,3-dioxoisoindolin-2-yl to further probe
the structure-activity relationship in the allosteric site. Finally, we incorporated a N-(4-
methoxyphenyl) acrylamide to produce compound 1, a dual-site inhibitor expected to form a

covalent bond with C797 (as seen in previous imidazole EGFR inhibitors).*4
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Figure 2: Structural features and the structure-guided design of a novel EGFR inhibitor targeting both ATP and allosteric
binding sites.

X-ray crystal structures of 2a, 24, and 2c with EGFR(T790M/V948R) confirmed that these
compounds bind as expected (Figure 3, Figure S1). The binding modes of these three compounds
are largely comparable, and we focus our discussion on the 1.8 A resolution structure of 2c
(Figure 3). The pyridinylamide anchors the compound in the ATP site via H-bonds with the
kinase hinge (at residue M793). The imidazole is extended and engaged in the expected H-bond
with K745 at N3, which is critical for the strong reversible binding of the imidazole scaffold.’
The phenylamide linkage extending toward the allosteric pocket is positioned directly against the
T790M gatekeeper mutation with the amide nitrogen forming hydrogen bonds with the side
chains of T854 and D855. The interactions of 2c in the allosteric pocket are analogous to those of
EAI045; the 2-fluoro-5-hydroxyphenyl and 1,3-dioxoisoindolin-2-yl groups closely superimpose

with the corresponding regions of EAI045 (Figure 3C).1%%! To date we have not been able to



114  obtain co-structures with 1 using an analogous approach, but based on our prior work with
115  trisubstituted imidazole inhibitors *#'® we do not expect considerable difference in binding

116  modes as compared with 2c.

117

118 Figure 3: X-ray crystallographic definition of the binding mode of an ATP-Allosteric chimeric inhibitor. A) Binding mode of 2¢
119 in complex with EGFR(T790M/V948R). The V948R mutation allows for the crystallization of the EGFR kinase domain in the
120 inactive conformation. B) Fo-Fc electron density map generated in PHENIX through molecular replacement from 1.8 A
121 resolution data collected on EGFR crystals soaked with 2c and coordinates of an apo EGFR(T790M/V948R) kinase domain. C)
122 Superposition of crystal structures of 2c (green) with EAI045 (yellow, PDB code 6P1L).
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We assessed inhibitory activity of these compounds against wt EGFR and against the L858R,
L858R/T790M and L858R/T790M/C797S mutants using an HTRF-based biochemical assay
[Table 1]. 2a exhibited low nanomolar inhibition across all enzyme variants, indicating that
incorporation of the 2-fluoro-5-hydroxyphenyl group alone did not confer mutant-selectivity.
The addition of the oxoisoindolin-2-yl moiety in compound 2b resulted in a decrease in 1Csp,
while exhibiting some potency against the L858R mutant. Introduction of an additional carbonyl
in 2c was found to substantially restored inhibitor potency. Puzzlingly, wt EGFR kinase activity
is not fully inhibited by 2c at concentrations approaching 1000 nM. However, such incomplete
inhibition is unique for wt inhibition by 2c as such effect is not observed in the case of the three
mutants (Figure S2) or any other inhibitor featured in Table 1. Furthermore, the inclusion of the
acrylamide warhead in 1 resulted in low nanomolar potency for all three EGFR mutants. Though
we were not able to obtain a co-crystal structure with 1, we confirmed formation of the expected
covalent bond with C797 using mass spectrometry with the L858R/T790M EGFR (Figure S3).
The potency of 1 on wt EGFR (ICso = 47 nM) indicates a moderate degree of mutant-selectivity;
it is not clear to us why 1 exhibits mutant-selectivity, while the closely similar reversible

compound 2c does not.
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Table 1: Biochemical activities of novel inhibitors on wt and EGFR mutants via FRET-based HTRF assay.

EGFR ICso [M]?

Compound  wt LRd LR/TM¢ LR/TM/CSH
1 47+ 8 2005 15+£0.3 49+1.0
2a 6.2+1 55+£0.3 32+3 8.0x1

2b > 1000 280 £ 22 > 1000 > 1000

2c 58+£10° 12+04 51+3 32+6
LN2057 6.5+£1.0 0.26 £0.03 0.27 £0.05 130 £ 40
EAI045P > 1000 8.8+£0.9 20£05 13+£0.8
AZD9291 17+£2 15+04 0.35+0.04 > 1000

[a] 1Cso0 values were measured from a single experiment in triplicate. ATP concentration was 100 uM. Errors are reported as +
standard error. [b] Data from De Clercq and Heppner ACS Med Chem Lett.2° [c] Value is actually an ECso due to incomplete
tyrosine kinase activity inhibition at [2c] = 1000 nM. [d] L858R (LR), T790M (TM), C797S (CS).

We next evaluated the anti-proliferative activity of these compounds in Ba/F3 cell lines that
are stably infected with wt EGFR, L858R, L858R/T790M and L858R/T790M/C797S EGFR
mutants [Table 2]. Our previous studies on allosteric EGFR inhibitors have indicated that Ba/F3,
and related cell line models, are potentially resistant to EAIls due to EGFR dimerization, but can
be re-sensitized by co-administration of the anti-EGFR antibody, cetuximab (see EAIO045 in
[Table 2]).1%%! Therefore, we compared the cellular activity of our inhibitors in the presence and
absence of cetuximab. Overall, the reversible inhibitors did not inhibit cell proliferation at
concentrations below 10 pM irrespective of cetuximab treatment. However, compound 1 did
show anti-proliferative effects in L858R and L858R/T790M mutant cell line with micromolar-
level 1Cso values both with and without cetuximab treatment. The lack of cetuximab sensitivity
of 1 likely stems from its irreversible binding mode, which may allow it to overcome formation
of the asymmetric dimer interaction of the kinase domain by forcing the outward, inactive

conformation of the aC-helix.
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Table 2: Inhibitory activities on proliferation of Ba/F3 cell lines of wt EGFR and selected mutants [nM]. Measured without and
(with) dimerization inhibiting antibody cetuximab.

EGFR ICso [M]?

Compound wit LR LR/TM LR/TM/CS
1 >1 x 104 1200+ 70 4400 =500 >1 x 10*
(3700 £400) (1100 +100) (3600 +300)  (>1 x 10%
2a >1 x 104 >1 x 104 >1 x 104 >1 x 10*
(800 + 100) (>1 x10% (>1 x10% (>1 x 10%
2b >1 x 10* >1 x 104 >1 x 104 >1 x 104
(>1 x 10% (>1 x 10% (>1 x 10% (>1 x 10%
2c >1 x 104 >1 x 104 >1 x 104 >1 x 10*
(>1 x 10%) (>1 x10% (>1 x10% (>1 x 10%
LN2057 206 <1d 22+1 1600 £ 200
(23+0.6) (< 1)d (3+0.5) (780 + 200)
EAI1045°* >1 x 104 >1 x 104 >1 x 104 >1 x 10*
(>1 x 10% (840 + 700) (470 + 200) (250 + 200)
AZD9291 110 £ 40 3.3+£06 8+0 1200 £ 130
(16 + 4) (3+0) (2+0) (800 + 200)

[a] ICso values are averages of at least three independent experiments with each experiment performed in triplicate. Errors are
reported as + standard deviation. [b] Data from De Clercq and Heppner ACS Med Chem Lett.?° [c] L858R (LR), T790M (TM),
C797S (CS). [d] values below the resolution limit of the assay.

Discussion

Certain first and second-generation EGFR/ErbB2 inhibitors (e.g. lapatinib and neratinib,

respectively) also span the orthosteric and allosteric sites, and bind the aC-helix out
conformation of the kinase (Figure S4). However, these compounds are not clinically effective
against the L858R/T790M or L858R/T790M/C797S variants due to their lack of mutant-
selectivity.

Also, most recently growing interest in the development of hybrid compounds for ErbB-
family can be observed in literature.??2* Examples of the combination of conventional amino
quinazoline scaffold plus EAI045-like motifs with reversible binding modus for EGFR showed
similar behaviour to our study. While high potency for L858R/T790M/C797S mutation is

achieved, they lack efficient selectivity against wt enzyme. Unfortunately, no x-ray crystal of

10
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these structures in EGFR are available.?®?° A study for targeting a specific ErbB2 mutation with
covalent inhibitors fused pyrollopyrimidine-based scaffolds with a diverse set of moieties
(including isoindolinone and phthalimide derivatives), which were meant to occupy the back-
pocket. Owing to the isostructural position of the cysteine in EGFR and ErbB2 and their high
conservation in general, biochemical evaluation of EGFR enzymes was conducted. Yet again,
mutant selectivity is not exhibited in these examples. Crystal structures display that these
compounds do not reach as far into the back-pocket (Figure S5), what potentially could explain

differences to our approach.?

While 1 is potent and selective in biochemical assays, this selectivity was achieved at a
high cost with respect to molecular weight and number of hydrogen bond donors and acceptors.
These medicinal chemistry liabilities limit its cellular potency, and likely explain its lack of
cellular efficacy in the context of L858R/T790M/C797S EGFR, with which it cannot bind
irreversibly. We note that the increased molecular weight and extensive interactions of our dual-
site compounds does not confer higher potency than that achieved with prior ATP-site or
allosteric-site inhibitors. The reason(s) for this are unclear, but it could stem from many factors
including non-ideal binding geometries of the orthosteric and allosteric portions of our fused
inhibitors or constrained access of these large compounds to bind the dual site. Our preparation
and characterization of 1 shows that mutant-selectivity can be achieved with an EGFR inhibitor
that spans the orthosteric and allosteric sites, but further work will be required to achieve
sufficient cellular potency, in particular on the highly resistant L858R/T790M/C797S triple
mutant. We are also keenly interested in alternative approaches, including development of
customized “pairs” of ATP- and allosteric site inhibitors that bind with high selectivity and

cooperativity to mutant EGFR.
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Conclusions

In summary, we have rationally designed and synthesized a mutant-selective EGFR
inhibitor that simultaneously binds to the EGFR kinase ATP- and allosteric sites as characterized
with X-ray crystallography. We reveal that the introduction of structural elements of an ATP-site
inhibitor that associate with the allosteric site direct mutant-selectivity of these compounds, and
the incorporation of an acrylamide C797-targeting warhead enables anti-proliferative effects in
Ba/F3 cell line models. Unlike allosteric site inhibitor EA1045, our lead compound is capable of
inducing anti-proliferative activity of the L858R and L858R/T790M mutants in Ba/F3 cells
independent of co-administration of cetuximab. Future directions will involve structure-guided

medicinal chemistry optimization of this lead compound to improve its cellular activity.
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