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Abstract

Purpose of Review The application of advanced genomic testing to develop tumor-specific molecular profiles is essential to
facilitating precision medicine pharmacotherapy. These approaches are highly relevant in colorectal cancer, where tumors
frequently contain druggable molecular mutations, as well as the potential to respond to immunotherapy. Here we review the
literature characterizing biomarker-driven pharmacotherapy for colorectal cancer, and highlight the pivotal ongoing trials that
will help inform future treatment of this disease.

Recent Findings Both prospective and retrospective studies have confirmed that the benefit from adding anti-epidermal growth
factor receptor therapy is limited to patients with stage IV disease, RAS wild-type tumors, and left-sided primary tumors.
Furthermore, patients with BRAF-mutated tumors derive significantly less benefit from the addition anti-epidermal growth factor
receptor therapy. The use of BRAF inhibitors in the second-line setting is associated with a relatively high response rate, and
regimens incorporating first-line treatment with BRAF inhibitors may soon become standard of care for patients with BRAF-
mutated tumors. In the relapsed setting, the use of targeted agents and immunotherapy should be prioritized for patients with
respective tumor profiles.

Summary There has been significant advancement in the understanding of how to utilize molecular profiling and tumor bio-
markers to tailor pharmacotherapy in colorectal cancer. Future studies should continue to incorporate these tests at enrollment to
further define patient cohorts deriving the greatest benefit from precision medicine, characterize ideal sequence of therapy, and
advance understanding of drug resistance mechanisms.

Keywords Colorectal cancer - Targeted therapy - Molecular targets - Biomarkers - EGFR - BRAF - HER-2 - NRTK -
Microsatellite instability - Tumor mutational burden

Introduction

Colorectal cancer (CRC) is the second most common cause of
cancer-related death in the USA, with an estimated incidence
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of 53,000 deaths annually [1]. Advances in the molecular
testing of CRC tumors have enabled a more detailed under-
standing of mutational drivers of tumor biology and resistance
to therapies. Increased availability of molecular profiling in
CRC has facilitated incorporation of precision medicine
through the development of targeted therapies with activity
against specific tumor molecular characteristics [2].
Currently, biomarkers relevant to treatment of CRC include
mutations in RAS (KRAS/NRAS) and BRAF, human epider-
mal growth factor 2 (HER2) amplifications and overexpres-
sion, microsatellite instability (MSI) and mismatch repair
(MMR) status, as well as neurotrophic tyrosine kinase
(NRTK) fusions (Fig. 1). In this review, we describe the evo-
lution of molecular targets in CRC and highlight the most
relevant recent literature describing the use of molecular pro-
filing and biomarkers for its treatment.
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Fig. 1 Overview of molecular biomarkers in metastatic colorectal cancer.
WT, wild type; MT, mutant, MSI-H, microsatellite instability high,
NTRK, neurotrophic receptor tyrosine kinase; HER-2, human
epidermal growth factor receptor 2. Co-existence of RAS and BRAF
mutations occurs rarely and most commonly includes non-V600E
BRAF mutations and/or atypical RAS mutations

Epidermal Growth Factor Receptor (EGFR)

Epidermal growth factor receptors (EGFRs) represent one
form of transmembrane ERBB receptor tyrosine kinases
(RTK) and are known to be upregulated in a variety of differ-
ent tumor types. Upon ligand binding, EGFR dimerization
leads to activation of a complicated downstream signaling
pathway which facilitates tumor development and resistance
via cellular proliferation, enhanced cell motility, increased
protein secretion, and avoidance of apoptosis [3, 4]. These
downstream signaling pathways are known to play an impor-
tant role in the biology of CRC and include intracellular tar-
gets such as phosphoinositide 3-kinase (PI3K), the mitogen-
activated protein kinase (MAPK), and RAS-RAF-mediated
pathways [5-7].

RAS (KRAS/NRAS) Testing in Colorectal Cancer

In contrast to other disease entities like non-small cell lung
cancer, there is no established role for testing for EGFR mu-
tations in CRC as they are not predictive of response and
therefore not routinely performed [8]. However, in patients
being considered for anti-EGFR therapy, it is imperative to
genotype for mutations in downstream targets, most notably
RAS [2]. This is because RAS mutations in exons 2, 3, or 4
confer constitutive activation of signaling pathways down-
stream of EGFR, which renders anti-EGFR therapy ineffec-
tive. Thus, anti-EGFR therapies are only recommended for
those patients with CRC harboring wild-type (WT) RAS
genes [9, 10]. These activating mutations leading to therapy
resistance occur more commonly in KRAS (up to 50%) com-
pared to NRAS (up to 8%) mutated CRC [11]. Determination
of RAS status is performed using DNA-based tests to identify
specific gene mutations, or next-generation sequencing (NGS)
panels which may also identify additional rare actionable
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mutations in tumor specimens such a BRAF [12, 13]. RAS
testing should be performed at a CLIA-certified laboratory
and may utilize specimens archived from primary tumors that
have progressed or de novo metastatic sites [14].

Anti-EGFR Therapy for CRC

Cetuximab and panitumumab are monoclonal antibodies
which bind to the extracellular domain of EGFR, thereby
blocking the binding of endogenous ligands and suppressing
EGFR signaling [7, 15]. The initial efficacy of anti-EGFR
therapy was demonstrated in the third-line setting in previous-
ly treated stage IV metastatic CRC (mCRC) where cetuximab
demonstrated improvement in overall response rates (ORR)
(8.0% vs. 0%) and median overall survival (mOS) (6.1 vs. 4.6
months) but not median progression free survival (mPFS) (1.8
vs. 1.9 months) [16, 17]. Similarly, panitumumab was found
to have activity compared to best supportive care in patients
previously treated with two lines of chemotherapy with im-
provements in ORR (10% vs. 0%), mPFS (8.0 vs. 7.3 weeks),
but no improvement in OS, conceivably because of crossover
(76% crossed over from BSC to panitumumab) [18]. As evi-
denced by the relatively small numerical increases in these
outcome measures, the clinical benefit of both panitumumab
and cetuximab in this yet unselected patient population was
modest. However, a subsequent retrospective analysis com-
paring outcomes of patients with and without KRAS muta-
tions treated with panitumumab found that the clinical benefit
of panitumumab was exclusive to WT KRAS patients (PFS
12.3 vs. 7.3 weeks) compared to KRAS-mutated patients
(PFS 7.4 vs. 7.3 weeks) [19]. This study was the first to char-
acterize the impact of KRAS status as a predictive biomarker
of response to anti-EGFR therapy. A similar retrospective
analysis was performed for cetuximab and also concluded that
patients harboring KRAS mutations did not derive any clinical
benefit from cetuximab [10]. These data were instrumental in
identifying the importance of KRAS mutations in CRC, and
KRAS mutational status would later be incorporated into the
eligibility criteria for clinical studies investigating the activity
of anti-EGFR therapy on CRC.

Subsequent investigations of both cetuximab and
panitumumab evaluated their efficacy in the second-line set-
ting when combined with standard chemotherapy backbones
such FOLFOX and FOLFIRI. Similar to studies performed in
the third-line setting, these studies (EPIC and 20050181) en-
rolled patients with and without KRAS mutations and dem-
onstrated the addition of anti-EGFR therapy to standard che-
motherapy provided modest benefits in terms of ORR and
mPFS, and minimal or no benefit on mOS [20-22]. In these
trials, when KRAS mutational testing was performed, patients
harboring KRAS mutations had no improvement in outcome
measures compared to chemotherapy alone [20, 22]. Around
this same time, a similar open-label trial of chemotherapy with
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or without panitumumab for second-line treatment of mCRC
(PICCOLO) amended its protocol during enrollment to in-
clude only patients with KRAS WT tumors [23].
Interestingly, despite excluding patients with KRAS muta-
tions and restricting within-protocol crossover, no mOS ben-
efit was noted in this trial (10.9 vs. 10.4 months) [23].

In the frontline setting, several phase II studies demon-
strated the potential benefit of anti-EGFR therapy, which
supported the development of larger phase III studies
[24-27]. Subsequently there have been seven prospective
phase III studies (CRYSTAL, PRIME, COIN, NORDIC,
FIRE-3, TAILOR, CALGB/SWOG 80405) evaluating the
efficacy of anti-EGFR therapy added to standard chemo-
therapy for the frontline treatment of CRC detailed in
Table 1 [28-34]. Some of these earlier frontline studies
of anti-EGFR therapy did not exclude patients harboring
KRAS mutations, and similar to previous studies in the
second and third line, the benefit of anti-EGFR therapy
was consistently limited to KRAS WT patients.
Furthermore, prior to the PRIME study, the initial use of
KRAS mutations as a biomarker for response included
mutations only in KRAS exon 2 codons 12 or 13.
However, investigators in the PRIME study established
the concept of extended RAS analysis, which included
any KRAS mutation in exons 2-4 and NRAS mutations
in exons 2—4 [29, 35]. Therefore, with the incorporation of
extended RAS mutations, outcomes in the extended RAS
WT populations have demonstrated more favorable out-
comes for anti-EGFR therapy. The most informative of
these trials are the FIRE-3, which showed improvement
in mOS with the addition of cetuximab to chemotherapy
vs. the addition of bevacizumab to chemotherapy, and
CALGB/SWOG 80405, which showed no difference in
mOS between these two treatments in the overall patient
population [32, 33]. Based on these data, it would appear
that either anti-VEGF therapy or anti-EGFR therapy are
treatment options for first-line treatment of EGFR WT
mCRC. However, subsequent analyses of these trials have
identified the importance of primary tumor sidedness
(PTS), discussed below, which can further refine the sub-
group of patients deriving most benefit from frontline
anti-EGFR therapy.

Lastly, anti-EGFR therapy is currently only indicated for
patients with stage IV CRC. Two phase III studies have shown
a lack of benefit in the adjuvant setting when added to an
oxaliplatin-based regimen in stage III colon cancer [36, 37].
Additionally, several phase II studies as well as a meta-
analysis suggested the potential benefit of anti-EGFR therapy
for liver-limited metastases, improving resectability [38—40].
However, the recent results of a phase III trial (New EPOC)
found that the addition of cetuximab to perioperative chemo-
therapy for resectable colorectal liver metastases (CRLM)
leads to significant decreased mOS (55.4 vs. 81.0 months,

HR 1.45) [41]. Based on this, it is recommended against using
perioperative anti-EGFR therapy for resectable disease, and
with caution in patients with unresectable disease when the
goal is conversion to resectable status [42].

BRAF Mutations as Biomarker for Anti-EGFR Therapy

BRAF mutations in CRC as well as anti-BRAF therapy CRC
are described more thoroughly below. However, it is impor-
tant to know that these also play a role as a biomarker for
response to anti-EGFR therapy in treatment of CRC. A mul-
titude of retrospective studies have identified that patients har-
boring BRAF V600E mutations derive little or no clinical
benefit from anti-EGFR therapy [9, 23, 43, 44].
Interpretation of these data is challenging as BRAF mutants
occur most commonly in right-sided tumors. Taken together,
for patients with BRAF V600E-mutated mCRC, clinicians
should strongly consider alternative to anti-EGFR monother-
apy or with chemotherapy unless the regimen also includes a
BRAF inhibitor.

Summary of Biomarkers for Anti-EGFR Therapy

In summary, in either the first-line treatment of CRC or to
downsize liver-limited unresectable disease, anti-EGFR ther-
apy should only be offered to patients who have RAS WT,
BRAF WT, and left-sided tumors only. There is no current
role for adjuvant anti-EGFR therapy in treatment of CRC.

BRAF Testing in CRC

BRAF is a protein downstream of both EGFR and RAS in the
MAPK kinase signaling pathway. Therefore, mutations in
BRAF can lead to constitutive activation of the MAPK path-
way independent of RAS or EGFR signaling, which triggers
proliferation, differentiation, and cell survival [45]. Similar to
RAS, testing for BRAF mutations is typically performed
using a DNA-based test with polymerase chain reaction
(PCR) or NGS methodologies [46]. Mutations in BRAF occur
in 5-10% of CRC cases, are mutually exclusive with RAS
mutations, and can be grouped in 3 classes: class 1-V600E
(RAS independent signaling as monomer), class 2-codons
597/601 (RAS independent signaling as dimers) and class 3-
codons 594/596 (RAS-dependent with impaired kinase
activity) [47, 48]. Patients with class 1 V600E-mutated
BRAF tend to be older age, female, right-sided primary, poor
differentiation and poor prognosis, and frequently associated
with MSI-H tumors. Patients with class 2 BRAF mutations
share similar clinical and pathologic features as class 1.
However, patients with class 3 BRAF-mutated metastatic
CRC:s are found to be more frequent in left-sided tumor and
without peritoneal metastases [48]. The prognosis of patient
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with class 3 BRAF mutations is better than even for BRAF
WT cancers [49].

BRAF Inhibitors for CRC

There are currently several oral tyrosine kinase inhibitors
which have been developed to selectively target the mu-
tant BRAF protein. These include vemurafenib,
encorafenib, and dabrafenib, all of which were originally
shown to be active in BRAF V600-mutated metastatic
melanoma [50]. In contrast to their single-agent activity
in metastatic melanoma, BRAF inhibitor monotherapy
has shown very limited clinical activity for CRC [51,
52]. This is thought to be due to a feedback loop where-
by BRAF inhibition triggers rapid activation of EGFR
signaling, which permits continued cell growth and sur-
vival despite independent BRAF signaling. Subsequent
combination strategies evaluated the potential efficacy
of BRAF inhibition when combined with cytotoxic che-
motherapy and/or anti-EGFR therapy [53, 54]. Based on
this preliminary evidence, the SWOG 1406 trial was per-
formed which was a randomized prospectively phase II
study of irinotecan and cetuximab with or without
vemurafenib in 106 BRAF-mutated patients with
mCRC. The addition of vemurafenib increased PFS (4.4
vs. 2.0 months, HR 0.42) and these results informed fu-
ture combination strategies with BRAF inhibitors [55].
The BEACON study demonstrated the efficacy of BRAF
plus EGFR inhibition in the second- and third-line settings.
This was a phase III open-label study of 655 patients with
BRAF V600E-positive mCRC with progression after 1-2 pri-
or treatment lines who were randomized to one of three co-
horts: triplet biologic therapy (encorafenib + binimetinib
(MEK inhibitor) + cetuximab), doublet biologics (encorafenib
+ cetuximab), or control (cetuximab + either irinotecan or
FOLFIRI) [56]. As mentioned previously, encorafenib is an
oral tyrosine kinase inhibitor targeting BRAF, and binimetinib
is an oral tyrosine kinase inhibitor targeting MEK that has
shown to be efficacious for BRAF-mutated metastatic mela-
noma [50]. The authors found that patients receiving doublet
therapy demonstrated improved mOS of 9.3 months com-
pared to 5.9 months in the control arm, and similar mOS in
the triplet arm of 9.3 months [56, 57]. Given the incremental
benefit with triplet therapy which was not statistically signif-
icant, but greater toxicity in this arm, in April 2020 the Food
and Drug Administration (FDA) approved the combination of
encorafenib and cetuximab for mCRC with BRAF V600E
who progressed after one or two prior regimens [58]. Based
on these data, the combination of cetuximab with encorafenib
supports this combination as the new standard of care for
second-line treatment of BRAFV600E-mutated mCRC [59].
More recently, the ANCHOR-CRC trial was the first study to
investigate BRAF inhibitor therapy in the first-line setting for

BRAFV600E-mutant mCRC. This was an open-label, single-
arm, phase 2, two-stage study of 41 patients treated with the
combination of encorafenib, binimetinib, and cetuximab.
Results of the first stage demonstrated an ORR of 50% and
mPFS 4.9 months in stage I of the study, and notably based on
the number of responses in this high risk feature population
this study will proceed with stage two to enroll an additional
54 patients. The second stage has finished accruing, and re-
sults are still anticipated [60]. In addition to this study, the
phase I trial entitted BREAKWATER will evaluate the com-
bination of encorafenib, cetuximab with or without chemo-
therapy in the first-line setting in patients with BRAF
V600E-mutated mCRC [61].

Primary Tumor Sidedness as Biomarker for Anti-EGFR
Therapy

In addition to mutations in RAS and BRAF, discussed below,
PTS has been shown to be an important predictive biomarker
for anti-EGFR efficacy [62]. Primary tumor locations refer to
either right-sided or left-sided tumors, with right-sided tumors
being defined by the proximal colon from cecum to two-thirds
of the transverse colon which originated from the embryonic
midgut. Right-sided tumors carry a negative prognostic effect,
and PTS is thought to be a surrogate marker for oncogenic
alterations such as BRAF, PIK3CA, AKT1, RNF43, and
SMAD4 mutations which occur more commonly in right-
sided primary tumors [47]. This effect has been shown in large
aggregated retrospective studies combining first- and second-
line use of anti-EGFR therapy for CRC (CRYSTAL, PRIME,
PEAK, FIRE-3, CALGB 80403, 20050181). This meta-
analysis revealed that the OS benefit of chemotherapy with
anti-EGFR therapy was greatest in left-sided tumors
(HR=0.75), and there was no significant OS benefit for the
addition of anti-EGFR therapy to chemotherapy for right-
sided tumors (HR=1.12) [63]. This effect has also been repli-
cated in meta-analyses specific to first-line anti-EGFR therapy
[64]. In addition to these combined analyses, the impact of
PTS was also investigated in patients treated in the capstone
CALGB 80405 trial. This analysis demonstrated that in
KRAS WT patients treated with cetuximab, the mOS benefit
was greater than twice as long for left-sided tumors compared
to right-sided tumors (37.5 vs. 16.4 months). Additionally,
patients with right-sided tumors treated with bevacizumab
had improved mOS (24.5 months) compared to cetuximab
[65]. Based on these data, the effect of PTS is most firmly
established in the first-line setting use of anti-EGFR therapy,
but the body of evidence suggests that this is likely predictive
in subsequent lines of therapies as well. Interestingly, even
when adjusted for all molecular alterations affecting response
to EGFR antibody therapy, sidedness was still identified as an
independent predictive factor.
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Deficient Mismatch Repair (dMMR)
and Microsatellite Instability High (MSI-H)
Testing in CRC

Mismatch repair proteins, which include MLH1, MSH2,
MSH6, and PMS2, repair insertions or deletions that appear
in DNA replication. When this system is defective, mutations
accumulate, and microsatellite instability emerges. This is
known as deficient mismatch repair (IMMR), detected via
immunohistochemistry, or MSI-H, detected via PCR or
NGS [66-68]. These AIMMR/MSI-H tumors are seen in a
number of cancers, including gastrointestinal, uterine, ovari-
an, and prostate malignancies, but CRC has one of the highest
prevalence of dIMMR/MSI-H, in which it can range from 5 to
15% in a stage-dependent manner [69—71]. Importantly, these
biomarkers can aid in the diagnosis of Lynch syndrome, and
therefore universal MMR or MSI testing is recommended for
all patients with CRC [2, 72]. dIMMR/MSI-H tumors are as-
sociated with poor response to chemotherapy, but due to the
high expression of neoantigens, they are considered good tar-
gets for immunotherapy approaches with single-agent or com-
bined immune checkpoint inhibitors (ICI) [70, 73-75].

Immunotherapy for Treatment of dMMR and MSI-H
CRC

In early stage disease, AIMMR/MSI-H CRCs are thought to
carry a favorable prognosis. This is based on several retro-
spective analyses which have demonstrated that this subtype
is less likely to metastasize, is associated with improved out-
comes, and typically does not derive the same benefit from
fluoropyrimidine-based adjuvant chemotherapy compared to
patients with MMR -proficient tumors [76—81]. Based on this,
adjuvant chemotherapy should typically not be offered to pa-
tients with stage Il IMMR/MSI-H cancers without other high
risk features.

Initial efficacy of ICIs in dMMR/MSI-H mCRC was dem-
onstrated in a phase II trial of pembrolizumab in previously
treated patients with and without IMMR in a variety of tumor
types [73]. This was the first study to establish the role of
dMMR as a biomarker for response to checkpoint inhibition.
In both CRC and non-CRC patients, AIMMR tumors had an
improved ORR when compared to those with MMR-
proficient cancers. Neither OS nor PFS were not reached by
patients in the IMMR CRC group at the time of publication
[73]. Based on these findings, as well as several other phase I-
II trials, in 2017 the FDA approved the use of pembrolizumab
in the chemotherapy refractory setting for any solid tumor
with AMMR/MSI-H [82]. More recently, data from the
KEYNOTE-164 study further supported the efficacy of PD-
1 inhibition in this patient population. KEYNOTE-164 was a
phase II, open-label, single-arm study of pembrolizumab in
124 patients with previously treated dMMR/MSI-H CRC.
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Results demonstrated that in patients who previously received
>2 prior lines of therapy, mOS was 31.4 months, and those
with <1 prior line of therapy, mOS was not yet reached [83].

Combination ICI therapy has also been evaluated for pa-
tients in this setting. CheckMate-142 was a phase II single-
arm trial evaluating the combination of nivolumab and
ipilimumab in 45 patients with AMMR/MSI-H mCRC which
were refractory or intolerant to chemotherapy [84, 85]. A 2020
update with median follow-up of 2 years revealed investigator-
assessed ORR increased to 69% (95% CI 53-82), and PES, OS,
and median duration of response were not reached. Rates of
PFS and OS at 2 years were 74% and 79%, respectively, and
overall therapy was well tolerated with only 22% of subjects
experiencing grade 3—4 AEs [85]. Ongoing studies are current-
ly evaluating the efficacy of this combination in first-line treat-
ment of AIMMR/MSI-H mCRC [86]. Based on these results, the
FDA approved nivolumab and ipilimumab in treatment-
refractory AIMMR/MSI-H mCRC [87].

ICI has also been investigated in the frontline setting in this
patient population. KEYNOTE-177 was a phase III, random-
ized clinical trial evaluating pembrolizumab versus standard
of care chemotherapy in 307 patients with untreated
dMMR/MSI-H mCRC [88¢]. In the most recent updated re-
sults from this trial, authors reported improved mPFS with
pembrolizumab compared to chemotherapy (16.5 months vs.
8.2 months), and OS analysis is still ongoing. Additionally,
despite a high rate of 59% crossover from the chemotherapy
arm to immunotherapy, PFS2, defined by the time from the
randomization to the second progression with the subsequent
line of therapy, for pembrolizumab was not reached compared
with the chemotherapy arm of 23.5 months [89]. These data
support pembrolizumab as new standard of care first-line ther-
apy in patients with MSI-high mCRC, and the FDA approved
pembrolizumab for this indication in 2020 [90]. Howeyver, it is
important to note that there is the higher rate of progression as
best response with pembrolizumab (29.4% vs 12.6%) com-
pared to chemotherapy. The identification of the subset of
patient population that may not benefit from pembrolizumab
is essential, and combination of chemotherapy and immuno-
therapy or doublet immunotherapies should be tested in this
population. Additionally, further analysis of retrospective
biospecimen data and PFS of subsequent therapy progression
would help determine the primary and secondary resistant
mechanism of MSI high tumor to pembrolizumab therapy.

Given the success of immunotherapy dMMR/MSI-H tu-
mors, several studies are ongoing to evaluate its role in adju-
vant and neoadjuvant setting in these patients. The ongoing
NICHE study investigates the utility of ipilimumab and
nivolumab in patients with early-stage CRC [91]. The results
of 35 evaluable patients who had early-stage CRC were re-
cently published and were very favorable. These patients each
received one dose of ipilimumab and two doses of nivolumab
prior to surgery. There was a 100% pathological response rate
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in the dAMMR group: 12 patients had pathological complete
responses, and 19 patients had major pathological responses
(defined as <10% residual viable tumor). In the pMMR group,
only 27% of patients had major pathological responses, and
none of these were pathological complete responses [91].
These findings indicate that nivolumab and ipilimumab may
have a role for a select group of early-stage colon cancer
patients with AIMMR/MSI-H, but larger studies are still need-
ed to confirm this. Currently, ATOMIC and COMMIT trials
are evaluating the benefit of addition of anti PD-L1 antibody
(atezolizumab) to chemotherapy FOLFOX in patients with
dMMR/MSI-H in adjuvant stage III and first-line stage IV
colon cancer, respectively [92, 93].

Human Epidermal Growth Factor Receptor 2
(HER-2)

HER2, or ERBB2, is an extracellular tyrosine kinase that
when overexpressed leads to activation of PI3K, AKT, and
MAPK pathways [94]. The HER2 gene amplification and/or
overexpression is observed in 2—6% of CRC patients, most
commonly in left-sided and KRAS WT mCRC. Identification
of HER2 can be done using either IHC, fluorescence in situ
hybridization (FISH), or NGS [94, 95]. Various studies have
investigated the role of anti-HER2 therapy in HER2-amplified
mCRC, as these tumors are thought to be resistant to anti-
EGFR therapies [96, 97]. Anti-HER2 agents are standard of
care in breast and gastric cancer and include monoclonal an-
tibodies trastuzumab and pertuzumab, the tyrosine kinase in-
hibitors lapatinib and tucatinib, and the antibody-drug conju-
gate fam-trastuzumab deruxtecan-nxki (T-DXd) [98].

The phase Il HERACLES A trial evaluated the combina-
tion of trastuzumab and lapatinib in 27 patients with KRAS
WT and HER2-amplified mCRC tumors refractory to stan-
dard of care therapy [99]. The authors reported an ORR of
30% (95% CI 14-50) and median OS of 46 weeks (95% CI
33-68). No drug-related serious adverse events were reported,
and this served as proof of concept for HER2 targeting in CRC
[99]. Another single-arm phase 11 study, MyPathway, evalu-
ated the combination of trastuzumab and pertuzumab in 37
heavily pretreated patients with HER2-amplified mCRC with
an ORR of 32% (95% CI 20-45) and mPFS and mOS of 2.9
months and 11.3 months, respectively [100]. These findings
were replicated recently in the TAPUR study with a reported
ORR of 14% (95% CI 4-33), mPFS of 17.2 weeks (95% CI
11.1-27.4), and 1 year OS rate of 58% (95% CI 37-75) [101].
A fourth phase II study, Destiny-CRCO1, evaluated the use of
T-DXd in HER2-expressing, RAS/BRAF WT, mCRC pa-
tients who had previously received two or more prior regi-
mens [102]. Investigators split patients into three cohorts
based on their level of HER2 expression and reported that in
the highest HER2 expression cohort (IHC3+ or IHC2+/ISH+

), ORR was 45.3%, mPFS was 6.9 months, and mOS was not
reached. Cohort B (HER2 IHC 2+) and Cohort C (HER THC
1+) did not have any confirmed response [102]. Importantly,
T-DXd induced responses even in patients pretreated with
anti-HER?2 therapies.

Interpretation of these data to determine proper sequencing
of anti-HER2 therapy in mCRC is challenging given the
single-arm nature of these trials and the small numbers of
patients evaluated. Additionally, it is important to consider
the toxicity profile of these regimens, in particular the concern
for interstitial lung disease with T-DXd which, although rare,
can be fatal. All three of these regimens are options for previ-
ously treated mCRC patients with HER2 amplifications and
may be reasonable for untreated patients who are not appro-
priate for intensive therapy. Importantly, when used for
HER2-amplified mCRC, these anti-HER2 regimens are only
indicated for RAS and BRAF WT disease, as patients with
mutations in RAF/BRAF were excluded from these investiga-
tions. The ongoing SWOG 1613 study is comparing the effi-
cacy of this combination versus cetuximab and irinotecan in
HER2-amplified mCRC in 2™ or 3™ line setting [103].
Furthermore the MOUNTAINEER trial included mCRC pa-
tients with RAS WT, HER2 amplification by NGS, FISH, or
IHC who were naive to anti HER2 therapy [104]. Patients
received the oral HER2 tyrosine kinase inhibitor tucatinib
combined with trastuzumab. Preliminary results in 26 patients
demonstrated an ORR of 52% and mPFS of 8.1 months and
mOS of 18.7 months. Currently the trial is expanded to in-
clude additional patients randomized to two cohorts: one with
trastuzumab and tucatinib and one with tucatinib only as part
of a registration strategy for the combination [104].

Neurotrophic Receptor Tyrosine Kinase
(NRTK)

The proteins TRKA (encoded by NTRK1), TRKB (encoded
by NTRK?2), and TRKC (encoded by NTRK3) comprise the
family of NRTK and are vital in neural deployment [105,
106]. NTRKSs consist of an extracellular ligand-binding do-
main, a transmembrane region, and an intracellular kinase
domain, which together allow for downstream signal activa-
tion using the Ras—Raf~-MAPK, PI3K-Akt-mTOR, and
PLCc—PKC pathways. In 0.2—1% of solid tumors, fusion oc-
curs due to rearrangement of NTRK genes where TRK fusion
proteins initiate cell transformation, growth, and proliferation
[105, 107, 108]. NTRK fusion can be detected via IHC, FISH,
RT-PCR, and both RNA-based (preferred) and DNA-based
NGS [109]. Their most common presentation is in females
with RAS/BRAF WT disease that is primarily right-sided,
and 50-70% of NTRK fusions are associated with the
dMMR/MSI high phenotype [105, 110].
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Given the rarity of these mutations, development of TRK
inhibitors has been guided by basket studies enrolling patients
with relapsed NTRK fusion-positive cancers across multiple
tumor types. In a combination of three phase I-1I trials of 55
patients with TRK fusion-positive cancers, the TRK inhibitor
larotrectinib was shown to be associated with a high response
rate (ORR 75%, 95% CI1 61-85) with 55% of patients progres-
sion free at 1 year [111, 112]. Follow-up analysis of the 14
patients with TRK fusion gastro-intestinal cancer demonstrat-
ed a median PFS of 5.3 months (95% CI 2.2-9.0) and median
OS of 33.4 months (95% CI 2.8-36.5) [113]. Based on these
data, the FDA recently granted larotrectinib approval for use
on TRK fusion cancers after reviewing the LOXO-TRK-
14001, NAVIGATE, and SCOUT single-arm trials [114]. In
a similar pooled analysis of phase I-II studies of patients with
TRK fusion cancers, a second TRK inhibitor entrectinib dem-
onstrated a high response rates (ORR 57%, 95% CI 43-71)
and a median duration of response of 10 months. The trial
only included 4 subjects with mCRC and of those only 1
(25%) had a treatment response [115]. Similarly, the FDA

approved entrectinib for the treatment of adult and pediatric
patients with NTRK fusion based on three single-arm trials
(ALKA, STARTRK-1 (NCT02097810), and STARTRK-2)
[116]. Together these data suggest that for the rare patient with
relapse mCRC and NTRK fusion, either entrectinib or
larotrectinib are potential treatment options

Tumor Mutational Burden (TMB)

Tumor mutational burden, which is defined by the number of
somatic mutations per DNA megabase, has been shown to be
one of the predictive markers for ICIs [117]. Currently, TMB
calculations are obtained from targeted cancer gene panels from
tissue biopsies or blood. The retrospective analysis of the phase
I SWOG 80405 study showed that patients with a TMB great-
er than 8 derived greater benefit from chemotherapy [118]. The
seminal paper of ICI therapy in MSI high cancers showed that
higher TMB was correlated with longer PFS. A retrospective
study of MSI high mCRC treated with ICI also confirmed that

Table 2 Pivotal ongoing trials for the colorectal cancer
Trial name Phase Target population Study details Current status
STRATEGIC-1 I 1* line treatment of RAS WT  Objective: Determine best sequence of Recruiting
[126] therapy for mCRC Estimated completion December
Arm A: FOLFIRI-cetuximab, followed by 2019
oxaliplatin-based 2nd-line with bevacizumab
Arm B: OPTIMOX-bevacizumab, followed by
irinotecan-based second-line chemotherapy
with bevacizumab, and by an EGFR
monoclonal
antibody =+ irinotecan as third-line treatment
TRIPLETE [127] 1 1* line treatment of RAS Objective: Determine benefit of up front triplet Recruiting

and BRAF WT therapy

Estimated completion July 2021

Arm A: mFOLFOXIRI + panitumumab
Arm B: mFOLFOX6 + panitumumab

CHRONOS [128] 1T Previously treated RAS WT Objective: Determine ORR with third-line Unknown
rechallenge Estimated completion January
with panitumumab 2020
Arm A: Panitumumab monotherapy
BREAKWATER  1II 1% line BRAF V600E mutation Objective: Determine benefit of encorafenib Recruiting
[61] combined with chemotherapy and anti-EGFR  Estimated completion November
therapy 2026
Arm A: Encorafenib + cetuximab
Arm B: Encorafenib + cetuximab + FOLFIRI
Arm C: FOLFOX or FOLFIRI + bevacizumab
COMMIT [93] 1L 1% line treatment of Objective: Determine efficacy of immunotherapy  Recruiting

dMMR/MSI-H

when added to standard of care

Estimated completion April 2022

Arm B: Atezolizumab + bevacizumab +
mFOLFOX6
Arm C: Atezolizumab

SWOG 1613 [103] 1I Previously treated HER 2

amplified

Objective: Determine efficacy of anti-HER2
therapy compared to chemo/anti-EGFR therapy Estimated completion June 2023

Recruiting

Arm A: Pertuzumab + trastuzumab
Arb B: Cetuximab + irinotecan

WT wild type, dMMR deficient mismatch repair, MSI-H microsatellite instability high, mCRC metastatic colorectal cancer, FOLFIRI fluorouracil/
leucovorin/irinotecan, OPTIMOX optimization of oxaliplatin, mFOLFOXIRI modified fluorouracil/leucovorin/oxaliplatin/irinotecan, mFOLFOX6 mod-

ified fluorouracil/leucovorin/oxaliplatin, ORR overall response rate
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TMB is an important biomarker even in the MSI subset of
patients. The cut-point TMB between 37 and 42 by
Foundation Medicine (FMI) was correlated with higher re-
sponse rate and longer PFS than lower TMB group [118].

In addition to the MSI high population, additional patients
(3%) with high TMB were found with MSS mCRC who de-
rived benefit from ICI therapies in case reports [119, 120]. The
mutations in POLE and POLDI lead to an ultra-mutated phe-
notype, and these patients were found to have durable re-
sponse from ICI therapies [121, 122]. Recently the phase 2
KEYNOTE-158 trial showed that patients with a TMB of
more than 10 by FMI have an objective response rate of
30% with pembrolizumab in multiple tumor types.
However, it is important to note that there were no patients
with mCRC in this analysis. This led to FDA’s tumor agnostic
approval of ICI in the TMB >10 setting [123]. However, a
recent correspondence showed that among 137 patients with
mCRC who were treated with ICIs, the difference in OS be-
tween those with high TMB vs low TMB disappeared after
stratification by MMR deficiency or pathogenic mutations in
POLE and POLDI [124]. A retrospective analysis of CCTG
C0.26 trial of durvalumab and tremelimumab versus best
supportive care in mCRC showed that high plasma TMB
(>28) is correlated with improved outcomes in the ICI treated
group, but the same is not true for tissue TMB [125].
Currently, the benefit of ICI on TMB is complex and may
depend on histology. Further studies are required to establish
a definitive benefit in CRC with high TMB without MMR
deficiency or POLE or POLD mutation.

Conclusion

The integration of molecular profiling and biomarker test-
ing has revolutionized treatment strategies for mCRC.
Importantly, retrospective studies comparing outcomes of
patients with different molecular tumor types have been
critical to our understanding of tumor biology and resis-
tance mechanisms, thereby informing current pharmacolog-
ic treatment algorithms for mCRC. Currently, there are a
multitude of ongoing clinical trials seeking for further de-
fine subgroups of patients which benefit from different
classes of agents, as well as optimizing sequence of thera-
py. Some of the notable trials that are anticipated to impact
practice are listed in Table 2. Moving forward, future re-
search is needed to further advance molecular and biomark-
er classification of mCRC, such as parallel biomarker test-
ing of ctDNA, combination of targeted therapies in multiple
pathways as well as appropriate sequencing of chemother-
apy, immunotherapy, and targeted therapies, and these may
enhance the use of these precision medicine techniques to
optimize patient outcomes.
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