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Abstract
Most advanced non–small-cell lung cancers (NSCLCs) with activating epidermal growth factor
receptor (EGFR) mutations (exon 19 deletions or L858R) initially respond to the EGFR tyrosine
kinase inhibitors (TKIs) gefitinib and erlotinib. However, over time (median of 6−12 months), most
tumors develop acquired resistance to EGFR TKIs. Intense research in these NSCLCs has identified
two major mechanisms of resistance to gefitinib/erlotinib: secondary resistance mutations and
“oncogene kinase switch” systems. The secondary T790M mutation occurs in 50% of EGFR-mutated
patients with TKI resistance, and in vitro, this mutation negates the hypersensitivity of activating
EGFR mutations. Sensitive detection methods have identified a proportion of TKI-naive tumors that
carry T790M, and these resistant clones may be selected after exposure to gefitinib or erlotinib. Other
secondary resistance mutations (D761Y, L747S, T854A) seem to be rare. The amplification of the
MET oncogene is present in 20% of TKI-resistant tumors; however, in half of the cases with this
“oncogene kinase switch” mechanism the T790M is coexistent. It is possible that other kinases (such
as insulin-like growth factor-1 receptor [IGF-1R]) might also be selected to bypass EGFR pathways
in resistant tumors. The growing preclinical data in EGFR-mutated NSCLCs with acquired resistance
to gefitinib or erlotinib has spawned the initiation or conception of clinical trials testing novel EGFR
inhibitors that in vitro inhibit T790M (neratinib, XL647, BIBW 2992, and PF-00299804), MET, or
IGF-1R inhibitors in combination with EGFR TKIs, and heat shock protein 90 inhibitors. Ongoing
preclinical and clinical research in EGFR-mutated NSCLC has the potential to significantly improve
the outcomes of patients with these somatic mutations.
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Introduction
Lung cancer continues to be the leading cause of cancer deaths in the United States.1 First-line
platinum-based chemotherapy, the standard of care for patients with advanced non–small-cell
lung cancer (NSCLC), yields a response rate (RR) of 30% or less and a median overall survival
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(OS) of fewer than 12 months even with the addition of the vascular endothelial growth factor
(VEGF) antibody bevacizumab.2,3 Two chemotherapies, docetaxel4 and pemetrexed,5 can be
used in second-line therapy for advanced NSCLC. However, the prognosis for patients with
advanced NSCLC remains poor.

Two anilinoquinazoline epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors
(TK; TKIs) have gained approval for use in unselected patients with NSCLC in the second-
and third-line setting after failure of first-line platinum-based chemotherapy.6,7 The first
compound, developed by AstraZeneca, was designated ZD1839 and later renamed gefitinib.
Soon after, OSI Pharmaceuticals started its clinical development of the related compound OSI
774, later renamed erlotinib. Erlotinib, in the second- or third-line setting of NSCLC, derived
a small, statistically significant improvement in survival compared with placebo, but the RR
was only 8.9%, median progression-free survival (PFS) was 2.2 months, and OS was 6.7
months in the treatment arm.7 Gefitinib was not statistically better than placebo in controlling
disease progression and OS in the overall cohort of previously treated NSCLC, despite a benefit
in the prespecified subgroups of never-smokers and Asian patients.7

Insight into the selective response of a fraction of NSCLC to these agents occurred in 2004,
with the identification of oncogenic mutations in the EGFR gene. Two groups from the Dana-
Farber/Harvard Cancer Center (DFHCC) and one from Memorial Sloan-Kettering Cancer
Center (MSKCC) identified somatic mutations in the TK domain of EGFR in most patients
with NSCLC responsive to gefitinib or erlotinib.8-10 EGFR mutations are more common in
NSCLC from tumors with adenocarcinoma histology, in women, in Asian patients, and in
never-smokers.11-13 EGFR mutations are seldom found in squamous cell carcinomas of the
lung, small-cell lung cancer, or other epithelial malignancies. Thus, activating somatic
EGFR mutations are a unique feature of a subclass of NSCLC.

The most prevalent EGFR mutations consist of small inframe deletions around the conserved
LREA motif of exon 19 (corresponding to amino acid residues 747−750) and a point mutation
(L858R) in exon 21,13,14 which account for more than 90% of all EGFR kinase mutations.
These EGFR mutations activate the EGFR signaling pathway and promote EGFR-mediated
prosurvival and antiapoptotic signals through downstream targets, such as AKT-PI3K, ERK,
and STAT.15 Inhibition of the EGFR network leads to upregulation of proapoptotic molecules,
such as BIM, that activated the intrinsic mitochondrial apoptotic pathway.16-19 These signaling
cascades make these EGFR-mutated cells dependent on a functional EGFR for their survival,
14 and hence, they become “oncogene addicted” to EGFR. Therefore, EGFR-mutated NSCLC
has an “Achilles’ heel” in the inhibition of EGFR by small-molecule TKIs.9,20,21

Retrospective studies of patients treated with gefitinib and erlotinib demonstrated that close to
80% of NSCLCs with classic EGFR mutant tumors attain radiographic responses to these oral
agents.12,22 In some reports, PFS and OS were significantly better for EGFR TKI–treated
patients with EGFR mutations than with EGFR wild-type.12 More than 8 prospective trials
have evaluated gefitinib or erlotinib monotherapy in EGFR-mutated NSCLC.23-31 These have
confirmed that around 75% of patients with L858R or exon 19 deletion mutations achieve
responses (Table 1). However, in almost all reports, the PFS did not exceed 12 months32 and
acquired resistance developed in most patients.

This review focuses on the clinically relevant mechanisms of acquired resistance to EGFR
TKIs and discusses ongoing phase I/II clinical trials for patients with NSCLC and acquired
resistance to gefitinib or erlotinib. Mechanisms of primary resistance to EGFR-targeted
therapy, such as K-ras mutations and EGFR exon 20 insertion mutations, have been reviewed
elsewhere.13,33,34 Because the mechanisms of sensitivity and resistance to EGFR TKIs have
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not been clearly established in EGFR wild-type NSCLC, we will address the well-established
mechanisms that have been described in EGFR-mutated NSCLC.

Mechanisms of Acquired Resistance to Gefitinib and Erlotinib
Secondary Mutations: EGFR T790M

The first identified mechanism of acquired resistance to EGFR TKIs was the EGFR T790M
mutation by investigators at the DFHCC35 and MSKCC36 in 2005. Both groups analyzed
patients with NSCLC harboring either exon 19 deletions or the L858R mutation that progressed
after a period of response to gefitinib or erlotinib. In postprogression biopsies, the original
EGFR mutation and the novel T790M in exon 20 were identified.35,36 There are many
similarities among structures of TKs, and T790M (EGFR, NSCLC) is analogous to T315I
(ABL1, chronic myeloid leukemia [CML]) and T670I (KIT, gastrointestinal stromal tumors
[GIST]).37

When T790M was introduced in vitro to sequences containing wild-type EGFR, exon 19
deletion–EGFR, or L858R-EGFR, the resulting proteins were significantly more resistant to
gefitinib in the constructs containing T790M.35,38 The inhibitory concentrations to erlotinib
and gefitinib in T790M-containing constructs exceeded 5 μM, which is a concentration more
than 100-fold higher than that required to inhibit exon 19 deletions or L858R-EGFR.39 A
NSCLC cell line with the L858R-T790M mutation (H1975) was significantly more resistant
to gefitinib or erlotinib than lines with L858R (H3255) and an exon 19 deletion (HCC827).
36,38,40 The T790M mutation is most often seen in cis; however, it can occur in trans, to L858R
or exon 19 deletions.35,40 EGFR-mutated cell lines that have L858R-T790M or exon 19
deletions-T790M continue to be dependent on EGFR, because alternative EGFR inhibitors
(which will be described in greater detail below) halt cell proliferation and lead to apoptosis.
38,40,41 Some EGFR-mutated NSCLC cell lines (H3255 and PC-9) that are exposed to
incremental concentrations of gefitinib in culture end up acquiring T790M,40,42 and mouse
lung cancer models of L858R-T790M confirmed that these tumors are resistant to gefitinib
and erlotinib.43 These preclinical and clinical data support T790M as a main mechanism of
resistance to EGFR TKIs.

Consistently, T790M has been identified in half of NSCLC patients with acquired resistance
to gefitinib and erlotinib (Figure 1A) in North American and Asian cohorts of EGFR-mutated
patients who underwent re-biopsy after progression.40,44-46

How T790M affects the hypersensitivity of activating EGFR mutations is still not completely
clear. Initially, it was speculated, based on the crystallographic structure of the kinase domain
of EGFR, that the bulkier methionine residue of the “gatekeeper” T790M changed the ATP-
binding pocket of the kinase, therefore blocking the engagement of erlotinib or gefitinib.35

However, more recently, it was demonstrated that T790M affected minimally the binding of
gefitinib to L858R-EGFR.47 Instead, L858R-T790M-EGFR had increased affinity to ATP
when compared with L858R alone, which is predicted to decrease binding of gefitinib and
erlotinib because these drugs are ATP-competitive kinase inhibitors.47 These findings will
certainly affect the development of the next generation of EGFR inhibitors with the ability to
overcome T790M.

Much debate also exists in regard to the “selection” or “acquisition” of T790M in EGFR-
mutated systems (Figure 1B). In the original reports, preprogression samples lacked T790M,
and it was thought that this abnormality was acquired only after exposure to gefitinib or
erlotinib.35,36 However, in rare instances, T790M has been identified in biopsy specimens of
treatment-naive NSCLCs using standard sequencing techniques.29,48,49 A group from the
DFHCC used a circulating tumor cell chip to capture circulating tumor cells in the blood of
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EGFR-mutated NSCLC patients, and identified the T790M mutation in 10 of 26 (38%)
pretreatment samples using a sensitive polymerase chain reaction method.50 Interestingly, they
found that a relatively high number of amplification cycles were required to detect T790M,
suggesting that the mutation was present in only a fraction of the tumor cells.50 Serial analyses
of EGFR-mutated patients treated with gefitinib and erlotinib revealed the increased prevalence
of the resistant T790M allele within circulating tumor cells over time.50 The presence of
pretreatment T790M did not preclude the response to gefitinib or erlotinib but was prognostic
of a shorter time to progression on EGFR TKIs in these EGFR-mutated patients.50 These
findings might be indicative that T790M is not uncommon in some tumor clones of TKI-naive
patients with EGFR mutations, and clones with this alteration are selected for after treatment
with EGFR TKIs (Figure 1B). The clinical use of noninvasive methods to detect T790M is
ongoing evaluation, but assays that test for tumor-derived DNA in plasma or circulating tumors
cells might one day supplement the need for a repeat biopsy to identify this mechanism of
resistance.51

Other Secondary Mutations
To date, few secondary mutations other than T790M have been described in patients with
acquired resistance to gefitinib or erlotinib (Figure 1A). Interestingly, in the case of CML and
GIST, many distinct mutations have been described in the BCR-ABL and KIT kinase domains
from patients with resistance to imatinib.52,53 The predominance of T790M as a secondary
mutation in NSCLC could be because of the binding of gefitinib/erlotinib to the active
conformation of EGFR, while imatinib binds to the inactive conformation of ABL and KIT.44

The first non-T790M secondary mutation described was D761Y. The patient that acquired this
change had a background of L858R-EGFR, and the compound L858R-D761Y mutation was
identified in a growing central nervous system lesion.44 In vitro, L858R-D761Y was more
resistant to the inhibitory effects of gefitinib when compared with L858R but many fold less
resistant than L858R-T790M.44 We described the L747S secondary mutation in the pleural
effusion of a L858R-EGFR–mutated patient who had a prolonged response to single-agent
gefitinib before detection of L747S.16 L858R-L747S is more resistant in vitro to gefitinib/
erlotinib than L858R alone; however, it demonstrated a pattern of resistance that was less
pronounced than that observed with L858R-T790M. In TKI-naive patients, both D761Y54,55

and L747S56 have been described, and the few patients treated with gefitinib with these
mutations did not have responses. The mechanism of resistance of these non-T790M mutations
is unclear, but they might affect the conformation of the active and inactive states of L858R-
EGFR and consequently the binding of gefitinib.16 One interesting clinical aspect of the in
vitro studies with L858R-L747S and L858R-D761Y is that doses of gefitinib or erlotinib that
reach 1 μM are able to inhibit these EGFR mutants, which indicates that in these rare patients,
a dose escalation of a reversible TKI (either by increasing the dose of gefitinib or switching to
erlotinib) could potentially overcome their initial resistance to gefitinib as will be described
herein.57 More recently, the T854A mutation was identified in a patient with L858R-EGFR
NSCLC after long-term treatment with gefitinib and erlotinib.58 In vitro L858R-T854A was
resistant to erlotinib, and the crystal structure of EGFR suggests the T854 side chain is within
contact distance of gefitinib and erlotinib.58 A recent in vitro erlotinib-resistance screen also
disclosed L858R-T854A as an erlotinib-resistant mutation with 3-fold increase in inhibitory
concentration when compared with L858R-EGFR alone, while L858R-T790M was more than
300-fold more resistant than L858R.39

Overall, based on the largest patient series of EGFR-mutated TKI-resistant patients,44,45,58 the
frequency of non-T790M mutations is below 5%.
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MET Amplification and Other “Kinase Switch” Mechanisms
In other “oncogene-addicted” cancers, acquired resistance to TKIs can develop through a
“kinase switch” mechanism. In GIST, cells dependent on mutated KIT have been able to
overcome imatinib by switching their dependency to AXL (another TK) that sustained common
downstream signaling pathways.59

A similar mechanism occurs in EGFR-mutated tumors with acquired resistance to gefitinib or
erlotinib. In 2007, 2 groups identified the acquired amplification of MET as a cause of TKI
resistance.60,61 The amplification of MET, a transmembrane TK receptor, is seen in gastric
and esophageal cancers62,63 but is less common in untreated NSCLC.64-67 However, both
MET expression and mutations are present in NSCLC.66

Acquired amplification of the wild-type MET oncogene was identified in approximately 20%
of EGFR-mutated patients with acquired resistance to gefitinib or erlotinib.60,61 In most cases,
MET was not amplified in pretreatment specimens. The methods of identification of MET
(either fluorescence in situ hybridization or quantitative DNA analysis) have not been
compared head-to-head in patient's samples, and it is unclear if the method used could affect
the percentage of cases with this abnormality. MET couples with other ErbB members,
specifically ErbB3, and activates downstream signals mediated by AKT that bypass the
inhibited EGFR.60 The in vitro resistance to erlotinib and gefitinib in this model was in the
range of 5−10 μM. Inhibition of MET signaling by RNA interference restored sensitivity to
gefitinib, and dual inhibition of EGFR and MET with TKIs was able to overcome MET-
amplified EGFR TKI–resistant tumors.60 In almost half of the patients with MET amplification,
T790M was identified either in the same biopsy specimen or in other sites of the same patient.
60,61 In some instances, patients with EGFR-activating mutations and primary resistance to
gefitinib had concomitant MET amplification,29 and it is possible that MET-amplified clones
are selected in the presence of gefitinib or erlotinib (Figure 1B).

Other kinases might also participate in similar “kinase switch” alterations in EGFR-dependent
NSCLCs that become resistant to gefitinib or erlotinib (Figure 1A). Although no patient data
support this assumption, recent in vitro models of resistance to EGFR TKIs have shown that
the insulin-like growth factor (IGF)-1 receptor (IGF-1R) can activate downstream targets that
bypass dependency in EGFR.68,69 In an EGFR wild-type–amplified cell line, loss of IGF
binding proteins with subsequent activation of IGF-1R was seen when the cells were made
resistant to gefitinib in culture.68 In the H1975 NSCLC cell line (L858R-T790M-EGFR)
chronic exposure to increasing concentrations of the EGFR inhibitor CL-387,785 resulted in
an EGFR TKI–resistant line with activated IGF-1R.69 Because the identification of IGF-1R
activation could be technically challenging in human samples, it might be difficult to replicate
these results in NSCLC samples from TKI-resistant patients.

Ongoing research is attempting to identify other mechanisms that account for the 30%-40% of
EGFR TKI–resistant EGFR-mutated tumors that do not carry secondary resistance mutations
or MET amplification.

Clinical Management of Patients with Acquired Resistance to Gefitinib or
Erlotinib
Continued Use of Gefitinib/Erlotinib

In EGFR-mutated patients with acquired resistance to either gefitinib or erlotinib continued
EGFR inhibition might be clinically beneficial, akin to the continued blockage of ErbB2
(HER2) with trastuzumab in ErbB2-amplified breast cancers.70,71 The re-administration of
gefitinib or erlotinib in 2 cohorts of previously TKI-responsive NSCLC patients upon
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radiographic progression decreased the rate of clinical deterioration and stabilized some of the
growing lesions72,73; however, most tumors continued to display progressive disease. Ongoing
randomized phase II trials such as erlotinib plus pemetrexed versus pemetrexed alone in
patients with a previous response to erlotinib (ClinicalTrials.gov identifier: NCT00660816)
are attempting to address if maintaining some form of the original EGFR TKI (be it gefitinib
or erlotinib) in addition to other lines of therapy is better than removing the TKI altogether in
a clinically enriched population of NSCLC with resistance to gefitinib or erlotinib.

Another intriguing clinical question that has emerged asks if patients initially responsive to
gefitinib should receive erlotinib after tumor progression. Gefitinib's clinical dose of 250 mg/
day is less than its maximum tolerated dose (MTD) of 1000 mg/day, and the mean steady state
serum concentration of gefitinib at 250 mg/day does not exceed 0.5 μM.74 Erlotinib is used
clinically at a dose of 150 mg/day,6 which is its MTD, and the median steady state trough
concentrations at this dose exceeds 1.5 μM.75 In preclinical models, the in vitro concentrations
of gefitinib/erlotinib that inhibit EGFR-mutated NSCLC cell lines that harbor T790M and/or
MET amplification exceed 5 μM.35-38 Because gefitinib-resistant EGFR-mutated tumors
predominantly have T790M and/or MET amplification, the prevailing hypothesis is that these
tumors would be cross-resistant to erlotinib. Two recent Korean phase II trials of erlotinib 150
mg/day in patients with either primary or acquired resistance to gefitinib have shown that
erlotinib has a very limited activity profile with a short time of disease control rate in these
patients.76,77 Over 80% of the patients (36 of 44) had rapid tumor growth qualified as
progressive disease (PD) with this gefitinib-to-erlotinib switch.76,77 In a cohort of 18 EGFR-
mutated NSCLCs with resistance to gefitinib that subsequently received erlotinib, 78% of the
patients had PD on erlotinib, and the median PFS was a dismal 2 months.78 Most patients with
acquired resistance in that series carried the T790M mutation, and the only responding patient
had the acquired L858R-L747S mutation, which in vitro can be inhibited by gefitinib/erlotinib
concentrations of 1−2 μM that could be achieved by erlotinib 150 mg/day but not gefitinib 250
mg/day.78

Based on the data above, it seems that continued EGFR inhibition with gefitinib or erlotinib
might have a role in the management of patients with EGFR mutations after resistance ensues;
however, it is also clear that meaningful and sustained clinical and radiographic responses will
seldom be obtained with such an approach, and alternative treatment options need to be
explored.

Novel Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitors
Initial steps have begun to use preclinical data for rationale design of clinical trials of patients
with acquired resistance to gefitinib or erlotinib. In the original publication of EGFR-T790M,
the authors had demonstrated that an irreversible EGFR inhibitor (CL-387,785, an ATP
mimetic that covalently bind to Cys-797 of EGFR) was able to in vitro inhibit T790M in cis
to activating exon 19 deletion mutation at lower concentrations than gefitinib or erlotinib.35,
38 Following that original observation, many groups have shown that other irreversible and
second-generation EGFR inhibitors in vitro can partially overcome L858R-T790M and exon
19 deletions-T790M EGFR mutations.37,41,79-82 In some cases, the drugs tested in vitro have
already entered the clinical arena.83

The above-mentioned findings have spawned phase II trials to address if these novel EGFR
inhibitors will be useful in patients with EGFR T790M and/or acquired resistance to gefitinib
or erlotinib. Table 2 describes 4 compounds (neratinib [HKI-272], XL647, BIBW 2992, and
PF-00299804) that are being tested in this setting.

Neratinib was one of first compounds to be tested in this specific population. This is an
irreversible pan-ErbB TKI (EGFR, ErbB2, ErbB3) that in vitro and in vivo has activity against
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classic EGFR mutations (L858R, exon 19 deletions), exon 20 EGFR insertions (which are
more resistant to gefitinib/erlotinib), amplified or mutated ErbB2, and compound EGFR
mutations with T790M.41,84,85 In a phase I trial of neratinib for patients with solid tumors, the
MTD was determined as 320 mg/day, and 12 patients with NSCLC were enrolled.85 Despite
no responses noted in the NSCLC cohort, 5 patients with acquired resistance to gefitinib/
erlotinib had stable disease for more than 24 weeks.85 These findings led to a 3-arm randomized
trial of neratinib at 240 mg/day in patients with NSCLC who had progressed after clinical
benefit of gefitinib/erlotinib or were never- or light smokers (ClinicalTrials.gov identifier:
NCT00266877). The accrual for this trial is complete, and the arms were divided into patients
with or without EGFR mutations. Results are anticipated and should help determine if neratinib
is active or inactive in this select patient population that is enriched for patients with acquired
resistance to TKIs because of T790M or MET amplification in the EGFR-mutated arm.
However, since the initiation of the trial, additional preclinical data have become available for
neratinib. In vitro, an EGFR exon 19 deletion–mutated cell line (PC-9) exposed to neratinib at
doses achieved in the phase I clinical trial85 acquired EGFR T790M.86 In a mouse model of
EGFR L858R-T790M, neratinib alone was ineffective in generating a radiographic response
in established tumors.43 These data, and the fact that neratinib did not lead to development of
rash (a surrogate marker of EGFR TKI dose) in patients,85 raise the possibility that, at the
achievable clinical concentrations of this and other novel EGFR inhibitors, T790M will still
not be inhibited.

XL647 is a reversible TKI of EGFR, HER2, VEGF receptor (VEGFR)-2, and EphB4, among
other kinases. In an EGFR L858R-T790M–mutated model (H1975), XL647 was able to inhibit
the growth of tumors with a lower concentration than that achieved by gefitinib or erlotinib.
81 In a phase II trial of an enriched population of NSCLC with chemotherapy-naive EGFR-
mutated tumors, XL647 had activity against classic (L858R, exon 19 deletions) EGFR
mutations.87 These findings led to a phase II trial of XL647 at 300 mg/day in patients with
NSCLC who had clinical benefit with erlotinib/gefitinib for over 3 months before progression
or the T790M mutation (ClinicalTrials.gov identifier: NCT00522145). The trial tested for
T790M in the plasma of all patients. Accrual is complete, and preliminary results were
presented in 2008.88 Of the estimated 34 patients enrolled, only 1 achieved a partial response.
This never-smoker had an exon 19 deletion in her original tumor, had no T790M detected in
her plasma and had been off of erlotinib for over 6 months. None of the patients with T790M
reported achieved a radiographic response, and most of the patients had PD within the first 2
months of study drug use.88 Final results of the study are awaited to determine the median time
to progression, rate of stable or progressive disease, and extent of toxicities.

BIBW 2992 is another irreversible TKI of EGFR and ErbB2. In vitro and in vivo models of
EGFR-mutated NSCLC have shown that BIBW 2992 might inhibit EGFR-mutated tumors
with lower concentrations than neratinib.82 Specifically, BIBW 2992 was able to shrink tumors
in transgenic mice with the L858R-T790M mutation and was effective in exon 20 insertion
EGFR mutations.82 In a phase II trial of patients with EGFR mutations (ClinicalTrials.gov
identifier: NCT00525148), BIBW 2992 led to responses in patients with EGFR exon 19
deletion, L858R, L861Q, and G719S/S768I mutations.89 These data have led to the launch of
a clinical trial of BIBW 2992 at 50 mg/day as third-line therapy for NSCLC patients who have
failed chemotherapy and had previous clinical benefit from gefitinib/erlotinib before
progression (ClinicalTrials.gov identifier: NCT00711594). A phase IIb/III randomized trial of
BIBW 2992 versus placebo in the third-line setting of NSCLC after failure of gefitinib/erlotinib
is also planned (ClinicalTrials.gov identifier: NCT00656136; LUX-Lung 1). Results of the
above-mentioned trials will help determine if BIBW 2992 will have clinical activity against
EGFR-mutated tumors with acquired resistance to gefitinib/erlotinib.
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PF-00299804 is a pan-ErbB TKI with a better in vitro and in vivo inhibition profile against
EGFR-T790M than gefitinib or erlotinib.79 The drug also has activity against exon 20 EGFR
insertion mutations.79 Furthermore, PF-00299804 showed adequate distribution in human
tumor xenografts with optimal pharmacokinetic properties in preclinical studies.80 In a phase
I trial of PF-00299804 for patients with advanced solid tumors, patients with EGFR mutations
and resistance to gefitinib/erlotinib showed responses.90 A patient with an exon 20 insertion
had a partial radiographic response.90 A phase II trial of third-line PF-00299804 at 45 mg/day
for K-ras wild-type NSCLC patients who experienced failure with chemotherapy and erlotinib
is ongoing (ClinicalTrials.gov identifier: NCT00548093) and will help determine the activity
of this compound in EGFR-mutated patients with acquired resistance to gefitinib/erlotinib.

If neratinib, XL647, BIBW 2992, and PF-00299804 are not effective in the setting of acquired
resistance to gefitinib/erlotinib in NSCLC, they still might have a role in the first-line treatment
of EGFR TKI–naive patients with classic EGFR mutations (L858R or exon 19 deletions),
atypical mutations less sensitive to gefitinib/erlotinib (exon 20 insertions), or in ErbB2-
amplified breast cancer.85,87,89,90 A novel EGFR inhibitor specifically selected to target EGFR
mutations with T790M could eventually have clinical activity in patients with NSCLC and
acquired resistance to gefitinib/erlotinib.

Targeting Other Oncogenes in Addition to Epidermal Growth Factor Receptor
A new area of intense clinical investigation resides in the combination of different TKIs. Based
on the novel findings that “kinase switch” mechanisms might play a role in the resistance to
gefitinib/erlotinib in NSCLC,60,68 new trials are being developed based on these preclinical
observations.

Because MET amplification was identified in a proportion of patients with acquired resistance
to gefitinib/erlotinib,60,61 novel MET TKIs could be a viable treatment strategy for a small
fraction of patients with MET amplification as the main mechanism of resistance. In preclinical
models, EGFR-mutated cells with MET amplification responded to a combination of EGFR
and MET TKIs but were resistant to each agent given alone.60 One small caveat of this approach
is that almost half of the cases with MET amplification also displayed concomitant T790M,
60,61 indicating that combination therapies with MET TKIs might need to be accompanied by
an EGFR TKI capable of inhibiting T790M.91 XL184 is a novel TKI with activity against
MET, VEGFR-2, and RET. A phase II clinical trial of XL184 with or without erlotinib for
patients with NSCLC who have progressed after responding to erlotinib is planned if the
combination is safe in the anteceding phase I trial (ClinicalTrials.gov identifier:
NCT00266877). Trials with other MET inhibitors (such as ARQ 197, PF-2341066, SGX523)
will follow.

Despite no patient data supporting that IGF-1R is responsible for acquired resistance to
gefitinib/erlotinib, preclinical models indicate that this is a potential mechanism of resistance
in different tumor types.68,69 Clinical trials of IGF-1R inhibitors with activity in unselected
NSCLC patients, such as figitumumab (CP-751,871),92 in association with EGFR inhibitors
will likely be planned for NSCLC with acquired resistance to gefitinib/erlotinib in the near
future. It has also been shown that mutant EGFR can activate the gp130/JAK/STAT3 pathway
by means of interleukin-6 upregulation in lung adenocarcinomas, which indicates that JAK
inhibition in combination with EGFR TKIs might be effective in the treatment of mutant
EGFR-driven tumors that are less sensitive or resistant to TKIs.93

Another area of interest is the use of inhibitors of multiple TKIs by a nonkinase-dependent
mechanism. The heat shock protein (HSP) 90 chaperone system plays a role in the
conformational maturation of kinases, including EGFR, ErbB2, and MET, among others.94

HSP90 inhibitors are active in preclinical models of NSCLCs bearing EGFR mutations with
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or without T790M.69 Phase I/II clinical trials of some of the HSP90 inhibitors, such as
retaspimycin (IPI-504; ClinicalTrials.gov identifier: NCT00431015), for patients who have
failed gefitinib/erlotinib, will help determine if these agents will have a role in the management
of these “oncogene-addicted” tumors in the clinical arena.

Another attractive approach would be to target a common key effector pathway of receptor
tyrosine kinases including EGFR. The proapoptotic BH3-only protein BIM was shown to be
the most important molecule that determines the apoptotic signal of EGFR inhibition.16-19

BH3-mimetics, such as ABT-737 or ABT-263, have enhanced the effects of erlotinib and
gefitinib in EGFR-mutated cells.17,18 If BH3-mimetics move forward in clinical development,
it may be interesting to test them in NSCLCs with TKI resistance.

Conclusion
The rapid pace of preclinical work in the field of EGFR mutations and mechanisms of resistance
to gefitinib and erlotinib continues to shed light on potential clinical approaches for this NSCLC
subtype. The main mechanisms of resistance identified to date include secondary mutations
and an “oncogene kinase switch.” The EGFR T790M mutation accounts for 50% of cases,
other secondary resistance mutations are rare, and MET amplification is detected in 20%
(however, half have concomitant T790M) of patients with EGFR-mutated TKI-resistant
NSCLC. As always, clinical investigation lags behind the exciting laboratory findings of the
field. However, a multitude of clinical trials evaluating novel EGFR, MET, IGF-1R, and HSP90
inhibitors in NSCLC are under way or planned for this growing cohort of patients with acquired
resistance to gefitinib/erlotinib and/or EGFR mutations.
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Figure 1. Mechanisms of Acquired Resistance to Gefitinib/Erlotinib in Epidermal Growth Factor
Receptor–Mutated Non–Small-Cell Lung Cancer
A. Secondary resistance mutations and “oncogene kinase switch” models that account for
resistance. B. A model of “acquisition” (a) versus “selection” (b) of T790M and MET
amplification during the course of treatment of EGFR-mutated tumors with gefitinib/erlotinib.
Abbreviations: EGFR = epidermal growth factor receptor; IGF-1R = insulin-like growth
factor-1 receptor; RTK = receptor tyrosine kinase; TKI = tyrosine kinase inhibitor
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