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A B S T R A C T

Purpose

Imaging with ["®Flfluorodeoxyglucose (FDG) —positron emission tornography (PET) allows early recognition
of a response to agents that target key driver mutations in human cancer. WWe aimed to determine the
metabolic response rate to vemurafenib in patients with advanced BRAFmutant melanoma.

Patients and Methods

Baseline and day 15 FDG-PET was evaluated in 31 patients with advanced melanoma treated in a
phase | study of dose escalation of vemurafenib (PLX06-02), which included four patients treated
at subtherapeutic doses and 24 patients treated at 960 mg twice a day, which is the maximum-
tolerated dose of vemurafenib.

Results

All 27 patients treated at potentially therapeutic levels had at least a partial metabolic response, and three
patients achieved a complete metabolic response. In the 27 patients, there was an 80% = 3% reduction
in the maximum standardized uptake value (SUVmax) of target lesions and an 87% = 3% decrease in the
percentage of injected dose (%ID) in all identified disease sites. There was a positive correlation between
%ID in all identified disease and targetlesion SUVmax ( = 0.66; P < .001) that indicated a significant
homogeneity of the response between lesions in individual patients. Although no relationship was found
between the reduction in target lesion SUVmax and best response according to RECIST (Response
Evaluation Criteria in Solid Tumors), there was a trend for patients with greater reductions in uptake of FDG
to have longer progression-free survival.

Conclusion

FDG-PET is a useful marker of an early biologic response to vemurafenib. Little variability in PET
response was found between lesions in individual patients, which suggested minimal intrapatient
molecular heterogeneity. FDG-PET is a useful tool for the evaluation of the biologic impact of
inhibiting mutant BRAF and may allow for the more effective development of novel agents.

J Clin Oncol 30:1628-1634. © 2012 by American Society of Clinical Oncology

The inhibition of oncogenic protein kinases
with small molecules has led to a range of re-

The ability to target mutated oncogenes has been a
significant therapeutic advance in oncology. Recent
genomic efforts have identified mutations in onco-
genic protein kinases, including BRAF, KIT, and
RAS family members, in greater than 65% of cases of
melanoma.'™ The inhibition of kinase activity can
induce high response rates as shown by the small
molecules vemurafenib and imatinib that target
mutated BRAF and KIT, respectively.® In the case
of vemurafenib, this has led to responses that are
both more durable and associated with improved
overall survival compared with conventional
cytotoxic chemotherapy.”

1628 © 2012 by American Society of Clinical Oncology

sponses as detected by conventional imaging that
do not always correlate with a clinical benefit in
terms of the overall survival or progression-free
survival (PFS). Indeed, the survival of patients
with gastrointestinal stromal tumors treated with
imatinib is similar regardless of whether the best
response is stable disease or a partial response.®
Similar data exist for EGFR-mutated non—small-
cell lung cancer.” ! In contrast, the inhibition of
activity of oncogenic proteins is associated with
rapid metabolic responses as determined by func-
tional imaging with FDG-PET that allows early
detection of biologic effects of target inhibition
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that can be of substantial benefit in drug development and may also
be predictive of survival.'’*?

Preclinical studies have demonstrated that mutated BRAF kinase
can activate signaling pathways that affect glucose metabolism includ-
ing the LKB1-AMP kinase pathway and multiple pathways that regu-
late the expression of the GLUT1 glucose transporter.'>'® Therefore,
we sought to determine whether inhibition of BRAF kinase with
vemurafenib would induce rapid FDG-PET responses in patients with
BRAF-mutant melanoma and whether this was predictive of the clin-
ical outcome. Strikingly, 100% of patients treated with vemurafenib
obtained an FDG-PET response at 15 days, which demonstrated the
usefulness of this modality to act as an early marker of biologic re-
sponse to the inhibition of the BRAF kinase. Importantly, responses
showed little interlesional heterogeneity in the metabolic response
within individual patients. These findings suggested a homogeneous
biology, and primary resistance to vemurafenib in patients with
BRAF-mutant melanoma is relatively unlikely to be related to failure
to block signaling through this pathway.

Study Participants and Data Collection

Eligible patients for this study included all patients who participated in a
phase I dose escalation of vemurafenib (PLX06-02) who had completed both
baselineand day 15 FDG-PET scans that were available for centralized analysis.
The 31 eligible patients included 24 of 32 patients who participated in an
extension cohort treated at the maximum-tolerated dose of 960 mg twice a
day.’ For this cohort, FDG-PET was added to a routine response assessment

Table 1. Patient Demographics and Clinical Characteristics

Vemurafenib = 320
mg Twice a Day

Demographic or Subtherapeutic

Characteristic No. of Patients % No. of Patients

No. of patients 27 4
Age, years

Median 51

Range 30-67 49-81
Sex

M 17 63 4

F 10 37 0
ECOG PS

0 12 44 1

1 17 56 3
Stage

M1a 5 19 0

M1b 3 11 2

M1c 19 70 2
Baseline LDH

<1 x ULN 14 56 NA

1.0-2.0 X ULN 7 28 NA

>2 X ULN 4 16 NA
No. of previous therapies

0 6 22 1

1 9 33 0

2 3 11 0

=3 9 33 3

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status;
LDH, serum lactate dehydrogenase; NA, not applicable; ULN, upper limit of normal.

according to RECIST (Response Evaluation Criteria in Solid Tumors) 1.0."”
The remaining seven eligible patients were from the previous dose-escalation
cohort who underwent FDG-PET at the discretion of treating clinicians. These
patients included four patients enrolled to receive 80 mg twice per day of the
initial formulation with a day 15 area under the curve from 0 to 24 hours
(AUCO0-24 hours) less than 100 uM - h+ (well below the AUC0-24 hours of 400
M - h predicted to be associated with a response™'®), two patients who
received 360 mg twice per day (with day 15 AUCO0-24 hours > 600 uM - h), and
one patient treated above the maximum-tolerated dose at 1,120 mg twice per
day. Patient demographics and clinical characteristics are listed in Table 1, and
day 15 AUCO0-24 hours uM - h are listed in Table 2.

Design
The predefined primary end point of this substudy of the PLX06-02
study was the response rate defined by a 25% reduction in the maximum

Table 2. Response Assessment by Using FDG-PET and CT Scans

Vemurafenib

= 320 mg Vemurafenib
Twice a Day Subtherapeutic
(N =27) (n=4)
Parameter Mean SEM Mean SEM P
Drug exposure day 15,
uM/h 1,683 29 69 8 .001
Change in SUVmax of
target lesions, % 80 3 8 9 < .001
Change in percentage of
injected dose in
target lesions, % 84 € 1 20 <.001
Change in percentage of
injected dose in
whole-body lesions,
% 87 3 5 20 <.001
Metabolic disease
volume, mL 816 274 597 506 .66
Range 7-6,945 16-2,113

Overall assessment of
FDG response

Complete metabolic

response
No. of patients 3 0
% 1

Partial metabolic
response
No. of patients 24 1
% 89

No response, No. of
patients 0 3

Best overall response
according to

RECIST

CR
No. of patients 2 0
% 7

PR
No. of patients 21 1
% 78

SD
No. of patients 3 2
% 11

PD
No. of patients 1 1
% 4

Abbreviations: CR, complete response; CT, computed tomography; FDG,
["®F]fluorodeoxyglucose; PD, progressive disease; PET, positron emission
tomography; PR, partial response; SD, stable disease; SUVmax, maximum
standardized uptake value.
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standardized uptake value (SUVmax) by using European Organisation for
Research and Treatment of Cancer criteria.'® It is important to indicate that
the development of the 25% cutoff for response was based largely on repro-
ducibility of the determination of SUVmax rather than clinical or biologic
criteria and, thus, has limited value in the evaluation of the secondary and
exploratory end points of this study. The secondary and exploratory end
points were as follows: the relationship between the reduction in SUVmax and
time to progression (RECIST 1.0), the relationship between the reduction in
the percentage of injected dose (%ID) within the total tumor burden and time
to progression, the relationship between the reduction in %ID in target
lesions and %ID in all lesions, the relationship between the baseline met-
abolic tumor volume and time to progression, and the FDG-PET response
rate to vemurafenib by using qualitative criteria (no response, partial
metabolic response, and complete metabolic response). This study was
approved by the institutional review boards/human research ethics com-
mittees of all participating institutions.

FDG-PET Scans and Imaging Analyses

FDG-PET scans were performed at baseline (1 to 21 days before com-
mencement of vemurafenib) and day 15 after commencement of vemu-
rafenib. Computed tomography scans were performed at baseline (1 to 21 days
before commencement of vemurafenib) and on days 29 and 57 and then every
56 days. FDG-PET scans were performed after patients fasted for at least 6
hours, and plasma glucose levels were determined to document euglycemia.
[*®F]fluorodeoxyglucose (FDG) was administered intravenously according to
weight (0.15 mCi/kg, ranging from 3 to 16 mCi) and images were acquired
after a distribution time of approximately 60 minutes. Images were obtained

from approximately the base of the skull to midthigh in all patients and also
including extremities when clinically relevant. FDG-PET images were cor-
rected for attenuation. DICOM (Digital Imaging and Communications in
Medicine) -compliant data from all sites was anonymized and transferred to
the central review site for analysis. Analysis was performed by using MARVn
software version 2.16 (Peter MacCallum Cancer Centre, East Melbourne,
Australia), which provided an automated volume-of-interest analysis on the
basis of user-defined search regions and an iterative volume-growing ap-
proach on the basis of a user-defined threshold, set to a standardized uptake
value of 2.5.%° Parameters evaluated included the SUVmax of uptake to five
target lesions, SUVmax for all lesions, %ID in target lesions and all lesions, and
metabolic tumor volume. The latter parameter was calculated by multiplying
the number of abnormal voxels identified within the volume of interest by the
known voxel volume. Conventional responses were assessed by using com-
puted tomography scans, and responses were assessed by using modified
RECIST 1.0 criteria as previously reported.”

Statistical Analysis

Analysis was performed by using Prism 5 (Version 5, 2007; GraphPad
Software, La Jolla, CA). The t test was used to examine associations between
categorical variables. Linear regression analysis was used for correlations of
continuous data. PFS was calculated from the date of commencement of
vemurafenib to the date of death or first progression as defined by using
RECIST 1.0"7 or until censoring at the date of the last follow-up as of May 27,
2011.Overall survival was calculated from the date of commencement of
vemurafenib to death as a result of any cause or until censoring at the date of
last follow-up as of May 27, 2011. P = 0.05 was considered significant.

Fig 1. Examples of ['®Ffluorodeoxyglucose
response in patients with high metabolic
disease volume. (A) Baseline metabolic dis-
ease volume of 3,132 mL. (B) Day 15
example of a complete metabolic re-
sponse. When no voxels in the volume of
interest had a standardized uptake value >
2.5, the SUVmax of target lesions was de-
fined as having decreased by 100%.

1630 © 2012 by American Society of Clinical Oncology
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Patient Characteristics

A total of 31 patients had baseline and day 15 FDG-PET scans as
part of the phase I clinical trial of vemurafenib (PLX06-02).> The
cohort of patients is summarized in Table 1 and included 27 patients
treated at therapeutic doses of vemurafenib = 320 mg twice a day
(mean AUC, 1683 = 29 umol/L - h) and four patients treated at lower
doses who achieved subtherapeutic levels (mean AUC, 69 = 8 wmol/
L-h). Of the 27 patients who received a dose of vemurafenib that was
predicted to inhibit BRAF signaling, two patients received 320 mg
twice a day, 24 patients received 960 mg twice a day, which is the
maximum-tolerated dose of vemurafenib, and one patient received
1120 mg twice a day, which is the maximum delivered dose of vemu-
rafenib in the dose escalation study.” All patients treated at greater than
320 mg of vemurafenib twice per day had exposure well above 400
pumol/L « h, which is the minimum exposure associated with tumor
regression in preclinical models and responses in patients by using
conventional imaging (Table 2).'®*' In contrast, four patients treated
in the same study with vemurafenib 80 mg twice per day all had
exposures less than 100 wmol/L - h, which is the minimum level
associated with tumor stability in preclinical studies or the phase I
study (Table 2)."2! All patients evaluated in this study had the V60OE
mutation in BRAF.

The patient population was typical for patients with advanced
melanoma; the median age of patients was 51 years, 63% of patients
were men, and 70% of patients had stage M1C melanoma with visceral
metastases and/or an increase of LDH. This patient population was
highly pretreated with 78% of patients who had previous therapies for
advanced melanoma, including 33% of patients with three or more
previous therapies.

FDG-PET Response

By using the European Organisation for Research and Treatment
of Cancer criteria for partial metabolic response for FDG-PET of a
= 25% reduction in SUVmax, 100% of patients treated with = 320
mg of vemurafenib twice per day had a partial or complete metabolic
response (Figs 1, 2 and Table 2). We quantified the response by using
the following two techniques: first, we used the percentage reduction
in SUVmax of up to five predefined target lesions, and second, we used
the percentage reduction in the %ID of FDG-PET in both target
lesions and all identifiable lesions in the field of view by using PET
image-analysis software MARVN.*® The %ID calculation reflected
both the metabolic volume and intensity of uptake in the viable tumor
mass and, as such, provided a global measure of metabolic activity in
the residual viable cell burden by using FDG-PET.

On average, the SUVmax was reduced by 80% on day 15 of
therapy in target lesions. This corresponded to an 84% reduction in
the %ID in target lesions. A similar 87% reduction in uptake of FDG
was observed when %ID of the entire disease burden was determined.
Three patients obtained a complete metabolic response, which was
defined as the resolution of FDG uptake within the tumor volume so
that it was indistinguishable from the surrounding normal tissue or, in
the case of hepatic lesions, had an SUVmax less than 2.5. Three of the
four patients in the group treated at the subtherapeutic dose failed to
achieve a partial metabolic response, with a single patient who
achieved a 29% reduction in the SUVmax in target lesions.

WWW.jco.org
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Fig 2. (A) ["®FIfluorodeoxyglucose—-positron emission tomography (FDG-PET)
response on day 15 as calculated by using the maximum standardized uptake
value (SUVmax). European Organisation for Research and Treatment of Cancer
criteria define a partial metabolic response as a 25% reduction in the SUVmax
(dashed line). Patients treated at subtherapeutic doses are shown in gold. (B)
Best overall response as determined by conventional assessment by using
RECIST 1.0 with a partial response being a 30% reduction in tumor diameters
(dashed line). Each column represents the same individual patient shown directly
above in A.

Responses to vemurafenib were obtained independently of the
metabolic disease volume with patients who obtained responses de-
spite having up to 6.9 L of metabolically active tumor. One patient
achieved a complete metabolic response who had greater than 3.1 L of
metabolic disease volume at baseline (Fig 1). Overall, 85% of patients
in this cohort had complete or partial responses according to RECIST
criteria. The two patients who achieved complete responses according
to RECIST criteria had 97% and 96% reductions in %ID of FDG in
total body disease at day 15. Only one patient had a best response of
progressive disease according to RECIST criteria, which progressed
early at 28 days, and this patient had a partial metabolic response at day
15 of 79% with a 65% reduction in the %ID of FDG in total body
disease. Overall, there was no relationship between the extent of met-
abolic response determined by FDG-PET and the best response
obtained according to RECIST (Fig 2). Similarly, there was no rela-
tionship between the time to response according to RECIST and the
metabolic response. We found that 67% of patients who received
more than 320 mg of vemurafenib twice per day achieved a partial
RECIST response by the second imaging assessment at 56 days. Taken
together, these data suggested that, although an FDG-PET response to
vemurafenib occurred in all patients with V600E mutated melanoma,
which suggest a successful target inhibition, this was not always suffi-
cient to induce responses by using conventional imaging.

© 2012 by American Society of Clinical Oncology 1631
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Fig 3. Homogeneity of molecular re-
sponse. (A) High correlation between the
reduction in the maximum standardized
uptake value (SUVmax) between target
lesions and the percentage of injected
dose in all evaluable sites of disease.
Similar results were obtained when the
percentage of injected dose in target
lesions was compared with the percent-
age of injected dose in whole-body dis-
\ ease (P = 0.64; P < .001). (B) Example of
homogeneity of interlesional response in a
patient with a large number of lesions.

Molecular Homogeneity of Response

It was notable that by both a qualitative and quantitative assessment
of FDG-PET response, there was little heterogeneity in the degree of
response between lesions in an individual patient (Fig 3B). To more
formally assess this observation, we compared the percentage reduction in
SUVmax in target lesions to the percentage reduction in %ID in total
body lesions in the field of view. There was highly significant correlation
between these parameters with an * of 0.66 (P < .001). Similar results

1632 © 2012 by American Society of Clinical Oncology

were obtained by comparing the percentage reduction in %ID in target
lesions with that in all lesions in the field of view. Collectively, these data
suggest minimal interlesional molecular heterogeneity with respect to the
effects of BRAF inhibition by using vemurafenib.

FDG-PET Response and Patient Survival
Although partial metabolic responses were universal in this

patient cohort, there was some variation in the degree of response

JOURNAL OF CLINICAL ONCOLOGY
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Fig 4. Relationship between reduction in the maximum standardized uptake
value (SUVmax) and progression-free survival (PFS). The PFS of patients with
greater or less than the median reduction in SUVmax (82%) is shown. The ratio
of the median PFS between the two groups was 0.34 (95% CI, 0 to 0.7).

with the reduction in SUVmax varying from 34% to 100%. Therefore, we
examined whether there was a relationship between the metabolic re-
sponse (SUVmax or %ID) at day 15 and the duration of response accord-
ing to RECIST criteria, PFS, and overall survival. We did not observe any
definitive relationship between the FDG-PET response at day 15 and these
parameters. However, on the basis of the median reduction in SUVmax of
829%, the median PFS in the group less than this median reduction was 183
days compared with 484 days in patients who achieved a greater than 82%
reduction in the SUVmax (Fig4). The median reduction in SUVmax was
chosen as the cutoff prospectively before any analyses were undertaken to
avoid the bias of multiple analyses in a limited data set. Examination of the
PES curves revealed no difference in early progression between the two
groups; however, intriguingly, there was some separation of the curves
after 200 days. Although, by using the Wilcoxon test, hazard ratios be-
tween the groups were not significantly different (hazard ratio, 1.84; 95%
CI, 0.7 to 4.8), the 95% CI of the ratio of the median PFS between the
groups was less than 1 (0.34; 95% CI, 0 to 0.7). This trend for the degree of
metabolic response to be predictive of PES was impressive given the
relatively small number of patients evaluated.

Exploratory analyses were also performed to determine whether
patients with low metabolic disease volumes a had longer PES. Patients
with metabolic disease volumes less than the median (313 mL) had a
trend for longer PFS (282 days) than did patients with metabolic
disease volumes greater than the median (141 days; P = .06; Wilcoxon
test) as shown in Appendix Fig Al (online only).

The use of FDG-PET has previously shown early evidence of response
and biologic activity after the successful inhibition of the protein
kinases KIT in GI stromal tumor (GIST) and EGFR in non—small-cell
lung cancer. We observed a similar, dose-dependent reduction in the
uptake of FDG in patients with BRAF-V600E-mutant melanoma
treated with vemurafenib, which is an agent with specificity for the
RAF/MEK/ERK pathway but without direct activity against the PI3K/
AKT pathway more usually associated with glucose metabolism. No
or minimal responses were observed at subtherapeutic doses of vemu-
rafenib, whereas striking and consistent reductions were observed at

www.jco.org

doses of vemurafenib = 320 mg twice a day. However, as previously
observed in GIST,** the extent of inhibition of FDG uptake at the
maximum-tolerated dose did not predict traditional RECIST re-
sponses. We suggest that the inhibition of FDG uptake likely reflects
the abrogation of signaling downstream of BRAF, which may be
required but not necessarily sufficient to result in a loss of cellular
viability that may depend on factors including the ability to use alter-
native metabolic substrates or the integrity of apoptotic pathways
activated in response to substrate restriction. As such, FDG-PET may
be a useful tool in the development of drugs that inhibit the BRAF/
MEK/ERK pathway to assist in defining whether novel agents are
being delivered at the optimal dose and schedule. FDG-PET may also
help to understand whether resistance mechanisms relate to failure of
signaling abrogation through the candidate pathway or other mecha-
nisms including failure of apoptosis.

Preclinical studies supported clear molecular links between the
inhibition of BRAF, downregulation of ERK activity, and effects on
glucose metabolism. ERK can directly phosphorylate LKB1, which
negatively regulates glucose metabolism through both AMP-kinase
and the mTORCI complex. Moreover, ERK regulates several tran-
scription factors that control the expression of the glucose transporter
GLUTI including CREB, AP-1,and MYC. Therefore FDG uptake as a
measure of the functional activity of GLUT1 may provide a biomarker
for signaling through the BRAF/MEK/ERK pathway.

As previously detailed, although the inhibition of FDG uptake may
be a robust marker of the pathway inhibition of glucose uptake and
possibly cell proliferation, a reduction of glucose uptake is not sufficient to
induce high levels of cell death that lead to morphologic regression. In-
stead, other biologic processes in melanoma may determine the timing
and extent of tumor regression after the inhibition of BRAF. Candidates
would include accompanying genetic events to mutation in BRAF such as
the loss of PTEN or mutation or loss of CDKN2A that may influence the
reestablishment of cell proliferation that limits the extent of tumor regres-
sion. Similarly, the altered expression of molecules that regulate apoptosis
or autophagy may influence the extent of response. An additional expla-
nation of the lack of correlation between an FDG-PET response and
conventional response may involve metabolic processes in melanoma
cells. Melanoma cells may be able to use glucose-independent metabolic
pathways to survive or proliferate. In contrast, exploratory analyses sug-
gested that an inhibition of glucose uptake maybe related to longer-term
responses. Preclinical data with vemurafenib supported this relation-
ship.” This observation requires additional evaluation in a larger and
independent cohort that will also allow the exploration of patient subsets
such as patients with low metabolic disease volumes. However, similar to
GIST treated with imatinib or sunitinib, the data raised the hypothesis that
the extent of inhibition of oncogene-driven glucose uptake may predict a
sustained clinical benefit, and mechanisms that underlie an early versus
late benefit from the inhibition of BRAF may be distinct.

The observation that the uptake of FDG is rapidly and homo-
geneously reduced after the inhibition of BRAF raises the possibil-
ity of using FDG-PET to monitor the durability of response and
detect early progression. Indeed, tumors can become FDG avid at
progression despite continued dosing with vemurafenib (G.A.M.
and R.J.H., unpublished data). The performance FDG-PET scans
at later time points, such as at 8 to 12 weeks, is worthy of study
because tumor metabolism may be a more significant predictor of
later outcome by detecting the early reactivation of signaling and
FDG uptake. Such an approach might provide an opportunity to

© 2012 by American Society of Clinical Oncology ~ 1633
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identify sites that have developed vemurafenib resistance and,
thereby, to discover targets for early intervention in patients des-
tined for subsequent progression.

The high metabolic response rate to inhibition of BRAF by ve-
murafenib suggested a fundamental relationship between the activa-
tion of BRAF and a high level of glucose uptake that are usually
associated with a glycolytic phenotype.'* A variety of oncogenic events
can induce a glycolytic phenotype characterized by impaired oxidative
phosphorylation and high rates of production of lactate through gly-
colysis. These events include RAS, MYC, loss of PTEN, and activation
of PI3 kinase. Activated BRAF has also been associated with the glyco-
lytic phenotype, and our data provided evidence that this also may be
the case in human melanoma. These observations suggest that
additional studies to investigate the role of altered glucose metabolism
in the malignant phenotype of melanoma and response to targeted
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