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ABSTRACT: In the last five years, the detailed understanding of how to overcome T790M drug resistance in non-small cell lung
cancer (NSCLC) has culminated in the development of a third-generation of covalent EGFR inhibitors with excellent clinical
outcomes. However, the emergence of a newly discovered acquired drug resistance challenges the concept of small molecule
targeted cancer therapy in NSCLC.

■ TARGETED CANCER THERAPY: PARADIGM SHIFT
IN CANCER TREATMENT

Mutations in the gene encoding the epidermal growth factor
receptor (EGFR) have been discovered to be associated with
the onset and progression of non-small cell lung cancer
(NSCLC). The first NSCLC trials with first-generation EGFR
inhibitors gefitinib and erlotinib (Figure 1A) were disappoint-
ing with partial responses observed in only 10% of treated
patients.1 Subsequent gene sequencing revealed recurrent
activating mutations in the kinase domain of EGFR that
account for a dramatic clinical response (70%) of tyrosine
kinase inhibitor (TKI) treatment as compared to conventional

chemotherapy.2 The discovery and the specific targeting of
these oncogenic drivers leading to a tumor regression seemed
to be a major breakthrough in targeted cancer therapy and led
to a paradigm shift in cancer treatment. However, the initial
hopeful perspectives did not last long, as patients acquired drug
resistances within months, limiting the effective treatment with
TKIs. In approximately 60% of resistant cases, the patients
develop a secondary point mutation at the gatekeeper position
of the kinase domain (T790M) that represents a major
challenge in the treatment of NSCLC.3 The replacement of a
threonine by the sterically more demanding methionine (i)
increases the affinity to ATP and (ii) provokes a steric repulsion
of the 4-aminoquinazoline-based inhibitors erlotinib and
gefitinib, resulting in a different binding mode and significant
loss of inhibitory activity (Figure 1B).4 Second-generation
EGFR TKIs, including the drug afatinib (Figure 1A), sparked a
glimmer of hope in overcoming T790M drug resistance, as they
showed promising results in preclinical studies.5 These
inhibitors incorporate a Michael acceptor to covalently target
a rare cysteine (Cys797) in EGFR at the lip of the ATP-binding
site. This electrophile represents the only distinctive feature as
compared to EGFR Type-I inhibitors, and thus, the potential of
these drugs to overcome the T790M drug resistance is directly
correlated with covalent modification of the target protein
(Figure 1A). These findings have renewed the interest in
covalent drug design and prompted further efforts to
characterize them, although covalent drugs have long been
avoided in medicinal chemistry. Their nonspecific reactivity and
potential for off-target reactivity that may cause tissue injury
and drug-related toxicity were major concerns.6

■ WAS THE FAILURE OF THE SECOND-GENERATION
OF EGFR INHIBITORS IN T790M DRUG-RESISTANT
PATIENTS PREDICTABLE?

Despite initial promising data for the second-generation EGFR
inhibitors, their efficacy in patients was insufficient. A
consideration of the structures of these drugs led investigators
to ask if the failure of these drugs to efficiently target T790M
drug resistance could have been foreseen, especially since they
were derived from first-generation aminoquinazolines that were
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Figure 1. (A) Chemical structures of representative examples of the
three generations of EGFR inhibitors currently used in the treatment
of NSCLC. The reactive acrylamides are highlighted in green. (B)
Illustration of the steric repulsion of the first-generation inhibitor
gefitinib upon T790M gatekeeper mutation. The gefitinib binding pose
observed with EGFR wild type (white, PDB code: 2ITY) would lead
to a steric clash with the methionine side chain (blue, PDB code:
3UG1), resulting in an unfavored binding pose (pink, PDB code:
3UG2).
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originally designed to inhibit the wild type form of EGFR.
Accordingly, on-target toxicity occurred during treatment and
led to severe side effects such as skin rash and diarrhea, thereby
limiting the clinically achievable concentration.7 The required
high drug dosage can be attributed to insufficient in vivo
potency. Although covalent inhibitors form an irreversible
modification, the initial step is a reversible interaction with the
target protein to form a noncovalent drug−target complex. The
subsequent covalent bond formation can only occur from the
stabilized complex. The reduced stabilization in consequence
of, e.g., the sterically demanding T790M mutation, as observed
for 4-aminoquinazoline-based second-generation EGFR inhib-
itors, leads to a more pronounced dissociation of the drug−
EGFR target complex. This event lowers the rate of covalent
bond formation and results in reduced clinical efficacy. After
initial enthusiasm, it became clear that modifying a weak
inhibitor with a reactive electrophile was not sufficient to
achieve in vivo efficacy (Figure 2A).4

■ CO-1686 AND AZD9291: REASONS FOR THEIR
CLINICAL SUCCESS

The urgent need for an efficient therapy in NSCLC patients
that suffer from T790M drug resistance encouraged a
reassessment of the development of EGFR inhibitors. In
order to efficiently target EGFR-T790M, the receptor must be
considered as an entire new protein rather than a mutant form
of the wild type. The identified oncogenic drivers as well as the
drug resistance mutation together with their well-understood
underlying mechanisms provided a unique opportunity for
rational approaches to develop new drugs to overcome the
T790M drug resistance. Considering the advances the field has
gained so far from first- and second-generation EGFR inhibitors

in the clinics, the following features were crucial to achieve
sufficient clinical efficacy: (i) a novel scaffold to specifically
target the T790M gatekeeper mutant variant that can avoid a
steric clash with Met790, while (ii) sparing wild type inhibition
and being mutant-selective, and (iii) a reactive substituent to
alkylate Cys797 in EGFR to overcome T790M drug resistance
by achieving maximum drug-target residence time. A new
generation of covalent EGFR inhibitors including CO-1686
(rociletinib) and AZD9291 (osimertinib) has been developed
by applying these considerations (Figure 1A). Both drugs
contain a distinctive aminopyrimidine scaffold as a hinge
binding element, and they avoid the steric interference with the
mutant methionine gatekeeper residue. Moreover, CO-1686
and AZD9291 incorporate an acrylamide as a Michael acceptor
(Figure 2B). These novel inhibitors showed dramatic in vivo
efficacy and progressed to human clinical trials, which enrolled
patients suffering from advanced NSCLC driven by EGFR-
activating mutations and who had relapsed into disease
progression after previous treatment with existing EGFR
TKIs. Both drugs showed impressive response rates of about
60% in patients harboring the acquired T790M drug-resistant
mutation. The median progression-free survival for T790M-
positive patients treated with rociletinib was 13.1 months and
9.6 months after administering osimertinib.8,9

With respect to the nonspecific reactivity and off-target
reactivity that occur with covalent drugs, the aforementioned
clinical studies showed no significant off-target toxicity. The
dosage of CO-1686 could even be increased up to 1000 mg
twice daily without observing a maximum tolerated dose.8

AZD9291 was dosed up to 240 mg daily and no dose-limiting
toxic effects could be identified, indicating that an incorporated
acrylamide warhead may represent a compromise with respect
to reactivity and toxicity.9 These recent findings will further

Figure 2. Binding mode of covalent EGFR tyrosine kinase inhibitors. The binding equilibrium indicates, whether the binding of ligand (L) and
receptor (R) is favored. (A) The emergence of the T790M gatekeeper mutation induces steric hindrance of 4-aminoquinazolines such as afatinib
with the methionine side chain (highlighted in red) and promotes the dissociation of the reversible ligand and receptor complex [LR]. Therefore,
covalent bond formation (highlighted in yellow) of second-generation inhibitors with the receptor, yielding the covalent adduct L−R, cannot
sufficiently occur (PDB code: 4G5P). (B) Third-generation TKIs, as exemplified by the structural analogue WZ4002, avoid the steric conflict with
Met790 and therefore achieve complete receptor occupancy (PDB code: 3IKA). (C) The C797S mutation mediates resistance to irreversible drugs
since the less nucleophilic serine side chain cannot undergo covalent bond formation (highlighted in red) at physiological conditions (model based
on PDB code: 3IKA).
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strengthen the development of covalent drugs and maybe
diminish the major concerns about their off-target potential.
Only very few patients displayed any drug-related side effects
associated with EGFR-WT toxicity, demonstrating high mutant
selectivity and reduced wild type inhibition.8,9 The most
common dose-limiting adverse event for CO-1686 was
hyperglycemia, which interestingly is caused by a noncovalent
metabolite, which exhibits an inhibitory effect against the
insulin-like growth factor 1 receptor (IGF1R) and the insulin
receptor (INSR) tyrosine kinases leading to increased glucose
and insulin levels.10 Dose reduction and metformin therapy as
an antidiabetic medication brought hyperglycemia under
control.8 These recent successes highlight that the knowledge
the field has gained in recent years with respect to the relevance
of oncogenic drivers, effective targeted inhibition, and acquired
resistance mechanisms allows for the rational development of
drugs active against a specific target protein, once a driver
mutation is discovered. Targeting EGFR-dependent NSCLC
represents an example of how successful personalized cancer
therapy can be implemented. The covalent third-generation of
EGFR inhibitors even demonstrated the successful treatment of
an acquired drug resistance, giving hope to a subpopulation of
patients harboring these mutations.

■ LIMITATIONS OF TARGETED THERAPIES
The success of targeted therapy is offset by limitations, as TKI
treatment of T790M-positive patients led again to new
resistances within months, indicating that all responders will
eventually acquire some sort of drug resistance upon targeted
treatment. In the case of AZD9291 treatment, remarkable 40%
of the resistant cases developed a mutation that substitutes a
less nucleophilic serine residue for the reactive cysteine
(C797S). This point mutation prevents a covalent bond
formation with the available covalent drugs, as a serine side
chain is unlikely to undergo a Michael addition at physiological
conditions, leading to a substantial loss of efficacy (Figure
2C).11 This resistance mutation has also been observed in the
Bruton’s tyrosine kinase (BTK) that bears an analogous
cysteine to EGFR,12 indicating a common resistance mecha-
nism for covalent kinase inhibitors. Cysteine point mutations,
therefore, may constitute a recurring liability for a broad range
of covalent drugs in the future.
Considering these critical limitations, the concept of targeted

cancer therapy raises the question about the prospects of this
treatment. Recurrent and diverse mechanisms of drug
resistance further decrease the number of patients that would
benefit from a certain therapy. In fact, the population of
patients is thereby split into several subgroups that all require a
distinctive therapy. In this context, strong efforts will be
required to unravel the emerging mechanisms of resistance as
well as to develop innovative targeted drugs. Despite these
challenges, targeted cancer therapy is a valuable strategy for
NSCLC patients with defined clinical and molecular bio-
markers. Although still too few in number, these patients profit
significantly with a prolonged life expectancy as well as
improved quality of life resulting from reduced side effects
when compared to conventional chemotherapy. Current efforts
in the identification of oncogenic drivers represent a further
major aspect and allow for the intensive investigation and
development of new targeted drugs. The availability of a
defined set of targeted therapeutics to address given targets and
their respective resistance mutations would not only allow for
more flexible treatments but would also be directed toward the

treatment of cancer as a chronic disease. Interestingly,
treatment regimes that are fine-tuned based on the mutation
status, are state-of-the-art in the treatment of HIV.
However, the outcomes from the clinics strengthen the

conclusion that there will be the need for alternative strategies
for the beneficial treatment of cancer beyond targeted therapies.
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