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A B S T R A C T

Background: Luminespib (AUY922) is a second-generation heat shock protein 90 (HSP90) inhibitor with de-
monstrated activity in non-small cell lung cancer (NSCLC). Since luminespib reduces levels of dihydrofolate
reductase (DHFR), a key enzymatic target of pemetrexed, we assessed the safety and tolerability of luminespib in
combination with pemetrexed in patients with previously treated metastatic non-squamous non-small cell lung
cancer (NSCLC). We also sought to study the pharmacokinetics and correlate tumor dihydrofolate reductase
(DHFR) expression with clinical response.
Methods: Patients received weekly luminespib at either 40mg/m2, 55mg/m2, or 70mg/m2 according to a
standard 3+ 3 dose-escalation design along with pemetrexed at 500mg/m2 followed by an expansion at the
maximum tolerated dose (MTD).
Results: Two-dose limiting toxicities (DLTs) were experienced in the 70mg/m2 cohort, therefore the MTD was
determined to be 55mg/m2. 69% (N=9) of patients experienced ophthalmologic toxicity related to luminespib.
Maximum serum concentration (Cmax) of luminespib was associated with increased grade 2 drug related ad-
verse events (DRAEs) (rs= 0.74, P < 0.01), with volume of distribution (VD) inversely associated with the
number of DRAEs (rs=− 0.81, P= 0.004) and ophthalmologic related DRAEs (rs=− 0.65, P= 0.04). The
best response was partial response in one patient for 20 months, prior to expiration of all luminespib. Amongst
patients treated at the MTD, the objective response rate was 14%.
Conclusion: In patients with previously treated metastatic NSCLC, the MTD of luminespib in combination with
pemetrexed was 55mg/m2 per week. The combination of luminespib and pemetrexed demonstrated clinical
activity. Tolerability of luminespib with pemetrexed is limited by ocular toxicity.

1. Introduction

Despite recent advances in therapy for non-small cell lung cancer
(NSCLC), the prognosis for patients with metastatic disease who pro-
gress after prior therapy remains poor. Heat shock protein 90 (HSP90)
is a molecular chaperone which facilitates protein trafficking, stabili-
zation, and folding. HSP90 is induced in stress states including cancer
[1]. HSP90 mediates numerous oncogenic driver proteins important in
NSCLC pathogenesis including epidermal growth factor receptor

(EGFR) and anaplastic lymphoma kinase (ALK) [2].
Luminespib (AUY922) is an isoxazolyl resorcinol-based HSP90 in-

hibitor that is distinct from first-generation geldanamycin HSP90 in-
hibitors [3]. “Second-generation” inhibitors have drawn interest be-
cause of their increased potency, potentially preferable side effect
profile, and more favorable pharmacokinetics [4]. We previously de-
monstrated preclinical activity of luminespib in a wide range of cancer
cell lines [5]. A global phase II study of luminespib demonstrated
clinical activity as a single-agent in patients with NSCLC, particularly
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those with EGFR mutations or ALK gene rearrangements [6]. It is
plausible that a rationally selected combination of luminespib with a
proven anticancer agent may increase its efficacy.

Pemetrexed is commonly used to treat NSCLC. Use is restricted to
non-squamous disease and is effective in combination or as main-
tenance [7–9]. Pemetrexed is a folate antimetabolite which inhibits key
enzymes in purine and pyrimidine synthesis, namely, thymidylate
synthase (TS) and dihydrofolate reductase (DHFR) [10]. In vitro studies
in cancer cell lines and xenograft models have demonstrated that
HSP90 inhibition leads to cell cycle arrest through S-phase inhibition
and downregulation of TS [11]. This is a mechanism similar to that of
pemetrexed, which suggests that the combination of the two may be
synergistic. Studies in murine cell lines show high binding affinity of
HSP90 to chemically denatured DHFR and suggest that its chaperone
activity likely involves maintaining DHFR in a folding-competent
structure [12]. In addition, we found that DHFR mRNA is reliably de-
creased in human NSCLC cell lines exposed to luminespib [5]. Reduced
DHFR expression has also been associated with pemetrexed respon-
siveness [13].

Therefore, we conducted a multicenter phase Ib trial, Translational
Research in Oncology- United States (TRIO-US) L-05 (NCT01784640),
of luminespib in combination with pemetrexed in patients with ad-
vanced NSCLC to determine the safety and tolerability of this combi-
nation. We also assessed the pharmacokinetics of luminespib in com-
bination with pemetrexed and evaluated DHFR expression in enrolled
patients.

2. Patients and methods

2.1. Patient population

Patients were 18 years or older with histologically confirmed stage
IV non-squamous, NSCLC who had progressed on one or more prior
lines of therapy. Eligible patients had at least one measurable lesion
defined by RECIST (1.1) and had an Eastern Cooperative Oncology
Group (ECOG) performance status≤ 2. Adequate organ function (AST
and ALT≤ 1.5×Upper Limit of Normal (ULN), or≤ 2.5 of ULN if liver
metastases are present, serum creatinine≤ 1.5), expected survival time
of≥ 3 months, and at least a four-week washout from prior systemic
therapy were required. Patients with unresolved≥ grade 1 diarrhea,
baseline QTc≥ 450ms, history of prior cancer within 3 years of en-
rollment, untreated central nervous system metastasis, prior treatment
with pemetrexed, prior anti-neoplastic treatment with any HSP90 or
HDAC inhibitors, or ongoing infection were excluded from the study.
All patients provided written informed consent. The study was ap-
proved by the Institutional Review Board at all participating institu-
tions and overseen by the Jonsson Comprehensive Cancer Center Data
Safety Monitoring Board (DSMB).

2.2. Study design

Patients were assigned to one of three cohorts according to a stan-
dard 3+ 3 dose-escalation design. The expansion cohort at maximum
tolerated dose (MTD) was planned to enroll twenty patients: ten pa-
tients with EGFR mutations, five with ALK gene rearrangements, and
five with wild-type KRAS, EGFR and ALK.

Patients in each cohort received weekly intravenous luminespib at
one of three doses, 40mg/m2 (cohort one), 55mg/m2(cohort two), or
70mg/m2(cohort three), in combination with pemetrexed 500mg/m2

intravenous every 21 days. Luminespib was administered on day 1
(over 60min) at the specified dose for that cohort, followed by peme-
trexed 500mg/m2 infusion (over 15min). Participants continued to
receive weekly luminespib and every 3 week pemetrexed until end of
study, defined as progression of disease, death, toxicity precluding
further therapy, or withdrawal of consent. Our primary objective was to
assess safety and tolerability. Secondary endpoints were

pharmacokinetic parameters, objective response rate (ORR) in evalu-
able patients, and correlation of tumor DHFR expression with response.

2.3. Assessments

Response was assessed using Computed Tomography (CT) scans
with IV contrast of the chest and abdomen by RECIST (1.1). Additional
studies were performed at the discretion of the treating physician.

Toxicity was graded using the National Cancer Institute Common
Terminology Criteria for Adverse Events (CTCAE, Version 4.0). DLTs
were defined as drug related adverse events (DRAEs) which were either
grade 4 non-hematologic toxicity, grade 4 neutropenia, thrombocyto-
penia requiring platelet transfusion, or grade 3 non-hematological
toxicity lasting greater than seven days. Patients were evaluated weekly
for treatment-related toxicities throughout cycles one and two and at
the beginning of each subsequent 21-day cycle. ECGs and blood samples
were obtained at predefined timepoints pre- and post- luminespib in-
fusion. Ophthalmologic examinations before treatment and after cycles
one and three included assessments of visual acuity, intraocular pres-
sure, slit-lamp test, dilated fundus, color-vision test, and if indicated,
electroretinography.

2.3.1. Pharmacokinetics
Whole-blood samples for pharmacokinetic (PK) analysis were drawn

at prescheduled timepoints (cycle 1 day 1: 0, 1, 2, 4, and 24 h; cycle 1
day 8: 0 and 1 h). Luminespib levels in plasma were measured using a
validated liquid chromatography and tandem mass-spectrometry
method by Covance Inc. (Princeton, NJ). PK parameters were defined
using non-compartmental analysis by the linear trapezoidal method. PK
calculations were confirmed using the PKSolver package [14].

2.4. Immunohistochemistry

DHFR expression was estimated using immunohistochemical (IHC)
analysis of pretreatment formalin-fixed paraffin-embedded (FFPE)
tumor tissue using the PA5-14267 DHFR antibody (ThermoFischer
Scientific, Waltham, MA). Slides were optimized and compared to IHC
for DHFR in the Human Protein Atlas. Slides were analyzed by two
pathologists blinded to patient outcomes.

2.5. Statistical analysis

All statistical analyses were performed using the R programming
language [15] and plotted using the ggplot2 package [16]. Nonpara-
metric analysis of adverse events and pharmacokinetic parameters was
performed using the Spearman’s rank-order correlation. Descriptive
statistics were used for the survival data given the limited sample size.

3. Results

3.1. Patients

18 patients were screened, and a total of 13 patients were enrolled
in this phase 1b study (Table 1). Nine were enrolled in the dose-esca-
lation phase and four in the expansion phase. At that time, the sponsor
(Novartis; Basel, Switzerland) transferred luminespib to Vernalis
(Winnersh, UK), so trial accrual and enrollment terminated early.

All patients had ECOG performance status of 0 or 1. Patient and
tumor characteristics are shown (Table 1). Median age was 65 years
(range 46–94). 61.5% (N=8) were women. The population was split
nearly equally between white (N=7) or other races (N=8). The
majority of patients (N=10) were never smokers. 69% of patients
(N= 9) harbored an EGFR mutation, and 44% (N=4) had exon 20
insertion in EGFR. This disproportionate enrollment of EGFR mutations,
and specifically exon 20 insertions, was based on data showing parti-
cular benefits in this group and limited alternate treatment options. All
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patients harboring a sensitizing EGFR mutation (N=5) (defined as an
exon 19 deletion or L858R mutation) were treated with either a first or
second generation EGFR-TKI. Four patients harbored an exon 20 mu-
tation (associated with de novo resistance to approved EGFR-TKIs), and
two of them were previously treated with an EGFR-TKI [17]. An
equivalent number of patients received chemotherapy (N=6) or tar-
geted therapy (N=6) as their last regimen prior to the trial.

3.2. DLTs and MTD

Cohort one enrolled four patients after the third patient experienced
atrial fibrillation which was concerning for a possible DLT. However,
after review by the DSMB, the event was determined to not meet DLT
criteria (grade 2), so cohort two was opened. Three patients were en-
rolled in cohort two without a DLT. A total of two patients enrolled in
cohort three, and both experienced a DLT, grade 3 thrombocytopenia
and grade 3 supraventricular tachycardia (SVT). The MTD was there-
fore determined to be luminespib 55mg/m2 with pemetrexed 500mg/
m2.

3.3. Toxicity

The most common adverse events were fatigue, hyperglycemia,
anemia, dyspnea, nausea, and diarrhea. There was only one grade 4
event, respiratory failure, unrelated to either pemetrexed or lumine-
spib. The most common DRAE was visual complaints/ ophthalmologic
toxicity (N=9, 69%) followed by fatigue (N=6, 46.2%) (Table 2).
Four patients experienced blurred vision, and this occurred after the
first or second cycle in all patients. Two of those patients had a dose
interruption or dose reduction, and this led to resolution of the blurred
vision. Other frequent DRAEs (experienced in>30% of patients) in-
cluded anemia (N = 5, 38.5%), diarrhea (N=5, 38.5%) and anorexia
(N=4, 31%). By the end of trial, over half of patients had QTc pro-
longation (defined as QTcF > 440msec) (N= 7, 53.8%), with one
patient experiencing QTc prolongation as early as after cycle 1. At the
MTD, 71% of 7 patients (N=5) required a dose reduction, with a
median relative dose intensity (RDI) of 88%. RDI was not correlated to
number of grade 1, grade 2, or grade 3 AEs experienced.

3.4. Pharmacokinetics

The pharmacokinetic parameters of luminespib are shown in Fig. 1.
Mean maximum concentration (Cmax) of luminespib with pemetrexed at
the MTD was 122 ng/m L. The area under the curve from zero to in-
finity (AUC0-inf) for luminespib was 166.4, 679.6, and 2083.2 ng x h/

m L for each cohort, respectively (Fig. 1). Elimination half-life (t1/2)
reliably increased with luminespib dose, and at the MTD was 5.64 h
with an observed clearance of 153.5 L/m2/h (Fig. 1). We explored the
correlation of pharmacokinetic parameters with the onset of toxicities
(not shown). Cmax of luminespib was associated with increased grade 2
DRAEs (rs= 0.74, p < 0.01), while the volume of distribution (VD)
was inversely associated with number of DRAEs (rs=− 0.81,
P= 0.004) and ophthalmologic related DRAEs (rs=− 0.65, P= 0.04).

3.5. Antitumor activity

Two patients (15%) withdrew consent and two others died from
disease progression. Both events occurred within two months of en-
rollment. Patients treated at the MTD were evaluable for response
(N=7). The ORR was 14% in patients treated at the MTD. The median
PFS was 1.4 months. There was one partial response. This patient re-
ceived luminespib 55mg/m2 for 20 months, ending when the drug
supply ended. The other six patients treated at the MTD all progressed
within 6 months.

3.6. DHFR expression was seen in the one responder

85% (11) of the pre-treatment tumor specimens were successfully
analyzed for DHFR expression using IHC. All patients had absent ex-
pression or cytoplasmic expression only. The only patient with the
characteristic cytoplasmic and membranous DHFR IHC staining of the
tumor was the only durable responder (Supplementary Figure S1).

4. Discussion

Based upon promising preclinical data, this trial examined the safety
and tolerability of luminespib with pemetrexed in patients with ad-
vanced non-squamous NSCLC. The MTD of luminespib in combination
with pemetrexed was 55mg/m2, which was lower than the MTD when
given as a single-agent or with erlotinib [18–20]. This was associated
with synergistic toxicity, which may be due to combined DHFR in-
hibition by luminespib and pemetrexed. We observed ophthalmologic
toxicity related to luminespib in 69% of patients, primarily manifesting
as blurred vision. This ophthalmologic toxicity was in the range ob-
served in a single-agent phase II trial (80%) or in combination with
erlotinib (60%) [6,20]. However, low grade ocular toxicity was re-
versible with dose reductions and interruptions. These rates of ocular
toxicity are higher than those seen with first-generation HSP90 in-
hibitors, which are associated with dose-limiting hepatotoxicity be-
cause of a benzoquinione moeity [21]. The increased rates of ocular

Table 1
Patient Demographics, Tumor Characteristics, and Response.

Age (y) Sex Race Ever
Smoker

Prior
Lines

Last Regimen Tumor EGFR
mut

Tumor
DHFR

luminespib (mg/
m2)

Best Response Time on Trial
(m)

Reason Off
Trial

67 F White Yes 2 targeted none Neg 40 PD 1.2 PD
74 M Asian No 2 targeted L858R Neg 40 SD 1.7 WDC
85 M Asian No 3 targeted L858R Neg 40 NA 1.0 SAE
94 F Black No 1 targeted Exon 20 ins Neg 40 SD 11.2 PD
58 F White Yes 1 chemo none Neg 55 PD 1.4 PD
71 M White No 1 chemo L858R Neg 55 PD 1.4 PD
46 F White No 1 chemo Exon 20 ins Neg 55 PD 1.4 PD
65 M White No 2 targeted none NA 55 SD 1.6 AE, WDC
65 F White Yes 1 targeted L858R Pos 55 PR 19.6 Supply Ended
52 M White No 3 chemo Exon 20 ins Neg 55 SD 5.5 PD
64 F Other No 2 chemo Exon 19 del Neg 55 PD 1.7 Rapid Decline
75 F Asian No 3 chemo none NA 70 NA 0.2 DLT
50 F Hispanic No 3 IO Exon 20 ins Neg 70 NA 0.4 DLT

Abbreviations: AE= adverse event, del= deletion, DHFR=dihydrofolate reductase, EGFR=epidermal growth factor receptor, ins= insertion, IO= immuno-
oncology drug, m=months, mut=mutation, NA=not available, Neg= negative by immunohistochemistry, PD=progressive disease, Pos= positive by im-
munohistochemistry, PR=partial response, SAE= serious adverse event, SD= stable disease, DLT=dose limiting toxicity, WDC=withdrew consent, y= years.
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Table 2
Drug Related Adverse Events by Luminespib Dose*.

40mg/m2 (N=4) 55mg/m2 (N=7) 70mg/m2 (N=2) All (N= 13)

Grade (N) Grade (N) Grade (N) All Grades (N)

1 2 3 1 2 3 1 2 3

opthalmologic toxicity 2 0 0 3 3 0 0 1 0 9 (69%)
blurred vision 1 0 0 1 1 0 1 0 0 4 (31%)
night blindness 0 0 0 0 2 0 0 0 0 2 (15%)
flashing lights 0 0 0 2 0 0 0 0 0 2 (15%)
floaters 0 0 0 1 0 0 0 0 0 1 (8%)
dry eyes 0 0 0 1 0 0 0 0 0 1 (8%)
eye pain 0 0 0 0 1 0 0 0 0 1 (8%)
photophobia 1 0 0 0 0 0 0 0 0 1 (8%)
diplopia 0 0 0 0 1 0 0 0 0 1 (8%)
retinopathy 1 0 0 0 0 0 0 0 0 1 (8%)
color vision disturbance 0 0 0 1 0 0 0 0 0 1 (8%)

fatigue 1 0 1 1 2 1 0 0 0 6 (46%)
diarrhea 1 0 0 2 1 0 0 1 0 5 (38%)
anemia 1 0 1 1 1 1 0 0 0 5 (38%)
anorexia 0 1 0 0 3 0 0 0 0 4 (31%)
nausea 0 0 0 2 1 0 0 0 0 3 (23%)
leukopenia 0 0 0 1 1 1 0 0 0 3 (23%)
muscle weakness 0 0 0 1 1 0 0 0 0 2 (15%)
neutropenia 0 0 0 0 1 1 0 0 0 2 (15%)
thrombocytopenia 0 0 0 1 0 0 0 0 1 2 (15%)
dehydration 1 0 0 0 1 0 0 0 0 2 (15%)
supraventricular tachycardia 0 0 0 0 0 0 0 0 1 1 (8%)

*Including most commonly experienced adverse events (occurring in > 10% of all patients) and all grade 3 or greater adverse events. There were no grade 4 drug
related adverse events.

Fig. 1. Noncompartmental pharmacokinetic
analysis of luminespib, depicting mean of the
maximum concentration (Cmax) (A), area under
the curve (AUC) of luminespib from time zero
to last observation (B), an improved estimation
of AUC – extrapolation of AUC from zero to
infinity (C), half-life (t1/2) (D), volume of dis-
tribution (VD) (E), and clearance (CL) (F).
Means are stated on each plot with standard
error bars depicted above.
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toxicity may be explained by prolonged inhibition of HSP90 by lumi-
nespib in photoreceptors and a higher retina to plasma exposure ratio
[22].

HSP90 is potentially appealing target in cancer because the list of
oncogenes which it stabilizes is long. This phase I study demonstrates
that the combination of luminespib and pemetrexed has clinical ac-
tivity, but the trial was not designed nor powered to look at efficacy.
However, experience from other trials looking at the combination of a
second-generation HSP90 inhibitor with chemotherapy for NSCLC pa-
tients have been disappointing. The randomized phase II trial of ga-
netespib and docetaxel in advanced NSCLC patients (GALAXY-1) failed
to demonstrate progression-free survival (PFS) benefit [23]. The only
phase III trial of an HSP90 inhibitor in NSCLC (GALAXY-2) randomized
677 patients with advanced NSCLC to docetaxel or docetaxel plus ga-
netespib, but failed to improve PFS and was terminated early [24].

The use of HSP90 inhibitors for molecularly defined subsets of
NSCLC has shown somewhat better results [25,20,6,26]. However, the
greatest benefit appears to be in patients with ALK gene rearrangements
[27,28], with a 32% response rate with single-agent luminespib in a
phase II trial [6]. EGFR and the EML4-ALK translocation product are
both client proteins of HSP90 which are degraded by its inhibition, and
this may explain why luminespib may be particularly effective in these
patients [29,5,30]. Luminespib has demonstrated activity in patients
harboring EGFR mutations, even T790M+disease, suggesting a role in
overcoming acquired resistance, but the utility seems limited in the era
of third-generation EGFR-TKIs [20,31,6]. None of the patients with a
sensitizing EGFR mutation in this trial were previously treated with a
third-generation EGFR-TKI because none were approved at the time. By
today’s standard of care, most of these patients would have either re-
ceived front-line osimertinib or osimertinib after progression on a prior
EGFR-TKI. In our trial, the longest responder harbored an L858R mu-
tation, but mutation testing for T790M was unable to be performed.
Only two of four patients with an exon 20 insertion were previously
treated with an EGFR-TKI because of low response rates of 3–8% to first
and second generation TKIs [17]. Studies have suggested a role for
luminespib in patients with exon 20 insertions, for whom treatment
options are limited [32,6]. One of two patients with an EGFR exon 20
insertion evaluable for response had stable disease for 5.5 months.

Concerns have been raised that once weekly treatment may not
achieve sustained oncoprotein suppression, and perhaps newer orally
administered HSP90 inhibitors such as TAS-116 or SNX-5422 may be
able to overcome this issue [4]. Multiple redundant mechanisms over-
come the effects of HSP90 inhibition through activation of the heat
shock response (HSR) which induces alternative heat shock proteins
(HSP70, HSP40, HSP27) and has also been considered a potential im-
pediment [33]. The first-in-class C-terminal HSP90 inhibitor (aminox-
yrone), unlike other N-terminal HSP90 inhibitors, does not elicit the
HSR, and may be a promising avenue given its novel mechanism of
action [34,35].

In our trial, one patient was still responding to treatment at 20
months prior to the supply of drug ending, suggesting that further
studies should be undertaken to understand which subset of patients
respond best to HSP90 inhibition, although it is possible that the result
was driven entirely by pemetrexed. None of the trials using HSP90
inhibitors have identified a lead candidate as a predictive biomarker.
Our observation of tumor DHFR expression in the one durable re-
sponder is interesting, but requires prospective validation.

In summary, luminespib with pemetrexed had a manageable safety
profile similar to that of luminespib in other trials, and was limited by
ophthalmologic toxicity, and to a lesser extent, cardiac toxicity. The
trial ended early due to a change in its sponsor. There was clinical
activity in previously treated patients with metastatic non-squamous
NSCLC, but were luminespib to be evaluated further for clinical use,
biomarkers to select the subset of patients likely to benefit luminespib
would be key, particularly given the associated toxicities.
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