
Co-clinical trials demonstrate superiority of crizotinib to
chemotherapy in ALK-rearranged non-small cell lung cancer and
predict strategies to overcome resistance

Zhao Chen#1,2,5, Esra Akbay#1,2,5, Oliver Mikse#1,2,5, Tanya Tupper4, Katherine Cheng2,5,
Yuchuan Wang8,9, Xiaohong Tan2, Abigail Altabef2, Sue-Ann Woo2, Liang Chen2, Jacob B.
Reibel2, Pasi A. Janne1,2,3, Norman E. Sharpless10, Jeffrey A. Engelman1,6, Geoffrey I.
Shapiro1,2,3,11, Andrew L. Kung4,7, and Kwok-Kin Wong1,2,3,5,*

1Department of Medicine, Harvard Medical School, Boston MA 02115
2Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, MA 02115
3Lowe Center for Thoracic Oncology, Dana-Farber Cancer Institute, Boston, MA 02115
4Lurie Family Imaging Center, Dana-Farber Cancer Institute, Boston, MA 02115
5Ludwig Center at Dana-Farber/Harvard Cancer Center, Dana-Farber Cancer Institute, Boston,
MA 02115
6Department of Medical Oncology, Massachusetts General Hospital Cancer Center, Boston, MA
02114
7Department of Pediatric Oncology, Dana-Farber Cancer Institute and Children's Hospital,
Boston, MA 02115
8Department of Imaging, Dana-Farber Cancer Institute, Boston, MA 02115
9Department of Radiology, Brigham and Women's Hospital, Boston, MA 02115
10Department of Genetics, School of Medicine, University of North Carolina, Chapel Hill, NC
27599
11Early Drug Development Center, Dana-Farber Cancer Institute, Boston, MA 02115
# These authors contributed equally to this work.

Abstract
Purpose—To extend the results of a phase III trial in non-small cell lung cancer patients with
adenocarcinomas harboring EML4-ALK fusion.

Experimental Design—we performed a co-clinical trial in a mouse model comparing the ALK
inhibitor crizotinib to the standard-of-care cytotoxic agents docetaxel or pemetrexed.

Results—Concordant with the clinical outcome in humans, crizotinib produced a substantially
higher response rate compared to chemotherapy, associated with significantly longer progression-
free survival. Overall survival was also prolonged in crizotinib- compared to chemotherapy-
treated mice. Pemetrexed produced superior overall survival compared to docetaxel, suggesting
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that this agent may be the preferred chemotherapy in the ALK population. Additionally, in the
EML4-ALK-driven mouse lung adenocarcinoma model, HSP90 inhibition can overcome both
primary and acquired crizotinib resistance. Furthermore, HSP90 inhibition, as well as the second-
generation ALK inhibitor TAE684, demonstrated activity in newly developed lung
adenocarcinoma models driven by crizotinib-insensitive EML4-ALK L1196M or F1174L.

Conclusions—Our findings suggest that crizotinib is superior to standard chemotherapy in ALK
inhibitor-naïve disease and support further clinical investigation of HSP90 inhibitors and second-
generation ALK inhibitors in tumors with primary or acquired crizotinib resistance.

Introduction
EML4-ALK fusion accounts for approximately 4% of non-small cell lung cancer (NSCLC)
(1, 2). Crizotnib (3, 4), an FDA-approved inhibitor of anaplastic lymphoma kinase (ALK),
demonstrated efficacy in a phase II clinical trial in lung cancer patients with tumors
harboring EML4-ALK rearrangements (5). Despite striking activity in early studies, some
reports have also noted impressive activity with chemotherapy in ALK-positive cancers (6,
7). Indeed, retrospective analyses have suggested that time to progression on crizotinib is
statistically similar to that achieved by first-line platinum-based chemotherapy (2, 8, 9).
Thus, it was unclear if crizotinib is superior to either first or second line chemotherapy in
this subset of patients. These uncertainties were recently addressed by a phase III trial
comparing crizotinib to chemotherapies in the second-line setting that definitively
demonstrated the superiority of crizotinib (10).

Nonetheless, both primary and acquired resistance have been observed in patients treated
with crizotinib (11–14). Up to 30% ALK-positive patients do not respond to crizotinib
treatment, while those who respond initially will eventually develop acquired resistance
after prolonged treatment. Secondary mutations in the ALK kinase domain have been
identified in a subset of patients who become insensitive to crizotinib.

Co-clinical trials, in which highly faithful genetically engineered murine cancer models
(GEMMs) are carefully randomized and used to mimic human clinical trials, have the
potential to provide mechanistic insights that impact the analysis of the concurrent human
study (15–20). In recent years, we and others have performed numerous treatment studies in
GEMMs leading to identification of clinically relevant biomarkers and novel treatment
methods, as well as successful prediction of clinical outcomes (21–26). In particular, we
have previously described a co-clinical trial using a murine model recapitulating human
NSCLC driven by an activating Kras mutation (21). The murine trial predicted the clinical
superiority of combined selumetinib and docetaxel compared to docetaxel alone(27).
Importantly, patient stratification and biomarker strategies identified from the murine trial
have provided valuable insight for the design of subsequent clinical studies.

In the present analysis, we have performed a murine co-clinical study mimicking the phase
III clinical trial in ALK-positive patients with advanced disease who had received prior
platinum-doublet-based first-line treatment. In this study, patients were randomized to
receive crizotinib or standard second-line therapy, including docetaxel or pemetrexed. Using
novel murine models of EML4-ALK NSCLC, we determined the short- and long-term
efficacy of crizotinib treatment compared to docetaxel or pemetrexed. The results
demonstrate the predictive power of EML4-ALK-driven murine lung adenocarcinoma
models and validate their use for studying additional treatments for the ALK population.
Toward this end, we explored treatment with an HSP90 inhibitor and a second-generation
ALK inhibitor to overcome either primary or acquired crizotinib resistance in order to
anticipate their roles in the growing ALK armamentarium.
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Materials and Methods
Mice and treatment

Generation of bi-transgenic mice with lung-specific doxycycline-inducible EML4-ALK
expression was described previously(28). Mice were subjected to magnetic resonance
imaging (MRI) 4–6 weeks after initiation of a doxycycline-containing diet to determine
baseline tumor volume. Mice with appropriate tumor burden were randomized to three
groups and treated with crizotinib, pemetrexed or docetaxel. Crizotinib was delivered via
daily oral feeding at 100 mg/kg in water. A separate group of mice was treated with 50mg/
kg crizotinib. Docetaxel was delivered by intra-peritoneal (i.p.) injection at 16 mg/kg every
other day for the first two weeks of treatment, and 8 mg/kg every 3 days thereafter. These
mice were also treated with the HSP90 inhibitor 17-dimethylaminoethylamino-17-
demethoxygeldanamycin (17-DMAG) administered at 20 mg/kg in PBS daily by i.p.
injection. The EML4-ALK L1196M- and F1174L-driven mouse models were created using
an engineered knock-in system described previously(28), but the Tet-O promoter was
replaced by a loxp-flanked stop cassette (LSL). These mice were also treated with 17-
DMAG, as well as the second-generation ALK inhibitor, TAE684, delivered by oral feeding
at a daily dose of 25 mg/kg.

PET-CT
All FDG-PET/CT studies were performed using a preclinical small-animal PET/CT system
(Siemens Inveon). All animals were subjected to identical dietary preparation, warming,
injection, and anesthesia protocols, and all images were analyzed with standard data
acquisition and image reconstruction parameters. Specifically, each mouse received
approximately 14 MBq of 18F-fluorodeoxyglucose (FDG) via intraperitoneal administration.
After a one-hour uptake period, mice were anesthetized by inhalation of a mixture of
sevoflurane and oxygen. CT (5 minutes) and PET (10 minutes) data were collected,
processed and analyzed.

MRI
Animals were anesthetized with 1.5%–2% isoflurane (IsoFlo; Abbott) in 100% oxygen.
Both cardiac and respiratory gating were applied to minimize motion effects. Acquisition of
the magnetic resonance signal was synchronized with the cardiac and respiratory cycles.
MRI protocols optimized for assessing pulmonary parenchyma and vessels in normal mice
were adapted for operation at 4.7 Tesla (BioSpec 47/40; Bruker BioSpin).

Quantification
Mouse lung cancer MRI scans were quantified by two operators using 3D Slicer software to
determine tumor volume. To account for random variation between operators, Bland-Altman
analysis was performed based on quantification results from the two operators on a total of
sixteen MRI scan images, as previously described (21), and adapted in this study.
Progressive disease (PD) was defined as a >30% tumor burden increase compared to
baseline. Partial response (PR) was defined as a >30% decrease in tumor burden compared
to baseline. Mice having tumor burden changes within +/− 30% of baseline were considered
to have stable disease (SD). Overall survival (OS) was assessed with endpoints of death or
moribund condition. Progression-free survival (PFS) was defined as the time to tumor re-
growth exceeding 20% of the lowest tumor burden achieved after initial treatment,
development of moribund condition or death.
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Immunohistochemistry
Antibodies recognizing phospho-Akt (Ser473), and phospho-S6 (Thr389) were obtained
from Cell Signaling Technology. Phospho-ERK1/2 (pT185/pY187) antibodies was
purchased from Biosource International. Tissue processing and immunohistochemistry
(IHC) were performed on tumor samples as previously described (21). To quantify IHC,
staining intensity (0–4+) was assessed for 10 microscopic fields, and an average value was
derived.

Results
Crizotinib improves initial response of EML4-ALK lung cancer compared to standard-of-
care therapy

In an effort to determine sensitivity to commonly used chemotherapeutics, a large cohort of
EML-ALK mice was generated and serially observed for tumor formation as previously
described (28). One group of tumor-bearing mice was treated with 50 mg/kg/day crizotinib
for 2 weeks, which led to stable disease, but did not result in tumor regression (Fig. 1A,
Supplemental Figure 1). Additional mice were then assigned treatment with 100 mg/kg/day
crizotinib, docetaxel or pemetrexed and tumor response assessed by serial MRI. Tumor
regression was observed at the dose of 100 mg/kg/day in the majority of animals (Fig. 1B,
Supplemental Fig. 1) with a high rate of partial response (68%; defined as >30% tumor
regression) or stable disease (23%). These results indicate that the response of ALK-driven
tumors to crizotinib may be dose-dependent and suggest that insufficient ALK inhibition
may be one of the mechanisms for primary crizotinib resistance observed clinically.
Notably, even at 100 mg/kg/day, very few mice (2/22) achieved near-complete remission
(>90% tumor regression). Also of note, 2 of 22 mice exhibited primary resistance (Fig. 1B,
Supplemental Fig. 1B). Consistent with the known mechanism of action (28), phospho-
ERK, phospho-Akt, phospho-S6, and Stat3 protein expression were reduced in crizotinib-
treated tumors (Fig. 1C). Taken together, these data show that crizotinib is highly active in a
faithful murine model of ALK-driven NSCLC.

The activity of cytotoxic agents was less impressive: no mice treated with docetaxel
achieved partial response, but this outcome was achieved with 2 out of 8 mice treated with
pemetrexed (Fig. 1B). However, both docetaxel and pemtrexed produced disease
stabilization (Fig. 1D). Of note, using the commonly applied “disease control rate” (DCR)
metric of complete response + partial response + stable disease (CR+PR+SD), the three
study arms appeared comparable (Fig. 1D). These data recapitulate clinical results showing
similar rate of disease control between crizotinib and plantinum-based chemotherapy.
Nonetheless, the objective response rate to crizotinib was significantly higher than with
docetaxel or pemetrexed (p<0.0005, t test), similar to what has been observed in patients
with ALK-rearranged lung cancer and confirming the utility of this model to predict clinical
outcome.

Prior work in GEMMs has clearly shown that tumor response does not necessarily translate
into enhanced long-term survival(23). To establish the effects of crizotinib, docetaxel and
pemetrexed on overall and progression-free survival, cohorts of tumor-bearing mice were
followed on therapy until progression or to overall survival endpoints. The median survival
on crizotinib was more than 17 weeks after treatment initiation, versus only 4.3 weeks in the
docetaxel arm (Fig. 2A). Time to progression (TTP) also differed significantly between
groups (p=0.0165, log-rank test), with 3.1 and 6 weeks for docetaxel and crizotinib,
respectively(Fig. 2B). Murine EML4-ALK lung tumors exhibited a more heterogeneous
response to pemetrexed: TTP in pemetrexed-treated mice (2 weeks) was not different from
that of docetaxel (3.1 weeks), but pemetrexed treatment did confer a significant median
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survival advantage over docetaxel treatment (8.5 weeks with pemetrexed vs 4.3 weeks with
docetaxel, p=0.05). Collectively, our data suggest that crizotinib is superior to docetaxel and
pemetrexed in treating EML4-ALK driven lung cancer.

Crizotinib resistance can be overcome with HSP90 and second-generation ALK inhibitors
Although treatment with crizotinib attenuated signaling downstream of EML4-ALK (Fig.
1C), the rapid development of resistant disease (Fig. 2B) along with the two mice with
tumors that did not respond or stabilize on crizotinib indicate that this model can be used to
study both primary and acquired crizotinib resistance. In previous in vitro work, we
demonstrated that the HSP90 inhibitor 17-DMAG more potently inhibits the growth of the
ALK-dependent human H3122 NSCLC cell line than crizotinib (28), resulting in
degradation of the ALK protein rather than direct inhibition of kinase activity. Additionally,
in the ALK-driven GEMM, HSP90 inhibition and crizotinib achieved comparable overall
survival benefit (27). Here, we used 18F-FDG uptake(21) to compare crizotinib treatment
(100mg/kg) to treatment with 17-DMAG in this model. The response to crizotinib was
heterogeneous (Fig. 3A). In contrast, treatment with 17-DMAG reduced FDG uptake in all
tumors, and the magnitude of suppression was significantly greater in 17-DMAG-treated
animals compared to crizotinib (Fig. 3B). Importantly, in animals treated with a brief
exposure to crizotinib, immediate cross-over to treatment with 17-DMAG eliminated all
residual 18F-FDG uptake, suggesting that HSP90 inhibition may eradicate cell populations
with primary crizotinib resistance (Fig. 3C).

To study whether HSP90 inhibition is efficacious in the setting of acquired resistance
conferred by secondary kinase domain mutations identified in patients(11, 12), we
developed another genetically-engineered mouse strain carrying an EML4-ALK fusion
oncogene with a clinically-relevant L1196M gatekeeper mutation that confers resistance to
crizotinib. Treatment for two weeks with 17-DMAG led to complete tumor regression (Fig.
4A). Similarly, four tumor-bearing mice that harbor a different mutation, EML4-ALK
F1174L, also exhibited significant tumor reduction when treated with 17-DMAG, with TTP
ranging from 6 to 11 weeks (Fig. 4B), a duration similar to the response seen to 17-DMAG
in native EML4-ALK mice (unpublished results). We also evaluated TAE684, a highly
potent second-generation ALK inhibitor that retains in vitro activity in the presence of
secondary mutations that confer crizotinib resistance (24). As with 17-DMAG, treatment
with TAE684 also led to complete tumor regression in the EML4-ALK L1196M model (Fig.
4A).

We next investigated whether TAE684 can overcome crizotinib and 17-DMAG acquired
resistance in both native EML4-ALK mice and EML4-ALK F1174L mutants. First, we
treated native EML4-ALK mice with 17-DMAG until tumor re-growth occurred, indicated
by rebound of 18F-FDG uptake on PET-CT. Subsequent treatment with TAE684 in these
mice resulted in potent re-suppression of 18F-FDG uptake, indicating TAE684 can be used
to circumvent resistance to HSP90 inhibitors in native ALK tumors (Fig. 4C). Similarly,
when TAE684 was administered to the four EML4-ALK F1174L mice that had developed
resistance to long-term 17-DMAG treatment, significant tumor regression was observed, as
measured by changes in tumor burden on MRI (Fig. 4B). Surprisingly, however, 3 of the 4
mice experienced relapse soon after the initial response to TAE684, with TTP ranging from
3 to 11 weeks (Fig. 4B and Supplemental Fig. 2); the fourth mouse died one day after
switching to TAE684 from unknown causes. The short TTP in these mice contrasts with our
previous results in treatment-naïve native EML4-ALK mice that remained free of tumor
recurrence for almost 2 years after an initial response to daily administration of
TAE684(28). Pharmacodynamic studies of the EML4-ALK F1174L tumors with acquired
TAE resistance suggest restoration of known ALK downstream signaling pathways (Fig.
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4D). We also confirmed that these mice remain resistant to 17-DMAG. Interestingly,
however, a 10-day treatment with the combination of 17-DMAG and TAE684 successfully
eliminated most of these tumors that were resistant to either TAE684 or 17-DMAG as single
agents (Supplemental Fig. 3).

Collectively, these results suggest that HSP90 inhibition may be a viable option for treating
tumors with primary or acquired crizotinib resistance. Second-generation ALK inhibitors
represent another strategy, but may exhibit reduced efficacy against tumors carrying
secondary mutations conferring crizotinib resistance, compared to the long-term benefit seen
when they are used in the setting of de novo treatment of native EML4-ALK tumors.

Discussion
Recently, development of numerous target-specific small molecule inhibitors and antibodies
has resulted in improved anti-tumor responses with fewer adverse events than standard-of-
care cytotoxic chemotherapy. Clinical application of these therapeutic agents is generally
limited by the need for lengthy clinical trials to assure their safety and efficacy.
Additionally, this process is complicated by newer patient stratification criteria and
combination therapy strategies. However, the implementation of co-clinical trials promises
to speed drug development by improving evaluation of treatments and better matching them
to disease subtypes. Using a well-defined murine EML4-ALK lung cancer model, we
demonstrate that crizotinib is superior to the conventional chemotherapy agents docetaxel
and pemetrexed in terms of response and survival. Docetaxel treatment did not result in any
tumor regression, whereas pemetrexed offered a modest survival benefit over docetaxel,
producing a few partial responses. Thus, while a subset of ALK-driven tumors may respond
to pemetrexed treatment, crizotinib appears a better choice.

We also noted primary resistance to crizotinib in EML4-ALK tumors, as found in phase II
clinical trials (5). Of note, amplification of the ALK locus has been reported in NSCLC
patients. However, it is not clear whether there is overexpression of the wild type or the
translocated ALK locus, or whether overexpression of ALK is associated with primary
crizotinib resistance. Nonetheless, crizotinib has a relatively narrow structural window for
ALK binding and inhibition. Both ALK amplification and additional mutations perturbing
crizotinib binding will render ALK-driven tumors insensitive to crizotinib (12, 14). We
hypothesize that EML4-ALK mice with primary resistance to crizotinib may have increased
ALK expression that helps to surpass the crizotinib effective threshold. Increasing the
crizotinib dose to 150 mg/kg/day for two weeks can further reduce 18F-FDG uptake in
tumors and produce partial response in primary resistant mice (data not shown), providing
additional evidence for this hypothesis. We are currently conducting a more detailed study
to further explore this possibility using genetically engineered mouse ALK NSCLC models
that express different levels of ALK.

Results of our previous work and the results shown here demonstrate that both 17-DMAG
and TAE684 can overcome primary resistance, offering potential clinical approaches to
ALK-driven tumors. A recently completed phase II clinical trial demonstrated that the
HSP90 inhibitor ganetespib has activity in crizotinib-naïve ALK-positive NSCLC patients,
providing additional support for use of HSP90 inhibition in this population (29). Notably,
although still under clinical investigation, it has been reported that EGFR activation or
compound mutation of oncogenes such as KRAS may also contribute to primary resistance to
crizotinib in the clinic (11, 12). Therefore, careful examination of ALK amplification status
and other pathways in patients with tumors with primary crizotinib resistance will aid
treatment selection.
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Secondary mutations conferring crizotinib resistance in patients have been recapitulated in
ALK-dependent cell lines cultured in continuously increasing concentrations of drug (14).
These mutations occur in different locations in the ALK kinase domain; most are
responsible for direct or indirect contact with crizotinib, and some can stabilize the active
conformation of ALK. ALK fusion proteins carrying secondary mutations retain their
dependence on HSP90 for stability (30, 31) Here, we have demonstrated that mouse tumors
driven by such proteins are sensitive to 17-DMAG, providing further evidence for HSP90
inhibition as a strategy in the setting of acquired crizotinib resistance. Recently, the activity
of ganetespib was described in a patient with ALK-rearranged NSCLC harboring a
secondary crizotinib resistance G1269A mutation (29).

We have also evaluated the second-generation ALK inhibitor TAE684 in our models. Many
of the altered residues that cause crizotinib resistance do not exhibit a significant role in
binding of second-generation ALK inhibitors such as TAE684 and AP26113, which differ in
chemical structure from crizotinib. Consequently, many crizotinib-resistant mutants remain
sensitive to second-generation inhibitors in cell line assays, albeit at reduced potency
compared to native ALK (12, 14). Among these secondary mutations, the ALK F1174L
mutant confers both enhanced oncogenic potency and decreased crizotinib affinity (14). We
have shown that the enhanced in vitro profile of TAE684 translates into response in mice
genetically engineered to harbor the EML4-ALK F1174L mutation, even in the setting of
resistance to 17-DMAG. However, responses in resistant tumors were short-lived. Although
EML4-ALK F1174L is inhibited by TAE684, its sensitivity in vitro is 10-fold less than that
of native ALK(14). We propose that the combination of reduced drug potency against ALK
proteins carrying the secondary F1174L mutation, as well as the increased oncogenic
activity conferred by this mutation, affects the response to TAE684. These results suggest
that inhibitors specific for individual secondary mutations may improve efficacy in the
crizotinib-resistant setting. In addition, considering the superior durability of response to
TAE684 in crizotinib-naïve vs. resistant tumors, use of the more potent ALK inhibitor as
first-line treatment may better delay the development of additional resistance mutations than
the current sequence in which the weak inhibitor, crizotinib, precedes use of the more potent
agent. Although TAE684 is not being developed clinically, the related LDK378 has
demonstrated preliminary activity in both crizotinib-resistant and -naïve patients and has
entered Phase 2 studies to assess the rate and duration of response in both populations (32).

Our data also suggest promise for the strategy of combining ALK and HSP90 inhibitors. We
found that application of crizotinib and 17-DMAG in rapid succession ablated FDG-PET
activity in tumors driven by native EML4-ALK. This result is similar to the recent
demonstration that combined crizotinib and HSP90 inhibition was superior to either agent
alone against NCI-H3122 xenografts (29). Additionally, the combination of TAE684 and
17-DMAG successfully caused regression of tumors resistant to the agents individually.
Therefore, the addition of an HSP90 inhibitor to crizotinib in ALK inhibitor-naïve patients
and to a second-generation ALK inhibitor in crizotinib-resistant patients may substantially
improve efficacy.

In summary, we have demonstrated that a GEMM model of EML4-ALK-driven lung cancer
is predictive of clinical outcome, providing additional evidence for the utility of mouse co-
clinical trials. The results support the selection of crizotinib prior to pemetrexed or docetaxel
in the treatment of ALK-rearranged NSCLC. This model, as well as those harboring
secondary crizotinib resistance mutations, will allow the evaluation of additional second
generation ALK inhibitors, HSP90 inhibitors and other compounds targeting ALK-driven
signaling that will ultimately help prioritize treatments beyond crizotinib and guide the
development of future clinical trials.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of translational relevance:

Our study extends the results of a phase III trial in non-small cell lung cancer patients
with adenocarcinomas harboring EML4-ALK fusion. We performed a co-clinical trial in a
mouse model comparing the ALK inhibitor crizotinib to the standard-of-care agents
docetaxel or pemetrexed. Concordant with the clinical outcome in humans, crizotinib
produced a higher response rate compared to chemotherapy, associated with significantly
longer progression-free and overall survival. We also demonstrated that pemetrexed
produced superior overall survival compared to docetaxel. Additionally, in the EML4-
ALK-driven mouse lung adenocarcinoma model, HSP90 inhibition can overcome both
primary and acquired crizotinib resistance. Furthermore, HSP90 inhibition as well as a
second-generation ALK inhibitor, TAE684, demonstrated activity in lung
adenocarcinoma models driven by crizotinib-insensitive EML4-ALK L1196M or
F1174L. Our findings suggest that crizotinib is superior to standard chemotherapy in
ALK inhibitor-naïve disease and support clinical investigation of HSP90 inhibitors and
second-generation ALK inhibitors in tumors with primary or acquired crizotinib
resistance.
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Figure 1. Crizotinib is more efficacious against EML4-ALK lung cancer than chemotherapy
A, Waterfall plot showing tumor burden changes in EML4-ALK tumor-bearing mice after
three weeks of treatment with daily administration of 50 mg/kg crizotinib. MRI scans
reflecting tumor volumes before and after treatment were quantified and compared. Each bar
represents one mouse. B, Waterfall plots comparing the response of EML4-ALK-driven
tumors to 3 weeks of treatment with 100mg/kg crizotinib or docetaxel or pemetrexed. C,
Pharmacodynamic studies showing suppression of signaling pathways downstream of ALK,
including pSTAT3, pAkt, pERK and pS6. Tumors were harvested within 24 hours after 2
doses of crizotinib at 100 mg/kg and assessed by immunohistochemistry. Quantification
represents the average intensity over 10 microscopic fields, as described in the materials and
methods. D, Summary of the treatment study in panel B.
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Figure 2. Crizotinib produces improved overall survival and progression-free survival in EML4-
ALK lung cancer compared with chemotherapy
A, Kaplan-Meier curve showing overall survival of mice treated with crizotinib, docetaxel
or pemetrexed. Total survival times are counted from treatment initiation. B, Kaplan-meier
curve showing progression-free survival of mice treated with crizotinib, docetaxel or
pemetrexed. Disease progression is defined as described in the methods.
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Figure 3. The HSP90 inhibitor 17-DMAG is a candidate to overcome primary crizotinib
resistance
A, 17-DMAG suppresses tumor metabolism to a greater extent than crizotinib. PET-CT was
used to assess changes in 18FDG uptake after 2 treatments of either 17-DMAG or crizotinib
in EML4-ALK tumor bearing mice. SUVmax for each individual tumor nodule before and
after treatment was compared to calculate relative changes. Each bar represents a discernible
PET positive tumor nodule. B, Statistical summary of results presented in panel A. C,
Representative images showing reduction but not complete elimination of 18FDG uptake
after 2 doses crizotinib in an EML4-ALK tumor-bearing mouse. Further treatment with 17-
DMAG completely ablates the PET signal.
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Figure 4. The HSP90 inhibitor 17-DMAG and the second-generation ALK inhibitor TAE684
overcome acquired crizotinib resistance
A, EML4-ALK L1196M mutant responds to both 17-DMAG and TAE684. Representative
MRI images showing tumor regression after 2 weeks treatment with either drug are shown.
B, Both 17-DMAG and TAE684 can overcome crizotinib acquired resistance conferred by
the secondary kinase domain mutation F1174L. Four mice with lung cancer driven by
EML4-ALK F1174L (each indicated by a different color) were treated with 17-DMAG.
Tumor burden was monitored by MRI at the indicated time points from time of treatment
initiation. Treatment was switched to TAE684 at the time point marked by the red arrow,
after development of acquired resistance to 17-DMAG. Tumor shrinkage followed by re-
growth was observed at 11, 3 and 5 weeks after TAE684 administration, respectively, in 3
out of the 4 mice. C, 18FDG PET-CT study shows TAE684 can overcome acquired
resistance to 17-DMAG in EML4-ALK lung cancer. Representative images are shown from a
mouse treated with 17-DMAG until development of acquired resistance as reflected by
recurrent 18FDG uptake (bottom left panel). Application of TAE684 successfully suppressed
the recurrent 18FDG signal (bottom right panel). D, Upper panels, pharmacodynamic
studies showing restoration of known signaling pathways downstream of ALK in F1174L
mice that have become resistant to both 17-DMAG and TAE684 as single agents, including
pSTAT3, pAkt, pEMK, pERK and pS6. Consistent areas within the same tumor nodule are
shown. Lower panels. Tumors from untreated tumor-bearing mice sacrificed without any
treatment applied were subjected to IHC. IHC quantification represents the average intensity
over 10 microscopic fields.
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