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ABSTRACT In vitro, EGFR inhibition, combined with the BRAF inhibitor vemurafenib, causes

synergistic cytotoxicity for BRAFY®9°F metastatic colorectal cancer, further aug-
mented by irinotecan. The safety and efficacy of vemurafenib, irinotecan, and cetuximab in BRAF-
mutated malignancies are not defined. In this 3+3 phase | study, patients with BRAFY®0%-advanced
solid cancers received cetuximab and irinotecan with escalating doses of vemurafenib. Nineteen
patients (18 with metastatic colorectal cancer and 1 with appendiceal cancer) were enrolled. Three
patients experienced dose-limiting toxicities. The MTD of vemurafenib was 960 mg twice daily. Six
of 17 evaluable patients (35%) achieved a radiographic response by Response Evaluation Criteria in
Solid Tumors 1.1 criteria, consistent with in vivo models demonstrating tumor regressions with the
triplet regimen. Median progression-free survival was 7.7 months. BRAFV60% circulating cell-free DNA
(cfDNA) trends correlated with radiographic changes, and acquired mutations from cfDNA in genes
reactivating MAPK signaling were observed at progression.

SIGNIFICANCE: Vemurafenib, in combination with irinotecan and cetuximab, was well tolerated in
patients with refractory, BRAF-mutated metastatic colorectal cancer, and both survival outcomes and
response rates exceeded prior reports for vemurafenib and for irinotecan plus cetuximab in BRAF Y6008
metastatic colorectal cancer. In vivo models demonstrated regressions with the triplet, in contrast with
vemurafenib and cetuximab alone. cfDNA predicted radiographic response and identified mutations

reactivating the MAPK pathway upon progression. Cancer Discov; 6(12); 1352-65. ©2016 AACR.

INTRODUCTION

BRAFY"E mutations are present in approximately 8% to
10% of patients with metastatic colorectal cancer (1-3) and
are associated with poor survival (4-6). In patients with
previously treated BRAF-mutated colorectal cancer, radio-
graphic disease progression is often observed by the time
of first restaging, the result of both rapid clinical deteriora-
tion and poor sensitivity to standard cytotoxic regimens (7).
Therefore, these patients are in dire need of novel, effective
therapies.

Vemurafenib is a small-molecule tyrosine kinase inhibitor
specific to the ATP-binding domain of BRAFVS"F (8). Inhi-
bition of V600E-mutated BRAF by vemurafenib may lead to
decreased activity of the MAPK pathway, and vemurafenib as a
single agent has been active in multiple advanced malignancies
with BRAFV%E mutations (9-11). However, in patients with
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metastatic BRAFV*°F colorectal cancer, vemurafenib mono-
therapy has a response rate of only 5% (12). In preclinical mod-
els, blockade of BRAFVSE by vemurafenib generates a reflexive
activation of EGFR, which can bypass BRAF and promote
tumor progression via multiple downstream signaling path-
ways (13, 14). Dual blockade of BRAF by vemurafenib and
EGFR by cetuximab in mice caused tumor regression not
observed with both agents alone, and pilot studies of BRAF
and EGFR inhibition have demonstrated evidence of clinical
activity (15, 16).

Irinotecan combined with cetuximab is approved for
metastatic colorectal cancer in patients with RAS wild-
type tumors, and this combination has shown efficacy for
patients who previously progressed on irinotecan mono-
therapy (17). Xenograft models derived from colorectal
tumors of patients with BRAF*F mutation have suggested
that mice treated with vemurafenib, irinotecan, and cetuxi-
mab have better response rates and longer survival than
mice treated with irinotecan and cetuximab or vemurafenib
and cetuximab (18). In light of these findings, we performed
a phase I study to determine the safety and activity of vemu-
rafenib in combination with irinotecan and cetuximab in
patients with refractory, advanced, BRAF'**®®-mutated solid
tumors.

RESULTS
Patient Characteristics

Nineteen patients were enrolled and treated between
June 2013 and May 2015. Demographic data are listed in
Supplementary Table S1. The median number of prior
therapies was 2 (range, 1-4). Fourteen patients (74%) had pre-
viously received irinotecan, 8 (42%) had previously received
cetuximab, 1 had previously received a BRAF inhibitor, and
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Table 1. Genomic profiling and microsatellite status for each patient on study according to treatment response

BRAF KRAS NRAS PIK3CA AKT MSI-H Best response
1 V600E Wild-type Wild-type Wild-type Wild-type (Not tested) SD
2 V600E Wild-type Wild-type (Not tested) (Not tested) MSI-H PR
3 V600E Wild-type Wild-type Wild-type Wild-type MSS PR
4 V600E Wild-type Wild-type (Not tested) (Not tested) MSS SD
5 V600E Wild-type Wild-type Wild-type Wild-type MSS PD
6 V600E Wild-type Wild-type Wild-type Wild-type MSS PR
7 V600E Wild-type Wild-type Wild-type Wild-type MSS SD
8 V600E Wild-type Wild-type Wild-type Wild-type MSS SD
9 V600E Wild-type Wild-type Wild-type Wild-type MSI-H PR
10 V600E Wild-type Wild-type Wild-type Wild-type MSS N/A
11 V600E Wild-type Wild-type Wild-type Wild-type (Not tested) SD
12 V600E Wild-type Wild-type Wild-type Wild-type MSS SD
13 V600E Wild-type Wild-type Wild-type Wild-type (Not tested) SD
14 V600E Wild-type Wild-type Wild-type Wild-type (Not tested) PR
15 V600E Wild-type Wild-type Wild-type Wild-type (Not tested) SD
16 V600E Wild-type Wild-type Wild-type Wild-type MSS SD
17 V600E Wild-type Wild-type Wild-type Wild-type MSS PR
18 V600E Wild-type Wild-type Wild-type Wild-type MSS SD
19 V600E Wild-type Wild-type H1047R Wild-type MSI-H PD

Abbreviations: MSI-H, microsatellite-high; MSS, microsatellite stable; PD, progressive disease; PR, partial response; SD, stable disease; N/A, not assessed.

1 had previously received a MEK inhibitor. Genomic and
pathologic features of 17 participants’ tumors are listed in
Table 1. KRAS and NRAS mutations were not detected in
pretreatment samples from any of these patients. A PIK3CA
mutation was detected in only 1 of 17 tested patients. Of the
14 tumors in which tumor tissue was available for microsat-
ellite testing to be performed, microsatellite instability was
detected in 3 (21%).

Safety

Six patients were treated at dose level 1, 6 at dose level 2,
and 7 at dose level 3. A dose-limiting toxic effect was observed
in 1 patient at each dose level: arthralgia at dose level 1 and
diarrhea at dose levels 2 and 3. The patient with arthralgia
experienced resolution of symptoms after reduction of the
vemurafenib dose. One of the patients with dose-limiting
diarrhea ceased study participation, and the other experi-
enced improvement of symptoms after reduction of the iri-
notecan dose.

Adverse events, according to each dose level, are listed in
Table 2. The most common adverse events were fatigue (89%
of patients), diarrhea (84%), nausea (79%), and rash (74%).
The most common grade 3 adverse event across all dose lev-
els, observed during cycles 2 (1 patient), 5 (2 patients), and 6,
7, and 8 (1 patient each), was diarrhea (26%). Four patients
(21%) developed grade 3 or 4 leukopenia, and 1 developed
febrile neutropenia. No patient developed keratoacanthoma
or cutaneous squamous cell carcinoma. On the basis of these
findings, vemurafenib 960 mg by mouth twice daily was

declared safe in combination with irinotecan and cetuximab
every 14 days at the doses used in this study and will serve as
the recommended dose for phase II studies.

Efficacy

Two patients did not have restaging: One left the study
because of dose-limiting diarrhea, and another withdrew
consent because of arthralgia. Seventeen patients (16 with
colorectal cancer and 1 with appendiceal cancer) under-
went at least one restaging study following initiation of
vemurafenib, irinotecan, and cetuximab. Among these
17 evaluable patients, 6 had a response (response rate,
35%; 95% confidence interval, 14%-62%; Fig. 1A). All 6
of these patients had confirmed responses with at least
one additional imaging study showing persistent response
according to the Response Evaluation Criteria in Solid
Tumors (RECIST) 1.1 criteria (Fig. 1B). Among the 17
evaluable patients, 15 (88%) had disease control, defined as
stable disease or radiographic response. The lone patient
with appendiceal cancer had disease progression by the
time of the first restaging study. Patterns in disease con-
trol were distributed similarly across the three dose-level
cohorts (Fig. 1C).

The estimated median progression-free survival was 7.7
months (95% confidence interval, 3.1 months-NA; Fig. 1D).
Radiographic responses, when present, lasted a median of
8.8 months before progression; an example of pretreatment
CT imaging studies of a tumor and repeat radiographic
improvement of a responding patient is seen in Fig. 1E and F,
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Table 2. Adverse events, according to dose level, associated with treatment with
vemurafenib in combination with irinotecan and cetuximab

Total Gradel Grade2 Grade3 Grade4 Gradesl-2 Grades3-4 Total %

Alopecia 3 1 1 4 1 5 26

Anemia 7 6 2 13 2 15 79

Anorexia 7 3 10 0 10 53

Arthralgia 5 1 2 6 2 8 42

Blurry vision 1 1 0 5

Constipation 4 4 0 4 21

Cramping 1 1 0 1 5

Diarrhea 6 5 5 11 5 16 84

Dry heaves 1 1 0 15 g

Dry mouth 1 1 0 1 5 g

Dyspnea 4 1 5 0 5 26 %

Epistaxis 1 1 0 5 %

Fatigue 9 6 2 15 2 17 89 g

Fever 1 1 0 1 s 3

Flushing 1 1 0 1 5 §->

GERD 1 1 0 1 5 ‘g\)

HFS 2 2 0 2 11 g

HTN 1 1 0 1 s g

Incbilirubin 1 1 0 15 g

Inc LFT 1 1 0 1 5 %

Infection 1 1 0 1 s 3

Leukopenia 2 3 3 1 5 4 9 47 §

Lowalbumin 1 1 0 1 5 g

Low K 1 1 0 1 5 §

Low Mg 2 2 0 2 11 §

Mucositis 4 1 5 0 5 26 _§
g

Myalgia 9 2 11 0 11 58 g

Nausea 11 3 1 14 1 15 79 g

Neuropathy 4 2 6 0 32 %

Proteinuria 1 1 0 15 >

Pruritis 1 1 0 1 5 g

Rash 12 1 1 13 1 14 74 %

Taste change 1 1 0 1 5

Vomiting 5 1 6 0 6 32

Weight loss 1 1 2 0 2 11

Abbreviations: Inc LFT, increased liver function tests; GERD, gastroesophageal reflux disease; HFS, hand-foot
syndrome; HTN, hypertension; Low K, low potassium; Low Mg, low magnesium.

respectively. For the 17 evaluable patients, the median number with the presence of accompanying microsatellite instability
of doses of treatment administered was 16 (interquartile [odds ratio (OR), 6.0; P = 0.20]. Likewise, no association was
range, 6-20). Three patients remain on study at the time detected between radiographic response and prior treatment
of data cutoff. For the 14 patients in whom microsatellite with irinotecan (OR, 0.60; P = 0.23) or with prior anti-EGFR
testing was performed, there was no association of response therapy (OR, 1.2; P = 0.64).
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Figure 1. A, waterfall plot characterizing best response to treatment for each patient. B, Spider plot demonstrating response to treatment for
each patient over time according to the dose level. C, Doses of treatment for each patient on study according to dose level. D, Kaplan-Meier plot for
progression-free survival. Representative sequential imaging of a pretreatment abdominal tumor (E) with subsequent shrinkage upon treatment (F) is
also shown. Cl, combinational index; PFS, progression-free survival; NR, not reached.

cfDNA Analyses

Twelve patients had serial plasma samples available.
Trends in circulating cell-free DNA (cfDNA) by both
studies mirrored changes in radiographic tumor volume
over the course of treatment. For 2 of these patients,
serial plasma samples were analyzed across all time points
on study via next-generation sequencing (NGS) methods

that incorporated all genes on the selected gene panel.
Declines in BRAFV®E fraction paralleled declines in other
truncal mutations like TP53 and SMAD4 (Supplementary
Fig. S1). A waterfall plot of changes in percentage of
BRAF-mutant allele at the time of first restaging (Fig. 2A)
appears similar to the waterfall plot detailing changes in
radiographic tumor volume with treatment (Fig. 1A). The
magnitude of change in BRAFV®'’F allele from baseline
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Figure 2. A, Changes in BRAFV600E cfDNA allele fraction from baseline after one dose of treatment for 12 patients with serial samples available,
classified according to radiographic responders (blue) or nonresponders (black). B, Percentage change in BRAFV690F cfDNA fraction versus percent
change in radiographic volume of target lesions at the time of first restaging (after 4 doses of treatment), according to radiographic responders (black)
or nonresponders (red). Representative trends in cfDNA fraction (black) and radiographic changes (red) for patients with radiographic response (C) and
progression (D).

correlated to radiographic response, as patients with partial responses, well before the time of first radiographic staging
responses were more likely to demonstrate a deeper reduc- for response (Fig. 2C; Supplementary Fig. S2). In general,
tion in BRAFV®E ¢fDNA fraction following one dose of  trends in BRAFV®°E ¢fDNA with time mirrored those of
treatment by either digital droplet PCR (ddPCR) or cfDNA patients with no radiographic response on study (Fig. 2D;

NGS relative to those with stable or progressive disease at Supplementary Fig. S2).

the time of first restaging (P < 0.01). To allow for a more Ten patients had sufficient plasmaat progression for fDNA
direct comparison between radiographic measurements analysis to compare mutation and copy-number profiles with
and changes in mutant cfDNA fraction to detect response matched pretreatment samples using the Clinical Laboratory
to the triple combination, we plotted the change in vol- Improvement Amendments (CLIA)-certified 68-gene tar-

ume per RECIST 1.1 measurement at the first restaging geted NGS assay. This cfDNA methodology was orthogonally
against the change in BRAFV*°E-mutant fraction from a validated with the digital PCR results, with a near-perfect
blood specimen collected at the same time point (Fig. 2B). correlation (R? = 0.99) between detected BRAFV°E cfDNA

220z ¥snbny 9z uo ysenb Aq ypd-zGeL/1G9€281/2S€E L/Z1/9/pd-alonle/A1on00sIpieoued/Bio s|eulnolioee)/:dpy woly papeojumoq

All 6 patients with radiographic responses demonstrated fractions for samples from a matched patient and specific
near-complete reductions in BRAFV%E ¢fDNA allele frac- time point as assessed by both methodologies (Supplemen-
tion at the same time point. Two of the “nonresponder” tary Fig. S3). Amplifications in copy number of KRAS, MET,
patients were found to have near-complete disappearances and EGFR were detected in 1 patient. Increases in the fraction
of mutant BRAFV®F just prior to their second dose of of PTEN"22N) NF1E977K| EGFRY3! ERBB2R?25 and GNASIR?01¢
treatment (Fig. 2A), and maintained these reductions even mutant alleles were found. All of these were detected at lower
by the time of their first restaging. Both of these patients mutant allele frequencies prior to treatment initiation (Fig.
demonstrated radiographically stable disease while on 3A), and all of these mutations except for the GNASR¥IC
study, with maximum reductions in tumor size of -13% mutation were detected when microsatellite instability was
and -17%. present. Three patients acquired MEKI mutations (2 with

Declines in the BRAF'®%E cfDNA allele fraction within MEKI®'?1S and 1 with MEKI®T) not present at the start of
2 weeks of treatment initiation exceeded a 90% reduc- treatment, and 1 patient each acquired novel ARAFS*T and
tion from baseline in all 6 patients with radiographic =~ GNASI®™°!® mutations (Fig. 3A).
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Figure 3. A, Relative changes in mutant allele fractions for various oncogenes implicated in MAPK signaling (red) pretreatment and postprogression,

with superimposed BRAFY60%E cfDNA allele fraction (black). B, Median nuclear:cytoplasmic ratios (NCR) for ERK2 and FOX03a as surrogate measures of
MAPK and PI3K/AKT signaling for variants detected in plasma samples from patients at progression. Decreasing nuclear:cytoplasmic ratio for ERK2 and
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Figure 4. Xenograft studies using two BRAFV6?E models of metastatic colorectal cancer reveal reductions in mean tumor volumes (A and B) and in
individual mice (C and D) treated with the triple combination of irinotecan plus vemurafenib and cetuximab relative to mice treated with irinotecan alone
or the vemurafenib/cetuximab doublet. Asterisks refer to patients who had received prior cetuximab.

To characterize the functional significance of the mutations
identified from cfDNA profiling, we measured their onco-
genic activity via microscopic quantification of nuclear tran-
scription factor localization.

Of the mutations that increased in fraction following
treatment, the ERBB2%525 variant/mutation was found to
be active through the MAPK/ERK pathway (Fig. 3B). Simi-
larly, the PTEN'2?N mutation elicited significant activation
of the MAPK/ERK pathway as well as the PI3K/AKT path-
way, performing similarly to the known PTEN®!3Q mutation
(19). The MEK1¢'21S and MEKI®T alterations were found
to elicit significant oncogenic activation of the MAPK/
ERK pathway. Similarly, the EGFR'3! variant/mutation was
profiled and found to elicit high oncogenic activation of
MAPK/ERK pathway when compared with a known exon 21
driver mutation (EGFRM61Q).

Xenograft Studies

We examined two xenograft models of BRAF6%E meta-
static colorectal cancer—one derived from a patient at our

institution (B1003) and the other from a vemurafenib-resist-
ant cell line (RKO)—for sensitivity to the various agents used
in this clinical trial. As seen in Fig. 4A, the treatment of the
patient-derived xenograft B1003 model with single-agent iri-
notecan or the combination of vemurafenib plus cetuximab
led to a relatively static treatment response substantially
different from the untreated control group. However, a
regression in mean tumor volumes in the mice treated with
the triple combination of irinotecan plus vemurafenib and
cetuximab was seen at the end of the experiment when com-
pared with those treated with irinotecan alone (P =0.002) or
the vemurafenib and cetuximab doublet (P < 0.0001). Simi-
lar findings were noted with the cell line-derived xenograft
model of BRAFV°E metastatic colorectal cancer, whereby
the triple combination of irinotecan, cetuximab, and vemu-
rafenib was associated with a reduction in mean tumor
volume after 21 days not observed with the other treatments
(Fig. 4B). Waterfall plots (Fig. 4C and D) for each the indi-
vidual mice treated on this study demonstrate that all mice
administered the triple combination therapy experienced
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Figure 5. In vitro analyses of two BRAFY69%F cell lines—RKO and B1003, respectively—demonstrated synergism (Cl < 1) when SN-38 (metabolite of
irinotecan, A and B), BYL719 (PI3K inhibitor, C and D), and trametinib (MEK inhibitor, E and F) were all added to vemurafenib (vem) and cetuximab (cetux).

Cl, combinational index.

reduction in their tumor volumes, whereas the majority
of mice in both the single-agent irinotecan cohort and the
vemurafenib plus cetuximab group had tumor growth by
day 21.

Cell Proliferation Assays

We also tested two cell lines of microsatellite-high (MSI-H),
BRAFYSE metastatic colorectal cancer—RKO and B1003
(derived from the xenograft detailed above)—by treating with
vemurafenib and cetuximab in combination with one of
three additional third agents: SN-38 (active metabolite of
irinotecan; Fig. 5A and B), BYL719 (PI3K inhibitor; Fig. 5C
and D), or trametinib (Fig. 5E and F). Based on the median
effective doses (EDjs), the addition of SN-38 to vemurafenib
plus cetuximab resulted in a moderately synergistic cytotoxic
effect, with EDyg, values of 0.66 and 0.84 for B1003 and RKO,
respectively. Synergy was also seen upon the addition of
BYL719 (EDj, of 0.48 and 0.77 for B1003 and RKO, respec-
tively) or trametinib (EDs, 0.06 and 0.18, respectively) to
vemurafenib and cetuximab.

DISCUSSION

Our current trial is the first in which irinotecan has
been added to vemurafenib and cetuximab for patients
with BRAF-mutated metastatic colorectal cancer. This tri-
ple combination had an acceptable toxicity profile. Three
patients in our study experienced dose-limiting toxic effects,
but only 1, a patient with dose-limiting diarrhea, withdrew

consent as a result. The other 2 patients, 1 with arthralgia
who experienced resolution of symptoms with a reduction
in the vemurafenib dose and 1 with diarrhea who experi-
enced improvement in symptoms after reduction in the
irinotecan dose, were able to remain on study and achieved
partial responses. The rates of grade 3 diarrhea (26%) and
neutropenia (21%) across all cycles were similar to those in
a prior second-line colorectal cancer study of cetuximab and
irinotecan (28% and 32%, respectively). Notably, even with
irinotecan treatment, only one case of grade 1 transaminitis
was observed, and this was not associated with a rise in the
alkaline phosphatase level. In contrast, in a previous study of
vemurafenib and panitumumab in patients with BRAF'60E
metastatic colorectal cancer, 1 patient had grade 4 transami-
nitis related to vemurafenib, and 4 had grade 3 elevations
in alkaline phosphatase level (33% incidence of grade 3-4
hepatotoxicity; ref. 15). Our findings showed fewer unac-
ceptably severe toxic effects on the liver with this three-drug
approach.

Durable disease control was noted in patients with pre-
treated BRAF-mutated metastatic colorectal cancer treated
with this triple combination. Antitumor activity was
observed at all dose levels of vemurafenib, and the median
progression-free survival was 7.7 months. The clinical res-
ponses observed here suggest reason for optimism regarding
improvement of outcomes for patients with BRAFYSE-
mutated colorectal cancer. In multiple studies of irinotecan
with cetuximab in patients with metastatic colorectal cancer
who experienced disease progression with prior systemic
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chemotherapy (17, 20-22), median progression-free survival
times of 3 to 4 months were estimated, although outcomes
were not characterized by BRAF mutation status. Two other
groups have published results of BRAF inhibitor combined
with anti-EGFR therapy for patients with BRAF-mutant
metastatic colorectal cancer. One cohort of 27 patients
treated with vemurafenib and cetuximab noted a single
partial response (4%) with a median progression-free sur-
vival of 3.7 months (16). In a study of 15 patients treated
with vemurafenib and panitumumab (15), 2 of 12 evalu-
able patients (17%) had partial responses, and the median
progression-free survival was only 3.2 months. Unlike our
study, patients were excluded if they had received prior
anti-EGFR therapy. In our study, 7 patients had experienced
disease progression on prior cetuximab therapy, and of
these, 1 had a partial response and 5 had stable disease with
vemurafenib, irinotecan, and cetuximab. We also observed
stable disease in 9 evaluable patients (53%), which may pro-
vide additional insight into the longer median PFS in this
cohort relative to prior reports. Our findings suggest that
patients with BRAFV®F mutations may derive some clinical
benefit from this triple combination despite disease pro-
gression on prior anti-EGFR therapy.

With the mixed pattern of effect from treatment observed
here, NGS was performed on pretreatment samples to ident-
ify other mutations present which could be associated with
a favorable response to treatment. Prior preclinical work has
implicated alterations in the PI3K/AKT pathway as a mech-
anism for innate resistance to BRAF inhibition for BRAF'?E
metastatic colorectal cancer (23). However, in this cohort,
only 1 of 17 patients had a PIK3CA mutation, which limited
further analysis of any possible association here. Similarly,
only 3 patients harbored MSI-H tumors, and no association
was seen with response.

Patients with radiographic responses to vemurafenib with
irinotecan and cetuximab demonstrated declines in the per-
centage of BRAFVE cfDNA before their first restaging scan,
and the magnitudes of these changes were maintained at
the time of first restaging. The 6 patients with stable disease
with serial blood available for analysis had lower percent
reductions in BRAFY"°E ¢fDNA at the time of first restag-
ing than their responder counterparts, and these trends
appeared to last through the time of first restaging. Of
interest, 2 patients with stable disease on study experienced
near-resolution of mutant BRAF cfDNA, both within 2 weeks
of treatment initiation and at the time of their first radio-
graphic reassessment. Although the dramatic depth of res-
ponse in cfDNA for these 2 patients was not associated with
a radiographic partial response, both demonstrated some
reduction in volume of their target lesions from baseline.
For these 2 patients then, there appears to be no evidence
of an early response followed by rapid adaptive resistance.
The pattern of change in ¢fDNA frequency appears more
heterogeneous in those patients with stable/progressive
disease relative to the responders on treatment, all of whom
demonstrated early, near-complete disappearance of mutant
BRAFY$E fDNA. However, the number of patients ana-
lyzed was small, and larger cohorts of patients are needed to
investigate these findings further. Because the appearance of
the BRAF mutation appears early in the pathogenesis of these

tumors, these findings lend further support to the notion
that identification of early truncal mutations may serve as
reliable biomarkers which can be monitored as personal-
ized, surrogate biomarkers for response through blood-based
sequencing methods.

The cfDNA NGS analysis also provided important insights
into possible mechanisms of resistance to the combination of
irinotecan with vemurafenib and cetuximab. Three patients
developed detectable MEKI mutations at the time of radio-
graphic progression. MEK1¢!?1S hasbeen reported in BRAF'600E-
mutated metastatic melanoma with acquired resistance to
BRAF inhibition by vemurafenib (24) and, in in vitro models of
BRAFV0E melanoma, confers resistance to treatment with the
MEK inhibitor selumetinib (24) but not to the combination
of dual BRAF and MEK inhibition (25). MEKI®'?!S has not
previously been reported in BRAF*E-mutated metastatic
colorectal cancer following treatment with combined BRAF
and EGFR blockade. GNAS®%IC mutations were also noted in
postprogression cfDNA at a higher allelic frequency relative
to its paired pretreatment specimen. This mutation has been
implicated in the promotion of continued cyclic AMP activity
(26) and propagation of downstream signaling of both Wnt/
beta-catenin and MAPK pathways (27), both important in
colorectal cancer pathogenesis. This mutation has not pre-
viously been reported as a possible mechanism of acquired
resistance to BRAF +/— EGFR-targeted therapies in BRAFY60°F
metastatic colorectal cancer, but given its known association
with MAPK signaling in colorectal cancer, it is feasible that
tumor cells could employ this oncogene as another mechan-
ism to bypass the antitumor activity of these targeted drugs.
Our findings are also consistent with findings in a prior series
of 3 patients with BRAF-mutated metastatic colorectal cancer
treated with a BRAF inhibitor plus an MEK inhibitor and/or
anti-EGFR antibody, who were found to have focal amplifi-
cations of KRAS and BRAF and acquired mutations in ARAF
and MEKI in postprogression tumor biopsy specimens (28).

Multiple nucleotide variants were detected at the onset
of tumor progression that were either amplified rela-
tive to baseline or undetected at baseline. Many of these
(e.g., ERBB2R2S| ARAFS*T EGFRY3, PTENU22N) were
associated with the presence of microsatellite instability.
Given that higher mutation burdens are found in MSI-H
metastatic colorectal cancer (29), it was important to
understand whether these mutations were deleterious or
rather passenger mutations amid an otherwise hypermu-
tated tumor. A functional assay of MAPK activity demon-
strated a higher presence of nuclear ERK2 for MEK1¢1215]
MEKI®7T ERBB2R5?2S ) PTEN??N and EGFR™3' mutations
compared with their wild-type counterparts. Nuclear
accumulation of ERK2 is associated with increased activ-
ity of MAPK signaling, suggesting that these resistant
tumors reactivated MAPK signaling despite the pressures
of agents blocking BRAF and EGFR upstream. Other trun-
cal mutations like TP53 were detected in baseline samples
(Supplementary Fig. S1) and changed in mutation allelic
frequency in parallel with the dynamic changes noted in
BRAFY®°E_ Given that many of these mutations predicted
to be damaging from genes important in MAPK signaling
were undetectable in baseline specimens yet appeared at
progression, we surmise that they are not the result of
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mere tumor growth but rather the consequence of clonal
selection.

Prior work in vemurafenib-sensitive xenograft models of
metastatic colorectal cancer has demonstrated KRAS and
NRAS mutations can be detected at low allelic frequencies
and can clonally expand upon acquired resistance to vemu-
rafenib (12). In addition, mutations in these oncogenes have
also been found in low levels in patients with metastatic colo-
rectal cancer who are naive to exposure to BRAF inhibitors,
and aberrations in additional oncogenes like MEK1, EGFR,
and MET have all been implicated as mechanisms of acquired
resistance to targeted therapies against mutated BRAF in
melanoma and anti-EGFR therapies in metastatic colorectal
cancer. We found no evidence of acquired RAS mutations
in postprogression samples of our patients, and we found
no ectodermal mutations in EGFR hotspots associated with
resistance to cetuximab. Amplifications in copy number of
EGFR, MET, and KRAS were found together in 1 patient at
progression. Although some genetic alterations reported in
our work here are consistent with other reports of mechan-
isms of resistance to targeted therapies against BRAF and
EGFR, others are novel. Collectively, our findings suggest that
colorectal tumors with a BRAFY” mutation may rely upon
continued propagation of MAPK signaling through a variety
of mechanisms at the time of resistance to BRAF and EGFR
blockade. We acknowledge that our analyses here are limited
to genomic profiling and did not incorporate gene expression
profiling to explore nongenomic mechanisms of resistance
such as dynamic changes in mRNA expression patterns under
epigenetic regulation, which have been implicated in acquired
resistance to BRAF inhibitors in melanoma (30). As BRAFY600E
metastatic colorectal cancer tumors are associated with CpG
island hypermethylation (29), it is indeed plausible that epi-
genetic control influences response to targeted therapies to
BRAF and/or EGFR in this subset of patients, even though we
were unable to assess this in our present study.

The rationale for this triple combination is also supported
by our preclinical evidence showing that the addition of iri-
notecan to vemurafenib and cetuximab reduces tumor size in
xenograft models of BRAFVS°E metastatic colorectal cancer.
The failure of vemurafenib and cetuximab alone to produce
sustained reductions in tumor size in our xenograft models
mirrors the low response rates noted with the previously
described trials targeting BRAF and EGFR in this popu-
lation. Further support for the cytotoxic benefit of adding
irinotecan to the combination of therapies against BRAF and
EGFR comes from preclinical xenograft studies of BRAF/60E-
mutated metastatic colorectal cancer showing improved res-
ponse rates and prolonged survival with the addition of
irinotecan to vemurafenib and cetuximab (18). B1003 and
RKO are both MSI-H models of BRAFV¢%E metastatic colorec-
tal cancer, and susceptibility to irinotecan has been reported
in microsatellite-unstable colorectal cancer cell line models
previously relative to microsatellite-stable counterparts (31).
Despite a potentially preferential bias toward susceptibility
to irinotecan in MSI-H metastatic colorectal cancer models,
BRAF%E mutations are nonetheless associated with micro-
satellite instability. Even though no association between res-
ponse and MSI-H status was observed here, these findings

thereby provide further rationale toward investigating the
use of incorporation of irinotecan into a targeted therapy
approach for larger series of patients with BRAFY*%E meta-
static colorectal cancer.

We recognize that our findings are limited by the small
sample size and by the fact that this study was conducted ata
single institution. An expanded cohort at the recommended
phase II dose for patients with BRAF*°F metastatic colorec-
tal cancer who have progressed on prior anti-EGFR therapy
remains ongoing, and those findings will be reported separ-
ately. The SWOG 1406 study is an ongoing randomized phase
IT clinical trial with a completed enrollment of 78 patients
with refractory BRAF-mutated metastatic colorectal cancer
who will receive irinotecan and cetuximab with or without
vemurafenib, and results are awaited. We examined multi-
ple BRAFV0E metastatic colorectal cancer cell line assays
and found synergism with the addition of all three agents
(SN-38, an active metabolite of irinotecan; BYL719, a PI3K
inhibitor; and trametinib, a MEK inhibitor) to the BRAF plus
EGEFR inhibitor doublet. Collectively, this suggests multiple
potential strategies that may improve on the clinical activity
seen with BRAF plus EGFR inhibition. The findings from this
clinical study suggest that this triplet regimen of vemurafenib
with cetuximab and irinotecan has a satisfactory toxicity pro-
file and may be effective for patients with BRAF"*P-mutated
metastatic colorectal tumors, who are desperately in need of
novel therapies.

METHODS

Trial Design

This 3+3 phase I dose escalation trial was open to patients with
advanced cancer, including metastatic colorectal cancer, with
BRAFY®E mutation and KRAS wild-type at codons 12 and 13 as
confirmed with tissue biopsy in a CLIA-certified laboratory. For most
patients, screening for BRAF and KRAS mutations was performed
using NGS at a minimum of 250x, with additional profiling for genes
including NRAS, PIK3CA, AKT, and TPS53. Prior exposure to irinote-
can and to anti-EGFR therapies was allowed, as was prior treatment
with a BRAF inhibitor or MEK inhibitor. Additional eligibility cri-
teria were Eastern Cooperative Oncology Group performance status
of 0 to 2, normal organ and bone marrow function, and life expec-
tancy greater than 3 months.

Allpatientsreceivedirinotecan 180 mg/m?and cetuximab S00 mg/m?
intravenously on day 1 in 14-day cycles. These doses of irinotecan and
cetuximab had previously been FDA approved and remained fixed
unless toxic effects were clearly not attributable to vemurafenib, in
which case reduction of the irinotecan or cetuximab dose was per-
mitted. The vemurafenib dose was escalated over the course of the
study according to a 3+3 design with the following predetermined
dose levels: 480 mg twice daily (dose level 1), 720 mg twice daily (dose
level 2), and 960 mg twice daily (dose level 3). Patients were evalu-
ated clinically every 2 weeks, and response to treatment was assessed
radiographically every 8 weeks. Patients remained on study until
disease progression according to RECIST, version 1.1, unacceptable
toxic effect, death, or withdrawal of informed consent. The National
Cancer Institute Common Terminology Criteria for Adverse Events,
version 4.0, were used to assess for dose-limiting toxic effects during
the first 28 days and for new and ongoing adverse events until 30 days
after the last dose of study treatment (additional details appear in the
protocol in the Appendix).
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The primary objectives of this study were to define the MTD of
vemurafenib with irinotecan and cetuximab and to evaluate the
safety profile of this combination. Secondary objectives included
characterization of the mechanisms of acquired resistance, utility
of measuring circulating cfDNA for tracking tumor response, and
clinical response rate.

Oversight

This single-center trial was approved by the Institutional Review
Board (IRB) of The University of Texas MD Anderson Cancer Center
and conducted in accordance with the Declaration of Helsinki.
Every patient provided written informed consent before treatment
initiation.

Statistical Analysis

Safety and efficacy data are reported for all patients who
received at least one dose of vemurafenib with irinotecan and
cetuximab. The data cutoff date was May 5, 2015. Median survival
was estimated according to the Kaplan-Meier analysis. ORs were
used to assess for an association between the presence/absence
of a radiographic response and various clinical and pathologic
features. This trial was registered in clinicaltrials.gov (identifier
NCT01787500).

Translational Studies

Patients were asked for consent to participate in an optional
laboratory component to measure mutant BRAF alleles as a pro-
portion of total BRAF alleles in circulating cfDNA over time. Serial
plasma samples were collected at screening, at each treatment
date, and at progression. cfDNA was extracted using a Circulat-
ing Nucleic Acid Kit (Qiagen). The presence of BRAFV***E-mutant
cfDNA in serially collected patient samples was assessed with the
ddPCR BRAF Screening Kit (Bio-Rad Laboratories). The fractional
concentration or mutant allele frequency for a given mutation was
calculated as the fraction of circulating tumor DNA harboring
that mutation in a background of wild-type cfDNA fragments. For
the 10 patients with serial plasma samples on which BRAFV00E-
mutant allele fraction was quantified with ddPCR, percentage
changes from baseline levels were calculated prior to the second
dose of therapy, and mean magnitudes of change were calculated
and compared between the cohort patients with radiographic res-
ponses according to RECIST 1.1 criteria and those without par-
tial responses (i.e., stable disease or progressive disease) using an
independent ¢ test.

To compare pretreatment and postprogression mutational pro-
files, genomic alterations in cfDNA from the corresponding plasma
samples were analyzed by NGS of a targeted 68-gene panel (Sup-
plementary Fig. S4) utilizing an Illumina Hi-Seq 2500 platform at a
CLIA-certified laboratory (ref. 32; Guardant Health).

Xenograft Studies

Under an Institutional Animal Care and Use Committee-
approved laboratory protocol, a xenograft model of BRAF'"F meta-
static colorectal cancer was established from a biopsy of a patient
treated at our institution under an IRB-approved protocol. Tumors
were implanted into the subcutaneous flanks of 28 female, nude
mice. Once tumor volumes reached a mean volume of 250 mm?,
mice were randomized into four equal arms to receive a vehicle,
irinotecan (TEVA Pharmaceuticals), vemurafenib (Plexxikon) plus
cetuximab (BMS Lilly), or the triple combination of irinotecan plus
vemurafenib and cetuximab. Vemurafenib was provided continu-
ously as a chow at 417 mg/kg. Irinotecan (40 mg/kg) was admin-
istered intraperitoneally every 4 days, and cetuximab (16 mg/kg)

was provided intraperitoneally twice weekly. Tumor volumes were
measured twice weekly for a total of 21 days, at which point mice were
sacrificed. A one-way ANOVA model was used to assess for differences
between the four groups and to derive the pairwise comparison results.

Cell Proliferation Assays

Cell lines of BRAFVS metastatic colorectal cancer including RKO
(obtained 2/2010 and resuscitated with no intermediary passages
following receipt from frozen specimen) and B1003 (used as a primary
cell culture from a xenograft tumor in 6/2016) were used to measure
cellular proliferation with an XTT assay (Trevigen). RKO was authen-
ticated by Short Tandem Repeat analysis for specific loci, including
CSF1PO, D13S317, D16S539, D5S818, D75820, THO1, and vWA,
from a stock solution received directly from the ATCC. B1003 was
established as a primary cell culture directly from the xenograft tumor
and was therefore not authenticated. Cells were plated in 96-well
plates at a density of 2,500/well for RKO cell line or 5,000 cells/well
for B1003 cell lines in a volume of 100 pL. Twenty-four hours after cell
plating, fresh growth media were exchanged containing single drugs
or drug combinations in a total volume of 100 pL. The cetuximab con-
centration was 100 pg/mL. All treatments were performed in triplicate,
and the average values were used in the analysis. Cells were assayed
for proliferation 3 days after treatment. The graphs were prepared
in GraphPad Prism software (Version 6.07) and represent nonlinear
regressions (mean + SD). Combinational indexes were calculated using
CompuSyn software (Version 1.0).

Functional Studies

The functional significance of mutations in 4 genes (EGFRY
ERBB2R5525) MEK1€1225, PTEN'?2N) was analyzed using the oncogenic
activity system at a CLIA-certified laboratory (NovellusDx). Mutations
were generated on a wild-type expression vector backbone. Then,
the mutations and a specific signaling pathway reporter were trans-
fected into a live-cell assay. The signaling pathway reporter here was
a fluorescent-tagged signaling protein which translocates from the
cytoplasm to the nucleus upon pathway activation. The live-cell assay
was then scanned by a fluorescent microscope to detect reporter
localization. The oncogenic activity of each pair of mutation-reporter
was separately analyzed, and the nuclear:cytoplasmic ratio (NCR) was
determined. The NCR for each condition, with the standard error and
calculated P values, was calculated from three repeated experiments,
and mutations were compared with the matched wild-type gene using
a Student ¢ test.
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