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Circulating Tumor DNA Identifies Diverse
Landscape of Acquired Resistance to
Anti-Epidermal Growth Factor Receptor
Therapy in Metastatic Colorectal Cancer
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Eric X. Chen, MD, PhD’; and Jonathan M. Loree, MD, MS?

PURPOSE Anti-epidermal growth factor receptor (EGFR) antibodies are effective treatments for metastatic
colorectal cancer. Improved understanding of acquired resistance mechanisms may facilitate circulating tumor
DNA (ctDNA) monitoring, anti-EGFR rechallenge, and combinatorial strategies to delay resistance.

METHODS Patients with treatment-refractory metastatic colorectal cancer (n = 169) enrolled on the C0.26 trial
had pre-anti-EGFR tissue whole-exome sequencing (WES) compared with baseline and week 8 ctDNA as-
sessments with the GuardantOMNI assay. Acquired alterations were compared between patients with prior anti-
EGFR therapy (n = 66) and those without. Anti-EGFR therapy occurred a median of 111 days before ctDNA
assessment.

RESULTS ctDNA identified 12 genes with increased mutation frequency after anti-EGFR therapy, including
EGFR(P=.0007), KRAS (P=.0017), LRP1B(P=.0046), ZNF217(P = .0086), MAP2K1 (P = .018), PIK3CG
(P = .018), BRAF (P = .048), and NRAS (P = .048). Acquired mutations appeared as multiple concurrent
subclonal alterations, with most showing decay over time. Significant increases in copy-gain frequency were
noted in 29 genes after anti-EGFR exposure, with notable alterations including EGFR (P < .0001), SMO (P < .0001),
BRAF (P <.0001), MET (P = .0002), FLT3 (P = .0002), NOTCH4 (P = .0006), ERBB2 (P = .004), and FGFRI
(P = .006). Copy gains appeared stable without decay 8 weeks later. There were 13 gene fusions noted among 11
patients, all but one of which was associated with prior anti-EGFR therapy. Polyclonal resistance was common with
acquisition of = 10 resistance related alterations noted in 21 % of patients with previous anti-EGFR therapy compared
with 5% in those without (P = .010). Although tumor mutation burden (TMB) did not differ pretreatment (P = .63),
anti-EGFR exposure increased TMB (P = .028), whereas lack of anti-EGFR exposure resulted in declining TMB
(P = .014).

CONCLUSION Paired tissue and ctDNA sequencing identified multiple novel mutations, copy gains, and fusions
associated with anti-EGFR therapy that frequently co-occur as subclonal alterations in the same patient.

J Clin Oncol 41:485-496. © 2022 by American Society of Clinical Oncology
Creative Commons Attribution Non-Commercial No Derivatives 4.0 License @@@@

INTRODUCTION

Primary tumor location and presence of mutations in
KRAS, NRAS, and BRAF are important considerations
for treatment with anti—epidermal growth factor re-
ceptor (EGFR) antibodies in metastatic colorectal
cancer (mCRC). Tumors with mutations in these genes
do not respond to anti-EGFR antibodies.!? Similarly,
patients with right-sided tumors derive less benefit
from these agents, resulting in their use in later lines of
therapy.>® Unfortunately, patients eventually develop
resistance to anti-EGFR antibodies, with acquired
KRAS, NRAS, BRAF, and EGFR ectodomain muta-
tions accounting for approximately 50% of acquired

resistance and less common alterations, such as gene
fusions, also being reported.®!?

Longitudinal circulating tumor DNA (ctDNA) studies
have shown that among patients with acquired muta-
tions, resistant clones decay with time, resulting in an
opportunity for anti-EGFR rechallenge.'?** In the
CRICKET and CHRONOS trials, patients previously
treated with chemotherapy plus anti-EGFR antibodies
were rechallenged with cetuximab + irinotecan or
panitumumab, respectively, and demonstrated mean-
ingful progression-free survival with retreatment.!#1°
In addition, the CAVE trial demonstrated that cetux-
imab + avelumab can be an active and well-tolerated
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CONTEXT

Key Objective

Understanding therapeutic resistance in patients with colorectal cancer is critical for guiding therapy rechallenge and
identifying vulnerabilities that emerge during treatment. Our study aims to profile the somatic mutation landscape of
tumors exposed to anti—epidermal growth factor receptor (EGFR) therapy using circulating tumor DNA (ctDNA) across
multiple time points.

Knowledge Generated

Exposure to anti-EGFR therapy was associated with multiple polyclonal mutations affecting a spectrum of genes, and
encompassed single-nucleotide variant/indel, copy-amplification, and gene fusion events. Although blood-based tumor
mutation burden levels were increased in anti—-EGFR-treated patients, this population was not differentially sensitive to
downstream immunotherapy.

Relevance

This work provides serial identification and tracking of resistance patterns for 169 patients using a ctDNA panel assaying
500 genes, surpassing the genomic breadth of previous studies. This study supports the utility of serial ctDNA in guiding
anti-EGFR rechallenge while also identifying new vulnerabilities that may emerge during the course of treatment.

rechallenge strategy in patients with pretreated RAS wild-
type mCRC.1®

Other mechanisms of acquired resistance have been de-
scribed, including transcriptional programming, alterations
in genes not associated with innate anti-EGFR resistance,
like NFI, and paracrine signaling.!”*® However, a large
proportion of patients develop unexplained resistance to
anti-EGFR therapy. Improved understanding of acquired
resistance may improve mCRC outcomes by (1) informing
ctDNA panels that can track tumor kinetics and monitor for
resistance before radiographic progression, (2) identifying
combination strategies with anti-EGFR antibodies to prevent
the development of resistance, and (3) improving patient
selection for anti-EGFR rechallenge by identifying non RAS/
BRAF/EGFR alterations that preclude benefit. We interro-
gated matched pretreatment tissue and serial ctDNA from
the CO.26 trial, which compared durvalumab + trem-
elimumab versus best supportive care (BSC) in treatment-
refractory mCRC to identify novel mechanisms of resistance
and describe their kinetics.!° At the time of recruitment to
C0.26, anti-EGFR antibodies were used almost exclusively in
the third-line setting in Canada, and there was limited access
to regorafenib or trifluridine/tipiracil. As such, pre-enrollment
blood draws for CO.26 occurred immediately after anti-EGFR
agents in patients who received these drugs and could be
compared with archival tissue to identify alterations that
occurred during therapy and that differed from patients who
had baseline RAS/BRAF mutations and did not receive anti-
EGFR therapy.

METHODS
Patients

C0O.26 was a phase Il trial that randomly assigned 180
patients with refractory mCRC 2:1 to either durvalumab
1,500 mg intravenously once every 4 weeks +

486 © 2022 by American Society of Clinical Oncology

tremelimumab 75 mg intravenously once every 4 weeks for
the initial four cycles + BSC or BSC alone. Full study details
and the study Protocol (online only) were previously pub-
lished.'® Access to clinical data for patients during the
course of therapy before trial enrollment was not available,
as CO.26 recruited patients from 15 referral sites that would
not have treated patients in all prior lines of therapy. As
such, we were unable to incorporate data on prior anti-
EGFR therapy response into the study.

The study enrolled and consented patients at participating
sites after institutional review board approval.

Whole-Exome Sequencing and Tumor Mutation
Burden Assessment

Archival formalin-fixed and paraffin-embedded tumor tis-
sue and leukocytes from peripheral blood were used for
tumor/matched normal sequencing. Full sequencing and
bioinformatic details are available in the Data Supplement
(online only). Tissue was sequenced with an average
coverage before deduplication of 100 for normal or 400X
for tumor samples. Tumor mutation burden (TMB) was
calculated according to the TMB harmonization project
guidelines.?® Relative variant allele fraction (rVAF) was
calculated as the allele frequency of a variant divided by the
maximum detected allele frequency of any somatic variant
in the sample. Copy-number amplification was defined as a
segment having a total copy number greater than or equal
to twice tumor ploidy.

ctDNA Sequencing

Plasma was isolated from blood collected in Streck tubes
before treatment on the CO.26 trial (baseline) and at
8 weeks after initiation of therapy (week 8). DNA extraction
and next-generation sequencing were subsequently per-
formed at Guardant Health using the GuardantOMNI
(Redwood City, CA) 2.15 Mb, 500 gene panel.?! Plasma
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TMB was reported by the GuardantOMNI algorithm, which
includes all somatic synonymous and nonsynonymous
single-nucleotide variants (SNVs) and indels, excluding
germline, clonal hematopoiesis of indeterminate potential,
driver, and resistance variants with statistical adjustment for
sample-specific tumor shedding of ctDNA and coverage.??
A threshold rVAF = 10% was used to define subclonal
variants and was chosen on the basis of distribution of r'VAF
across baseline ctDNA samples.

Statistical Analysis

Fisher's exact tests were used to compare mutation fre-
quencies between treatment groups. Wilcoxon mean rank-
sum tests were used for two-group comparison of contin-
uous variables. All two-group comparisons were two-tailed.
All P values were subjected to Benjamini-Hochberg mul-
tiple test correction when applicable. A threshold false
discovery rate of 5% (adjusted P = .05) was used for all
analyses. Pvalues < .0001 are listed in common notation
(P < .0001). Analyses were performed using R v3.6.3
(Vienna, Austria).

RESULTS

Of 180 patients enrolled on CO.26 (trial CONSORT diagram
provided in Fig 1), 169 had samples from at least one time
point available for analysis and 62 patients had samples
from all three time points (Fig 2A). Whole-exome se-
quencing (WES) was available for 110/169 (65%) patients
and will be referred to as archival samples. ctDNA results
were available for 168/169 patients (99%) at baseline and
97/169 (57%) at week 8. Historical treatment information
pre-enrollment on CO.26 was available for 167/169 pa-
tients (99%). Before enroliment on CO.26 (and collection of
baseline plasma samples), all patients who were RAS wild-
type by local testing received anti-EGFR therapy. Among
patients with available treatment history, 66 (40%) received
prior cetuximab (n = 9) or panitumumab (n = 57) with a
median treatment duration of 132 days. Among patients
who received anti-EGFR therapy, treatment was dis-
continued a median of 111 days (IQR, 42-192 days) before
baseline plasma collection. Baseline characteristics of the
trial population were balanced between anti-EGFR and
non-anti-EGFR groups (Data Supplement) apart from sex,

-

Durva + treme (n = 119)

Included in the

intention-to-treat
analysis (n = 119)

Did not receive
treatment (n = 1)

Included in the
safety analysis (n = 118)

«----

enrolled (N = 180)

Patients randomly
assigned (n = 180)

Random assignment

Patients

Enrollment

|

Treatment

FIG 1. CONSORT diagram showing study design for the Canadian Cancer Trials Group
(CCTG) CO0.26 trial. BSC, best supportive care; Durva + Treme, durvalumab and

tremelimumab.
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which showed a higher proportion of female patients
among the non-anti-EGFR group (40.6%) compared with
the anti-EGFR group (21.2%; P = .01). Comparison of
other treatment regimens, beyond anti-EGFR therapy, that
were received by patients before enroliment in the CO.26
trial showed no significant differences between anti-EGFR
and non-anti-EGFR groups (Data Supplement). Across all
patients, 47/169 (28%) of tumors were right-sided (Fig 2B)
and primary tumor sidedness was not associated with prior
anti-EGFR therapy (P = .22). Frequencies of alterations
affecting BRAF and ERBBZ2 were not significantly different
between groups at the archival diagnosis time point
(P = .11 and .56, respectively). Microsatellite instability
was noted in 2/169 (1.2%) patients.

Mutations likely to affect protein function (frameshiftand in-
frame indels, missense, and nonsense SNVs) were selected
for analysis from the 500 genes included in the ctDNA
panel. In archival samples, 109/110 (99%) had = 1 mu-
tation in these genes. At least one mutation was detected in
168/168 (100%) baseline ctDNA samples and 96/97
(99%) week 8 CctDNA samples. The frequency of
SNV/indels affecting each individual gene was compared
between archival and baseline samples within each
treatment group to identify mutations uniquely associated
with prior anti-EGFR therapy (Figs 3A and 3B). Among anti-
EGFR-treated patients, mutation frequency significantly

changed in 12 genes (P < .05) between archival tissue and
baseline ctDNA, whereas mutation frequency changed
significantly among patients not receiving prior anti-EGFR in
two genes. In the anti-EGFR-treated, 10/12 (83%) genes
increased in mutation frequency (Data Supplement).
CREBBP decreased in mutation frequency for both anti-
EGFR (P = .0091) and non-anti-EGFR (P = .0028) groups,
whereas APC showed increased mutation frequency in both
groups (P = .046 and P = .043, respectively). Genes with
significantly increased mutation frequency exclusive to the
anti-EGFR—treated group (EGFR, KRAS, LRPIB, ZNF217,
MAP2K1, PIK3CG, BRAF, and NRAS) were selected for
further analysis, along with DNA damage repair genes ATM,
ATR, and BRCA1I, which showed trends (adjusted P < .1)
toward increased frequency exclusive to the anti-EGFR
group (Fig 3C). In the anti-EGFR-treated, 56% and 58%
of patients with KRAS and EGFR mutations (respectively)
detected in baseline ctDNA had > 1 mutation affecting each
gene. A similar trend was observed for baseline ctDNA
mutations affecting NRAS (39% of mutated tumors bear-
ing > 1 mutation), LRP1B (40%), and ATM (37%). KRAS
and LRPI1B mutations occurred at lower rVAF (P < .0001
and P = .0004, respectively) in the anti-EGFR-treated group
compared with the non-anti-EGFR group.

Prior studies have demonstrated that acquired alterations
in RAS and EGFR decay upon anti-EGFR withdrawal

Patients with all
time points availabile (n = 62)

A

Archival Tissue
for WES (n = 110)

Baseline
ctDNA (n = 168)

Week 8
ctDNA (n =97)

Data availability
M Present

Absent

Samples (n = 169)

n=2(1%) n=2(1%)

- 0,
n = 66 (39%) ST

n =101 (60%)
n =120 (71%)

Prior anti-EGFR
B Yes M No
B Unknown

Tumor location
M Right [l Left
B Unknown

)

> «Start: standard

therapy

<« End: standard
therapy

<« Start: CO.26 trial

8 weeks

FIG 2. Data overview. Study schema showing (A) sequencing availability at studied time points for 169 patients with metastatic colorectal
cancer included in this study and (B) pie charts showing distribution of clinical metadata relevant to assessing anti-EGFR resistance. ctDNA,
circulating tumor DNA; EGFR, epidermal growth factor receptor; WES, whole-exome sequencing.

488 © 2022 by American Society of Clinical Oncology Volume 41, Issue 3



ctDNA Analysis of Anti-EGFR Resistance in mCRC

(Fig 4A).1213 Given that many acquired alterations we noted
occurred multiple times in the same gene for the same
patient and at low allele frequency, these findings suggest
convergent subclonal resistance mechanisms developing

in patients. To investigate subclonal resistance dynamics,
the rVAF of mutations acquired during anti-EGFR therapy
(mutations with archival r'VAF = 0% and nonzero baseline
r'VAF< 10%) were tracked across archival, baseline, and
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week 8 time points (Fig 4B). Subclonal mutations acquired
in baseline ctDNA showed variable decay across resistance
genes, including EGFR (38% of mutations lost [r'VAF = 0%]
at week 8 ctDNA), KRAS (13%), LRP1B (58%), ZNF217
(50%), BRAF (83%), and ATM (43%). Meanwhile, all
acquired subclonal mutations affecting PIK3CG, NRAS,
and BRCAI remained detectable at week 8.

We next sought to investigate copy number variants (CNVs)
acquired during anti-EGFR treatment. The majority of CNVs
detected in ctDNA were copy-gain events (2,114/2,218;
95%), which were therefore chosen as the focus of our
analysis as copy losses can be difficult to detect in ctDNA.
Copy gains were identified in 71/110 (65%) archival tissue,
109/168 (65%) baseline ctDNA, and 69/97 (71%) week 8
ctDNA samples. Copy-gain frequency was compared be-
tween baseline ctDNA and archival WES (Fig 5A; Data
Supplement) in each treatment group. There were 29 and
seven genes with increased frequency of copy gains (P < .05)
at baseline ctDNA in the anti-EGFR and non-anti-EGFR
groups, respectively. Apart from MYC, which showed
lower frequency of copy gain at baseline in both anti-EGFR
(P = .030) and non-anti-EGFR (P = .0011) groups, all
statistically significant genes in both groups showed in-
creased frequency of copy gain at baseline. Although
EGFR copy gain showed significant increase in frequency
at baseline ctDNA for both treatment groups, increases
were more extreme in the anti-EGFR group (archival tissue
and baseline ctDNA frequency of 2% and 53%,
respectively; P < .0001) compared with the non-anti-
EGFR group (2% and 21%; P = .0034; Fig 5B). Genes with
significant increases in frequency of copy gains exclusively in
the anti-EGFR group included MET (P = .0002), FLT3 (P =
.0002), NOTCH4 (P = .0006), ZNF217 (P = .001), and
KMT2A (P = .0022). We next assessed changes in copy-gain
frequency between baseline and week 8 ctDNA (Fig 5C). In
the anti-EGFR group, the proportion of patients with GNAS
copy gain continued to increase between baseline (48%) and
week 8 (73%; P = .022). For all other genes, copy gains were
detected at similar frequency at week 8 and baseline, indi-
cating that acquired CNV-based resistance may remain
clonally stable after treatment cessation.

There were 13 fusion events detected in the baseline
ctDNA of 11 patients that included FGFR3 (three patients;
fusion partner TACC3), RET (three patients; partners CCD6
and NCOA4), ROS1 (two patients; partner GOPC), MERTK
(two patients; partner TMEMSE7B), BRAF (two patients;
partners TRIM24 and MKRN1), and ETV6 (one patient;
partner BCL2L14). All patients with detectable fusions at
baseline ctDNA belonged to the anti-EGFR group, except
one patient with the ETV6-BCL2L 14 fusion. Several (4/11;
36%) fusion-positive patients had archival tissue available,
and manual analysis of WES reads did not indicate the
existence of any of the fusion events before anti-EGFR
therapy. Week 8 ctDNA was available for 4/11 (36%)
fusion-positive cases, and two patients did not have fusions

490 © 2022 by American Society of Clinical Oncology

detected at week 8 (two MERTK fusions) and two patients
had fusions detected at both baseline and week 8 (FGFR3
and RET fusions).

To investigate the breadth of resistance mechanisms, we
constructed an overview of acquired somatic anti-EGFR
resistance (Fig 6A). Across the 20 genes included, copy-
number amplification was observed in = 1 gene in 82% of
patients treated with anti-EGFR, compared with 49% of
patients not exposed to anti-EGFR therapy (P < .0001).
Patients receiving anti-EGFR antibodies often showed
acquisition of multiple resistance-related alterations, with
21% of patients acquiring = 10 mutations, significantly
higher compared with the non-anti-EGFR group (56%;
P=.010, Fig6B). For each gene, frequency of acquired
mutations was not significantly different between right-
and left-sided primary tumor groups. Although relative
tumor mutation burden (rTMB) did not differ between
treatment groups in archival tissue (P = .63), I TMB was
significantly higher in the anti-EGFR compared with the
non-anti-EGFR group in baseline ctDNA (median
rTMB = 0.11 and -0.44, respectively; P < .0001;
Fig 6C). Higher rTMB was also observed in the anti-EGFR
compared with non-anti-EGFR group in the week 8
ctDNA (median rTMB = 0.15 and -0.40, respectively;
P < .0001). When comparing rTMB levels within each
treatment group between archival tissue and baseline
ctDNA, we observed opposing patterns of rTMB
changes, with the anti-EGFR group increasing in rTMB
(median archival and baseline rTMB = -0.31 and 0.11,
respectively; P = .028) and the non-anti-EGFR group
decreasing in rTMB (median archival and baseline
rTMB = -0.36 and -0.44, respectively; P = .014). rTMB
levels did not change between baseline and week 8
ctDNA time points within either the anti-EGFR group
(P = .63) or the non-anti-EGFR group (P = .49).

We next assessed whether prior exposure to anti-EGFR
therapy affected response to dual checkpoint inhibition
(durvalumab + tremelimumab) in treatment-refractory
mCRC that patients received as part of the CO.26 trial.
Overall survival analysis revealed no significant differences
between durvalumab + tremelimumab versus BSC groups
in the anti-EGFR (hazard ratio, 0.62; 90% Cl, 0.40 to 0.96;
P = .073) and non-anti-EGFR (hazard ratio, 0.71; 90% ClI,
0.47to 1.1; P = .15) groups (Data Supplement). The test
for interaction between immunotherapy treatment and prior
anti-EGFR exposure was not significant (P = .57). As
treatment-based overall survival differences in the anti-
EGFR group were significant at the P < .1 level, and the
90% CI did not cross 1.0, these data warrant future in-
vestigation to ascertain the capability of anti-EGFR therapy
to prime a tumor for immunotherapy response.

DISCUSSION

Anti-EGFR antibodies are effective treatments for RAS
wild-type mCRC; however, resistance eventually develops.
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We used ctDNA with paired exome sequencing from
archival tissues to discover novel mechanisms of resis-
tance and found that acquired resistance to anti-EGFR
antibodies occurs via a multiplicity of concurrent sub-
clonal alterations, with 21% of anti-EGFR-treated pa-
tients having = 10 putative concurrent resistance
mechanisms. We also uncover significantly more copy-
number amplifications in patients with anti-EGFR expo-
sure compared with those without anti-EGFR exposure
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(82% v49%, P < .0001). Similarly, fusions were found to
occur in 10/66 (15%) anti-EGFR—-treated patients com-
pared with 1% of patients without prior anti-EGFR ther-
apy. Serial ctDNA samples showed that while most
acquired SNVs and fusions decay, CNVs appeared stable
over time. Patients with prior anti-EGFR therapies also
had an increase in relative TMB and although acquired
SNVs decayed over time, this induction of TMB remained
stable at 8 weeks.
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In addition to KRAS, NRAS, BRAF, and EGFR, we noted a
significant increase in SNVs among tumors receiving prior
anti-EGFR in the genes ZNF217, MAP2KI, PIK3CG,
LRPIB, ATM, ATR, and BRCA1. These alterations fell into
two categories: genes with potential signaling ramifications
and those in DNA repair pathways. ZNF217 functions as a
gene repressor and can promote phosphorylation of AKT1
and drive mammalian target of rapamycin activity.?® Sim-
ilarly, PIK3CG is a phosphoinositide-3-kinase, which fa-
cilitates AKT1 membrane recruitment and downstream
signaling activation.?® These two variants converge on
AKT1 signaling, which may promote anti-EGFR resistance.
Mutations in AKTI have been noted after cetuximab.?®
MAP2K1 is a protein kinase that facilitates transduction
of signaling from MEK to ERK, and its acquisition after anti-
EGFR therapy has been previously documented.!2627
LRPIB encodes an LDL receptor and prior in vitro work
suggests LRP1B impedes growth, migration, colony for-
mation, and inhibits beta-catenin signaling, a key pathway
for colorectal carcinogenesis.?® Similar to AKT1 bypass
signaling, beta-catenin activation may be another pathway
to escape EGFR inhibition. However, LRPIB s a very large
gene, and mutations may represent passenger mutations
because of genomic instability from evolutionary pressures
and functional mismatch repair deficiency induced by anti-
EGFR therapy. Anti-EGFR therapy has been shown to
downregulate mismatch repair and homologous recombi-
nation repair while concomitantly upregulating error-prone
polymerases that can drive acquisition of alterations.?®
Interestingly, we observed higher frequency of mutations
in ATM, ATR, and BRCA1 following anti-EGFR exposure,
which has not been described. These alterations may fa-
cilitate evolutionary adaptation to targeted therapy and may
also explain increases in rTMB among patients with anti-
EGFR exposure. Taken together, our results suggest that
sequencing of therapies and prior exposure to agents that
cause evolutionary pressures, such as anti-EGFR anti-
bodies, may reveal future susceptibilities.

Among the strengths of our study is the ability to investigate
mechanisms of resistance beyond SNVs. This is unique
compared with most prior studies that used smaller, more
targeted ctDNA assays focused on SNVs. In addition to
fusions, we noted significant copy gains among patients
with prior anti-EGFR therapy compared with archival
samples that were absent in patients without prior anti-
EGFR exposure, and these alterations remained stable
throughout treatment. This may be due to evolutionary
stability of acquired clones with copy-number alterations, or
the fact that cancers with a detectible copy gain needed the
gain in a large proportion of the relative cancer burden to be
detected in plasma. As such, we may only be detecting
clonal copy gains while missing subclonal chromosomal
instability. Therefore, the reason that the copy-number
alterations appear stable may be the technical ability to
detect changes in copy number and not be evolutionary
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differences in trajectory between CNVs and SNVs. Con-
versely, we noted that acquired fusions decayed on serial
assays, although stability of these alterations remains un-
clear because of their rare frequency.

This study must be interpreted in the context of several
limitations. First, neither a secondary data set nor sufficient
patient numbers to split the current data set into discovery
and validation cohorts was possible, and orthogonal vali-
dation of our study is therefore absent and presents an
important limitation. Second, the archival tissue used for
WES was standard-of-care pathology tissue, which was
often a diagnostic biopsy from the time of diagnosis and was
not collected immediately before anti-EGFR therapy. As
such, acquired alterations could have occurred during
cytotoxic chemotherapy and before any anti-EGFR therapy.
Most patients received infusional fluorouracil, leucovorin,
and oxaliplatin, or fluorouracil, leucovorin, and irinotecan =
bevacizumab, switched to the other doublet and then re-
ceived third-line panitumumab/cetuximab. Attempts to
control for the lack of tissue immediately before anti-EGFR
treatment included comparing acquired alterations in pa-
tients receiving anti-EGFR agents to patients who did not
receive anti-EGFR therapy. These patients all had a pre-
vious RAS mutation noted on standard-of-care testing that
precluded anti-EGFR therapy. It is possible that acquired
mutations from doublet chemotherapy may differ between
RAS mutant and wild-type cancers because of clonal ar-
chitecture within the tumors; however, the majority of ac-
quired alterations we noted that differed between groups
have strong biologic rationale supporting anti-EGFR re-
sistance. This study is also limited by the absence of ctDNA
data before anti-EGFR treatment, as tissue-based WES for
archival mutation detection may not capture the full mu-
tational catalog of a tumor because of intratumoral het-
erogeneity. Time between anti-EGFR treatment cessation
and the first ctDNA time point varied across patients, with
some patients exceeding 6 months. It is therefore possible
that some acquired resistance mutations may have un-
dergone clonal decay during this time and would be un-
detected in our analysis. Finally, functional characterization
of acquired mutations was not performed as such an un-
dertaking remained outside the scope of this study.

Despite the above limitations, this study presents one of the
most comprehensive overviews of anti-EGFR resistance
mechanisms to date. We demonstrate a diverse landscape
of acquired resistance mechanisms occurring in patients,
typically with polyclonal nature that decays over time, in-
dicating potential for serial ctDNA analysis to guide ther-
apeutic rechallenge in patients. Meanwhile, our results
indicate that CNVs may be more clonally stable over time.
This work also demonstrates how prior therapies affect
TMB. Awareness of the mechanisms we identified will
facilitate improved tracking of and potential combinatorial
strategies to delay or overcome resistance.
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