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            Abstract
The epidermal growth factor receptor (EGFR)-directed tyrosine kinase inhibitors (TKIs) gefitinib, erlotinib and afatinib are approved treatments for non-small cell lung cancers harbouring activating mutations in the EGFR kinase1,2, but resistance arises rapidly, most frequently owing to the secondary T790M mutation within the ATP site of the receptor3,4. Recently developed mutant-selective irreversible inhibitors are highly active against the T790M mutant5,6, but their efficacy can be compromised by acquired mutation of C797, the cysteine residue with which they form a key covalent bond7. All current EGFR TKIs target the ATP-site of the kinase, highlighting the need for therapeutic agents with alternative mechanisms of action. Here we describe the rational discovery of EAI045, an allosteric inhibitor that targets selected drug-resistant EGFR mutants but spares the wild-type receptor. The crystal structure shows that the compound binds an allosteric site created by the displacement of the regulatory C-helix in an inactive conformation of the kinase. The compound inhibits L858R/T790M-mutant EGFR with low-nanomolar potency in biochemical assays. However, as a single agent it is not effective in blocking EGFR-driven proliferation in cells owing to differential potency on the two subunits of the dimeric receptor, which interact in an asymmetric manner in the active state8. We observe marked synergy of EAI045 with cetuximab, an antibody therapeutic that blocks EGFR dimerization9,10, rendering the kinase uniformly susceptible to the allosteric agent. EAI045 in combination with cetuximab is effective in mouse models of lung cancer driven by EGFR(L858R/T790M) and by EGFR(L858R/T790M/C797S), a mutant that is resistant to all currently available EGFR TKIs. More generally, our findings illustrate the utility of purposefully targeting allosteric sites to obtain mutant-selective inhibitors.
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                    Figure 1: Structure and binding mode of allosteric EGFR inhibitors.[image: ]


Figure 2: Cellular activity and mechanism of synergy of EAI045 with cetuximab.[image: ]


Figure 3: EAI045 in combination with cetuximab induces tumour regression in genetically engineered mouse models of EGFR-mutant lung cancer.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Inhibition of wild-type and mutant EGFR kinases by EAI001 and EAI045 in purified enzyme assays.
a, Inhibition of wild-type and mutant EGFR kinases by EAI001. Activity of the indicated mutant EGFR kinase (residues 696–1022) was measured in the presence of increasing concentrations of EAI001. The HTRF assay was carried out using either 1 μM ATP (left) or 1 mM ATP (right). b, Inhibition of EGFR(L858R/T790M) by EAI045 (left) or erlotinib (right) at a range of ATP concentrations, as indicated. Assay was performed using an HTRF-based assay as described in the Methods. Error bars indicate s.d. (n = 2).


Extended Data Figure 2 Comparison of the binding site of EGFR allosteric inhibitors with those of lapatinib and allosteric MEK inhibitors.
a, Structure of EAI001 in complex with EGFR for comparison. b, Structure of MEK1 kinase bound to allosteric inhibitor GDC0973 (PDB, 4AN2). GDC0973 (also called XL518, cobimetinib) and other allosteric MEK inhibitors occupy a pocket created by displacement of the C-helix in the inactive conformation of the kinase. Most allosteric MEK inhibitors make hydrogen-bond interactions with the γ-phosphate group of ATP that are important for their potency. The allosteric EGFR inhibitors we describe here bind in a generally analogous location in EGFR, but lack any clear structural similarity to MEK inhibitors and do not contact the γ-phosphate group of ATP. c, The structure of lapatinib bound to EGFR (PDB, 1XKK). Both lapatinib and neratinib (see Fig. 1d) bind an inactive conformation of the kinase. Like gefitinib and erlotinib, both occupy the ATP site, but also extend into the allosteric pocket occupied by EAI001. Note that like neratinib, lapatinib places aromatic phenyl or pyridinyl groups in positions similar to those occupied by the aminothiazole and phenyl substituents of EAI001.


Extended Data Figure 3 EAI001 binding is incompatible with the inactive conformation of wild-type EGFR.
Superposition of the EAI001-bound EGFR structure reported here with the structure of wild-type EGFR kinase in the inactive conformation (grey, PDB, 2GS7). EAI001 (shown with carbon atoms in green) clashes with the side chains of leucines 858 and 861 in the wild-type EGFR structure. These leucine residues lie in a short helical segment at the N terminus of the activation loop. The L858R substitution disrupts this helix. We propose that this effect explains, in part, the selectivity of the allosteric inhibitor for the L858R/T790M mutant. Note that EAI001 was crystallized with the EGFR(T790M/V948R), as we were unable to obtain crystals with the L858R/T790M or L858R/T790M/V948R proteins. The compound induces unstructuring of the activation loop helix and repositions L858, which is in contact with the 1-oxoisoindolinyl group of the inhibitor. The location and conformation of the inhibitor is expected to be the same in the context of the L858R mutation, but the details of the interaction with this portion of the activation loop will necessarily differ due to the mutation.


Extended Data Figure 4 Cellular activity of EAI045.
a, EAI045 inhibition of EGFR(L858R/T790M) in NIH-3T3 cells. Western blotting with the indicated concentrations of the allosteric inhibitor or with 1 μM WZ4002 as control (WZ) was carried out 6 h after compound addition. b–e, Profiling of EAI045 in Ba/F3 models bearing mutant EGFR or the parental Ba/F3 cell line, as indicted. Inhibition by WZ4002 is shown as a positive control. For gel source data, see Supplementary Fig. 1.


Extended Data Figure 5 Cellular and in vivo efficacy of EAI045 in combination with cetuximab.
a, Ba/F3 cells bearing EGFR(L858R/T790M/C797S) were treated with EAI045 alone or with EAI045 plus cetuximab and proliferation was measured using the MTS assay after 72 h. b, MRI imaging of cohorts L858R/T790M, exon19del/T790M, and L858R/T790M/C797S genetically engineered EGFR-mutant mice before treatment and 1 or 2 weeks after treatment with EAI045 and cetuximab. These cohorts of tumour bearing mice were used for short term efficacy and pharmacodynamic studies, and are distinct from those used for the tumour volume measurements shown in Fig. 3.


Extended Data Table 1 The selectivity of EAI045 on a panel of kinasesFull size table


Extended Data Table 2 Selectivity of EAI045 against a panel of non-kinase targetsFull size table


Extended Data Table 3 Crystallographic data collection and refinement statisticsFull size table


Extended Data Table 4 Cellular activity of EAI045 in lung cancer cell linesFull size table
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Supplementary Figure 1 shows the source gel data for Figures 2a, 3d, 3e, and Extended Data Figure 4a. Supplementary Figure 3 contains a description of generation and characterization of LSL-EGFR T790M/L858R/C797S conditional transgenic mice. (PDF 2228 kb)
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        Editorial Summary
Novel EGFR-directed therapeutics
Currently available small-molecule inhibitors targeting epidermal growth factor receptor (EGFR) and other receptor tyrosine kinases bind the ATP site of the kinase, and therefore typically inhibit a number of 'off-target' kinases owing to the high conservation of this site. In addition, the common binding site of these drugs leads to shared susceptibility to resistance-conferring mutations in EGFR. Here, Michael Eck and colleagues describe an allosteric inhibitor, EAI045, that is selective for certain drug-resistant EGFR mutants but spares the wild-type receptor. Although EAI045 is not effective in blocking EGFR-driven cell proliferation as a single agent, it has synergistic inhibitory activity when combined with an antibody that blocks EGFR dimerization. This combination therapy is effective in mouse models of lung cancer driven by mutant versions of EGFR that are resistant to all previously developed inhibitors.
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