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ABSTRACT

Small-molecule tyrosine kinase inhibitors (TKIs) of the hu-
man epidermal growth factor receptor (HER) include the
reversible epidermal growth factor receptor (EGFR/
HER-1) inhibitors gefitinib and erlotinib. EGFR TKIs
have demonstrated activity in the treatment of patients
with non-small cell lung cancer (NSCLC) harboring acti-
vating EGFR mutations; however, multiple mechanisms of
resistance limit the benefit of these drugs. Although resis-
tance to EGFR TKIs can be intrinsic and correlated with
molecular lesions such as in Kirsten rat sarcoma viral on-
cogene homolog (KRAS; generally observed in a wild-type
EGFR background), acquired resistance to EGFR TKIs

can evolve in the setting of activating EGFR mutations,
such as in the case of EGFR T790M mutations. Several ir-
reversible inhibitors that target multiple members of the
HER family simultaneously are currently in clinical devel-
opment for NSCLC and may have a role in the treatment of
TKI-sensitive and TKI-resistant disease. These include
PF00299804, an inhibitor of EGFR/HER-1, HER-2, and
HER-4, and afatinib (BIBW 2992), an inhibitor of EGFR/
HER-1, HER-2, and HER-4. Results of large, randomized
trials of these agents may help to determine their potential
for the treatment of NSCLC. The Oncologist 2011;16:
1498–1507

INTRODUCTION
The human epidermal growth factor receptor (HER) family of re-
ceptor tyrosine kinases (RTKs) is a well-established target for an-
ticancer therapies. Composed of four members—epidermal
growth factor receptor (EGFR, HER-1, ErbB-1), HER-2 (ErbB-
2), HER-3 (ErbB-3), and HER-4 (ErbB-4)—the HER family con-
trols various signaling pathways leading to cell growth,
proliferation, differentiation, and survival throughout develop-
ment and during adult physiologic homeostasis [1]. HER family
ligands (e.g., EGF, transforming growth factor �, amphiregulin,
epiregulin, b-cellulin, heparin-binding EGF) each bind to at least
one HER family member [2]. Ligand binding leads to receptor
dimerization and phosphorylation; homodimerization and het-
erodimerization among HER family members trigger cellular re-
sponses through signal diversification and amplification (Fig. 1)
[3, 4]. Upon ligand-induced receptor dimerization, autophosphor-

ylation of key tyrosine residues results in the stimulation of ty-
rosine kinase (TK) activity. HER-2 itself has no known ligand but
possesses strong TK activity [5] and is the preferred binding part-
ner for other HER receptors [6]. HER-3 can bind ligand but has
an inactive TK domain, so phosphorylation and subsequent
downstream signaling occur only when dimerized with a
partner (e.g., HER-2) [5]. Although HER-4 signaling in nor-
mal cells has been well characterized, its role in carcinogen-
esis is poorly understood.

Numerous studies have indicated that aberrant signaling
from the HER family of RTKs can lead to the development and
progression of cancer [7–9], providing a rationale for targeting
this family for cancer treatment. Drugs targeting the HER fam-
ily play an important role in the management of many cancer
types, including non-small cell lung cancer (NSCLC) [7, 8].
This review discusses the clinical development of irreversible
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tyrosine kinase inhibitors (TKIs) that target the HER family in
NSCLC.

A HISTORY OF EGFR TKIS IN NSCLC AND THE
RATIONALE FOR IRREVERSIBLE INHIBITION OF EGFR

Erlotinib and Gefitinib
EGFR overexpression has been detected in a variety of epithe-
lial malignancies, including NSCLC [10]. This observation
spurred the study of EGFR inhibitors, such as gefitinib (Ir-
essa�; AstraZeneca, Wilmington, DE) and erlotinib (Tar-
ceva�; Genentech, South San Francisco, CA), in patients with
NSCLC. Both agents are orally available, reversible, small-
molecule inhibitors of the TK portion of the receptor. They in-
hibit ATP binding and subsequent signal transduction and
downstream effector functions [11]. In phase II trials, activity
was observed with gefitinib in patients with advanced NSCLC
and prior chemotherapy. Gefitinib dosed at 250 mg and 500 mg
daily yielded response rates (RRs) of 18% and 19%, respec-
tively, in a multicenter trial conducted in the European Union
and Japan (Iressa� Dose Evaluation in Advanced Lung Cancer
[IDEAL] 1) [12], and 9% and 12% in a multicenter trial con-
ducted in the U.S. (IDEAL 2) [13]. A multicenter phase II trial
studying erlotinib in previously treated patients with advanced
NSCLC reported an RR of 12.3% [14].

Gefitinib was subsequently conditionally approved by the

U.S. Food and Drug Administration (FDA) in May 2003 as
monotherapy for patients with advanced NSCLC who failed to
respond to conventional chemotherapy [15]. However, phase
III trials combining gefitinib with platinum-based chemother-
apy (carboplatin plus paclitaxel or gemcitabine plus cisplatin)
in chemotherapy-naive patients with advanced NSCLC (Ir-
essa� NSCLC Trial Assessing Combination Therapy [IN-
TACT] 1 and INTACT 2) [16, 17] failed to show an overall
survival (OS) advantage with gefitinib, nor did a single-agent
trial of gefitinib compared with placebo in previously treated
patients (Iressa� Survival Evaluation in Lung Cancer [ISEL])
[18]. Based on these results, in 2005 the U.S. FDA recom-
mended a label restriction limiting continued gefitinib use to
patients with advanced or metastatic NSCLC who had failed
both platinum- and docetaxel-based chemotherapies who are
benefiting or have benefited from gefitinib [19]. Similarly, re-
sults from two large phase III trials of erlotinib in unselected
chemotherapy-naive patients with advanced NSCLC (Tar-
ceva� Lung Cancer Investigation [TALENT] and Tarceva�
Responses in Conjunction with Paclitaxel and Carboplatin
[TRIBUTE]) failed to show a significantly longer OS time
when used in combination with platinum-based chemotherapy
[20, 21]. However, in the pivotal phase III BR.21 trial [22], sin-
gle-agent erlotinib produced a significantly longer OS time
than with placebo (6.7 months versus 4.7 months; hazard ratio
[HR], 0.70; 95% confidence interval [CI], 0.58 – 0.85; p �
.001) in previously treated patients with NSCLC. In November
2004, erlotinib was approved by the U.S. FDA for the treat-
ment of patients with locally advanced or metastatic NSCLC
after the failure of at least one prior chemotherapy regimen
[23]. Based on results from the phase III Sequential Tarceva�
in Unresectable NSCLC (SATURN) trial, erlotinib is ap-
proved as maintenance therapy in the U.S. in patients with lo-
cally advanced or metastatic NSCLC whose disease has not
progressed after four cycles of platinum-based therapy [24,
25].

The landmark discovery that a subset of NSCLCs harbor
activating mutations in the TK domain of EGFR elucidated the
determinant of the dramatic responses observed in small per-
centages of patients treated with single-agent gefitinib or erlo-
tinib [26 –28]. These heterozygous somatic mutations most
frequently consist of a point mutation within exon 21, leading
to an amino acid substitution (e.g., L858R) or in-frame dele-
tions within exon 19. Kinase domain mutations lead to consti-
tutive activation of EGFR by destabilization of the
autoinhibited conformation of the receptor [29, 30]. In mutant
EGFR tumors, cell survival is dependent on EGFR signaling, a
phenomenon termed “oncogene addiction” [15]. Interestingly,
although mutant EGFRs are constitutively activated, they pos-
sess lesser affinity for ATP [31]. Furthermore, mutant EGFR
binds gefitinib more tightly than wild-type EGFR; therefore,
TKIs outcompete ATP in interactions with mutant EGFR, ef-
fectively inhibiting the oncogene-addicted state [30, 31].

Among patients with NSCLC, the presence of EGFR mu-
tations correlates with certain clinical characteristics (female
gender, nonsmoking status, Asian ethnicity, and adenocarci-
noma histology) [32], several of which had been previously as-

Figure 1. The diverse HER signaling network. Receptor-spe-
cific ligands for HER-1/EGFR, HER-3, and HER-4 have been
identified, but not for HER-2. Receptor engagement leads to ty-
rosine phosphorylation and activation of signaling pathways
(boxes) depending upon the arrangements of ligand–ErbB en-
gagement (thick arrows denote homodimerization and thin arrows
denote heterodimerization; “X” represents the absence of intrinsic
TK activity).

Abbreviations: EGF, epidermal growth factor; EGFR,
epidermal growth factor receptor; HB, heparin-binding; HER, hu-
man epidermal growth factor receptor; MAPK, mitogen-activated
protein kinase; NRG, neuregulin; PI3K, phosphatidyl inositol
3-kinase; PLC, phospholipase C; STAT, signal transducers and
activators of transcription; TGF, transforming growth factor; TK,
tyrosine kinase.
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sociated with greater clinical benefit with EGFR TKIs [12, 13,
22]. Prospective clinical trials of patients with tumors harbor-
ing activating EGFR mutations have been performed, report-
ing RRs �55% and indicating first-line activity of EGFR TKIs
in genetically selected tumors [33–35]. Despite these impres-
sive RRs in mutant EGFR NSCLCs, in a randomized phase III
trial (Iressa� Non-small-cell lung cancer Trial Evaluating RE-
sponse and Survival against Taxotere�) of previously treated
patients with NSCLC that demonstrated the noninferiority of
gefitinib compared with docetaxel with respect to the OS time
(median, 7.6 months versus 8.0 months; HR, 1.020; 96% CI,
0.905–1.150), there was no difference in the OS times noted in
subgroups with a higher EGFR gene copy number or EGFR
mutation [36]. These results called into question the role of pa-
tient selection by EGFR mutation status prior to initiation of
gefitinib therapy.

The rationale of prospective genotyping and patient selec-
tion was subsequently supported by the results of the phase III
Iressa� Pan-Asia Study (IPASS) trial [37], which included
�1,200 genetically unselected patients with advanced lung ad-
enocarcinoma who received first-line gefitinib or carboplatin
plus paclitaxel. The progression-free survival (PFS) interval
was significantly longer with gefitinib than with chemotherapy
in the overall population (HR, 0.74; 95% CI, 0.65–0.85; p �
.001). Notably, in a preplanned exploratory subgroup analysis
of 261 patients whose tumors possessed EGFR mutations, the
PFS duration was significantly longer for patients receiving
gefitinib than for those receiving carboplatin plus paclitaxel
(HR, 0.48; 95% CI, 0.36–0.64; p � .001), whereas in patients
whose tumors did not have an EGFR mutation (n � 176), the
PFS interval was significantly shorter with gefitinib than with
chemotherapy (HR, 2.85; 95% CI, 2.05–3.98; p � .001) [37].
In 2009, gefitinib was approved in Europe for all lines of ther-
apy in patients with locally advanced or metastatic NSCLC
with an EGFR-activating mutation [38]. Two Japanese phase
III trials published in 2010 confirmed the activity of gefitinib
in chemotherapy-naive patients with advanced NSCLC har-
boring an EGFR mutation [39, 40]. In the first trial (West Japan
Thoracic Oncology Group 3405) [39], gefitinib resulted in a
longer PFS duration (9.2 months versus 6.3 months; HR,
0.489; 95% CI, 0.336–0.710; p � .0001) and a higher objec-
tive RR (62.1% versus 32.2%; p � .0001) than with cisplatin
plus docetaxel; OS data were not available at the time of this
review. Similarly, in a second trial conducted by the North-
East Japan Study Group [40], gefitinib was associated with a
longer PFS time (10.8 months versus 5.4 months; HR, 0.30;
95% CI, 0.22–0.41; p � .001) and a higher RR (73.7% versus
30.7%; p � .001) than with carboplatin plus paclitaxel. How-
ever, the OS time was not significantly different between the
two arms (23.6 months, versus 30.5 months with gefitinib; p �
0.31). This lack of a significant OS difference was also re-
ported in the IPASS trial—the OS times were similar for ge-
fitinib and chemotherapy in the overall population (HR, 0.901;
95% CI, 0.793–1.023; p � .109), in the subgroup of patients
with EGFR mutations (HR, 1.002; 95% CI, 0.756–1.328; p �
.990), and in the subgroup of patients without EGFR mutations
(HR, 1.181; 95% CI, 0.857–1.628; p � .309) [41].

The similarity in OS times for gefitinib- and chemothera-
py-treated patients with mutant EGFR tumors is likely a result
of crossover and the effectiveness of EGFR inhibitors whether
given in the first- or second-line setting [42]. Interestingly, a
subgroup analysis of never-smokers from the TRIBUTE trial
demonstrated that the survival duration of patients randomized
to erlotinib plus carboplatin and paclitaxel was 22.5 months,
compared with 10.1 months for those randomized to placebo
plus chemotherapy (HR, 0.49; 95% CI, 0.28–0.85), suggest-
ing that, in the absence of crossover, EGFR inhibition would
likely produce superior outcomes in patients with mutant
EGFR tumors [21].

Resistance to Currently Approved EGFR TKIs
The most prevalent determinant of de novo resistance to EGFR
TKIs is the presence of a Kirsten rat sarcoma viral oncogene
homolog (KRAS) mutation, associated primarily with NSCLC
patients having a history of smoking [15, 43]. Most studies
have found that EGFR-activating mutations and KRAS muta-
tions, found in approximately one third of NSCLCs of adeno-
carcinoma histology [44], are mutually exclusive.
Retrospective analyses suggest that KRAS mutations may be
associated with poorer survival with erlotinib in patients with
NSCLC [45, 46]. However, in a retrospective analysis of the
BR.21 trial, correlation of KRAS status with erlotinib treatment
outcome did not reach statistical significance (p � .09), and the
RR was 5% (one of 20) among patients with KRAS mutations
(RR among patients with wild-type KRAS, 10%) [46]. Even
among tumors with activated EGFR, a subset of mutations,
such as exon 20 insertions, is inherently resistant to erlotinib or
gefitinib [47].

For those cases in which primary resistance is not the ob-
stacle to EGFR TKI benefit, acquired resistance becomes the
challenge. Despite initial response to EGFR TKIs, patients
with mutant EGFR NSCLC experience disease progression
within �12 months of treatment [48]. The most common
mechanism of acquired resistance is the emergence of a sec-
ondary mutation in exon 20, T790M, within the catalytic cleft
of EGFR, detectable in approximately 50% of NSCLCs that
become resistant to first-generation EGFR TKIs [15]. Interest-
ingly, although the T790M mutation is associated with ac-
quired resistance, it has also been detected in circulating tumor
cells from TKI treatment–naive patients [49]. In addition, the
T790M mutation was identified in the germline of a family
predisposed to NSCLC, indicating an additional role in
NSCLC susceptibility [50]. An analysis of pretreatment biop-
sies from NSCLC patients with EGFR mutations who subse-
quently received erlotinib reported that the incidence of double
EGFR mutations (L858R or exon 19 deletion as well as
T790M) was 35% (45 of 129) when using an ultrasensitive as-
say, with no difference in the initial response to erlotinib
(63.6% versus 72.3%) in patients with or without T790M mu-
tations, but with a shorter PFS interval in cases in which pre-
treatment T790M was identified [51]. These findings suggest
that the T790M mutation may be present with other EGFR mu-
tations in some patients prior to TKI therapy and may be se-
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lected during therapy because of the treatment resistance
associated with the mutation.

Steric hindrance of TKIs by the “gatekeeper” T790M
mutation has been hypothesized as the basis for T790M-
induced TKI resistance. However, in vitro, the T790M mu-
tant remains sensitive to irreversible TKIs that are
structurally similar to erlotinib and gefitinib, and therefore
would be expected to be subject to the same steric hindrance
[52, 53]. Yun et al. [54] showed that, although the L858R
mutation is activating, it also possesses less affinity for ATP
than wild-type EGFR. Furthermore, the presence of the
T790M mutation increases the ATP affinity of the onco-
genic L858R mutant by approximately five-fold. Therefore,
enhanced ATP affinity reduces the ability of reversible
TKIs such as gefitinib and erlotinib to effectively compete
with ATP binding, resulting in a lower potency of reversible
TKIs in the setting of the L858R and T790M double muta-
tion [54]. Interestingly, the T790M mutation alone in-
creases the catalytic turnover of EGFR to that of
approximately six-fold of the wild-type receptor [54], indi-
cating that T790M in isolation has oncogenic potential, as
reflected by reports of inherited susceptibility to lung can-
cer and the germline presence of T790M [49, 50].

Less frequent mechanisms of acquired resistance in mutant
EGFR NSCLC include amplification of the mesenchymal-
epithelial transition factor (MET) proto-oncogene [55] and
phosphatidylinositol-3-kinase (PI3K)/Akt activation [52, 53].
MET amplification has been identified in approximately 20%
of mutant EGFR NSCLC tumor specimens that were resistant
to erlotinib or gefitinib [56]. Sequist et al. [48] recently de-
scribed other mechanisms of acquired resistance to EGFR in-
hibitors, including acquisition of PIK3CA mutations. In
addition, striking examples of histologic transformation to
small cell histology and epithelial-to-mesenchymal transition
were reported [48].

Clinical Evaluation of Investigational Irreversible
HER Family TKIs in NSCLC
Multiple strategies, including the development of agents that
bind irreversibly and/or inhibit multiple targets simultane-

ously, are being investigated to treat NSCLCs that are resistant
to first-generation EGFR TKIs [15]. Unlike reversible TKIs,
irreversible TKIs contain a reactive Michael-acceptor group
that binds covalently with Cys797 present at the ATP-binding
cleft of mutant EGFR, thus providing greater presence at the
ATP site and overcoming the competition with ATP that be-
comes unfavorable to reversible TKIs in the presence of the
T790M mutation [54, 57]. The ability of an irreversible TKI to
overcome resistance was demonstrated in vitro in mutant
EGFR cell lines either clonally selected for resistance by
growth in gefitinib or known to harbor the T790M mutation
[53]. Several investigational irreversible multitargeted HER
family TKIs (Table 1) are being evaluated in patients with
NSCLC (Table 2). These include neratinib or HKI-272
(Wyeth, which was acquired by Pfizer in 2009, New London,
CT), PF00299804 (Pfizer), and afatinib or BIBW 2992
(Boehringer Ingelheim, Ingelheim, Germany).

Neratinib (HKI-272)
Neratinib, an irreversible HER family inhibitor that targets
EGFR/HER-1, HER-2, and HER-4 [58, 59] (Table 1), was
evaluated in a phase I trial of patients with advanced solid tu-
mors [60]. Neratinib was administered as a single dose fol-
lowed by a 1-week observation period and then as continuous,
once-daily treatment with doses in the range of 40–500 mg.
Grade 3 diarrhea was observed as a dose-limiting toxicity, and
the maximum-tolerated dose of neratinib was determined to be
320 mg. Of 14 evaluable patients with NSCLC, stable disease
(SD) �24 weeks was observed in six (43%). Eight partial re-
sponses (PRs) and one patient with SD were also reported
among 24 evaluable patients with breast cancer. Grade 3 treat-
ment-emergent and treatment-related adverse events (AEs) in-
cluded diarrhea (32%), fatigue (8%), vomiting (7%),
dehydration (6%), nausea (4%), asthenia (1%), and anorexia
(1%); no grade 4 toxicities were reported.

A phase II trial [61] of 172 patients with advanced NSCLC
who progressed following erlotinib or gefitinib studied three
subgroups of patients with tumors thought likely to benefit
from neratinib: arm A, EGFR mutation (n � 91); arm B, wild-
type EGFR (n � 48); and arm C, EGFR TKI naive but with

Table 1. In vitro inhibitory activity of HER-1/EGFR and HER-2–targeted TKIs

Agent Agent type HER-1/EGFR IC50, nM HER-2 IC50, nM Other targets

Approved

Erlotinib Reversible 1 [88] 760 [88] NA

Gefitinib Reversible 1–3 [64, 71, 88] 240–1,830 [64, 71, 88] NA

Investigational

Afatinib Irreversible 0.5 [71] 14 [71] HER-4 (data on file)

Neratiniba Irreversible 92 [59] 59 [59] HER-4 [59]

PF00299804 Irreversible 6 [64] 45.7 [64] HER-4
aThere are no ongoing clinical trials of neratinib for NSCLC.
Abbreviations: EGFR, epidermal growth factor receptor; HER, human epidermal growth factor receptor; IC50, half-maximal
inhibitory concentration; NA, not applicable; NSCLC, non-small cell lung cancer; TKI, tyrosine kinase inhibitor; VEGFR,
vascular endothelial growth factor receptor.
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adenocarcinoma and a light smoking history (n � 28). Patients
initially received neratinib at a dose of 320 mg/day, but the
dose was decreased to 240 mg/day because of dose delays and
reductions associated with diarrhea. Of 158 evaluable patients,
three (1.9%) had an objective response and 14 (9%) had SD for
six or more cycles, resulting in an objective RR of 3.4% for
arm A and 0% for arms B and C. The median PFS intervals
were 15.3 weeks overall and 15.3, 16.1, and 9.3 weeks in arms
A, B, and C, respectively. The overall RRs observed in patients
with an EGFR mutation (all 91 patients in arm A and 11 of 28
patients in arm C) were disappointing. However, three of four
patients with an exon 18 G719X EGFR point mutation expe-
rienced a PR and the fourth had SD �40 weeks; among these
patients, the median PFS interval was 52.7 weeks (90% CI,
25.6 –57.0 weeks). Therefore, neratinib provided benefit in
this small subgroup of patients with exon 18 G719X mutant
EGFR tumors that had become refractory to reversible TKIs.
Despite preclinical data suggesting a role for neratinib in over-
coming resistance mediated by T790M [53], no patients with a
known T790M mutation responded. Based on these results, ne-
ratinib is no longer in development for NSCLC (http://www.
clinicaltrials.gov), although it is being investigated in HER-2�

breast cancer [62].

PF00299804
PF00299804, an irreversible HER family inhibitor that targets
EGFR/HER-1, HER-3, and HER-4 [63] (Table 1), has demon-
strated preclinical activity in gefitinib-resistant NSCLC mod-
els both in vitro and in vivo [64]. In a phase I trial in patients
with advanced solid tumors, PF00299804 (0.5– 60 mg/day)
was administered on two dosing schedules (once daily contin-
uously, n � 111; intermittently, n � 10) [63]. In total, 121 pa-
tients were enrolled, with 47% of tumors being NSCLCs.
Dose-limiting toxicities observed at the 60-mg/day dose were
stomatitis, palmar–plantar erythema, and dehydration (n � 1
for each, all grade 3). The maximum-tolerated dose was estab-
lished at 45 mg/day. Four patients, each with NSCLC previ-
ously treated with erlotinib and/or gefitinib had a PR, and an
additional 28 patients with NSCLC had SD �6 weeks. Inter-
estingly, of five evaluable patients with an exon 20 mutation
(typically erlotinib/gefitinib resistant), one patient had a PR
and two patients had SD. Four patients with documented
T790M mutations did not respond to PF00299804. The most
common nonhematologic AE occurring in �15% of patients
on both dosing schedules was diarrhea.

PF00299804 has been evaluated in clinical trials in patients
with NSCLC following treatment with a first-generation
EGFR TKI. In a phase I trial [65], PF00299804 was evaluated
in 44 NSCLC patients, most of whom had received prior EGFR
inhibitors (94%) and prior chemotherapy (79%). Of 29 evalu-
able patients, two had PRs and eight had SD, resulting in a clin-
ical benefit rate of 34%. Both patients who achieved a PR had
previously received three or more lines of chemotherapy and
either erlotinib or gefitinib. The most frequently reported AEs
of any grade were diarrhea (78%) and rash (65%). Based on
these results, trials of PF00299804 in patients with NSCLC re-
fractory to chemotherapy and first-generation EGFR TKIs

were initiated. In a phase I/II trial of PF00299804 in patients
with NSCLC who progressed following one or two prior che-
motherapy regimens and erlotinib [66], 36 patients with ade-
nocarcinoma and five patients with nonadenocarcinoma
histology were evaluable for efficacy. Among patients with ad-
enocarcinoma, 67% had a clinical benefit (response or SD),
and among those with nonadenocarcinoma histology, the clin-
ical benefit rate was 40%. In another phase I/II study of
PF00299804 in Korean patients with wild-type KRAS NSCLC
who failed one or more chemotherapy regimen and erlotinib or
gefitinib [67], preliminary phase II data from 42 patients dem-
onstrated an objective RR of 15%, a clinical benefit rate (PR or
SD �24 weeks) of 25%, and 4- and 6-month PFS rates of 48%
and 32%, respectively. In a similar phase II study in patients
with wild-type KRAS NSCLC who had failed one or more che-
motherapy regimen and erlotinib [68], of 62 evaluable pa-
tients, three achieved PRs and 35 had SD �6 weeks.

PF00299804 was evaluated versus erlotinib in a phase II
study of 188 previously treated patients with NSCLC [69].
Some imbalance existed between treatment arms in the trial
with regard to the percentage of patients with a performance
status score of 2 (19.1%, versus 3.2% with erlotinib) and with
EGFR mutations (20.2%, versus 11.7% with erlotinib). Over-
all, the PFS interval was longer (HR, 0.681; 95% CI, 0.490–
0.945; p � .019), the objective RR was higher (17.0% versus
4.3%; p � .009), and the clinical benefit rate (response or SD
�24 weeks) was higher (27.7% versus 13.8%; p � .03) with
PF00299804 than with erlotinib. However, diarrhea and acne
were more common with PF00299804 than with erlotinib.
First-line therapy with PF00299804 is being evaluated in a
phase II study of patients with NSCLC harboring an EGFR
mutation [70]. Preliminary results indicated that, of 29 pa-
tients, one had a complete response (CR), six had PRs, and 16
had SD �6 weeks. These and other ongoing trials, including
a phase III trial of PF00299804 compared with placebo
(ClinicalTrials.gov identifier, NCT01000025) in patients
with refractory NSCLC, are summarized in Table 2.

Afatinib (BIBW 2992)
Afatinib is an oral irreversible HER family inhibitor that tar-
gets EGFR/HER-1, HER-2 [71], and HER-4 (data on file and
Table 1) with preclinical data supporting a role in overcoming
resistance to reversible EGFR TKIs [71]. Afatinib has been
studied in multiple phase I clinical trials [71–76], one of which
enrolled 53 patients with advanced solid tumors who received
once-daily afatinib, 10–50 mg [76]. Dose-limiting toxicities
included rash and reversible dyspnea secondary to pneumoni-
tis; the recommended phase II dose of afatinib was 50 mg.
Three patients with NSCLC experienced PRs lasting 24, 18,
and 34 months; their tumors were found to have mutations in
EGFR, although none had received prior EGFR TKI treatment.
Two additional patients (one with NSCLC and one with esoph-
ageal cancer) had unconfirmed PRs. One of the NSCLC pa-
tients with an activating exon 19 mutation who had a PR was
initially treated with afatinib (10 mg/day) but subsequently
progressed and developed brain metastases. That patient then
experienced regression after a dose increase to 40 mg/day. No
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Table 2. Phase II and phase III clinical trials of irreversible multitargeted HER family TKIs in NSCLC

Trial
name/ClinicalTrials.Gov
identifier

Phase (estimated
enrollment; status) Treatment regimen Patient population

Afatinib

LUX-Lung 4 (Japan) I/II (72; ongoing,
not recruiting)

Afatinib Advanced NSCLC progressing after 1 or 2 lines
of chemotherapy and erlotinib or gefitinib

LUX-Lung 2;
NCT00525148

II (120; ongoing,
not recruiting)

Afatinib Advanced NSCLC with EGFR-activating
mutation; chemotherapy naive or progressing
after first-line cytotoxic chemotherapy

NCT00730925 II (40; recruiting) Afatinib versus
afatinib/paclitaxel

Advanced NSCLC with either: (a) EGFR-
activating mutation (up to 3 prior lines of
chemotherapy, no prior EGFR TKI), (b) HER-
2–activating mutations (no restrictions), or (c)
increased EGFR copy number by FISH (up to 3
prior lines of chemotherapy, no prior EGFR
TKI)

NCT00796549 II (70; recruiting) Afatinib Advanced NSCLC with increased EGFR copy
number by FISH; chemotherapy naive or 1 prior
line of chemotherapy (no EGFR-targeted
agents)

NCT01003899 II (40; recruiting) Afatinib Advanced NSCLC with wild-type EGFR;
progressing after 2 lines of chemotherapy (no
EGFR-targeted agents)

NCT01156545 II (84; recruiting) Afatinib versus
afatinib/simvastatin

Advanced NSCLC with nonadenocarcinoma
histology progressing after 1 or 2 prior
chemotherapy regimens (no EGFR-targeted
agents)

LUX-Lung 1;
NCT00656136

IIb/III (585;
completed)

Afatinib plus best supportive
care versus placebo plus best
supportive care

Advanced NSCLC progressing after previous
cytotoxic chemotherapy and either erlotinib or
gefitinib

LUX-Lung 3;
NCT00949650

III (330; ongoing,
not recruiting)

Afatinib versus pemetrexed
plus cisplatin

Advanced chemotherapy-naive NSCLC with
EGFR-activating mutation

LUX-Lung 5;
NCT01085136

III (900; recruiting) Afatinib plus paclitaxel versus
investigator choice of single-
agent chemotherapy

Advanced NSCLC progressing after
chemotherapya and erlotinib or gefitinib then
received benefit from afatinib monotherapy

LUX-Lung 6 (China);
NCT01121393

III (330; recruiting) Afatinib versus
cisplatin/gemcitabine

Advanced NSCLC with EGFR-activating
mutation

PF00299804

NCT00553254 I/II (80; ongoing,
not recruiting)

PF00299804 Advanced NSCLC progressing after prior
treatment with at least 1 chemotherapy regimen
and erlotinib or gefitinib

NCT00818441 II (105; recruiting) PF00299804 Adenocarcinoma of the lung, chemotherapy
naive, former light or nonsmoking history or
with EGFR-activating mutationb

NCT00548093 II (74; ongoing, not
recruiting)

PF00299804 (adenocarcinoma
versus nonadenocarcinoma)

Advanced NSCLC progressing after prior
treatment with at least 1 chemotherapy regimen
and erlotinib or gefitinib

NCT00769067 II (160; recruiting) PF00299804 versus erlotinib Advanced NSCLC progressing after prior
treatment with 1 or 2 chemotherapy regimens
(no EGFR-targeted agents)

NCT01000025 III (720; recruiting) PF00299804 versus placebo Advanced NSCLC progressing after 1 or 2 prior
chemotherapy regimens and erlotinib or
gefitinib

aPatients are exempt from prior chemotherapy if they have a confirmed EGFR mutation or had �6 months of benefit from
erlotinib or gefitinib.
bPatients with HER-2 mutations may have prior therapy.
Abbreviations: EGFR, epidermal growth factor receptor; FISH, fluorescence in situ hybridization; HER, human epidermal
growth factor receptor; NSCLC, non-small cell lung cancer; TKI, tyrosine kinase inhibitor.
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grade 4 or 5 AEs were reported; grade 3 AEs observed in-
cluded skin-related effects, diarrhea, and fatigue.

The role of afatinib in patients with NSCLC resistant to re-
versible TKIs is being explored in a number of clinical trials.
LUX-Lung 1 was a phase IIb/III, randomized, double-blinded
trial in patients with stage IIIB/IV lung adenocarcinoma who
failed one or two chemotherapy treatments and progressed fol-
lowing �12 weeks of treatment with erlotinib or gefitinib [77].
LUX-Lung 1 patients (N � 585) were randomized in a 2:1 ratio
to best supportive care (BSC) plus afatinib (50 mg/day) or BSC
plus placebo; the primary endpoint was OS. The study was en-
riched for tumors with EGFR-activating mutations, with 58%
Asian and 60% female patients, although prospective sequenc-
ing was not performed. In addition, 81% of patients were pre-
viously treated with erlotinib or gefitinib for �24 weeks, with
45% having responded (PR or CR) to prior treatment. Primary
analysis revealed median OS times of 10.8 months for afatinib
plus BSC and 12.0 months for placebo plus BSC (HR, 1.08;
95% CI, 0.86–1.35). Despite the lack of OS benefit, afatinib
provided significantly better results in the secondary endpoints
of PFS time (3.3 months versus 1.1 months; HR, 0.38; p �
.0001), disease control rate (DCR) at 8 weeks (58% versus
19%; p � .0001), and objective RR (7.4% versus 0.5% by in-
dependent analysis; p �.01) than with placebo [77].

Afatinib has also been evaluated as first-line and second-
line therapy in patients who have not received a first-genera-
tion EGFR TKI. LUX-Lung 2 is a single-arm, multicenter,
phase II trial evaluating the efficacy of afatinib (50 mg/day or
40 mg/day) in patients with stage IIIB/IV mutant EGFR ade-
nocarcinoma and no prior EGFR-targeted therapy. Of 129 pa-
tients who received treatment (first line, n � 61; second line,
n � 68), 54 had L858R EGFR mutations, 52 had exon 19 de-
letions in EGFR, and 23 had other EGFR mutations [79]. By
investigator assessment, the objective RR, DCR, median PFS
interval, and median OS time were 60%, 86%, 14 months, and
24 months, respectively, for all patients [73]. The objective
RR, DCR, and median PFS were 59%, 83%, and 16.1 months,
respectively, for patients with L858R mutations and 69%,
93%, and 13.7 months, respectively, for patients with exon 19
deletions. Additional trials of afatinib in NSCLC are ongoing
and summarized in Table 2.

CLINICAL PERSPECTIVE
Expectations have been high for irreversible HER family inhibi-
tors in the treatment of NSCLC, and results are awaited from on-
going large randomized clinical trials evaluating these agents in
NSCLC, particularly in clinically and/or molecularly selected
populations. The optimal role of irreversible HER inhibitors in the
treatment of NSCLC has yet to be determined; however, their po-
tential potency in the first-line setting and ability to bind cova-
lently to block the ATP-binding site of mutant EGFR could
potentially improve upon outcomes seen with gefitinib and erlo-
tinib. This may be true particularly for specific activating muta-
tions. In NSCLCs with the most common EGFR activators, exon
19 deletions and L858R mutations (85% of known mutations),
outcomes are better after reversible TKI treatment for patients
with exon 19 mutations than for patients with L858R mutations

[80, 81], perhaps because of less effective inhibition of the L858R
mutant. In vitro, PF00299804 was more effective at inhibiting
exon 19 deletions and L858R compared with gefitinib [64]. Sim-
ilar activity has also been observed with afatinib compared with
gefitinib against exon 19 mutations [82]. Therefore, potent irre-
versible inhibitors may improve outcomes and delay the onset of
resistance than with reversible TKIs, particularly for patients with
L858R-mutant NSCLCs. Randomized trials of first-line irrevers-
ible inhibitors versus erlotinib or gefitinib in prospectively iden-
tified mutant EGFR NSCLCs are required to explore this concept.
An ongoing trial (ClinicalTrials.gov identifier, NCT00769067) of
PF00299804 versus erlotinib in patients previously treated with
chemotherapy may answer these questions in part, although that
trial does not include prospective identification of EGFR muta-
tions.

Results of irreversible inhibitors in erlotinib- or gefitinib-
resistant, mutant EGFR NSCLCs have been disappointing to date
and suggest that the ability of irreversible inhibitors to overcome
acquired resistance may have limitations that were not predicted
in preclinical studies. This may be a result of an inability to attain
the drug concentrations in humans that were effective in preclin-
ical studies. In the case of neratinib, grade 3 diarrhea in half of the
patients necessitated a dose reduction in the three-arm phase II
trial. Although not measured, it was proposed that dose reduction
of neratinib to 240 mg daily resulted in steady-state neratinib con-
centrations that may have been insufficient to inhibit exon 19 de-
letions or T790M mutations based on the concentrations required
for inhibition in preclinical models (60 nmol/L for exon 19 dele-
tion and 90–800 nmol/L for T790M mutation). In contrast, the
much lower dose of neratinib required to inhibit the G719S mu-
tation (3 nmol/L) may have been achievable, leading to the PRs
observed in that small subgroup of patients refractory to revers-
ible TKIs [61]. Similar to neratinib, the half-maximal inhibitory
concentration of PF00299804 required for growth inhibition in
NSCLC cell lines with the T790M resistance mutation is 100–
900 nM. The inability to achieve these concentrations with doses
administered clinically may explain the lack of efficacy in tumors
with a T790M mutation [83]. Because T790M-mutant EGFR has
an affinity for ATP that is similar to the affinity of wild-type
EGFR for ATP, concentrations of irreversible inhibitors that
overcome the resistance mutation in vitro are not clinically
achievable because of toxicities related to systemic wild-type
EGFR inhibition, such as diarrhea and rash. EGFR T790M mu-
tations notwithstanding, there are glimpses into the potential for
irreversible inhibitors in gefitinib- or erlotinib-refractory disease.
The PRs and SD seen in PF00299804-treated NSCLC patients
with exon 20 insertions (typically resistant to reversible EGFR
TKIs) and the PRs seen in neratinib-treated NSCLC patients with
exon 18 G719X-mutant tumors previously treated with a revers-
ible EGFR TKI suggest that specific EGFR mutations have dif-
ferential sensitivities to TKI inhibition and that, similar to the
situation noted for exon 19 deletions and L858R mutations, irre-
versible inhibitors are better able to address those relative sensi-
tivities [61, 63].

One approach to expand upon the utility of clinically avail-
able 4-anilinoquinazoline irreversible EGFR inhibitors is to
pair them with downstream pathway inhibitors or other types
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of EGFR inhibitors. For instance, afatinib has been combined
in vitro with a PI3K/mammalian target of rapamycin (mTOR)
inhibitor, a mitogen-activated protein kinase/extracellular sig-
nal–related kinase kinase (MEK) inhibitor, and a v-src sar-
coma viral oncogene homolog (Src) inhibitor, yielding greater
apoptosis in T790M cell lines than with afatinib alone [84]. In
another experiment, the combination of afatinib plus the
mTOR inhibitor rapamycin was studied in a mouse model of
de novo EGFR L858R/T790M-driven lung cancer. Although
single-agent afatinib produced a �50% reduction in tumor
volume, the addition of rapamycin to afatinib led to nearly
complete tumor regression [71]. In the clinic, the combination
of an irreversible inhibitor and mTOR inhibitor is being ex-
plored in a phase I study of neratinib plus temsirolimus [85].
Results from a phase Ib/II trial of afatinib in combination with
the anti-EGFR antibody cetuximab (Erbitux�; Bristol-Myers
Squibb, New York) [86] were recently reported. In that trial,
patients with mutant EGFR NSCLC and clinically defined ac-
quired resistance to reversible EGFR TKIs were treated with
daily afatinib (40 mg) plus biweekly cetuximab (500 mg/m2).
Confirmed PRs were observed in 36% of evaluable patients
(eight of 22; 95% CI, 0.17–0.59) including in 29% of patients
with T790M-mutant tumors (four of 13). These promising re-
sults will be further explored in a larger study. Reported AEs
included rash (grade 1, 35%; grade 2, 46%; grade 3, 11.5%)
and diarrhea (grade 1, 50%; grade 2, 19%).

Despite the potential of drug combinations, the 4-anilino-
quinazoline core structure that is common to the clinically
available irreversible inhibitors may not provide optimal mo-
lecular interactions or binding kinetics in the setting of T790M
mutation. Nonetheless, new structurally distinct irreversible
HER family inhibitors, such as the pyrimidine-based inhibitors
described by Zhou et al. [87], indicate that the concept of irre-
versible HER family inhibition is a sound one. Those investi-
gators screened a library of compounds to identify agents that
inhibited growth of gefitinib-resistant and gefitinib-sensitive
cell lines without producing toxicity in mutant KRAS cells at
high concentrations. One such compound, WZ4002, is an irre-
versible inhibitor with chemical properties that favor 100-fold
greater binding to the T790M mutant and 100-fold weaker
binding to wild-type EGFR than with neratinib and other
quinazoline-based EGFR inhibitors. WZ4002 inhibited
L858R/T790M EGFR kinase activity more potently than wild-
type EGFR protein activity, whereas the opposite was true for
neratinib and gefitinib (i.e., they inhibited wild-type EGFR
more potently than the L858R/T790M mutant). Interestingly,

the importance of irreversibility was demonstrated by the
markedly lesser efficacy of a reversible WZ4002 analog
against T790M-mutant cell lines, as well as by the markedly
lesser efficacy of the irreversible WZ4002 against cell lines
with an EGFR mutation at Cys 797 that prevented covalent in-
teraction of drug and protein. Such findings indicate that the
concept of irreversible HER family inhibition is a sound one
that may yet provide a solution to the problem of acquired re-
sistance.

CONCLUSIONS
Preclinical and early clinical data suggest that there is a valid ra-
tionale for the development of irreversible HER family TKIs for
the treatment of NSCLC. In vitro studies have demonstrated ac-
tivity of these agents in preclinical models of first-generation
EGFR TKI–resistant NSCLC, and several multitargeted HER
family TKIs have provided responses in phase I trials in patients
with NSCLC. Clinical trials are under way to evaluate the efficacy
of these agents in patients with advanced NSCLC in a variety of
settings, both alone and in combination with chemotherapy and in
chemotherapy-naive and previously treated patients. Clinical tri-
als of specific patient subgroups (e.g., those with EGFR-activat-
ing mutations or a higher EGFR copy number) are also ongoing to
evaluate irreversible HER family TKIs in selected patient popu-
lations. In addition, some clinical trials are evaluating these agents
compared with reversible EGFR TKIs. Whereas results of these
trials will help determine the potential for the currently available
irreversible HER family TKIs in the treatment paradigm for
NSCLC, combination therapy and newer preclinical irreversible
inhibitors are building upon lessons learned from previous scien-
tific and current clinical data, with a promise to improve upon the
ability to treat EGFR TKI resistance.
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