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Simple Summary: Rechallenge with epidermal growth factor (EGFR) inhibitors represents a promis-
ing therapeutic strategy in patients with refractory RAS/BRAF wild-type metastatic colorectal cancer
(mCRC). The maximal benefit is observed in patients without resistance mutation at the baseline
plasma circulating tumor DNA (ctDNA) evaluation. In the CAVE and VELO clinical trials, 1 out of
4 patients had ctDNA RAS/BRAF mutant disease at pretreatment liquid biopsy assessment. There
was no direct association between the length of anti-EGFR drug-free interval and the presence of
plasma ctDNA RAS/BRAF mutations at pretreatment liquid biopsy analysis. Interestingly, even the
disappearance of mutant clones was time-dependent, and resistance mutations were found at liquid
biopsy analysis in approximately 15% of patients after 18 or more months of anti-EGFR drug-free
window. These results support the use of liquid biopsy to appropriately select amenable patients to
EGFR inhibitor rechallenge.

Abstract: Rechallenge with anti-EGFR drugs represents a promising strategy in refractory RAS/BRAF
wild-type (WT) metastatic colorectal cancer (mCRC). We performed the pooled analysis of the
CAVE and VELO studies to evaluate the percentage of patients with WT circulating tumor DNA
(ctDNA) tumors and the association of mutational status with time from the last anti-EGFR drug
administration. At baseline, 97/129 patients had RAS/BRAF WT plasma ctDNA, while 32/129 had
RAS/BRAF mutated plasma ctDNA. Median anti-EGFR drug-free interval was 10.6 (CI 95%, 8.9–13.4)
months in the plasma RAS/BRAF mutant group as compared to 13.0 (CI 95%, 11.1–16.6) months
in RAS/BRAF WT group (p = 0.169). To investigate the time window of the RAS/BRAF mutant
cancer cell clone disappearance, descriptive analysis using different time points was performed.
No difference in the proportion of patients whose baseline plasma ctDNA was RAS/BRAF WT or
mutated was found between 4 and 18 months since the last administration of anti-EGFR drugs. In
contrast, 38/44 of patients with anti-EGFR drug-free interval of 18 months or more displayed a
ctDNA RAS/BRAF WT status. Taken together, these results shows that the length of anti-EGFR free
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interval is not a sufficient criterion for patient selection, supporting the role of liquid biopsies for
improving treatment efficacy.

Keywords: anti-EGFR drugs; rechallenge therapy; liquid biopsy; metastatic colorectal cancer

1. Introduction

Better knowledge of the molecular biology of colorectal cancer (CRC) has radically
changed the therapeutic scenario, allowing for the development of more effective ther-
apies [1]. Treatment with anti-epidermal growth factor receptor (EGFR) drugs is a key
therapeutic option for patients with RAS and BRAF wild-type (WT) tumors [2]. In this
regard, the combination of anti-EGFR monoclonal antibodies and cetuximab or panitu-
mumab with chemotherapy (5-fluorouracil and oxaliplatin or irinotecan) is associated with
high response rates (60–70%) and durable disease control with a median progression-free
survival (mPFS) of approximately 10–12 months [2–4]. Furthermore, there is a subset of
patients with initial non-resectable liver metastases that achieve significant tumor shrink-
age and could subsequently be candidates for radical surgery [5]. However, despite the
initial response, most patients experience disease progression frequently related to acquired
RAS mutations that occur in 30–40% of cases [2–6]. Unfortunately, after progression to
first-line chemotherapy, subsequent lines of treatments are progressively less effective, with
increasing toxicity due to accumulations of side effects [1,7–10]. For almost a decade, small
tyrosine kinase inhibitor regorafenib and trifluridine/tipiracil were the only approved
drugs in refractory mCRC [9,10]. Both drugs displayed limited clinical activity, with half of
the patients that experienced disease progression at the first radiological assessment and
with an overall survival of approximately 6–8 months. Moreover, tumor regression was
anecdotical with an overall response rate (ORR) near to 1%. Thus, novel and more effective
therapeutic options are required in the refractory setting. Increasing evidence supports that,
in the absence of selective pressure by EGFR inhibitors, and during a subsequent treatment,
there is a progressive reduction in anti-EGFR drug-resistant clones [11,12]. Parseghian and
colleagues elegantly showed that RAS and EGFR mutant allele frequency decays expo-
nentially after stopping anti-EGFR therapy with an estimated half-life of approximately
4 months [12].

Thus, after anti-EGFR drug-free intervals that allow for the clearance of resistant
cancer cell clones, a rechallenge with EGFR inhibitors might represent an appealing thera-
peutic option in patients that benefit from prior anti-EGFR therapy [1,2,11]. On the basis
of this rationale, our group and others showed that retreatment with anti-EGFR mono-
clonal antibodies (mAbs) alone or in combination with chemotherapy or immunotherapy
has clinically relevant antitumor activity in a subset of patients with plasma circulating
tumor DNA (ctDNA) RAS/BRAF wild-type (WT) tumors [13–18]. CRICKET was the first
prospective Phase II trial that evaluated the activity of rechallenge with cetuximab and
irinotecan as third-line treatment in mCRC [14]. In the overall population, the response rate
was 21%. Interestingly, preplanned post hoc analysis showed that patients with baseline
ctDNA RAS/BRAF WT tumors received the highest benefit. Despite the reduced number of
included patients, the CRICKET study provided the first piece of evidence of a rechallenge
with anti-EGFR in a molecularly selected population.

In the CAVE Phase II clinical trial, patients with pretreated RAS WT mCRC received
cetuximab and avelumab as rechallenge therapy. The study was positive, with a me-
dian overall survival (mOS) of 11.6 months (95% CI, 8.4–14.8 months) and a median PFS
(mPFS) of 3.6 months (95% CI, 3.2–4.1 months) in the intention to treat the population.
Interestingly, mOS exceeded 17 months in the pretreatment plasma ctDNA RAS/BRAF
WT population [15,16]. The VELO clinical trial was the first randomized Phase II study
that assessed the role of rechallenge with panitumumab and trifluridine/tipiracil vs. tri-
fluridine/tipiracil [18]. The primary endpoint was met, since the experimental treatment
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determined significant improvement in PFS compared to the control arm, with the maximal
efficacy in patients without resistance mutation in EGFR pathway genes [18].

In the CHRONOS Phase II study, 27 molecularly selected patients received panitu-
mumab as a later line of treatment [13]. Remarkably, 8/27 patients (30%) obtained a partial
response (PR) with a disease control rate (DCR) of 63%. Taken together, these results sug-
gest that there is a subset of patients that are still dependent on EGFR blockade even after
initial progression. Therefore, the aforementioned data support the use of a liquid biopsy to
select patients with plasma ctDNA RAS/BRAF WT tumors for anti-EGFR rechallenge ther-
apy. However, there are several unsolved issues, including which the optimal anti-EGFR
drug-free interval is before rechallenge, and if there is a correlation between the time of the
last anti-EGFR drug administration and the persistence of RAS/BRAF mutations, in order
to better identify patients without resistance mutations that are suitable for anti-EGFR
rechallenge strategies.

Therefore, we performed the pooled analysis of the CAVE and VELO clinical trials,
which have been the largest published anti-EGFR rechallenge therapy clinical trials.

2. Methods

CAVE (NCT04561336) was a single-arm, multicenter, Phase II trial evaluating the
combination of cetuximab and anti-PD-L1 monoclonal antibody avelumab as rechallenge
therapy in 77 patients with refractory RAS WT mCRC [15,16]. In particular, patients re-
ceived a combination of avelumab (10 mg/kg every 2 weeks) and cetuximab (400 mg/m2

loading dose and subsequently 250 mg/m2 weekly) until disease progression or unac-
ceptable side effects. The major inclusion criteria were that all patients must have had
RAS WT mCRC, have obtained complete (CR) or partial response (PR) during first-line
chemotherapy and an anti-EGFR drug, and have progressed and received at least second-
line therapy after the failure of the first-line treatment. Moreover, an anti-EGFR drug-free
interval of at least 4 months was required. The primary end point was OS, and the sec-
ondary end points were PFS, overall response rate (ORR), and safety. The study aimed
to demonstrate an mOS of 11 months for the experimental arm as compared with the
historical mOS of 8.0 months with trifluridine/tipiracil or regorafenib, which corresponds
to an improvement of 37.5% in mOS. VELO (NCT05468892) was a multicenter, randomized,
Phase II study investigating the role of combining panitumumab with trifluridine/tipiracil
compared to trifluridine/tipiracil as a rechallenge in patients with RAS WT mCRC [18]. In
total, 62 patients were randomized (1:1) to receive trifluridine/tipiracil (standard-of-care
treatment, Arm A) or panitumumab and trifluridine/tipiracil (experimental treatment,
Arm B) as third-line therapy. Panitumumab was administered as a 6 mg/kg intravenous
infusion every 2 weeks of a 28-day cycle (Days 1 and 15). A 35 mg/m2 dose of trifluri-
dine/tipiracil was orally administered twice daily, 5 days a week with 2 days of rest for
2 weeks, followed by a 14-day rest period. Treatment was administered in 28-day cy-
cles until disease progression, unacceptable toxicity, the withdrawal of consent, or death
due to any cause. The primary endpoint was PFS, and secondary endpoints were OS,
ORR, and safety. The study was designed to have 80% power to detect a hazard ratio for
PFS of 0.56 (44% reduction in risk) in the panitumumab and trifluridine/tipiracil arm as
compared to the standard-of-care trifluridine/tipiracil arm, with a two-sided Type I error
rate of 0.1.

The inclusion criteria were almost the same between the two studies, with the main
difference being that, in the VELO trial, treatment was administered as third-line therapy in
all patients, while a subgroup of patients enrolled in the CAVE study received rechallenge
with cetuximab and avelumab as a later line of treatment.

For the present study, we selected patients enrolled in the two trials with available
plasma samples for ctDNA analysis with a RT-PCR-based test (IdyllaTM Biocartis platform)
at the baseline before trial treatment, and with complete clinical and pathologic data.
The analysis was performed in the laboratory of the coordinating center (Department of
Precision Medicine, Università degli Studi della Campania “Luigi Vanvitelli”, Napoli, Italy).
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At least 6 mL of whole blood was collected with the standard procedures with peripheral
vein blood draw using Vacutainer® with EDTA as the anticoagulant. Plasma was separated
through two different centrifugation steps (the first at room temperature for 10 min at
1500× g, and the second at 2000× g for the same time and temperature). Plasma was stored
at −80 ◦C until analysis in the IdyllaTM Biocartis platform. The complete process of the
sample collection and processing, and the result analysis has been previously reported [19].
The detection limit for positivity for KRAS exons 2 and 3 or BRAFV600E mutations was
>1%; for KRAS exon 4 and NRAS exons 2–4, it was >5%. The anti-EGFR free interval was
defined as the time in months from the last EGFR inhibitor administration and enrollment
in the CAVE and VELO studies, and ctDNA analysis. Correlation between anti-EGFR drug-
free interval and mutational status was calculated with Mood’s median test. Moreover,
patients were divided into different subgroups depending on the length of the anti-EGFR
free interval (less than 6, between 6 and 11.99, 12 and 17.99, or more than 18 months). A
descriptive evaluation of the frequency of plasma RAS/BRAF WT and mutant ctDNA in
the different subgroups was performed. Statistical analyses were performed using the SPSS
package (version 23, IBM).

3. Results

A total of 129 patients were included in the pooled analysis: 67/77 patients enrolled
in the CAVE trial, and 62/62 patients from the VELO trial (Figure 1). In fact, only for
10/77 patients in CAVE study were pretreatment plasma samples not available for ctDNA
evaluation.
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Figure 1. Patient selection flowchart. Of the 139 patients that had been enrolled in the CAVE and
VELO clinical trials, 10 were excluded because their pretreatment plasma samples were not available.
Of the 129 patients in the analysis, 97 had plasma circulating tumor DNA (ctDNA) RAS/BRAF wild
type (WT), whereas 32 patients had plasma ctDNA RAS/BRAF mutations.



Cancers 2023, 15, 2117 5 of 11

The main patient characteristics are summarized in Table 1. Median age was 63 (range,
30–88) years; there were more male than female patients (56.6% vs. 43.4%); all patients
had a good performance status (PS) (0 or 1 according to the ECOG scale). Most patients
had the tumor located in the left colon or rectum (118/129, 91.5%) compared with the
right colon (11/129, 8.5%). Primary tumor resection was performed in 92/129 (71.3%)
patients. A high tumor burden with more than two different metastatic sites was observed
in approximately one-third of the cases (47/129, 36.4%), with liver metastasis in half of
the study population (67/129, 51.9%). The number of previous lines of treatment was
2 in most cases (113/129, 87.6%), with only 16 patients enrolled in the CAVE clinical trial
who received rechallenge with cetuximab and avelumab in later lines of treatment. At the
time of baseline assessment before anti-EGFR rechallenge therapy, by using the selection
criteria of the two studies, plasma RAS/BRAF WT cDNA was found in approximately 3 out
of 4 cases (97/129, 75.2%) via liquid biopsy analysis with the IdyllaTM Biocartis platform.
KRAS mutations (30/32, 93.7%) were the most common gene alterations, BRAF mutations
were observed in 2 patients, while an NRAS mutation was reported only in 1 case (Table 2).
In this pooled analysis, no difference in the median time from the last administration of
anti-EGFR drugs was observed in RAS/BRAF WT compared with mutant groups. In fact,
the median anti-EGFR drug-free interval was 10.6 months (CI 95% 8.95–13.4) in patients
with plasma RAS/BRAF mutant ctDNA, and 13.0 months (CI 95% 11.1–16.6, p = 0.169) in
patient with plasma RAS/BRAF WT ctDNA (Figure 2). To further investigate if there was
a potential correlation between the length of the anti-EGFR drug-free intervals and the
disappearance of anti-EGFR cancer-resistant clones, we performed a descriptive analysis by
using different time points from the last administration of anti-EGFR drugs in the first-line
therapy (Figure 3). A reduced proportion of RAS/BRAF mutations was observed in the
subgroup of patients (44/129) with very long anti-EGFR drug-free intervals, longer than
18 months. Of the patients, 38/44 (86.4%) in this subgroup displayed plasma RAS/BRAF
WT ctDNA tumors; there was still a small subset of cases with ctDNA RAS/BRAF mutant
tumors (6/44, 13.6%). These results indicate that the time from the last anti-EGFR drug
treatment should not be considered the only parameter to select patients for anti-EGFR
rechallenge strategies. Thus, a liquid biopsy should be performed before considering
rechallenge with anti-EGFR-based therapies.
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Figure 2. Association of median anti-epidermal growth factor (EGFR)-free interval and RAS/BRAF
mutational status. Median anti-EGFR free interval was 10.6 months (CI 95% 8.95–13.4) in patients
with RAS/BRAF mutant circulating tumor DNA (ctDNA), and 13.01 months (CI 95% 11.1–16.6) in
patient with RAS/BRAF wild-type (WT) status (p = 0.169).
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Table 1. Characteristics of the study population. F: female; M: male; ctDNA: circulating tumor DNA;
WT: wild type; MT: mutant.

Characteristics N = 129

Age

Years (median) 63 (30–88)

Sex

F 56 (43.4%)

M 73 (56.6%)

Performance status

0 86 (66.7%)

1 43 (33.3%)

Tumor location

Left colon and rectum 118 (91.5%)

Right colon 11 (8.5%)

Primary tumor resection

Yes 92 (71.3%)

No 37 (28.7%)

Number of metastatic sites

<3 82 (63.6%)

≥3 47 (36.4%)

Liver metastasis

Yes 67 (51.9%)

No 62 (48.1%)

Number of previous lines of treatment

2 113 (87.6%)

3 8 (6.2%)

4 4 (3.1%)

5 2 (1.6%)

6 2 (1.6%)

Baseline ctDNA

RAS/BRAF wt 97(75.2%)

RAS/BRAF mt 32 (24.8%)
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Table 2. Type of KRAS/NRAS/BRAF mutations that were observed during pretreatment plasma
liquid biopsy analysis by using the IdyllaTM Biocartis platform.

Type of RAS/BRAF Mutation Number of Patients (32)

BRAF V600E 1

KRAS A146P 2

KRAS A146PT 1

KRAS A146PV 1

KRAS G12A 3

KRAS G12C 2

KRAS G12D 5

KRAS G12S 2

KRAS G12V 2

KRAS G13D 3

KRAS Q61H 6

KRAS Q61H and BRAF V600E 1

KRAS Q61R 1

NRAS G13D 1

KRAS Q61L 1
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on the length of the anti-EGFR free interval that was calculated as the time from the last anti-EGFR
administration and baseline evaluation before study treatment in the CAVE and VELO clinical trials.
WT: wild type; MUT: mutant.

4. Discussion

The insurgence of mechanisms of secondary resistance is a limitation to the efficacy
of anti-EGFR-based therapies [2,20–27]. Nevertheless, the complex and heterogeneous
molecular landscape of resistance to anti-EGFR drugs is not a static condition, but rather
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dynamic and in continuous evolution depending on the use of anti-EGFR drugs, type of
treatments, and previous lines of chemotherapy [26,27]. Interestingly, patients who had
obtained a response with an anti-EGFR drug (panitumumab) as monotherapy were recently
more likely to develop acquired resistance mutations (46%) as compared with those treated
with panitumumab in combination with chemotherapy (9%) as frontline treatment [27].
Moreover, pretreatment-resistant subclonal mutant cancer cells rarely expand to become
clonal at disease progression, remaining subclonal or even disappearing.

In this scenario, there could be room for an anti-EGFR drug rechallenge after a treat-
ment holiday that allows for the clearance of resistant clones [11,12].

The present pooled analysis of the CAVE and VELO clinical trials represents, to our
knowledge, the largest currently available dataset from prospective clinical studies. By
using a RT-PCR-based (IdyllaTM Biocartis platform) we observed that 3 out of 4 patients
(97/129, 75.2%) did not show RAS/BRAF mutation at the liquid biopsy analysis of plasma
ctDNA before treatment. Thus, there is a significant number of patients that might benefit
from a rechallenge with anti-EGFR drugs. These data are also potentially relevant since
the IdyllaTM Biocartis could be used in clinical practice and allows for the detection of the
main resistance mechanisms in a few hours [19]. However, this type of test has several
limitations. The detection cut-off does not allow for identifying mutations with a low
mutant allele fraction (MAF), which is a limit compared with more sensible tools such
as digital-droplet PCR of NGS [28]. Nevertheless, the identification of the optimal MAF
threshold and the real impact of RAS MAF < 5% on anti-EGFR drug response are still
matters of debate [29]. Vidal and colleagues observed that the ultra-selection of patients
with mCRC by increasing the detection threshold for KRAS/NRAS/BRAF/PIK3CA mu-
tation from 5% to 1% by NGS was not correlated with improved outcomes. Therefore,
the definition of the optimal limit detection for liquid biopsy analysis should be further
investigated in larger prospective studies.

Another intrinsic limitation of this RT-PCR-based test is the possibility of detecting
only hot-spot mutations and thereby missing other potential mechanisms of resistance.
Despite these limitations, the reported results here are in line with findings from other
groups [13,30]. In the CHRONOS trial, 16 out of 52 (31%) patients that were candidates
for an anti-EGFR rechallenge with panitumumab had pretreatment plasma RAS/BRAF
mutated ctDNA at digital-droplet PCR analysis. The PARERE (NCT04787341) study is
a prospective, multicenter, randomized Phase II trial investigating a rechallenge with
panitumumab compared with regorafenib and the inverse sequence in 214 patients with
chemorefractory mCRC with baseline ctDNA RAS/BRAF WT tumors. A preliminary anal-
ysis of the PARERE study was presented at the ESMO World Congress on Gastrointestinal
Cancer 2022 [30]. Of the 101 patients that entered the screening phase, the pretreatment
plasma samples of 90 patients were evaluated for ctDNA analysis. In 25/90 (28%) of those
patients, KRAS/NRAS or BRAFV600E mutations were detected. Our group is currently
conducting a large and randomized Phase II study (CAVE 2 trial) investigating the com-
bination of cetuximab and avelumab compared with cetuximab as a rechallenge strategy
in 173 patients with refractory mCRC [31]. During the screening phase, baseline plasma
samples were analyzed for ctDNA according to the NGS (FoundationOne liquid test) to
identify patients without resistance mutations to be enrolled in the study.

By increasing the time from the last administration of anti-EGFR drugs, a progres-
sive reduction in resistant cancer cell clones was proposed [11,12]. In the pooled CAVE
and VELO analysis, there was no difference in the median anti-EGFR free intervals in
patients with pretreatment plasma RAS/BRAF WT ctDNA as compared with patients
with RAS/BRAF-mutated ctDNA. In the subgroups of patients with an anti-EGFR free
interval of. less than 18 months, no major differences in the proportion of RAS/BRAF
ctDNA mutant vs. wild-type tumors were reported. However, a relatively long anti-EGFR
drug-free period of more than 18 months was associated with the reduced probability of
having mutant tumors (38/44 patients displayed RAS/BRAF WT tumors). Nevertheless,
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approximately 14% of these patients still had RAS/BRAF mutant tumors, suggesting that
the temporal criteria are not sufficient by themselves for patient selection.

5. Conclusions

Rechallenge with anti-EGFR drugs for patients with refractory mCRC is a promising
option for chemo-refractory RAS/BRAF wt mCRC. Robust translational studies have
proven that the half-life of resistant clones is approximately 4 months after the cessation
of anti-EGFR administration. The results of the pooled analysis of the CAVE and VELO
clinical trials support the use of defined clinical criteria and pretreatment evaluation of
RAS/BRAF ctDNA mutational status with liquid biopsies for the appropriate selection of
patients that could effectively benefit from anti-EGFR rechallenge therapy in the continuum
of care of mCRC. Nevertheless, there are some open questions. One of the main issues
is the identification of better assays for liquid biopsy NGS vs. PCR tests. Furthermore,
the availability of a liquid-biopsy test could be a major problem outside referral centers.
Lastly, the optimal cut-off for RAS/BRAF mutations in the liquid biopsy has not yet been
defined and is debated. Studies are ongoing to clarify the role of anti-EGFR rechallenge in
the continuum of care of mCRC [2,11,30,31].

Author Contributions: Conceptualization, D.C., S.N., F.C. and G.M.; Formal analysis, D.C., S.N., V.F.,
L.E., F.C. and G.M.; Data curation, D.C., S.N., V.F., L.E., V.D.F., A.D.L., A.A., E.M. (Evaristo Maiello),
F.P., C.C., M.G.Z., N.F., T.T., E.M. (Erika Martinelli), F.C. and G.M.; Writing—original draft, D.C.;
Supervision, T.T. and E.M. (Erika Martinelli). All authors have read and agreed to the published
version of the manuscript.

Funding: Regione Campania, I-Cure Research Project; grant number: Cup 21C17000030007.

Institutional Review Board Statement: The CAVE (NCT04561336) and VELO (NCT05468892) stud-
ies were approved by the ethics committees of all participating centers.

Informed Consent Statement: All patients provided their written informed consent to participate.

Data Availability Statement: Data are available in anonymized form upon reasonable request.

Acknowledgments: We would like to thank Gruppo Oncologico dell’Italia Meridionale (GOIM).

Conflicts of Interest: Ciardiello Davide: travel support from Sanofi, Bristol Myers Squibb (BMS) and
Merk-Serono. Avallone Antonio: has served as advisory and speaker for Amgen and Servier. E.M.:
has served as advisor and speaker for AstraZeneca, Eli Lilly, Servier, Sanofi Genzyme, Roche, Merck,
Eisai, Pfizer. Pietrantonio Filippo: has served as adviser/speaker for Amgen, Roche, Lilly, Sanofi,
Merck-Serono, Bayer, Servier. Received a research Grants from BMS. Cremolini Chiara: has served as
adviser for Roche, Bayer, Agmen, and speaker for Roche, Bayer, Agmen, Serveir; received research
founding form Merck-Serono. Fazio Nicola: Nicola Fazio is on the steering committees for Novartis,
Ipsen, Merck Serono, MSD, Pharmacyclics, Incyte, Halozyme, Roche, Astellas, Pfizer, FivePrime, and
BeiGene; is an advisory board member and a public speaker for Novartis, Ipsen, Pfizer, Merck Serono,
Advanced Accelerator Applications, MSD, Sanofi-Aventis, and Wren Laboratories Europe. Troiani
Teresa: has served as adviser and speaker for Roche, Merck-Serono, Sanofi, Servier, Novartis, Bayer.
Martinelli Erika: has served as adviser and speaker for AstraZeneca, Amgen, Bayer, Merck-Serono,
Roche, Sanofi, Servier, Pierre Fabre. Ciardiello Fortunato: has served as adviser and speaker for Roche,
Amgen, Merck-Serono, Pfizer, Sanofi, Bayer, Servier, BMS, Cellgene, Lilly. Received institutional
Research Grants form Bayer, Roche, Merck-Serono, Amgen, AstraZeneca, Takeda. All other authors
have declared no conflicts of interest.

References
1. Ciardiello, F.; Ciardiello, D.; Martini, G.; Napolitano, S.; Tabernero, J.; Cervantes, A. Clinical management of metastatic colorectal

cancer in the era of precision medicine. CA A Cancer J. Clin. 2022, 72, 372–401. [CrossRef] [PubMed]
2. Martinelli, E.; Ciardiello, D.; Martini, G.; Troiani, T.; Cardone, C.; Vitiello, P.; Normanno, N.; Rachiglio, A.; Maiello, E.;

Latiano, T.; et al. Implementing anti-epidermal growth factor receptor (EGFR) therapy in metastatic colorectal cancer: Challenges
and future perspectives. Ann. Oncol. 2020, 31, 30–40. [CrossRef]

http://doi.org/10.3322/caac.21728
http://www.ncbi.nlm.nih.gov/pubmed/35472088
http://doi.org/10.1016/j.annonc.2019.10.007


Cancers 2023, 15, 2117 10 of 11

3. Van Cutsem, E.; Lenz, H.-J.; Köhne, C.-H.; Heinemann, V.; Tejpar, S.; Melezínek, I.; Beier, F.; Stroh, C.; Rougier, P.;
van Krieken, J.H.; et al. Fluorouracil, Leucovorin, and Irinotecan Plus Cetuximab Treatment and RAS Mutations in Colorectal
Cancer. J. Clin. Oncol. 2015, 33, 692–700. [CrossRef]

4. Douillard, J.-Y.; Oliner, K.S.; Siena, S.; Tabernero, J.; Burkes, R.; Barugel, M.; Humblet, Y.; Bodoky, G.; Cunningham, D.;
Jassem, J.; et al. Panitumumab–FOLFOX4 Treatment and RAS Mutations in Colorectal Cancer. N. Engl. J. Med. 2013, 369,
1023–1034. [CrossRef] [PubMed]

5. Granieri, S.; Cotsoglou, C.; Bonomi, A.; Salvatore, L.; Filippi, R.; Nigro, O.; Gelsomino, F.; Zurlo, I.V.; Depetris, I.;
Giampieri, R.; et al. Conversion Strategy in Left-Sided RAS/BRAF Wild-Type Metastatic Colorectal Cancer Patients with Unre-
sectable Liver-Limited Disease: A Multicenter Cohort Study. Cancers 2022, 14, 5513. [CrossRef] [PubMed]

6. Martini, G.; Ciardiello, D.; Vitiello, P.P.; Napolitano, S.; Cardone, C.; Cuomo, A.; Troiani, T.; Ciardiello, F.; Martinelli, E. Resistance
to anti-epidermal growth factor receptor in metastatic colorectal cancer: What does still need to be addressed? Cancer Treat. Rev.
2020, 86, 102023. [CrossRef] [PubMed]

7. Van Cutsem, E.; Tabernero, J.; Lakomy, R.; Prenen, H.; Prausová, J.; Macarulla, T.; Ruff, P.; van Hazel, G.A.; Moiseyenko, V.;
Ferry, D.; et al. Addition of Aflibercept to Fluorouracil, Leucovorin, and Irinotecan Improves Survival in a Phase III Randomized
Trial in Patients With Metastatic Colorectal Cancer Previously Treated With an Oxaliplatin-Based Regimen. J. Clin. Oncol. 2012,
30, 3499–3506. [CrossRef]

8. Bennouna, J.; Sastre, J.; Arnold, D.; Österlund, P.; Greil, R.; Van Cutsem, E.; von Moos, R.; Viéitez, J.M.; Bouché, O.; Borg, C.; et al.
Continuation of bevacizumab after first progression in metastatic colorectal cancer (ML18147): A randomised phase 3 trial. Lancet
Oncol. 2013, 14, 29–37. [CrossRef]

9. Grothey, A.; Van Cutsem, E.; Sobrero, A.; Siena, S.; Falcone, A.; Ychou, M.; Humblet, Y.; Bouché, O.; Mineur, L.; Barone, C.; et al.
Regorafenib monotherapy for previously treated metastatic colorectal cancer (CORRECT): An international, multicentre, ran-
domised, placebo-controlled, phase 3 trial. Lancet 2013, 381, 303–312. [CrossRef]

10. Mayer, R.J.; Van Cutsem, E.; Falcone, A.; Yoshino, T.; Garcia-Carbonero, R.; Mizunuma, N.; Yamazaki, K.; Shimada, Y.;
Tabernero, J.; Komatsu, Y.; et al. Randomized Trial of TAS-102 for Refractory Metastatic Colorectal Cancer. N. Engl. J. Med. 2015,
372, 1909–1919. [CrossRef]

11. Ciardiello, D.; Martini, G.; Famiglietti, V.; Napolitano, S.; De Falco, V.; Troiani, T.; Latiano, T.P.; Ros, J.; Fernandez, E.E.;
Vitiello, P.P.; et al. Biomarker-Guided Anti-EGFR Rechallenge Therapy in Metastatic Colorectal Cancer. Cancers 2021, 13, 1941.
[CrossRef] [PubMed]

12. Parseghian, C.; Loree, J.; Morris, V.; Liu, X.; Clifton, K.; Napolitano, S.; Henry, J.; Pereira, A.; Vilar, E.; Johnson, B.; et al. Anti-
EGFR-resistant clones decay exponentially after progression: Implications for anti-EGFR re-challenge. Ann. Oncol. 2019, 30,
243–249. [CrossRef] [PubMed]

13. Sartore-Bianchi, A.; Pietrantonio, F.; Lonardi, S.; Mussolin, B.; Rua, F.; Crisafulli, G.; Bartolini, A.; Fenocchio, E.; Amatu, A.;
Manca, P.; et al. Circulating tumor DNA to guide rechallenge with panitumumab in metastatic colorectal cancer: The phase 2
CHRONOS trial. Nat. Med. 2022, 28, 1612–1618. [CrossRef] [PubMed]

14. Cremolini, C.; Rossini, D.; Dell’Aquila, E.; Lonardi, S.; Conca, E.; Del Re, M.; Busico, A.; Pietrantonio, F.; Danesi, R.; Aprile, G.; et al.
Rechallenge for Patients With RAS and BRAF Wild-Type Metastatic Colorectal Cancer With Acquired Resistance to First-line
Cetuximab and Irinotecan. JAMA Oncol. 2019, 5, 343–350. [CrossRef]

15. Martinelli, E.; Martini, G.; Famiglietti, V.; Troiani, T.; Napolitano, S.; Pietrantonio, F.; Ciardiello, D.; Terminiello, M.; Borrelli, C.;
Vitiello, P.P.; et al. Cetuximab Rechallenge Plus Avelumab in Pretreated Patients With RAS Wild-type Metastatic Colorectal Cancer.
JAMA Oncol. 2021, 7, 1529. [CrossRef] [PubMed]

16. Ciardiello, D.; Famiglietti, V.; Napolitano, S.; Esposito, L.; Pietrantonio, F.; Avallone, A.; Maiello, E.; Cremolini, C.; Troiani, T.;
Martinelli, E.; et al. Final results of the CAVE trial in RAS wild type metastatic colorectal cancer patients treated with cetuximab
plus avelumab as rechallenge therapy: Neutrophil to lymphocyte ratio predicts survival. Clin. Color. Cancer 2022, 21, 141–148.
[CrossRef]

17. Sunakawa, Y.; Nakamura, M.; Ishizaki, M.; Kataoka, M.; Satake, H.; Kitazono, M.; Yanagisawa, H.; Kawamoto, Y.; Kuramochi, H.;
Ohori, H.; et al. RAS Mutations in Circulating Tumor DNA and Clinical Outcomes of Rechallenge Treatment With Anti-EGFR
Antibodies in Patients With Metastatic Colorectal Cancer. JCO Precis. Oncol. 2020, 4, 898–911. [CrossRef]

18. Napolitano, S.; De Falco, V.; Martini, G.; Esposito, L.; Famiglietti, V.; Martinelli, E.; Ciardiello, D.; Marrone, F.; Avallone, A.;
Cardone, C.; et al. Panitumumab plus trifluridine/tipiracil as anti-Epidermal Growth Factor Receptor rechallenge therapy in
chemo-refractory RAS wild-type metastatic colorectal cancer: The randomized phase 2 VELO trial. J. Clin. Oncol. 2023, 41, 129.
[CrossRef]

19. Vitiello, P.P.; De Falco, V.; Giunta, E.F.; Ciardiello, D.; Cardone, C.; Vitale, P.; Zanaletti, N.; Borrelli, C.; Poliero, L.;
Terminiello, M.; et al. Clinical Practice Use of Liquid Biopsy to Identify RAS/BRAF Mutations in Patients with Metastatic
Colorectal Cancer (mCRC): A Single Institution Experience. Cancers 2019, 11, 1504. [CrossRef]

20. Misale, S.; Di Nicolantonio, F.; Sartore-Bianchi, A.; Siena, S.; Bardelli, A. Resistance to Anti-EGFR Therapy in Colorectal Cancer:
From Heterogeneity to Convergent Evolution. Cancer Discov. 2014, 4, 1269–1280. [CrossRef]

21. Parseghian, C.M.; Napolitano, S.; Loree, J.M.; Kopetz, S. Mechanisms of Innate and Acquired Resistance to Anti-EGFR Therapy:
A Review of Current Knowledge with a Focus on Rechallenge Therapies. Clin. Cancer Res. 2019, 25, 6899–6908. [CrossRef]

http://doi.org/10.1200/JCO.2014.59.4812
http://doi.org/10.1056/NEJMoa1305275
http://www.ncbi.nlm.nih.gov/pubmed/24024839
http://doi.org/10.3390/cancers14225513
http://www.ncbi.nlm.nih.gov/pubmed/36428606
http://doi.org/10.1016/j.ctrv.2020.102023
http://www.ncbi.nlm.nih.gov/pubmed/32474402
http://doi.org/10.1200/JCO.2012.42.8201
http://doi.org/10.1016/S1470-2045(12)70477-1
http://doi.org/10.1016/S0140-6736(12)61900-X
http://doi.org/10.1056/NEJMoa1414325
http://doi.org/10.3390/cancers13081941
http://www.ncbi.nlm.nih.gov/pubmed/33920531
http://doi.org/10.1093/annonc/mdy509
http://www.ncbi.nlm.nih.gov/pubmed/30462160
http://doi.org/10.1038/s41591-022-01886-0
http://www.ncbi.nlm.nih.gov/pubmed/35915157
http://doi.org/10.1001/jamaoncol.2018.5080
http://doi.org/10.1001/jamaoncol.2021.2915
http://www.ncbi.nlm.nih.gov/pubmed/34382998
http://doi.org/10.1016/j.clcc.2022.01.005
http://doi.org/10.1200/PO.20.00109
http://doi.org/10.1200/JCO.2023.41.4_suppl.129
http://doi.org/10.3390/cancers11101504
http://doi.org/10.1158/2159-8290.CD-14-0462
http://doi.org/10.1158/1078-0432.CCR-19-0823


Cancers 2023, 15, 2117 11 of 11

22. Yaeger, R.; Kotani, D.; Mondaca, S.; Parikh, A.R.; Bando, H.; Van Seventer, E.E.; Taniguchi, H.; Zhao, H.; Thant, C.N.;
de Stanchina, E.; et al. Response to Anti-EGFR Therapy in Patients with BRAF non-V600–Mutant Metastatic Colorectal Cancer.
Clin. Cancer Res. 2019, 25, 7089–7097. [CrossRef]

23. Bertotti, A.; Migliardi, G.; Galimi, F.; Sassi, F.; Torti, D.; Isella, C.; Corà, D.; Di Nicolantonio, F.; Buscarino, M.; Petti, C.; et al. A
Molecularly Annotated Platform of Patient-Derived Xenografts (“Xenopatients”) Identifies HER2 as an Effective Therapeutic
Target in Cetuximab-Resistant Colorectal Cancer. Cancer Discov. 2011, 1, 508–523. [CrossRef] [PubMed]

24. Bardelli, A.; Corso, S.; Bertotti, A.; Hobor, S.; Valtorta, E.; Siravegna, G.; Sartore-Bianchi, A.; Scala, E.; Cassingena, A.;
Zecchin, D.; et al. Amplification of the MET Receptor Drives Resistance to Anti-EGFR Therapies in Colorectal Cancer. Can-
cer Discov. 2013, 3, 658–673. [CrossRef] [PubMed]

25. Cardone, C.; Blauensteiner, B.; Moreno-Viedma, V.; Martini, G.; Simeon, V.; Vitiello, P.P.; Ciardiello, D.; Belli, V.; Matrone, N.;
Troiani, T.; et al. AXL is a predictor of poor survival and of resistance to anti-EGFR therapy in RAS wild-type metastatic colorectal
cancer. Eur. J. Cancer 2020, 138, 1–10. [CrossRef] [PubMed]

26. Siravegna, G.; Mussolin, B.; Buscarino, M.; Corti, G.; Cassingena, A.; Crisafulli, G.; Ponzetti, A.; Cremolini, C.; Amatu, A.;
Lauricella, C.; et al. Clonal evolution and resistance to EGFR blockade in the blood of colorectal cancer patients. Nat. Med. 2015,
21, 795–801. [CrossRef]

27. Parseghian, C.M.; Sun, R.; Woods, M.; Napolitano, S.; Lee, H.M.; Alshenaifi, J.; Willis, J.; Nunez, S.; Raghav, K.P.; Morris, V.K.; et al.
Resistance Mechanisms to Anti–Epidermal Growth Factor Receptor Therapy in RAS/RAF Wild-Type Colorectal Cancer Vary by
Regimen and Line of Therapy. J. Clin. Oncol. 2023, 41, 460–471. [CrossRef]

28. Vivancos, A.; Aranda, E.; Benavides, M.; Élez, E.; Gómez-España, M.A.; Toledano, M.; Alvarez, M.; Parrado, M.R.C.; García-
Barberán, V.; Diaz-Rubio, E. Comparison of the Clinical Sensitivity of the Idylla Platform and the OncoBEAM RAS CRC Assay for
KRAS Mutation Detection in Liquid Biopsy Samples. Sci. Rep. 2019, 9, 8976. [CrossRef]

29. Vidal, J.; Bellosillo, B.; Vivas, C.S.; García-Alfonso, P.; Carrato, A.; Cano, M.; García-Carbonero, R.; Élez, E.; Losa, F.;
Massutí, B.; et al. Ultra-selection of metastatic colorectal cancer patients using next-generation sequencing to improve clinical
efficacy of anti-EGFR therapy. Ann. Oncol. 2019, 30, 439–446. [CrossRef]

30. Germani, M.; Rossini, D.; Vetere, G.; Giordano, M.; Capone, I.; Manca, P.; Bergamo, F.; Conca, V.; Borelli, B.; Boccaccino, A.; et al.
367P Prospective evaluation of emergent RAS and BRAF mutations in pre-treated metastatic colorectal cancer patients candidate
to anti-EGFR re-treatment: Preliminary findings from the PARERE study. Ann. Oncol. 2022, 33, S704. [CrossRef]

31. Napolitano, S.; Martini, G.; Ciardiello, D.; Di Maio, M.; Normanno, N.; Avallone, A.; Martinelli, E.; Maiello, E.; Troiani, T.;
Ciardiello, F. CAVE-2 (Cetuximab-AVElumab) mCRC: A Phase II Randomized Clinical Study of the Combination of Avelumab
Plus Cetuximab as a Rechallenge Strategy in Pre-Treated RAS/BRAF Wild-Type mCRC Patients. Front. Oncol. 2022, 12, 940523.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1158/1078-0432.CCR-19-2004
http://doi.org/10.1158/2159-8290.CD-11-0109
http://www.ncbi.nlm.nih.gov/pubmed/22586653
http://doi.org/10.1158/2159-8290.CD-12-0558
http://www.ncbi.nlm.nih.gov/pubmed/23729478
http://doi.org/10.1016/j.ejca.2020.07.010
http://www.ncbi.nlm.nih.gov/pubmed/32818762
http://doi.org/10.1038/nm.3870
http://doi.org/10.1200/JCO.22.01423
http://doi.org/10.1038/s41598-019-45616-y
http://doi.org/10.1093/annonc/mdz005
http://doi.org/10.1016/j.annonc.2022.07.505
http://doi.org/10.3389/fonc.2022.940523
http://www.ncbi.nlm.nih.gov/pubmed/35832541

	Introduction 
	Methods 
	Results 
	Discussion 
	Conclusions 
	References

