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ABSTRACT
◥

Purpose: Encorafenib þ cetuximab (EþC) is an effective ther-
apeutic option in chemorefractory BRAFV600E metastatic colorectal
cancer (mCRC). However, there is a need to improve the efficacy of
this molecular-targeted therapy and evaluate regimens suitable for
untreated BRAFV600E in patients with mCRC.

Experimental Design: We performed a series of in vivo studies
using BRAFV600E mCRC tumor xenografts. Mice were randomized
to receive 5-fluoruracil (5-FU), irinotecan, or oxaliplatin regimens
(FOLFIRI or FOLFOX), (EþC) or the combination. Patients
received long-term treatment until disease progression, with dees-
calation strategies used to mimic maintenance therapy. Transcrip-
tomic changes after progression on cytotoxic chemotherapy or
targeted therapy were assessed.

Results:Antitumor activity of either FOLFIRI or EþCwas better
as first-line treatment as compared with second-line, with partial
cross-resistance seen between a cytotoxic regimen and targeted

therapy with an average 62% loss of efficacy for FOLFIRI after EþC
and a 45% loss of efficacy of EþCafter FOLFIRI (P< 0.001 for both).
FOLFIRI-treated models had upregulation of epithelial–
mesenchymal transition (EMT) and MAPK pathway activation,
where EþC treated models had suppressed MAPK signaling. In
contrast, with chemotherapy with EþC, EMT andMAPK signaling
remained suppressed. FOLFOX or FOLFIRI, each in combination
with EþC, were the most active first-line treatments as compared
with EþC or to chemotherapy alone. Furthermore, FOLFOX in
combination with EþC as first-line induction therapy, followed by
EþC � 5-FU as maintenance therapy, was the most effective
strategy for long-term disease control.

Conclusions: These results support the combination of cytotoxic
chemotherapy and molecular-targeted therapy as a promising
therapeutic approach in the first-line treatment of BRAFV600E

mCRC.

Introduction
Colorectal cancer is the third most commonly diagnosed cancer in

males and the second in females, with 1.9 million new cases and 0.9
million deaths in 2020 according to the World Health Organization
(WHO; ref. 1). There have been significant developments in colorectal

cancer research over the last few years, enabling us to better charac-
terize individual tumors and to classify them according to certain
molecular or genetic features (2–5). Mutations of BRAF are found in
8% to 15% of patients with colorectal cancer. The most frequent
mutation is BRAFV600E (6). Detection of the BRAFV600E mutation has
relevant clinical, prognostic, and therapeutic implications. Previous
studies have demonstrated higher rates of peritoneal and metastatic
lymph node involvement, less benefit from standard chemotherapy
treatments, and shorter survival in patients with the BRAFV600E

mutation (6). A subgroup of BRAFV600E-mutant colorectal cancer
could be also associated with high levels of microsatellite instability
(MSI-H) and may arise from sessile serrated adenomas (6, 7).

As BRAFV600E-mutant colorectal cancer has emerged as a distinct
clinical entity, multiple clinical trials have tried to replicate the
successes of targeted therapies that have been developed for
BRAFV600E-mutant melanoma (8). However, less than 10% patients
with BRAFV600E-mutant metastatic CRC (mCRC) responded to BRAF
inhibitor monotherapy in early-phase clinical trials (8). A key finding
was the identification of a specific molecular adaptive feedback after
BRAF inhibition, which results in increased signaling through acti-
vation of the EGFR pathway (9, 10). This discovery led to clinical
studies that have evaluated the combination of BRAF and EGFR
inhibitors, with promising antitumor activity (11–14). The results of
the BEACON CRC study provide first support for encorafenib þ
cetuximab (EþC) to be a new standard of care for patients with
BRAFV600E mCRC who have received prior systemic therapy (15).
However, a major challenge is to improve the efficacy of this molecular
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targeted combination and to define its role in earlier phases of the
disease, such as in the first-line setting. Finally, the ANCHOR CRC
study is the first prospective study using a BRAF inhibitor–based
therapy in first-line BRAFV600E mCRC, although the durability of
response did not appear superior to cytotoxic regimens (16). The
optimal approach to combining targeted therapy with cytotoxic
chemotherapy is needed, to guide subsequent clinical trials.

Here, we report the results of preclinical in vivo studies,
in which we have evaluated and compared different potential
therapeutic strategies of combining and sequencing chemotherapy
regimens with encorafenib and cetuximab. We have investigated
which types of combination treatments and corresponding
sequences of administration could optimize the therapeutic effi-
cacy of blocking BRAFV600E-mutant signaling with EþC. Further-
more, we explored the potential mechanism associated with
adaptive resistance to the treatments.

Materials and Methods
Tumor xenografts

Four different patient-derived tumor xenografts (PDXs) were
established from tissue biopsies collected from patients with mCRC
under a research laboratory protocol approved by UT MD Anderson
Cancer Center Institutional Review Board (IRB, Houston, TX), and all
patients provided written informed consent for specimens to be used
for research purposes including implantation in xenografts. All in vivo
experiments and procedures were approved by Institutional Animal
Care and Use Committee. All in vivo experiments utilizing PDXs were
performed according to NIH NCI recommendations summarized in
SOP50102: PDX Implantation, Expansion, and Cryopreservation
(subcutaneous).

Low-passage tumors were implanted subcutaneously (s.c.) into 4- to
6-week-old female immunodeficient nu/nu mice from Envigo Labo-
ratories for expansion. Once tumors reached 2,000 mm3, tumors were
collected, cut into 2mm3 pieces, and implanted into cohorts of 20 to 40
nu/numice for consequent experiments. Four PDXs (B1003b, BB8140,

C5002, and C5003) were used. Each PDX harbored a BRAFV600E

mutation and were derived from patients na€�ve to BRAF- or EGFR-
targeted therapy. BB8140, C5002, and C5003 are microsatellite-stable
tumors, whereas B1003b is a MSI-H tumor. In addition, the HT29
colorectal cancer cell line (which possesses the BRAFV600E mutation)
was purchased from the ATCC. The cell line was passaged in vitro in
McCoy 5A Medium (Sigma-Aldrich), which was supplemented with
10% FBS (Sigma-Aldrich),100 U/mL penicillin and 100 mg/mL strep-
tomycin. The HT29 cell line was routinely screened for the presence of
Mycoplasma (Mycoplasma Detection Kit, Roche Diagnostics). To
establish an in vivo model, 106 HT29 cells were suspended in 200 mL
of Matrigel (BD Biosciences) and injected subcutaneously into female
nude mice.

Evaluation of efficacy in PDX models across lines of therapy
Four- to 6-week-old female balb/c athymic (nuÞ/nuÞ) mice were

purchased from Charles River Laboratories. Mice were maintained in
accordance with the institutional guidelines of the MD Anderson and
University of Campania “L. Vanvitelli” Animal Care and Use Com-
mittee. Two PDXmodels were implanted subcutaneously in the lateral
flanks. Once tumors reached 200 mm3, mice were randomized into
either vehicle, FOLFIRI, or EþC treatments. Encorafenib was admin-
istered by oral gavage (5 mg/kg) twice daily. For FOLFIRI treatment,
mice were injected intraperitoneally with irinotecan (40 mg/kg) and
levofolinate calcium (30mg/kg)first, followed by 5-fluorouracil (5-FU;
55 mg/kg), once a week. Cetuximab at the dose of 1 mg was injected
intraperitoneally twice a week. The mice were treated until their
tumors reached a size that was 100% larger than the starting size.
Tumor size and body weight were measured twice a week. At 100%
progression, tumors were collected and passaged for second-line
treatments. Tumor fragments at a size of 2 mm3 were implanted into
the flanks of new mice. Once tumors reached 200 mm3, they were
randomized to the alternate therapy they had received in the first-line
(i.e., FOLFIRI ! EþC; or EþC ! FOLFIRI) or to the same therapy
they had received in the first-line (i.e., FOLFIRI! FOLFIRI; EþC!
EþC). Mice were treated until tumors reached a size of 100% larger
than the starting size, mice were sacrificed, and the tumors were
harvested. Tumor size and body weights were measured twice a week.

Evaluation of combination treatments
To assess the utility of combination therapy,mice fromPDXmodels

were randomized to one of four arms: vehicle; FOLFIRI; EþC; or
FOLFIRIþ encorafenib and cetuximab. Mice were treated for 21 days,
with tumor size and body weight measured bi weekly. Separately,
HT29-bearing mice were distributed into 10 groups consisting of
10 animals per group: vehicle; cetuximab; encorafenib; cetuximab þ
encorafenib; FOLFIRI; FOLFIRI þ encorafenib; FOLFIRI þ encor-
afenib and cetuximab; FOLFOX; FOLFOXþ encorafenib; FOLFOXþ
encorafenib, and cetuximab. After 2 weeks, when tumors reached a
mean volume of 200 to 400 mm3, treatment was initiated. Cetuximab,
encorafenib, and FOLFIRI-based regimen were dosed as previously
described. For modeling of the FOLFOX regimen, mice were injected
intraperitoneally with oxaliplatin (12 mg/kg) and levofolinate calcium
(30mg/kg) first, followed by 5-FU (55mg/kg), once a week. Treatment
was continued for 6weeks. Subsequently, for themaintenance regimen
experiment, 10 mice/group were treated with vehicle, FOLFOX þ
encorafenib, or FOLFOX þ encorafenib and cetuximab. At the
completion of 21 days of treatment, that was defined as “induction
treatment,” mice in the FOLFOX þ encorafenib arm switched to
encorafenib alone; otherwise, mice in the FOLFOXþ encorafenib and
cetuximab arm switched to EþC. This “maintenance treatment” was

Translational Relevance

The dual blockade with encorafenibþ cetuximab is an effective
therapeutic option in chemorefractory BRAFV600E-mutant meta-
static colorectal cancer (mCRC). A relevant clinical issue is how to
improve the efficacy of thismolecular targeted therapy in this poor-
prognosis subtype. Here, we report the results of an in vivo
preclinical study with the aim of defining treatment strategies
that could help to improve the clinical management of patients
with BRAFV600E-mutant mCRC, by using relevant preclinical
models for BRAFV600E-mutant mCRC, such as four patient-
derived tumor xenografts as well as HT29-derived tumor xeno-
grafts. In this study, we have compared different potential
therapeutic strategies of combining and sequencing chemother-
apy regimens with encorafenib and cetuximab and explored the
potential mechanism associated with adaptive resistance to
the treatments. In conclusion, these in vivo preclinical results
provide a rationale for the combination of chemotherapy and
molecular targeted drugs as potential treatment of choice for the
first-line setting, as it is currently being evaluated in the ongoing
BREAKWATER randomized phase III study in patients with
BRAFV600E-mutant mCRC.
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continued for 8 weeks, and afterward, animals were followed for an
additional 17-week follow-up period.. For a third experiment, 40 mice
were treated for 21 days with vehicle or with FOLFOX þ encorafenib
and cetuximab. At the end of this induction treatment, treated mice
were randomized into three groups (10 mice/group) and treated for
8weekswith 5-FU alone, with EþCorwith the combination of 5-FUþ
encorafenib and cetuximab. After this maintenance treatment, mice
were followed for an additional 17 weeks. The mice were euthanized
after tumors grew to 2,000 mm3 or after they became moribund.
Duration from treatment initiation to sacrifice was used as a surrogate
of overall survival (OS).

RNA sequencing and analysis
RNA was collected using Qiagen RNEasy Micro Kit (catalog No.

74004, Qiagen), according to the manufacturer’s protocol. RNA
was sent to Admera for sequencing. STAR (version 2.7.2b) align-
er (17) was used for mapping raw BAM/FASTQ files to the human
reference genome (GRCh38), and Biobambam (version 0.0.191;
ref. 18) was used to mark duplicate reads. GENCODE v22 (19)
was used for annotation. Reads were counted using HTSeq (version
0.11.0; ref. 20). Raw reads from PDX model samples were
first processed with Xenome (version 1.0.1; ref. 21) for the clas-
sification of human and mouse reads. Classified human reads were
processed as described above. Mouse reads were mapped and
annotated using a mouse reference genome (GRCm39), and GEN-
CODE vM26. DESeq2 (version 1.36.0; ref. 22) was used for
normalization and differential gene expression analysis. Genes
that are not expressed were filtered prior to normalization. Genes
with an absolute log2 fold-change over 1.5 and FDR < 0.05 were
considered differentially expressed. The fgsea (v1.22.0; 23) package
was used for Gene Set Enrichment Analysis (GSEA) with genes
preranked by fold-change values and visualized using the
ggplot2 (24) package. MAPK-activation score was calculated as
previously described (25) and relative gene expression was visu-
alized using the pheatmap (26) package.

Histology procedures, whole slide imaging, and quantitative
image analysis

Tissues were collected in 10% neutral buffered formalin and
processed routinely after 24 to 48 hours of fixation. After proces-
sing, tissues were paraffin-embedded and sectioned 3 to 4 mm thick
with a microtome and placed on positively charged glass slides.
Sections were deparaffinized and stained with hematoxylin and
eosin (H&E). IHC staining was completed using a Leica Bond RX
autostainer with Leica detection kit. Brightfield whole slide imaging
was performed at 20� magnification using an Aperio AT2 scanner.
Image analysis was performed using tuned Leica algorithms specific
for each marker and evaluated in Imagescope/eslide manager.
Images for figures were captured using Imagescope v12.4.3.5008.
PhosphoErk1/2 (No. 4370) antibody used for IHC staining was
from Cell Signaling Technology. Pancytokeratin (No. 10403R)
antibody was from Bioss Antibodies Inc.

Statistical analysis
The statistical analyses were carried out using the GraphPad Prism

(version 9 forWindows) and SPSS package (version 21.0 forWindows,
SPSS Inc.). The Student t test was used to evaluate the statistical
significance of differences between treatments. Survival curves were
plotted using the Kaplan–Meier method and compared using the log-
rank test. All the tests were two-sided, with P < 0.05 to indicate
statistical significance.

Data availability
The raw data generated in this study are available upon request from

the corresponding author.

Results
Cancer cell resistance to first-line therapy impairs efficacy of
second-line therapy in BRAFV600E PDXs

In order to better understand the optimal sequence of administering
molecular targeted therapies and chemotherapies in BRAFV600E-
mutant mCRC, we first designed an in vivo experiment with PDX
(Fig. 1A). Mice were randomized to receive either FOLFIRI (27) or
EþC. Mice were treated until tumor progression. Tumors were then
collected and directly reimplanted into mice for the second-line
treatment, that consisted in the alternate therapy (Fig. 1A).

In particular, in C5002 and C5003 PDX models, we compared the
efficacy of FOLFIRI as first-line treatment, EþC as second-line
treatment (Fig. 1B), EþC as first-line treatment, and FOLFIRI as
second-line (Fig. 1C). In the C5002 PDX model, EþC had greater
antitumor activity than FOLFIRI in first-line treatment, whereas both
regimens performed similarly in second-line treatment (Fig. 1B
and C). In addition, both EþC and FOLFIRI were significantly
more effective as first-line as compared with second-line treatment
(P¼ 0.0067 and P¼ 0.0062, respectively; Fig. 1D). Importantly, prior
treatment with FOLFIRI reduced the duration of disease control
with EþC, with a similar effect of prior EþC on FOLFIRI efficacy.
In the C5003 PDX model, EþC and FOLFIRI had better antitumor
activity in first-line than in second-line treatment (P¼ 0.0062 and P¼
0.0180, respectively; Fig. 1B–D). In contrast to C5002 PDX, FOLFIRI
had greater efficacy than EþC as first-line treatment in C5003 PDX
(Fig. 1B–D). Similar to C5002, prior treatment with the alternate
regimen reduced subsequent efficacy. Finally, to confirm that these
tumors were resistant to first-line therapies, we also re-treated resistant
C5002 andC5003 PDXwith the same first-line therapy with little or no
response.

In vivo efficacy of FOLFIRI in combination with BRAF þ EGFR
inhibitors

Next, we evaluated the therapeutic potential of combining FOLFIRI
with EþC. Three PDX models were used. Mice were randomized to
single treatments or to the combination of chemotherapy plus molec-
ular targeted agents and were treated for 21 days. FOLFIRI þ encor-
afenib and cetuximab was the most active among all the treatment
arms in the three PDXs (Fig. 2A). Tumor growth inhibition varied
among the three PDXs. Significant tumor regression was observed in
C5002 PDX. Significant tumor growth inhibition occurred as best
response in B1003b PDX, whereas delayed tumor progression was
reported in BB8140 PDX. The mice tolerated the treatment well and
were able to maintain their body weight. (Fig. 2B).

Pathway analysis following chemotherapy and/or molecular
targeted therapy in BRAFV600E PDX

In order to gain knowledge on the differential transcriptomic
changes induced by treatment, RNA was extracted and sequenced
from B1003 PDX samples after 21 days of treatment. Pathway analysis
demonstrated several differentially expressed gene signatures (Sup-
plementary Fig. S1). Of interest, the oxidative phosphorylation
(OXPHOS) pathway was upregulated in both tumors in the FOLFIRI
group and in the EþC group, whereas it was downregulated in tumors
from mice that were treated with the combination of FOLFIRI and
EþC (Fig. 3A). Similarly, glycolysis and PI3K/AKT/mTOR-signaling
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pathways were upregulated in the EþC groups and significantly
downregulated in the combo group. The KRAS-signaling pathway
was significantly upregulated in FOLFIRI-treated tumors (Fig. 3A),
but it was downregulated in tumors treated with either EþC or with
the combination of chemotherapy and molecular-targeted agents
(Fig. 3A). It was interesting that MYC target V1 genes were upregu-
lated in the EþC treatment group and downregulated in chemo and in
the chemo plus encorafenib and cetuximab treatment group. More-
over, the epithelial-to-mesenchymal transition (EMT) pathway was
upregulated in the FOLFIRI treatment group as compared with
vehicle, whereas it was downregulated in the EþC treatment group
as well as in FOLFIRI þ encorafenib and cetuximab–treated tumors
(Fig. 3A). Consistent with these observations,MAPK-associated genes
using an MAPK activation score (MPAS) have been evaluated (25).
DUSP6, that acts downstream to KRAS and is a biomarker of MAPK-

signaling, was less expressed in tumors from mice treated with EþC
or in those treated with the full combination as compared
with tumors from mice treated with FOLFIRI or with vehicle
(Fig. 3B and C). DUSP4, which negatively regulates members of
the MAPK superfamily is overexpressed in the combination-treated
tumors compared with FOLFIRI or tumors treated with targeted
agents (Fig. 3B and C). We further validated our findings on the
transcriptomic changes under cytotoxic chemotherapy or targeted
therapy by investigating changes in key markers of MAPK-signaling
pathways. We performed IHC staining using B1003b PDX tumor
tissues (Fig. 3D and E). Phospho-ERK expression as a measure of
MAPK pathway activity was found relatively upregulated in FOL-
FIRI treatment; that was successfully inhibited in EþC and in the
combination of FOLFIRI þ encorafenib and cetuximab treatment
(Fig. 3D and E).

Figure 1.

Resistance to first-line therapy impairs the efficacy of second-line therapy. BRAFV600E-mutated colorectal cancer PDXmodels C5002 andC5003were treatedwith
FOLFIRI or encorafenib þ cetuximab (Enco/cetux) until progression. Cross-over to alternate therapy until progression. A, In vivo sequencing of therapy model.
B, Progression-free survival (PFS) of C5002 and C5003 for FOLFIRI first-line treatment and EþC second-line treatment (n¼ 4). C, PFS for EþC first-line treatment
and FOLFIRI second-line treatment (n ¼ 4). D, PFS for first and second-line FOLFIRI or EþC treatment. (�, P < 0.05)
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Evaluation of induction and maintenance regimens in vivo
To evaluate alternate induction and maintenance regimens,

we compared FOLFOX or FOLFIRI chemotherapies alone and in
combination with molecular-targeted therapies in HT29 tumor xeno-
grafts models (Fig. 4A). In our preliminary data, we chose FOLFIRI as
our chemotherapy of choice because of its clinical relevance and
limited toxicity in extended treatment in the in vivo setting; however,
the evaluation of other clinically relevant options, such as FOLFOX, is
crucial. For these experiments, we used colorectal cancer cell lines
because these models have been recognized as being more suitable for
long-term experiments and were readily available at the site conduct-
ing the experiment. In particular, we examined the optimal sequence of
administering molecular targeted therapies and chemotherapies in
HT29 colorectal cancer-derived cell lines bearing the BRAFV600E
mutation and microsatellite-stable profile. In the HT29 tumor xeno-
graft model, the combination of encorafenib and cetuximab was
superior to either encorafenib (HR, 0.045; confidence interval; 95%
CI, 0.005–0.38; P¼ 0.004) and cetuximab (HR, 0.052; CI, 0.006–0.43;
P¼ 0.006). Both FOLFOX and FOLFIRI were active and equivalent in
duration of tumor control to EþC. The combination of EþC and
either FOLFOX or FOLFIRI was superior to the cytotoxic chemother-
apy alone (HR, 0.115; 95%CI, 0.025-–0.53 andHR, 0.63; 95%CI, 0.22–
1.73; P ¼ 0.006 and P ¼ 0.36, respectively) or EþC alone (HR, 0.15;
95% CI, 0.033–0.68 and HR, 0.58; 95% CI, 0.21–1.60; P ¼ 0.014
and P ¼ 0.29, respectively). There was a numerically longer

duration of control with the FOLFOX regimen than FOLFIRI
(70% vs. 30% survival at end of experiment; Figs. 4A and 5A). It
was notable that FOLFOX þ encorafenib appeared equivalent to
FOLFOX þ EþC in this model, despite the superiority of EþC over
encorafenib alone. The positive effect seen with FOLFOXþ encor-
afenib regimen could be explained by the continuous treatment with
oxaliplatin-based chemotherapy.

On the basis of these findings, we performed a second experiment
to evaluate if a maintenance treatment (either encorafenib alone
or encorafenib in combination with cetuximab) could be able to
prevent and/or delay the onset of cancer cell resistance after the
induction treatment and also if FOLFOX þ encorafenib may be
sufficient in this setting (Fig. 4B). Mice were first treated with an
induction of FOLFOXþ encorafenib or with FOLFOXþ encorafenib
and cetuximab. At the end of 3 weeks of therapy, mice were
transitioned to receive encorafenib alone in combination with
cetuximab, respectively. The maintenance treatment was continued
for 8 weeks, and afterward, mice were monitored for an additional
17 weeks (follow-up period; Fig. 4B). Although the combination of
FOLFOX and encorafenib was similar to FOLFOX þ EþC after the
induction period, the best disease control rate was observed for the
group of mice that were treated with FOLFOX þ encorafenib
and cetuximab followed by encorafenib and cetuximab mainte-
nance, resulting in an improved OS (HR, 0.26; 95% CI, 0.077–0.87;
P ¼ 0.029; Figs. 4B and 5B).

Figure 2.

Additive benefit of cytotoxic chemotherapy to BRAFþ EGFR–targeted therapy. Mice were randomized into one of four arms and dosed for 21 days: vehicle, FOLFIRI,
EþC, or FOLFIRIþ EþC.A,Percent change in tumor volume from day0,� SD of n¼ 8.B,Mean percent change in bodyweights from day0,� SD of n¼ 8. � , P <0.05;
�� , P < 0.005.
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Figure 3.

Transcriptional changes after cytotoxic chemotherapy and targeted therapy of B1003b 21-day treated tumors. A, GSEA analysis of hallmark gene sets between
treatment samples (FOLFIRI, EþC, or FOLFIRI þ EþC) relative to controls. A bubble plot was colored by normalized enrichment score (NES) and the size of the
bubbles represent adjusted P values. Red bubbles indicate gene sets that are more enriched after treatment (NES > 0), whereas blue bubbles represent gene sets
enriched in control samples (NES <0).B,MPAS andC,Heatmap of 10MAPK target genes average expression after cytotoxic chemotherapy and targeted therapy.D,
Percentage of positive nuclei/cells in were compared between treatment groups (n ¼ 4–6). �, P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. E, IHC staining
(20�) identifying the pERK in B1003b tissue among four treatments.
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Finally, a third experiment was performed to evaluate if the addition
of 5-FU as maintenance treatment could improve the clinical efficacy
of this therapeutic combination and sequence. Mice were treated with
FOLFOX þ encorafenib and cetuximab for 3 weeks (induction

treatment). Then, they were randomized to the following treatment
arms: 5-FU alone, 5-FU þ encorafenib and cetuximab or encorafenib
and cetuximab (maintenance treatment; Fig. 4C). Maintenance treat-
ment was continued for 8 weeks, and afterward, mice were monitored

Figure 4.

Antitumor efficacy with different treatment combination and sequence in BRAFV600E HT29 tumor xenograft. HT29 cells were injected subcutaneously into the left
flanks of nude mice and treated with different combination regimen and in different sequence. A, After 2 weeks (average tumor size 200–400 mm3) mice were
treated for 6 weeks with: vehicle, encorafenib, cetuximab, alone and in the combination, FOLFOX or FOLFIRI alone, with encorafenib and in combination with EþC.
B, After 2 weeks of s.c. injection, mice were treated with vehicle, FOLFOXþ encorafenib (10 mice) and FOLFOXþ EþC (10 mice). At the end of 3 weeks of therapy,
definedas induction treatment, treatedmicewere randomized into encorafenib aloneor EþC, respectively (maintenance treatment).C,After 2weeks of s.c. injection,
mice were treated with vehicle (10 mice), FOLFOX þ EþC (30 mice) for 3 weeks, defined as induction treatment. Subsequently treated mice were randomized into
5-FU alone (10 mice), EþC (10 mice), and 5-FU þ EþC (10 mice; maintenance treatment).
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for an additional 17 weeks (follow-up period). In the 5-FU mono-
therapy maintenance arm, tumors started to regrow shortly after
the cessation of the induction treatment. On the contrary, both
maintenance arms that contained encorafenib and cetuximab
(with or without 5-FU) were effective in controlling disease pro-
gression (Fig. 4C). Furthermore, a long-term additional clinical
benefit by adding 5-FU to encorafenib and cetuximab as mainte-
nance treatment was observed (Fig. 4C). The antitumor activity
resulted in a significantly prolonged survival of mice for 5-FU þ
EþC versus 5-FU alone (HR, 0.25; 95% CI, 0.068–0.91; P ¼ 0.036)
or for 5-FUþ EþC versus 5-FU alone (HR, 0.76; 95% CI, 0.17–3.42;
P ¼ 0.73; Fig. 5C).

Discussion
In recent years, significant progress has been made in charac-

terizing mCRC through the identification of distinct molecular
subgroups driven by genomic factors. One such subgroup is defined
by the presence of the BRAFV600E mutation. There is an urgent
unmet need for implementing a better treatment strategy for this
poor-prognosis disease group (2, 8, 28). Here, we report the results
of an in vivo preclinical study with the aim of defining treatment
strategies that could help to improve the clinical management of
patients with BRAFV600E-mutant mCRC. Because a high proportion
of these patients will have limited chances of receiving a second-line

Figure 5.

Effects of different treatment combi-
nations and sequences on the survival
in BRAFV600E HT29 tumor xenograft.
A, Mice were monitored for survival
until 70 days following tumor cell
injection. Differences in animal surviv-
al among groups were evaluated by
use of the Mantel–Cox log-rank test.
B–C,Mice were monitored for survival
until 30 weeks following tumor cell
injection. Differences in animal surviv-
al among groups were evaluated by
use of the Mantel–Cox log-rank test.
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therapy after first-line treatment for the rapid deterioration
of their clinical conditions, a key issue is to maximize the treat-
ment efficacy within the first-line setting. A first clinically relevant
finding from this study is that either cytotoxic chemotherapy
or molecular-targeted therapy (EþC) are more effective in first-
line as compared with second-line treatment. This is consistent
with clinical data on the triplet of encorafenib, cetuximab,
and binimetinib, where cross-trial comparison of ANCHOR and
BEACON results show response rates of 48%, 34%, and 22% for
first-, second-, and third-line therapy, respectively. Furthermore,
acquired resistance to FOLFIRI reduces the antitumor activity of
subsequent EþC. Similarly, initial therapy with EþC impairs the
efficacy of FOLFIRI upon progression.

We have evaluated the changes of key pathways that occurred
following different therapies by tumor RNA sequencing (RNA-seq).
The results of this study suggest the potential involvement of two
mechanisms of acquired resistance, such as EMT and KRAS/MAPK
signaling pathways (29, 30). Both of these pathways were quite
upregulated in FOLFIRI-treated tumors, suggesting that EMT and
KRAS activation could bemechanisms of adaptation to chemotherapy,
as has been previously identified (29, 30). In contrast, both pathways
were downregulated after treatment with EþC, and were not over-
expressed with the combination, suggesting an ability of the combi-
nation of cytotoxic and targeted therapies to intercept these critical
adaptation mechanisms. In addition, Myc, downstream target of RAS/
RAF/ERK pathway, responsible of c-Myc stability (31), was found
downregulated in the combination group. Collectively, these findings
support the concept that the addition of molecular targeted therapy to
chemotherapy could be a promising strategy to overcome cancer cell
resistance that occurs following chemotherapy. However, further data
and validation in broadermodels and settings are necessary to confirm
our results. An additional interesting observationwas the impact of the
therapies on the OXPHOS and glycolysis pathway. Mitochondrial
OXPHOS is one of the major sources of energy for colorectal cancer,
and high levels have been associated with reduced patient survival
in patients with colorectal cancer (32, 33). In addition, the pathway
is emerging as a mechanism of resistance to targeted therapies
including BRAF, as suggested by its upregulation after targeted
therapy alone in our model (34). Similarly, cytotoxic drug treat-
ment, including irinotecan, could enhance the OXPHOS path-
way (35). Furthermore, increasing evidence suggests that glycolysis
in cancer is associated with drug (36) resistance. Interestingly, the
results of the present study show that OXPHOS and glycolysis
pathways were downregulated following FOLFIRI þ encorafenib
and cetuximab treatment. Although further research is needed,
these results highlight the potential for combination therapy to
change the transcriptional adaptation leading to improved response
prolonging disease control in patients.

As a practical matter, first-line chemotherapy and combination
therapies can result in higher toxicities and prolonged treatment
durations. As such, optimal maintenance regimens are needed. This
traditionally has been evaluated on the basis of clinical experience and
is rarelymodeled preclinically. Here, we provide evaluation ofmultiple
maintenance regimens to help guide further treatment strategies for
first-line combination BRAF therapies. As FOLFIRI has less cumula-
tive toxicity mandating maintenance approaches, we focused on
FOLFOX modeling. The results of the present study suggest that,
after an induction course of FOLFOXþ EþC,maintenance therapy of
5-FU with EþC provides improved duration of disease control
compared with EþC or 5-FU alone. This finding is consistent with
broader current practice to drop the oxaliplatin but maintain the other

components of the regimen, and this management approach is
recommended in the BREAKWATER study.

There are limitations to this work. Although PDXmodels have been
well-validated for prediction of response in patients, the data on
correlation between duration of disease control in vivo and in patients
are less well established. The subcutaneous models do not fully
replicate the microenvironment of mCRC, and the xenografts models
are conducted in immunosuppressed models, thereby failing to
account for any immune impact of the therapies. The models utilized
do not readily develop acquired resistance through genomic mechan-
isms such as acquisition of KRAS, NRAS, or MAPK21 mutations, and
therefore may not reflect altered cross-resistance to genomic mechan-
isms of resistance. As reported by Corcoran and colleagues, in 48% of
patients that were treated with selective inhibitors of BRAF and EGFR
(�a MEK inhibitor), KRAS or NRASmutations were found at disease
progression, with approximately one out offive patients having tumors
with multiple subclonal RASmutations (37). Additional questions are
not able to fully addressed, such as whether FOLFOX or FOLFIRI is a
better combination partner in the population, and we caution that the
results of the single murine model to compare the two cytotoxic
backbones may not reflect clinical results in patients. Recent data
reported in abstract form from the safety lead of the BREAKWATER
demonstrate high levels of response and disease control with both
cytotoxic backbones (38).

In conclusion, these in vivo preclinical results provide a
rationale for the combination of chemotherapy and molecular
targeted drugs as a potential treatment of choice for the first-line
setting and also provides a potential preclinical foundation to the
ongoing BREAKWATER randomized phase III study in patients
with BRAFV600E-mutant mCRC (17, 38).
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