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Abstract

Background: The number of somatic mutations detectable in circulating tumor DNA (ctDNA)
is highly heterogeneous in metastatic colorectal cancer (MCRC). The optimal number of
mutations required to assess disease kinetics is relevant and remains poorly understood.
Objectives: To determine whether increasing panel breadth (the number of tracked variants in
a ctDNA assay) would alter the sensitivity in detecting ctDNA in patients with mCRC.

Design: We used archival tissue sequencing to perform an in silico assessment of the
optimal number of tracked mutations to detect and monitor disease kinetics in mCRC using
sequencing data from the Canadian Cancer Trials Group C0.26 trial.

Methods: For each patient, 1, 2, 4, 8, 12, or 16 of the most clonal (highest variant allele
frequency) somatic variants were selected from archival tissue-based whole-exome
sequencing and assessed for the proportion of variants detected in matched ctDNA at

baseline, week 8, and progression timepoints.

Results: Data from 110 patients were analyzed. Genes most frequently encountered among
the top four highest VAF variants in archival tissue were TP53 (51.9% of patients), APC (43.3%),
KRAS (42.3%), and SMAD4 (9.6%). While the frequency of detecting at least one tracked variant
increased when expanding beyond variant pool sizes of 1 and 2 in baseline (p=0.0030) and
progression (p=0.0030) ctDNA samples, we observed no significant benefit to increases in
variant pool size past four variants in any of the ctDNA timepoints (p < 0.05).

Conclusion: While increasing panel breadth beyond two tracked variants improved variant re-
detection in ctDNA samples from patients with treatment refractory mCRC, increases beyond
four tracked variants yielded no significant improvement in variant re-detection.
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Background

An increasing number of studies have demon-
strated the utility of circulating tumor DNA
(ctDNA) in the care of patients with colorectal
cancer (CRC). However, there exists a high

degree of variability in methodology and genomic
coverage (both depth and breadth) of assays.!3
Determining the number of tracked variants
required for ctDNA panels remains an unmet
need.
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In the context of following disease Kkinetics or
detecting minimal residual disease (MRD), most
assays use a mixture of detecting single nucleotide
variants (SNVs) with or without concurrent ana-
lytes, such as methylation. A subset of ctDNA
assays aimed at tracking MRD use a tumor-
informed approach, in which mutations identified
through tumor sequencing are used to design a
ctDNA panel that is tailored to an individual’s
tumor. Assays from different providers have a dif-
fering number of SNVs that are followed in the
blood, although the extent by which sensitivity is
increased as a result of incorporating a larger
number of variants on a monitoring assay remains
unclear. A small number of variants may be suf-
ficient to design a personalized tumor biomarker
to follow disease kinetics in the context of meta-
static disease, where ctDNA concentration is gen-
erally high.4

Previous studies have revealed that a subset of
genes are recurrent targets of somatic mutation in
CRC. The concept of the ‘adenoma-carcinoma’
pathway, first described in 1990 by Fearon and
Vogelstein,’ states that the majority of non-hyper-
mutated colorectal tumors exhibit a stepwise
acquisition of mutations in APC, TP53, KRAS, or
PIK3CA.%8 From this, we hypothesized that there
exists a threshold beyond which including addi-
tional variants to a monitoring assay for metastatic
CRC provides little improvement in performance
due to the large number of early truncal events.
We performed an in silico analysis to determine
whether the number of variants chosen from tis-
sue-based whole-exome sequencing (WES) would
alter the sensitivity in detecting mutations in sub-
sequent ctDNA timepoints from samples that
were available as part of the Canadian Cancer
Trials Group CO.26 trial INCT02870920).

Methods

Trial design and patient enrollment

This study is a correlative study from the CO.26
trial, a phase II trial that randomized 180 patients
with refractory mCRC 2:1 to either durvalumab
1500mg intravenously every 4weeks + tremeli-
mumab 75 mg intravenously every 4 weeks for the
initial four cycles + best supportive care (BSC) or
BSC alone. Eligible patients had refractory meta-
static CRC and received all available standard
systemic therapies. Full study details and the
study protocol were previously published.® All
participants provided written informed consent

and the study was approved by the institutional
review board of each participating center.

Data from patients who received both tissue-
based WES and subsequent ctDNA sequencing
were used for analysis. Tissue-based sequencing
(hereafter referred to as ‘archival’) was performed
using archival tissue from diagnostic biopsies or
surgical resection specimens, while ctDNA time-
points were defined relative to when patients
received treatment as part of the CO.26 trial of
tremelimumab and durvalumab oversus BSC.
ctDNA sampling timepoints included the follow-
ing: prior to the start of trial treatment (baseline),
8week post-treatment initiation (week 8), and
upon disease progression (progression). For each
patient, we selected 1, 2, 4, 8, 12, and 16 of the
most clonal [highest variant allele frequency
(VAF)] somatic variants from the archival tissue
and assessed the proportion of such variants
detected at each patient’s matched ctDNA
timepoint.

Tissue and ctDNA sequencing

Archival formalin fixed and paraffin-embedded
(FFPE) tumor tissue and leukocytes from periph-
eral blood were utilized for tumor/matched nor-
mal WES. Tissue was sequenced with an average
coverage before de-duplication of 100X for nor-
mal and 400X for tumor samples. For ctDNA
sequencing, plasma was isolated from blood col-
lected in Streck tubes prior to treatment on the
CO.26 trial (baseline), 8 weeks after initiation of
therapy (week 8), and on disease progression
(progression). DNA extraction and next-genera-
tion sequencing were subsequently performed at
Guardant Health using the GuardantOMNI
2.15Mb, 500 gene panel, which has been previ-
ously validated and demonstrated 98.7% accu-
racy to detect SNVs with 95% limits of detection
of 0.24-0.6% VAF.10

Tissue-based variant calling

Somatic variants were called on tumor-normal
pairs through a combination of Manta v1.5.0 and
Strelka v2.9.10 (Illumina Inc., CA, USA), using
default parameters and genome build GRCh37/
hgl19.1! Variants were annotated using SnpEff
v4.3 with parameters -v GRCh37.75 -canon -no-
downstream -no-upstream -noLog -noStats -no-inter-
genic.'2 VCF files were converted to MAF format
using vcf2maf v1.6.18 with default parameters.
Variants were filtered to exclude those located
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outside of exons (using consensus exon regions
GRCh37.p13; GCF_000001405.25, down-
loaded 19 June 2020) and any common variants
identified by ExAC (ExAC_nonTCGA.
r0.3.1.sites.vep.vcf.gz).!3 Variants were further
filtered based on established guidelines, including
VAF=0.05, tumor depth=25, and alternate
allele count =
3.1415 Only missense, nonsense, and in-frame/
frameshift variants were included for analysis.
Relative variant allele fraction (rVAF) was calcu-
lated as the allele frequency of a variant divided
by the maximum detected allele frequency of any
somatic variant in the sample. Variants were fil-
tered for those included in the GuardantOMNI
ctDNA assay (=500 genes). Tumor content val-
ues for FFPE samples were calculated using
Facets v0.6.0 with default parameters.1¢

Variant detectability analysis

For each sample, archival tissue variants were
ordered by decreasing rVAF and the top x variants
were chosen for ctDNA tracking, where iterations
of x={1, 2, 4, 8, 12, 16}. If a sample had less than
x archival tissue variants to choose from, it was
omitted from that iteration. For each sample, pres-
ence/absence of the x variants was then assessed in
each ctDNA timepoint (baseline, 8 week, and pro-
gression) available for that sample.

Statistics

One-way ANOVA tests were used to assess differ-
ences in a continuous variable across discrete
groupings. Spearman correlation tests were used
to assess differences between two continuous var-
iables. Fisher’s exact tests were used to assess dif-
ferences in frequency across discrete groupings.
All p values were subjected to Benjamini—
Hochberg multiple test correction. Analyses were
performed using R v3.6.3 (Posit Software, MA,
USA).

Results

Clonal variants in TP53, APC, and KRAS are

highly recurrent in archival tissue

To assess the detectability of clonal mutations
across ctDNA timepoints, data from 110 patients
that received both tissue-based WES (hereafter
referred to as ‘archival’) and at least one of three
subsequent ctDNA sequencing timepoints (base-
line, week 8, and progression) were selected for

bioinformatic analysis. Somatic variant calling
was applied to each archival patient sample, and
variants were filtered for those affecting genes
included in the Guardant OMNI ctDNA panel
(n=500 genes). Samples were grouped according
to whether they had at least 1 (z=109 patients), 2
(n=108), 4 (n=104), 8 (n=76), 12 (n=51), or
16 (n=34) archival tissue variants.!” One patient
had no mutation detected and was therefore non-
evaluable (NE) and excluded from downstream
analysis (Figure 1(a)). For each variant pool,
samples meeting the variant number threshold
had their top 1, 2, 4, 8, 12, or 16 most clonal VAF
variants selected for downstream analysis. We
then assessed the frequency at which specific
genes were affected by the top clonal variants
across the variant pool groupings. For the 1, 2, 4,
8, 12, and 16 variant pool groups, TP53 (25.7%,
38.9%, 51.9%, 53.9%, 45.1%, and 41.2%,
respectively), APC (9.2%, 25.9%, 43.3%, 56.6%,
64.7%, and 61.8%, respectively), and KRAS
(12.8%, 32.4%, 42.3%, 51.3%, 47.1%, and
52.9%, respectively) were consistently the top
three most frequent clonal events across patients
(Figure 1(b)). Across all evaluable archival tissue
samples combined (z=109), the distribution of
relative VAF (rVAF) levels for variants affecting
these genes were as follows: 7P53: min. 9.1%,
max 100%, median 68.0%; APC: min. 7.4%,
max 100%, median 41.6%; and KRAS: min.
19.3%, max 100%, median 54.2%. Mutation in
TP53, KRAS, or APC was found in 88.1% of
archival tissue samples, and 79.8% had at least
one of KRAS, TP53, or APC mutations among
their top four top clonal variants. These results
indicate a recurrent pattern in clonal mutation
events across patients, aligning to the notion that
CRC development involves stepwise, truncal
mutation acquisition in a small subset of key
driver genes.>

Archival tissue variant pool size does not

impact downstream ctDNA sensitivity

We next assessed the number of variants detected
(VAF >0) at subsequent ctDNA timepoints for
each sample, for each of the variant pool group-
ings (n=1, 2, 4, 8, 12, and 16 variants tracked)
defined in the archival tissue dataset. In this anal-
ysis, both genomic coordinate and nucleotide
alteration were used to define each variant, such
that the exact same variant location and type was
required to be considered ‘re-detected’ at a later
ctDNA timepoint. In baseline ctDNA samples,
the number of re-detected variants varied across
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Figure 1. Top clonal variants show recurrent patterns across mCRC samples. (a) Upper bar plot depicts the number of variants
detected in each archival tissue sample, for variants affecting genes assayed by the subsequent ctDNA panel (n=500 genes).

Black arrowheads above bars indicate samples with more than 16 archival variants detected. Lower heatmap shows availability of
subsequent ctDNA timepoints for each sample. (b) Bar plots illustrating genes most frequently affected by the top 1, 2, 4, 8, 12, and

16 variant pools (left to right] across all samples.
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all variant pool sizes, with a median of 1.0 (=108
patient samples), 2.0 (n=107), 2.0 (r=103), 3.0
(n=175), 2.5 (n=50), and 2.0 (n=33) archival
variants re-detected for variant pool sizes 1, 2, 4,
8, 12, and 16 (respectively; p,; < 0.0001), though
the impact of increasing variant pool size on the
number of re-detected variants was diminished
when considering only variant pool sizes of four
or greater (pyg15,16=0.047; Figure 2(a)).
Similarly, the median number of re-detected vari-
ants also varied across all variant pool sizes in
week 8 [median 1.0 (=63), 2.0 (n=63), 2.0
(n=60),3.0 (n=48),2.5 (n=30),and 2.0 (n=25)
re-detected variants for variant pool sizes 1, 2, 4,
8, 12, and 16, respectively; p,; < 0.0001] and pro-
gression [median 1.0 (n=50), 2.0 (r=49), 3.0
(n=46),3.0®=32),3.0(n=18),and 3.0 (n=12)
re-detected variants for variant pool sizes 1, 2, 4,
8, 12, and 16, respectively; p,; <0.0001] ctDNA
timepoints. For both week 8 and progression
ctDNA timepoints, the impact of variant pool size
on variant re-detection was no longer significant
when only variant pool sizes greater than or equal
to 4 were considered (p,g,,,6=0.11 and 0.11,
respectively), highlighting a pattern of diminish-
ing returns, and thereby limited benefit, to
increasing panel size past four tracked variants.

The percentage of variants successfully re-detected
was negatively correlated with variant pool size at
each ctDNA timepoint, with a median of 100%,
100%, 50.0%, 37.5%, 20.8%, and 12.5% of vari-
ants re-detected for variant pool sizes 1, 2, 4, 8,
12, and 16 (respectively) in baseline ctDNA
(»p<0.0001, rho=-0.36), 100%, 100%, 50.0%,
37.5%, 20.8%, and 12.5% of variants re-detected
in week 8 ctDNA (p<<0.0001, rho=-0.42) and
100%, 100%, 75.0%, 37.5%, 25.0%, and 18.8%
of variants re-detected in progression ctDNA
(»p<0.0001, rho=-0.57; Figure 2(b)). We next
assessed the degree of correlation between archi-
val sample tumor content and the percentage of
variants detected across baseline, week 8, and pro-
gression timepoints. While archival sample tumor
content was correlated with variant re-detection
for variant pool size of 2 (p=0.005, rho=0.19),
such correlation was not observed for variant
pool sizes 1 (p=0.24, tho=0.08), 4 (p=0.11,
rho=0.11), 8 (»=0.90, tho=-0.01), 12 (p=0.16,
rho=-0.14) nor 16 (p=0.75, rho=0.04), indicat-
ing that tumor content was unlikely to be a con-
founding factor in our analysis.

In the context of MRD, re-detection of at least
one tracked variant may be considered sufficient

evidence for disease persistence or recurrence.?!8
To investigate the relationship between single
variant re-detection sensitivity and variant pool
size, we calculated the percentage of samples with
at least one tracked variant re-detected for each
variant pool size at each ctDNA timepoint (Figure
2(c)). When considering all variant pool sizes,
sensitivity was significantly variable for baseline
(66.7%, 77.6%, 83.5%, 89.3%, 88.0%, and
84.8% of samples having at least one variant
detected for variant pool sizes of 1, 2, 4, 8, 12,
and 16, respectively; p,;=0.003) and progression
(82.0%, 91.8%, 100%, 100%, 100%, and 100%
of samples having at least one variant detected for
variant pool sizes of 1, 2, 4, 8, 12, and 16, respec-
tively; p,;=0.003) samples. Sensitivity was not
significantly variable across all variant pool sizes
in week 8 samples (73.0%, 77.8%, 85.0%, 89.6%,
86.7%, and 84.0% of samples having at least one
variant detected for variant pool sizes of 1, 2, 4, 8,
12, and 16, respectively; p,;=0.27). Meanwhile,
when only variant pool sizes greater than or equal
to 4 were considered, differences in sensitivity
across variant pool sizes were not significant for
baseline (p,g15,16=1.0), week 8 (p,g515,16=1.0)
nor progression (p,g1,,16=1.0) timepoints, fur-
ther indicating a lack of benefit when expanding
panel sizes beyond four tracked variants.

Discussion

Our results provide insight into the use of ctDNA
for monitoring disease response in metastatic
CRC, focusing on the impact of breadth of
genomic coverage on assay sensitivity. Using
ctDNA as a personalized dynamic biomarker
could offer several advantages over serum carci-
noembryonic antigen measurements and radio-
graphic imaging for disease monitoring. For
patients with refractory metastatic CRC in par-
ticular, early response assessment would identify
patients who truly benefit from targeted therapies
or from agents with otherwise limited benefit and
potential toxicities.1%20 Currently, the use of
ctDNA in this setting is limited by cost, turna-
round time, and lack of standardization, among
others.?

In this study, we found increased assay perfor-
mance when tracking four or more variants, but
modulation of panel breadth beyond four tracked
variants had insignificant impact on clonal variant
detection and did not yield meaningful increases
in the number of detected variants nor the per-
centage of samples with detected ctDNA in
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Figure 2. Variant re-detection across increasing tracked variant pool sizes in each ctDNA timepoint. (a) Boxplots indicating the
number of variants re-detected in ctDNA data when variant pool sizes 1, 2, 4, 8, 12, and 16 were used in baseline, week 8, and
progression timepoints (left to right). Box-and-whiskers indicate median, 25 and 75% interquartile ranges are shown, along with
one-way ANOVA p values for all variant pool sizes (p,,) and variant pool sizes greater than or equal to 4 (p, g5.1¢). (b) Boxplots
depicting the percentage of tracked variants re-detected across variant pool sizes for each ctDNA timepoint. Box-and-whiskers
indicate median, 25 and 75% interquartile ranges and Spearman correlation p values and correlation coefficients (rho) are shown.
(c) Bar plots showing the percentage of samples with at least one tracked variant re-detected for each variant pool size at each
ctDNA timepoint, with percentage values shown at the top of each bar. Fisher’s exact test p values are shown for all variant pool
sizes (p,) and variant pool sizes greater than or equal to 4 (p, g 15.14)-
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patients with treatment refractory metastatic
CRC. Our results are a proof of concept that
assays used in the metastatic setting for tracking
response may only require a limited number of
tracked variants, potentially reducing assay cost
and complexity to facilitate routine clinical use.

Our findings also raise the question whether track-
ing additional variants beyond truncal mutations
would improve sensitivity for MRD detection,
where the stochastic distribution of ctDNA
remains a significant barrier to overcome. Many
assays in development are using an increasingly
large number of followed variants as a means to
improve assay performance. With recent advances
in sequencing technologies allowing for ultra-deep
sequencing, the limit of detection of an assay is
now determined by the plasma DNA content of a
standard 10mL blood sample, which contains
approximately 10,000-12,000 DNA molecules,
setting the theoretical limit of ctDNA detection at
a VAF of approximately 0.01%.2 At such small
ctDNA concentration, mathematical models pre-
dict decreased sensitivity below 16 variants tracked
with little improvement beyond 25 variants,!7:21
although this has not been clinically validated. In
our study, we showed that the percentage of sam-
ples with at least one re-detected variant decreased
when tracking only one or two variants. We also
observed a slightly smaller number of variants
detected of borderline statistical significance in
the four-variant pool at baseline but not at week 8
or at progression. This supports the notion that
increasing the number of tracked variants is more
beneficial in earlier stage and less beneficial as dis-
ease becomes more advanced, and the minimal
number of tracked variants required to re-detect
at least one variant likely depends on the relative
circulating tumor fraction.

In this study, we used archival tissue sequencing
to select variants incorporated into iz silico ctDNA
panels. Tissue-informed assays require a longer
turnaround time and delays can be a barrier to
clinical implementation both in the adjuvant and
metastatic setting.2-22 We found a high proportion
of tumor and ctDNA samples had mutations in
APC, TP53, or KRAS, which is consistent with
previous reports.6-8:23:2¢ Given this relative homo-
geneity in driver alterations in CRC, tissue-
informed assays may not be required, especially
in the metastatic setting.

Our study has limitations that need to be consid-
ered when interpreting the results. This is a

retrospective, in silico analysis with inherent bias
associated with this methodology. ctDNA time-
points were chosen relative to the start of treat-
ment in CO.26, but time between the archival
tissue sampling, baseline ctDNA sampling, and
progression ctDNA sampling is variable.
Similarly, not all patients received the same tar-
geted therapies (38% were previously treated with
anti-EGFR, 79% with bevacizumab, and 26%
with regorafenib in C0.26),° all of which may
have altered the mutational landscape differently.
Most importantly, our findings involve patients
with late-stage refractory metastatic CRC and
results may not apply to the MRD setting where
ctDNA currently is under more intensive investi-
gation than following response to therapy in met-
astatic disease. Extrapolations to the MRD setting
should be regarded as exploratory or hypothesis
generating only. Our findings also may not apply
to a hypermutator phenotype. Our primary
hypothesis was based on the model by Fearon
and Vogelstein®; however, hypermutators may
display such tumor heterogeneity that founder or
truncal mutations sometimes cannot be identi-
fied.?5:26 Panels with limited genomic coverage
may not be sufficient to reliably track disease
kinetics in this setting. Finally, the current analy-
sis explores the impact of genomic coverage for
monitoring disease burden based on tracking
truncal mutations known to persist throughout a
patient’s course, this study was not designed to
address resistance mechanisms or potential treat-
ment targets. Incorporating known resistance
mutations into an assay is technically feasible but
adds to complexity and cost, such assays are cur-
rently less suited for routine disease monitoring.

In conclusion, our study is compatible with the
notion that ctDNA panels with a relatively lim-
ited number of genes are sufficient for serial vari-
ant detection and tracking in metastatic CRC,
potentially improving the feasibility of clinical
implementation by decreasing the cost and
complexity.
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