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Anti-EGFR-resistant clones decay exponentially after
progression: implications for anti-EGFR re-challenge

C. M. Parseghian'™, J. M. Loree?, V. K. Morris', X. Liu®, K. K. Clifton', S. Napolitano', J. T. Henry',
A. A. Pereira', E. Vilar'* B. Johnson', B. Kee', K. Raghav', A. Dasari', J. Wu', N. Garg®, V. M. Raymond®,
K. C. Banks®, A. A. Talasaz® R. B. Lanman®, J. H. Strickler’, D. S. Hong?, R. B. Corcoran®?, M. J. Overman' &

S. Kopetz'

'Division of Cancer Medicine, Department of Gastrointestinal Medical Oncology, The University of Texas MD Anderson Cancer Center, Houston, USA; “BC Cancer,
Vancouver, Canada; *Department of Investigational Cancer Therapeutics; “Division of Cancer Prevention and Population Sciences, Department of Clinical Cancer

Prevention; *Division of Diagnostic Imaging, Department of Diagnostic Radiology, The University of Texas MD Anderson Cancer Center, Houston; *Guardant Health
Inc, Redwood City; ‘Duke University Medical Center, Durham; ®Massachusetts General Hospital Cancer Center, Boston; “Department of Medicine, Harvard Medical
School, Boston, USA

*Correspondence to: Dr Christine M. Parseghian, Division of Cancer Medicine, Department of Gastrointestinal Medical Oncology, The University of Texas MD Anderson Cancer
Center, 1515 Holcombe Blvd, Unit 426, Houston, TX 77030, USA. Tel: 4-1-713-792-2828; E-mail: cparseghian@mdanderson.org

Background: Colorectal cancer (CRC) has been shown to acquire RAS and EGFR ectodomain mutations as mechanisms of
resistance to epidermal growth factor receptor (EGFR) inhibition (anti-EGFR). After anti-EGFR withdrawal, RAS and EGFR mutant
clones lack a growth advantage relative to other clones and decay; however, the kinetics of decay remain unclear. We sought to
determine the kinetics of acquired RAS/EGFR mutations after discontinuation of anti-EGFR therapy.

Patients and methods: We present the post-progression circulating tumor DNA (ctDNA) profiles of 135 patients with RAS/
BRAF wild-type metastatic CRC treated with anti-EGFR who acquired RAS and/or EGFR mutations during therapy. Our validation
cohort consisted of an external dataset of 73 patients with a ctDNA profile suggestive of prior anti-EGFR exposure and serial
sampling. A separate retrospective cohort of 80 patients was used to evaluate overall response rate and progression free survival
during re-challenge therapies.

Results: Our analysis showed that RAS and EGFR relative mutant allele frequency decays exponentially (P=0.93 for RAS; P=0.94
for EGFR) with a cumulative half-life of 4.4 months. We validated our findings using an external dataset of 73 patients with a
ctDNA profile suggestive of prior anti-EGFR exposure and serial sampling, confirming exponential decay with an estimated
half-life of 4.3 months. A separate retrospective cohort of 80 patients showed that patients had a higher overall response rate
during re-challenge therapies after increasing time intervals, as predicted by our model.

Conclusion: These results provide scientific support for anti-EGFR re-challenge and guide the optimal timing of re-challenge
initiation.
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Introduction

Patients with KRAS/NRAS (RAS) wild-type metastatic colorectal
cancer (mCRC) have improved survival when treated with
anti-epidermal growth factor receptor (anti-EGFR) monoclonal
antibodies. However, these agents do not benefit patients with
oncogenic RAS mutations [1-4]. Though less common, altera-
tions in BRAF/HER2 and MAP2KI (MEK) are additional

biomarkers of primary resistance to anti-EGFR [5-7]. Among
patients who initially respond to anti-EGFR, acquired abnormal-
ities eventually develop and result in secondary resistance.
Growing utilization of plasma circulating tumor DNA (ctDNA)
testing [8] has allowed for the non-invasive detection of hetero-
geneous molecular alterations, which underlie the evolution of
resistance to targeted therapies in mCRC [6, 9]. Such analyses
have uncovered the role of acquired RAS mutations in resistance
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to anti-EGFR but have also implicated subclonal mutations in
the EGFR ectodomain (ECD) in the development of acquired re-
sistance to anti-EGFR [6, 9—13].

Our group has previously shown that in the absence of continued
selective pressure from EGFR inhibition, the prevalence of KRAS
and EGFR mutant clones declines [14]. Accordingly, we hypothe-
size that as the clone declines, sensitivity to anti-EGFR is restored.
These data are consistent with prior reports of clinical benefit with
anti-EGFR re-challenge [15, 16]. However, the dynamics of mutant
clones after progression on anti-EGFR have not been previously
validated and is of paramount importance in guiding the timing of
re-challenge therapies. Here, we show that RAS and EGFR mutant
alleles decay exponentially after discontinuation of anti-EGFR in an
institutional cohort and validate these findings in a large external
dataset. Further, we show that the efficacy of re-challenge strategies
may be influenced by these clonal dynamics and effectively guided
by the monitoring of serial ctDNA analysis.

Methods

Patients

We first analyzed a retrospective cohort of 135 patients at MD Anderson
Cancer Center (MDACC) with RAS/EGFR/BRAFY" mCRC who were
treated with and progressed on anti-EGFR, and from whom plasma sam-
ples had been collected for sequencing of ctDNA on a platform optimized
for very low allele frequencies (Guardant360®, Guardant Health, Inc.,
Redwood City, CA). An external cohort of 4465 patients with mCRC was
analyzed to validate our institutional findings. Of these, 496 patients with
mCRC had serial ctDNA sequencing (Guardant360®), defined as >2 tests
with the same targeted next-generation sequencing (NGS) assay between
2 June 2014 and 26 December 2017. Seventy-three of 496 patients had
serial plasma testing and alterations highly consistent with prior anti-
EGFR and were used for this analysis. As treatment histories were not
known for this cohort, we evaluated patients with molecular abnormal-
ities that would be most likely consistent with prior anti-EGFR exposure.
We included patients with at least one of the following: a subclonal RAS
mutation [defined as relative mutant allele frequency (rMAF) of <50%],
any EGFR mutation, or multiple concurrent RAS mutations.

To evaluate the clinical significance of the clonal half-life determined
by our exponential decay model, we separately identified 80 unique
patients at our institution with RAS/BRAF™" mCRC who progressed on
prior anti-EGFR-based therapy (cetuximab or panitumumab) and were
subsequently re-challenged with >2 doses of anti-EGFR at MDACC.
Previous anti-EGFR before retreatment was based upon retrospective re-
view of the medical records. All patients had progressed on prior anti-
EGFR and not taken off due to toxicity.

As we did not have treatment information available for the external co-
hort that was used to validate our half-life predictions, we ensured that
these patients had molecular features characteristic of prior anti-EGFR
exposure. Using the same Guardant360® assay, we analyzed a separate in-
stitutional cohort of 374 patients (who had no serial sampling) with
mCRC and carried out a logistic regression to determine whether the
presence of (i) multiple concurrent RAS mutations, (ii) any EGFR muta-
tion, or (iii) subclonal RAS mutations (<50% rMAF) was predictive of
prior anti-EGFR. In this cohort, 295 patients had previously received
anti-EGFR and 79 had not. We further validated the specificity and posi-
tive predictive value (PPV) of this exposure signature using an additional
cohort of 93 separate patients with and without anti-EGFR exposure
(supplementary Table S1, available at Annals of Oncology online).
Previous anti-EGFR-based therapy was based upon retrospective review
of the medical records. As this was a retrospective study, informed con-
sent was waived by the MDACC Institutional Review Board.
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Clonal decay analysis

To compare clonal prevalence of resistance mechanisms over time, we
compared changes in the rMAF of mutations over time. The rMAF
approximates the percentage of tumor cells shedding the mutation of
interest into the circulation and was defined as the MAF of a mutation (in
this article any mutation in RAS/BRAF/EGFR and MAP2K1) divided by
the maximum MAF for any gene detected in that sample. In patients with
multiple detected RAS or EGFR mutations, we assume each mechanism
of resistance is only in a single clone. Analysis was limited to the domin-
ant clones, defined as those with the highest rMAF in the initial plasma
sample. Our analysis was then expanded to include all known mecha-
nisms of resistance, including all RAS and EGFR ECD mutations occur-
ring per patient, plus any BRAF/MAP2KI mutations (supplementary
Table S2, available at Annals of Oncology online). Amplifications were
excluded in this analysis.

A one-phase decay analysis was used to determine the non-linear fit of
the exponential decay of RAS and EGFR using GraphPad Prism, version
7.03 (GraphPad Software, Inc., La Jolla, CA). The relationship between
RAS and EGFR exponential decay in the external cohort was assessed by a
Mann-Whitney-non-parametric test. Comparisons were considered sig-
nificant if P <0.05.

In our external validation cohort, in which all patients had serial plasma
sampling after anti-EGFR, we first calculated the slope between two time
points (lambda) of plasma collection for each patient, by subtracting the
rMAF at time A (earlier date of ctDNA collection) from the rMAF at time
B (later date), then dividing this by the time between samples in months.
To calculate the half-life, we then divided the In of 2 by the calculated value
of lambda as above. Thus, this half-life calculation is accurate despite the
lack of clinical information regarding exact timing of anti-EGFR.

The modeling of rMAF versus time also allows estimates of rMAF at
the time of progression, defined as the y-intercept of the model. The use
of this rMAF allows estimates of the relative proportion of heterozygous
mutant-to-wild-type clones in the tumor, such that an rMAF of 15% for
KRAS®'?Y would imply that 15% of the tumor cells demonstrate this re-
sistance mechanism.

Data collection

Clinical information including age, race, the date of initial diagnosis and
staging, KRAS/NRAS/BRAF/MAP2K1, and PIK3CA mutational status of
the tumor specimen, microsatellite status, prior treatment history, and
tumor sidedness were collected at the initiation of anti-EGFR retreat-
ment. Responses upon re-challenge were determined for each patient and
categorized per RECISTvI.1 [17]. Clinical benefit on anti-EGFR retreat-
ment was defined as complete response, partial response, or stable dis-
ease. Between-group comparisons were carried out using the chi-square
test. Patients without progression were censored on 5 November 2018.
Progression-free survival (PFS) was graphed with the Kaplan-Meier
method and compared with the log-rank test for trend. Between-group
comparisons were carried out using a Cox-regression model with those
patients who started an anti-EGFR re-challenge <1 half-life from their
prior anti-EGFR as the reference group.

Results

Modeling of RAS and EGFR clonal dynamics in
patients with mCRC at a single institution

We analyzed 565 blood specimens from patients at The
University of Texas MDACC with mCRC who underwent testing
with a targeted NGS ctDNA assay (Guardant360®, Guardant
Health, Inc.) between 23 June 2014 and 7 September 2017. Of
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A Exponential decay of the RAS and EGFR alleles
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Figure 1. (A) Sum of exponential decay of median RAS and median EGFR rMAF (t'/?=4.4 =+ 2.90 months, =0.94). (B) Exponential decay of
the median RAS allele over time after discontinuation of anti-epidermal growth factor receptor (EGFR) therapy (t'?=3.4 months; ’=0.93). (C)
Exponential decay of the median EGFR allele over time after discontinuation of anti-EGFR therapy (t'°=6.9 months; ’=0.94).

these, 135 samples represented assays from patients who had
been previously treated with and progressed on anti-EGFR.

To explore the hypothesis that RAS and EGEFR clones decay
over time from last anti-EGFR, we carried out mathematical
modeling to describe the clonal dynamics. We found an inverse
relationship between the rMAF of RAS and EGFR and time since
last treatment with anti-EGFR (Figure 1A—C). There was no
decay in truncal APC and TP53 mutations from time since last
treatment. Our analysis showed that the decline in the RAS and
EGFR rMAF is best described by an exponential decay model
(=0.93 for RASand 0.94 for EGFR) (Figure 1A-C).

Pooled together, these clones exponentially decayed with a cu-
mulative half-life of 4.4 months = SEM of 2.90 months. The half-
lives for the individual RAS and EGEFR alleles were identified as
3.4 and 6.9 months, respectively; however, these were not signifi-
cantly different (Figure 1A—C). At the time of progression on
anti-EGFR, the modeled median RAS rMAF was 10.5%, and the
modeled median EGFR rMAF was 10.6% (Figure 1B and C).

Modeling of exponential decay of RAS and EGFR
clones using an external validation cohort

To validate our institutional findings, we analyzed 4465 patients
with mCRC at multiple institutions who underwent ctDNA
sequencing. Of these, 496 patients had serial ctDNA testing,

defined as two or more tests with the same targeted NGS assay be-
tween 2 June 2014 and 26 December 2017. Seventy-three of 496
patients had serial plasma testing and alterations highly consist-
ent with prior anti-EGFR and were used for this analysis. As treat-
ment histories were not known for this cohort, we evaluated
patients with molecular abnormalities that would be most likely
consistent with prior anti-EGFR exposure. We included patients
with at least one of the following: subclonal RAS mutation (rMAF
of <50%), any EGFR mutation, or multiple concurrent RAS
mutations. In an institutional cohort of 374 mCRC patients with
and without anti-EGFR exposure, the presence of any one of
these variables was highly predictive of prior anti-EGFR exposure
[PPV 98.3%, 95% confidence interval (CI) 93.4%-99.6%; specifi-
city 98.7% CI 95.3%-99.8%.). All patients included in the valid-
ation cohort had at least one of these variables and 89% of
patients had two or more of these characteristics. We further vali-
dated the specificity and PPV of this exposure signature in a sep-
arate institutional cohort of 93 mCRC patients with and without
anti-EGFR exposure (supplementary Table S1, available at
Annals of Oncology online).

When fit to an exponential model, we found that the RAS and
EGFR clones decayed with a cumulative half-life of 4.3 months
(Figure 2A), which was similar to the 4.4 months in our institu-
tional cohort (Figure 3). When individual clones were analyzed,
RAS clones decayed with a half-life of 3.7 months, and EGFR
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Figure 2. (A) Estimated exponential decay of the average of the RAS plus EGFR allele on an external cohort of patients (t"?=4.3 months). (B)
Estimated exponential decay of the RAS allele on an external cohort of patients (t'?=3.7 months). (C) Estimated exponential decay of the
EGFR allele on an external cohort of patients (t'°=4.7 months). P=0.11 for a difference between RAS and EGFR.

clones decayed with a half-life of 4.7 months (Figure 2B and C).
There was no significant difference between the decay rates of
these two populations (P=0.11).

Response to anti-EGFR re-challenge

We identified 80 separate patients with RAS/BRAF"" mCRC at
MDACC who received anti-EGFR treatments in more than one
line of therapy. Baseline characteristics and treatment response
information are summarized in supplementary Table S4, avail-
able at Annals of Oncology online. The median number of thera-
pies between the first and second anti-EGFR treatments was 1
[interquartile range (IQR): 1-2] and the median time between
date of first progression on anti-EGFR and re-challenge with
anti-EGFR was 5.1 months (IQR 2.7-10.6 months). Median PFS
on first and second anti-EGFR was 5.2 and 3.1 months, respect-
ively (P=0.040). The objective response rate (ORR) to anti-
EGEFR re-challenge was 23%.

Utilizing the half-life of t=4.4 months from our institutional
cohort, we stratified treatment response and PFS by the time
passed since prior anti-EGFR. Median PFS was longer with a
greater interval between initial anti-EGFR treatment and re-
challenge but not statistically different when stratifying patients
by number of half-lives that elapsed between initial exposure and
re-challenge (log-rank test for trend P=0.44) (Figure 4A). ORR
was highest in patients who waited >2 half-lives (ORR = 32%)
from prior anti-EGFR compared with patients who waited <1
half-life (16%) or 1-2 half-lives (20%); however this was not sig-
nificantly different between groups (Figure 4B).

15 4
— MDACC cohort
--- External cohort

Median RAS plus EGFR rAF (%)

0 5 10 15
Time after discontinuation of EGFR inhibitor (mo)
Figure 3. Comparison of the exponential decay of the median RAS

plus EGFR rMAF in the MD Anderson Cancer Center (MDACC) cohort
(t"?=4 4 months) and validation cohort (t"?=4.3 months).

Discussion

The growing utilization of ctDNA is a valuable resource in guiding
treatment decisions in patients with mCRC. Here, we demonstrate
that genomic profiling of known acquired resistance mutations to
anti-EGFR antibodies by ctDNA can predict clonal decay and poten-
tially guide re-challenge therapies. In our analysis of the NGS data
from ctDNA of 135 patients with RAS/BRAF"" mCRC at our insti-
tution who were treated with and progressed on anti-EGFR antibod-
ies, we showed that the decline in RAS/EGFR rMAF is best described
by an exponential decay model. Thus, our translational data provide
strong support for the feasibility and validity of genomic profiling of
known acquired resistance mutations to anti-EGFR antibodies by
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Figure 4. Impact of time from prior anti- epidermal growth factor receptor (EGFR) on (A) progression-free survival and (B) response rates of
metastatic colorectal cancer patients undergoing re-challenge with a second regimen containing an anti-EGFR agent. Cl, confidence interval.

ctDNA to predict clonal decay and provide strong support for re-
challenge with anti-EGFR antibodies. In addition to providing a
validated predictive model for the exponential decay of RAS and
EGFR-resistant clones, our work provides further clarification of a
still novel area of interest in the understanding of acquired resistant
mutations to anti-EGFR. The role of EGFR ECD mutations in driv-
ing resistance to anti-EGFR has been documented through ctDNA
by several groups [6, 9, 10, 12, 18-20]. Both our institutional and ex-
ternal ctDNA database analyses confirmed the recurrent alteration
of these previously identified genomic alterations (supplementary
Table S2 and Figure S3, available at Annals of Oncology online).
However, now that we have found that the exponential decay of the
EGFR ECD mutations is no different than that of the RAS clones, we
must use this information to better predict optimal patients and ad-
equate timing for re-challenge therapies.

There are several hypotheses to explain the regression of
resistant clones after discontinuation of targeted therapy.

Targeted therapies apply powerful selective pressure on the poly-
clonal and heterogeneous tumor microenvironment. This pro-
motes the survival of cells with the highest fitness and ultimately
leads to therapeutic failure, in line with Darwinian evolutionary
theory [21]. However, as seen in preclinical work in BRCA2-
mutated breast cancer, the fitness of this resistant population
may be innately limited, allowing for the rapid growth of the
wild-type cell population [22]. Furthermore, in BRAF-mutated
melanoma, mechanistic studies with BRAF-inhibitor therapy
alone suggested that hyperactivation of the MAPK pathway is not
favorable to cell growth and leads to cell senescence, thus leading
to resistant clones upon discontinuation of the targeted agent
[23-25]. Similarly, in mCRC, Misale et al. demonstrated that, re-
gardless of the mutation that confers resistance to EGFR-directed
therapy, the outcome is always sustained activation of MEK and
ERK [26]. These data have provided a rationale for the use of
combined MEK inhibition and anti-EGFR to overcome
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resistance to EGFR antibodies and is currently being explored in
clinical trials (NCT03087071).

Here, we provide a molecular explanation for the efficacy of
anti-EGFR re-challenge therapies after a period off EGFR inhib-
ition. The half-life of these RAS and EGFR clones may help guide
the timing of re-challenge therapies and could be monitored by
ctDNA. These data are consistent with previously published lit-
erature in patients with mCRC who were re-challenged with anti-
EGEFR antibodies, which found responses after a treatment inter-
val of 4.6-6 months [15, 16]. Several randomized clinical trials
are ongoing to further elucidate the role of subclonal RAS and
EGFR mutations in acquired resistance to anti-EGFR antibodies.
Some are monitoring the ctDNA of mCRC patients who pro-
gressed on anti-EGFR, and using a drop in the plasma RAS mu-
tant population by 50% before re-challenging with anti-EGFR.
Our data suggest that future re-challenge studies could utilize an
EGFR treatment-free interval of at least two half-lives, or ap-
proximately 8 months. However, this represents a population
average, and individual patient’s tumors may demonstrate differ-
ent dynamics. Serial ctDNA monitoring may be a better guide
than time if available. This will need to be further evaluated in
prospective clinical trials.

A limitation of our study is the lack of clinical annotation for
the external ctDNA cohort and the inability to directly confirm
that these patients had received prior anti-EGFR. However, the
ctDNA profile of these patients is unique and allow identification
of these patients with high confidence. Further, EGFR ECD muta-
tions have not been identified in CRC before EGFR inhibition,
and, consequently, in the internal cohort where treatment histor-
ies were known, and treatment with anti-EGFR antibodies was
universal, we found a very similar distribution of EGFR ECD
mutations to that seen in the external cohort (supplementary
Table S2 and Figure S3, available at Annals of Oncology online).
Further, in approximately 50% of patients in our re-challenge
analysis, anti-EGFR was combined with either an investigational
agent or an investigational agent plus cytotoxic therapy, which may
have confounded the results of our PFS analysis. Finally, no gene
amplifications were included in this analysis and these too may con-
tribute to EGFR resistance. However, the incidence of de-novo re-
sistance to anti-EGFR due to KRAS amplifications, for example, is
only 0.7% and has not shown statistical significance [27, 28].

In summary, our results support a molecular explanation for
the efficacy of anti-EGFR re-challenge therapies. The half-life of
RAS and EGFR clones may help guide the timing of re-challenge
therapies and could be monitored by ctDNA. The absence of
these clones in ctDNA collected at the time of re-challenge has al-
ready been shown to be a clinically reliable predictor of response
[29]. Several randomized clinical trials are ongoing to further elu-
cidate the role of subclonal RAS and EGFR mutations in acquired
resistance to anti-EGFR antibodies and will certainly assist clini-
cians in timing of re-challenge therapies, as well as in the discov-
ery of therapeutic efforts to reverse resistance to EGFR inhibitors.
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