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ABSTRACT

Background Colon cancer (CC) is a heterogeneous
disease. Novel prognostic factors beyond pathological
staging are required to accurately identify patients at
higher risk of relapse. Integrating these new biological
factors, such as plasma circulating tumour DNA (ctDNA),
CDX2 staining, inflammation-associated cytokines and
transcriptomic consensus molecular subtypes (CMS)
classification, into a multimodal approach may improve our
accuracy in determining risk of recurrence.

Methods One hundred and fifty patients consecutively
diagnosed with localised CC were prospectively enrolled
in our study. ctDNA was tracked to detect minimal residual
disease by droplet digital PCR. CDX2 expression was
analysed by immunostaining. Plasma levels of cytokines
potentially involved in disease progression were measured
using ELISAs. A 96 custom gene panel for nCounter assay
was used to classify CC into colorectal cancer assigner
and CMS.

Results Most patients were classified into CMS4 (37%)
and CMS2 (28%), followed by CMS1 (20%) and CMS3
(15%) groups. CDX2-negative tumours were enriched

in CMS1 and CMS4 subtypes. In univariable analysis,
prognosis was influenced by primary tumour location,
stage, vascular and perineural invasion together with

high interleukin-6 plasma levels at baseline, tumours
belonging to CMS 1 vs CMS2 +CMS3, ctDNA presence

in plasma and CDX2 loss. However, only positive ctDNA

in plasma samples (HR 13.64; p=0.002) and lack of

CDX2 expression (HR 23.12; p=0.001) were found to be
independent prognostic factors for disease-free survival in
the multivariable model.

Conclusions ctDNA detection after surgery and lack of
CDX2 expression identified patients at very high risk of
recurrence in localised CC.

INTRODUCTION
Colon cancer (CC) isaleading cause of cancer
mortality, representing a group of molecularly
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Key questions

What is already known about this subject?

» The TNM staging system continues to be the most
important prognostic factor in patients with localised
colon cancer.

» However, up to 50% of them will relapse in spite of
an optimal primary treatment.

» Proof-of-concept studies have already demonstrat-
ed that the detection of circulating tumour DNA
(ctDNA) in plasma provides evidence of minimal
residual disease and identify patients at higher risk
of relapse.

What does this study add?

» CctDNA after surgery and the lack of CDX2 expression
identify patients at very high risk of recurrence in
localised colon cancer.

» Consensus molecular subtype (CMS) 1 is associated
with poorer disease-free survival.

» Neither interleukin-6 levels nor CMSs are indepen-
dent prognostic factors.

» CDX2 loss and postoperative plasma ctDNA are
stronger prognostic factors than other conventional
clinicopathological features.

How might this impact on clinical practice?

» Both ctDNA and CDX2 may be useful for identifying
patients at a higher risk of relapse and for a better
selection of patients in future adjuvant clinical trials.

heterogeneous diseases.' Several factors seem
to influence survival in patients with localised
CC, among which recurrence is possibly the
most important. Despite optimal surgery, the
likelihood of recurrence is high. Accurate
prognostic and predictive biomarkers for
patients undergoing curative surgery are still
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needed.” Identifying novel factors, together with better
treatment strategies, may help in better selecting patients
with higher risk of relapse and avoiding overtreatment
for those harbouring lower risk. The last few years have
seen many endeavours to molecularly classify CC with the
aim of personalising treatment. A consensus molecular
subtypes (CMS) combining the major published classifi-
cations and the TCGA database has been developed to
improve transcriptomic characterisation of patients with
CCS; however, this classification is not currently used to
predict treatment in the clinical setting.

The CDX2 homeoprotein is an intestine-specific tran-
scription factor regulating homeostasis and also involved
in CC oncogenesis. CDX2 proteins interact with SMAD3,
amajor element of the TGFB signalling pathway.* Dalerba
et al showed that lack of CDX2 expression is character-
istic in a small subgroup of CC and indicates an aggres-
sive phenotype associated with worse disease-free survival
(DFS) in stage II-III patients with CC.” They also demon-
strated that administration of adjuvant chemotherapy
resulted in improved DFS in CDX2-negative tumours.
CDX2 expression, therefore, has potential as a prognostic
biomarker to define high-risk localised CC and drive adju-
vant treatment in this setting.

New evidence has highlighted the role of the tumour
microenvironment as a key player in CC tumourigenesis
and in development of metastases. For example, secre-
tion of interleukin-11 (IL-11) and IL-6 by TGF-B-stimu-
lated cancer-associated fibroblasts and macrophages,
respectively, triggers GP130/STAT3 signalling in tumour
cells.® This crosstalk confers a survival advantage to
metastatic cells. As the TGF-§ stromal programme has a
role in metastasis initiation, the tumour microenviron-
ment potentially influences prognosis in localised colon
cancerCC.”

Moreover, plasma circulating tumour DNA (ctDNA) has
recently been shown to detect minimal residual disease
(MRD) after curative treatment and can help identify a
subset of patients at higher risk of recurrence.*""

Our study aims at integrating novel biological factors
into a multimodal approach to improve on our ability
to pinpoint the risk of relapse. These include molecular
alterations at multiple omic levels, such as plasma ctDNA,
CDX2 staining, inflammation-associated cytokines and
the Colorectal Cancer Assigner (CRCA) classification
according to a novel validated assay,'' as well as CMS clas-
sification using a new assay method.'

PATIENTS AND METHODS

Study design

Study design and clinicopathological characteristics were
previously reported'” also included as online supple-
mental table 1. In summary, a cohort of 150 localised
CC patients was consecutively recruited at the Hospital
Clinico Universitario de Valencia, Spain from October
2015 to October 2017. Primary tumours were collected at
surgery in all cases. Plasma was taken at baseline and 6-8

weeks after surgery, and tracked every 4 months thereafter
for ctDNA and inflammation-related cytokines. A consort
diagram is provided in online supplemental figure 1.

Pathology

Pathology reports were reviewed for tumour site, lymph
node yield, tumour differentiation, T stage and lympho-
vascular invasion. Mismatch repair (MMR) status was
assessed by immunohistochemistry for MLHI1, MSH2,
MSH6 and PMS2 proteins using standard protocols.
CDX2 immunostaining was carried out with a primary
mouse anti-human CDX2 monoclonal antibody (clone
DAK-CDX2, prediluted, Dako). CDX2 staining was
graded semiquantitatively according to recommenda-
tions by a dedicated pathologist.”

CRCA and CMS

CRCA classification'* was performed using NanoCRCA
assay. As previously described,'® 100 ng of total RNA from
FFPE tissues was used to perform the assay, using our
custom 38-gene NanoCRCA assay using nCounter plat-
form (NanoString Technologies). Data quality control was
performed using nSolver Analysis Software (NanoString
Technologies). CRCA subtypes were identified using our
published CRCA-38 centroids and Pearson correlation.
Samples with distance between first and second highest
correlation coefficient <0.06 within a single sample were
classed as undetermined. CMS subtypes® were identified
using a 33-gene (derived from the original CMS study
custom nCounter platform-based biomarker assay' and a
centroid-based and gen and rank-based classifier method.
Here, centroids refer to a summary statistics defining
expression of each gene in each subtype.

Cytokines analysis

A commercially available ELISA (Abcam, Cambridge) kit
was used to evaluate IL-6 in plasma at baseline, postsurgery
and at time of relapse. All procedures were performed
according to the respective manufacturer’s protocols.
For each assay, samples were measured in duplicate also
including in-house quality control. The interassay and
intra-assay coefficients of variation were less than 10%.

ctDNA analysis

DNA was extracted from 4 mL of plasma using the QIAamp
Circulating Nucleic Acid Kit (Qiagen) according to the
manufacturer’s instructions. Identification of patholog-
ical somatic variants to track MRD and ddPCR analysis
of longitudinal plasma ctDNA samples were as previously
reported."”

Statistical analysis

The cut-off for statistical significance was set as 0.=0.05,
all tests are two sided. The primary outcome measure was
DFS according to standard radiologic criteria. Compar-
ison of IL-6 baseline ersus follow-up and follow-up versus
relapse were carried out using Wilcoxon signed-rank
test. Cytokine levels were categorised into high (=3.8 pg/
mL) and low (<3.8pg/mL) according to median value.
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Univariable logistic regressions were performed to eval-
uate T stage, nodal involvement and stage effects on
cytokines levels. Median DFS was estimated using the
Kaplan-Meier method to evaluate the impact on survival
of CMS, CDX2 and IL-6. CMS analysis was performed
as previously described. Pairwise comparisons were
performed within each CMS group using the Bonfer-
roni p value correction. Kaplan-Meier curves and pair-
wise comparisons were performed with R package
‘survminer’."”” Univariable and multivariable analyses
were performed using Cox regression with R package
‘survival’.'® All statistical analyses were carried out with R
V.3.6.1."

RESULTS

CRCA and CMS subgroups to predict DFS

CC samples were classified into CRCA subtypes'* using
our NanoCRCA assay based on a custom CRCA-38 gene
using 117 formalinfixed paraffin-embedded (FFPE)
samples.'” Eighty-eight per cent of the samples were
successfully classified into the five CRCA subtypes, with
only 12% undetermined samples found, possibly owing
to poor quality or a mixture of multiple subtypes. Among
the five subtypes, the enterocyte and gobletlike subtypes
were most prevalent with 24% and 22%, respectively,
followed by transitamplifying in 16% and inflammatory
and stem-like with 13% each (figure 1A).

Furthermore, these 117 CC samples were classified
into CMS subtypes” using a new 38-gene CMS assay and
a rank-based classifier based on NanoString Technology.
The proportion of different subtypes include 22%
CMS4 (generally associated with stem-like), 20% CMS2
(enterocyte and transit amplifying [TA]), 12% CMS3
(goblet-like) and 14% CMSI1 (inflammatory). However,
a substantial 32% of samples represented undetermined
subtypes, which were similar to the ‘mixed’ subtype
samples reported in the original publication.” We further
stratified the samples into all of the CMS subtypes using
the nearest classifier: 37.0% were CMS4, 28% of CMS2,
20% of CMSI and 15% of CMS3 (figure 1B,C).

The ‘nearestCMS’ and ‘predictedCMS’ classifications
were compared with evaluate if DFS varied between these
two methodologies. No statistical difference was found
using partial likelihood ratio test for non-nested model
(p=0.533). The ‘nearest CMS’ was selected to be included
in our multivariable model.

After a median follow-up of 24.7 months, DFS was
significantly different according to CMS subtyping (log-
rank p=0.0068.) (figure 2). Pairwise comparison showed
that CMSI1 had significant lower DFS than CMS2 +3 (log-
rank p=0.0068). No significant differences were found
between CMS4 and CMS2 +3 (log-rank p=0.6492) or
between CMS1 and CMS4 (log-rank p=0.2194).

CDX2 expression

Loss of CDX2 expression was observed in only 5.3% of our
patients (8/150), in line with other series.” All patients
with CDX2 loss had stage IIIB or IIIC disease at diagnosis.
Six of eight CDX2 negative tumours were located in the
rightside of the colon and three of them were MMR-
deficient. CDX2 negative samples were enriched in RAS/
RAF mutated tumours (6/8) highlighting the importance
of the MAPK pathway as potential mediator of lack of
CDX2 expression, vascular and perineural invasion (6/8)
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Figure 2 Disease-free survival (DFS) according to
consensus molecular subtypes (CMS). Kaplan-Meier
estimate of DFS by CMS subtypes. P value determined by
log-rank test.
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Figure 3 Disease-free survival (DFS) according to CDX2
expression. Kaplan-Meier estimate of DFS by CDX2
expression. P value determined by log-rank test.

and CMS1 (5/6) y CMS4 subgroups (1/6). Seven patients
received adjuvant chemotherapy and six experienced
relapses. Lack of CDX2 expression was associated with
poorer DFS (log-rank p<0.0001, figure 3).

Plasma inflammation-associated cytokines levels

We focused on IL-6 as a cytokine potentially involved in
CC development and progression. IL-6 concentrations
were detectable in all plasma samples with some interindi-
vidual variability (0-73 pg/mL). At baseline, IL-6 plasma
concentrations were related to pathological stage, tumour
bowel wall invasion and nodal involvement, being higher
in T3 or T4 (T1 vs T3 p=0.002; T1 vs T4 p=0.009 online
supplemental figure 2A). IL-6 was also more elevated in
stage II/1II relative to stage I (stage I vs II p=0.008; stage
I vs III p=<0.0001) or n+tumours (online supplemental
figure 2B and C). Baseline IL-6 concentrations were
higher than follow-up levels in relapsing patients. IL-6
plasma levels were found to be more elevated than those
without a relapse (baseline level vs follow-up p=0.0093;
follow-up vs relapse level p=0.047 (online supplemental
figure 2D), suggesting a relation with tumour recur-
rence. IL-6 levels were compared within CMS classifi-
cation by means of Tukey’s post hoc test. Levels of IL-6
were found significantly higher in CMS1 versus CMS2 +
CMS3 (p=0.036), but no difference was found between
CMS2 + CMS3and CMS4 (p=0.201) nor CMSI vs CMS4
(p=0.607). In our cohort, higher levels of IL-6 at baseline
were related to poorer DFS (p=0.018, figure 4).

Integrating clinicopathological features and novel biological
factors into a univariable and multivariable model

We integrated a series of conventional clinicopatholog-
ical features, together with some novel biological factors
studied in this cohort, to assess their prognostic impact on
CC recurrence. Table 1 shows a Cox regression model to
evaluate DFS analysed according to univariable and multi-
variable analyses. Right-sided tumours, advanced T stage,
lymph node involvement and vascular and perineural
invasion were significantly associated with poor prognosis
in the univariable analysis. Among the biological factors
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Figure 4 Disease-free survival (DFS) according to plasma
interleukin-6 (IL-6) baseline levels. Kaplan-Meier estimate of
DFS by IL-6 concentration. P value determined by log-rank
test.

tested, postoperative ctDNA, higher IL-6 plasma levels,
CMSI subtype and loss of CDX2 were also significantly
related to a more unfavourable prognosis. In the multi-
variable analysis, none of the conventional clinicopatho-
logical features retained their independent status as a
prognostic factor. IL-6 plasma levels and CMS subtyping
also lost their independent contribution to the model.
Only presence of postoperative plasma ctDNA and loss
of CDX2 expression in the primary tumour remained
independently related to DFS, after adjusting for tumour
site, stage, nodal involvement, lymphovascular invasion,
IL-6 levels and CMS groups. Most CDX2 negative patients
belonged to CMSI and CMS4 subtypes. We, thus, exam-
ined the prognostic impact of CDX2 separately in CMS1
and CMS4 subtypes and found that CDX2 loss was highly
prognostic for DFS in CMSI1 (log rank p<0.0001) and in
CMS4 subtypes (log rank p=0.02) (online supplemental
figure 3).

DISCUSSION

CC is a molecularly heterogeneous disease. At the most
basic level, prognosis is estimated according to patholog-
ical staging; however, this often fails to accurately predict
recurrence. A better risk stratification of patients with
CC is needed to refine our selection of patients who may
need adjuvant chemotherapy. We explored the value of
adding novel biological variables to the conventional
ones in estimating prognosis. In our previous study,
we demonstrated that detection of plasma ctDNA after
curative-intent surgery was related to MRD and therefore
with higher risk of recurrence." In the current article,
we underline the fact that postoperative ctDNA detection
and lack of CDX2 expression are independent prognostic
indicators for DFS, unlike stage, IL-6 levels in plasma or
CMS subtypes.

On CMS classification, 14%, 20%, 12% and 22% of
patients in our cohort were classified, respectively, into
CMS1, CMS2, CMS3 and CMS$4, in line with previous
reports.“ However, subtyping was undetermined in 32%
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Table 1 Cox regression model to evaluate recurrence-free survival based on patients’ characteristics including ctDNA status
Univariable analysis Multivariable analysis
(n=149, events=18) (n=61, events=15)

Variable HR 95% Cl P value HR 95% ClI P value
Age,<70vs >70 2.08 0.781t05.55 0.143 1.11 0.28to 5.1 0.895
Sex, male versus female 0.67 0.251t01.80 0.430 1.20 0.29104.96 0.801
Tumour site right versus left 0.30 0.11t00.85 0.023 0.42 0.10to 1.84 0.250
Tumour differentiation poor versus well moderated 0.54 0.12t02.25 0.376

T stage (T1-T2-T3 vs T4) 3.36 1.27t08.88 0.015

Lymph-node yield (<12vs>12) 2.84 0.37to21.45 0.313

Nodal involvement (NO vs N1 +N2) 4.65 1.50to 14.45 0.008

Stage (Il vs I1l) 3.24 1.04 10 10.09 0.043 1.62 0.30to 8.80 0.578
Vascular invasion (yes vs no) 0.14 0.05to0 0.38 <0.001

Perineural invasion (yes vs no) 0.38 0.15t00.98 0.045

MMR status (proficient vs deficient) 2.80 0.78to0 10.08 0.115 1.43 0.18to0 11.44 0.735
Stage Il risk (low vs high) 292 0.261t032.27 0.381

Adjuvant chemotherapy (yes vs no) 0.41 0.15to01.12 0.081

Postoperative CEA (normal vs elevated) 0.53 0.12t02.40 0.413

Postoperative ctDNA status (negative vs positive) 6.96 2.57 to 18.91 <0.001 13.64 2.641t070.49 0.002
IL-6 (<3.45vs>3.45) 3.55 1.161t0 10.90 0.027

CMS (CMS1 vs CMS2 +CMS3) 0.12 0.03 to 0.59 0.009 2.19 0.19 to 25.31 0.529
CMS (CMS1 vs CMS4) 0.36 0.12t0 1.09 0.071 3.16 0.40to 25.36 0.279
CDX2 (present vs loss) 12.68 4.63t034.69 <0.001 23.12 3.591t0149.05 0.001

Analysed according to a univariable and multivariable analyses.
CMS, consensus molecular subtype; ctDNA, circulating tumour DNA

of our samples using the ‘predicted CMS’ classification,
probably due to limited quality of samples or intratu-
moural heterogeneity.'"® Moreover, we have previously
reported intratumoural heterogeneity associated with
transcriptional subtype of CRCA classification repre-
senting the presence of more than one subtype within
a sample." Similarly, Marisa et al reported up to 5% of
tumours harbouring three distinct subtypes within a
sample.”

We identified CDX2 loss as a relevant biomarker for DFS
despite its low prevalence (5.4%), in line with previous
studies.” We then demonstrated that CDX2-negative
tumours were associated with shorter DFS. CDX2 expres-
sion loss was particularly prevalent in two CMS subtypes:
CMS1 and CMS4. In contrast to reported data,”' loss of
CDX2 expression was associated with poorer DFS in both
CMSI1 and CMS4 groups in our cohort. These discordant
results could be justified by the use of different platforms,
gene sets, assays and algorithms to analyse mRNA expres-
sion profile by each group.

In the era of precision medicine and immunotherapy,
as commented above, microenvironment is also of great
interest, to which end we integrate molecular and immune
features of CC. We showed that higher IL-6 levels in
patients at diagnosis was correlated with worse prognosis
in the univariable analysis. The highest IL-6 levels were
found in the CMS1 and CMS 4 subtypes (p=0.036). This

; IL-6, interleukin-6; MMR, mismatch repair.

finding may be due to the fact that CMS1 CCs are more
closely associated with microsatellite instable phenotype
and are therefore more immunogenic.”> Moreover, the
CMS4 subtype is also enriched for certain immune cell
types along with mesenchymal and stromal gene signa-
tures, which may be derived from surrounding cells
rather than being cancer specific.”> Higher plasma IL-6
levels and absent CDX2 expression in CMS1 and CMS4
subtypes might contribute to more aggressive pheno-
types. However, neither IL-6 levels nor CMS subtypes
reached independent significance in the multivariable
analysis for DFS. Nevertheless, recent data support that
tumour microenvironment markers could better reflect
the risk of recurrence in localised CC than transcriptomic
markers.” Subtyping based on genes expressed by stromal
cells other than epithelial tumour cells may provide a
more accurate molecular characterisation of CC.**
Intratumoural heterogeneity leads to underestimation
of the molecular landscape from single tumour-biopsy
samples,” leading to inaccuracy in molecular portrayal.
On the other hand, ctDNA is released into the blood-
stream by tumour cells and may capture a more faithful
representation of tumour heterogeneity. Moreover, it is
able to detect MRD after curative-intent surgery, over-
coming the drawbacks of tumour tissue analysis.*"'" As
we previously reported, detection of ctDNA after surgery
implies MRD and patients at risk of relapse are identified
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earlier. Likewise, serial ctDNA levels during the follow-up
precede clinical or radiological recurrence.'” Despite this,
given the exploratory design and the small sample size of
our study, these results will need to be further validated.

In conclusion, postoperative ctDNA status and CDX2
expression identified high-risk patients with localised CC
with poor prognosis. CDX2 loss and high levels of IL-6
were enriched in CMS1 and CMS4 subgroups, suggesting
involvement in similar pathways. However, CDX2 was
reinforced as an independent prognostic factor for DFS
in multivariable analysis. Taken together with postopera-
tive plasma ctDNA, they could represent the pivotal strat-
ification factor for future adjuvant trials.
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