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Summary
Background We studied the poorly-known dynamics of circulating DNA (cir-nDNA), as monitored prospectively over
an extended post-surgery period, in patients with cancer.

Methods On patients with stage III colon cancer (N = 120), using personalised molecular tags we carried out the
prospective, multicenter, blinded cohort study of the post-surgery serial analysis of cir-nDNA concentration. 74
patients were included and 357 plasma samples tested.

Findings During post-operative follow-up, the patients’median cir-nDNA concentration was greater (P < 0.0001 in the
[43–364 days range]) than both the median value in healthy individuals and the pre-surgery value. These cir-nDNA
levels were highly associated with NETs markers (P-value associating MPO and cir-nDNA, and NE and cir-nDNA are
6.6 x 10−17, and 1.9 x 10−7), in accordance with previous reports which indicate that cir-nDNA are NETs by-products.
Unexpectedly, in 34 out of 50 patients we found that NETs continued to be formed for an extended duration post-
surgery, even in patients without disease progression. Given that this phenomenon was observed in patients
without adjuvant CT, and in patients >18 months post-surgery, the data suggest that the persistence of NETs
formation is not due to the adjuvant CT.

Interpretation (1), Given the inter-patient heterogeneity, the post-surgery cir-nDNA level cannot be considered a
reliable value, and caution must be exercised when determining mutation allele frequency or the mutation status;
and (2), specific studies must be undertaken to investigate the possible clinical impact of the persistent, low-grade
inflammation resulting from elevated NETs levels, such as observed in these post-surgery patients, given that
such levels are known to potentially induce adverse cardiovascular or thrombotic events.
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Research in context

Evidence before this study
Only a few study has investigated whether cancer surgery
causes long lasting effects of the disease and how this might
affect their future care. Circulating DNA (cir-nDNA) is of
significant relevance to this point, in that it enables non-
invasive monitoring of the disease, identification of specific
genetic mutations associated with tumours, and
customization of treatment strategies for patients with
cancer. Moreover, it has been proven that the degradation of
neutrophils extracellular traps (NETs) leads to the release of
mononucleosome-associated DNA, which constitute the vast
majority of cir-nDNA. Cir-nDNA can therefore be considered
as NETs markers, and was found being associated with mCRC
at diagnosis.

Added value of this study
In patients with cancer, after tumour resection, the
concentrations of cir-nDNA and NETs protein markers
remained higher than the median values of HI, regardless of
adjuvant chemotherapy or tumour progression. The

association between cir-nDNA and NETs protein markers can
last for up to 2 years, even in patients without relapse. These
observations reveal new and unexpected paradigms
concerning cir-nDNA origin and post-surgery follow-up of
patients with stage III colon cancer.

Implications of all the available evidence
First, the persistence of NETs formation over an extended
post-surgery period in a majority of the patients with stage III
CC raises the possibility that unbalanced NETs formation may
lead to deleterious effects, such as have been observed in
some NETs-related disorders, especially with regard to the
emergence of thrombotic events. Larger studies are needed to
confirm such post-surgery “sequelae” and therefore to justify
the monitoring of markers of NETosis and cir-nDNA in these
patients. Second, the inter-individual variations in cir-nDNA
concentration arising from differences in NETs release may
cause bias in detecting mutations and determining the MAF
value.
Introduction
The measurement of circulating DNA (cir-nDNA) has
many applications in research, including the investiga-
tion of disease mechanisms, the exploration of new
biomarkers, and the evaluation of the effectiveness of
therapeutic interventions. The measurement of
cir-nDNA plasma levels can be a valuable resource in
cancer diagnosis and monitoring, prenatal testing,
transplant rejection monitoring, trauma assessment,
infectious disease detection, genetic disorders and in
numerous other fields of research. In oncology, its first
clinical implementation was in the theragnostic field,
specifically that of targeted therapies, where it was used
to guide the clinician’s selection of an appropriate
treatment of lung and melanoma cancer.1–4 Such diag-
nostic potential of this biological source is currently the
object of intense study, particularly in the contexts of
minimal residual disease detection, treatment efficacy,
treatment resistance, recurrence monitoring, and cancer
screening and early detection.1–3,5 While clinical appli-
cations of cir-nDNA has been used to aid precision
oncology, in particular to direct targeted therapies,
notably for lung cancer, it is not currently used in
clinical practice for colorectal cancer.1–3,6,7 Because cir-
nDNA8 analysis in oncology has been compared to tis-
sue biopsy, especially when used as a companion to
genetic tests,9,10 it has been referred to as liquid biopsy.
As distinct from other biopsies’ targets, however, it
should be remembered that cir-nDNA are fragments of
the genome released into the bloodstream from the
body’s cells. Knowledge of cir-nDNA’s structure and
dynamics is now increasing considerably. Thus, the
study of the size and sequence of these DNA fragments
(fragmentomics) has made it possible to demonstrate
that the vast majority of cir-nDNA are associated with
mononucleosomes,11,12 which could enable the differ-
entiation of individuals with cancer.13,14 Recent studies
of cir-nDNA methylation, notably, have demonstrated
an extremely varied but mainly leukocyte cellular origin
in healthy individuals, and have suggested the possi-
bility of differentiating the course of the disease.15

One of the great technological difficulties in using
cir-nDNA in oncology lies in the fact that this DNA
comes from various cellular sources. In general, cir-
nDNA deriving from normal cells, malignant cells and
cells from the tumour microenvironment can be
distinguished. The proportion of its different origins
will obviously vary according to tumour progression, but
also according to individual characteristics, given that
the tumour microenvironment depends on multiple
factors, in particular on individual immunological fac-
tors.2 DNA extracted from the plasma of a cancer patient
is commonly referred to as total cir-nDNA. A very large
majority of researchers and clinicians use the term
circulating tumour DNA (ctDNA) for DNA containing
genetic alterations. The use of this term is not ideal,
however, given that the “tumour DNA” (or DNA of the
tumour) should logically correspond to the DNA of the
www.thelancet.com Vol 108 October, 2024
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cells which make up the tumour, that is to say mainly
the malignant cells, the endothelial cells, the stromal
cells and immune cells. Accordingly, the amount of cir-
nDNA without genetic alterations, may correspond to
the amount of DNA from normal cells (mainly he-
matopoietic) plus the amount of DNA from cells in the
tumour microenvironment.2

In the context of oncology, the focus of research to
date has been on the cir-nDNA of malignant cells (cir-
mutDNA8), with the consequence that measurement of
total cir-nDNA concentration has been poorly investi-
gated, in particular as to its use as a single marker.
Indeed, what investigation of it has taken place has
focused on: (1), post-surgery presence of residual or
recurrent cancer (2), association of cir-nDNA concen-
tration in post-operative samples with overall survival;
and (3), evaluation of treatment response.1–3

In our prospective, multicenter, blinded study, which
focused on the post-surgery monitoring of personalised
molecular tags in patients with stage III colon cancer,
we investigated the extent to which cir-nDNA varies over
an extended post-surgery period, in comparison with its
pre-surgery value. Having previously observed that at
diagnosis the plasma of patients with metastatic colo-
rectal cancer (mCRC) at diagnosis shows an association
of cir-nDNA level and neutrophil extracellular traps
(NETs) formation, in this study we also examined NETs
markers both pre- and post-surgery.
Methods
Patients and cohort
In this work, we examined plasma from all stage III
colon cancer patients included in the THRuST clinical
study (015-FPO18), which was a prospective, multi-
center, and blinded observational study. THRuST is an
ERC Transcan European project (https://www.
transcanfp7.eu/index.php/abstract/thrust.html). The
inclusion criteria selected patients aged ≥18 years old
with histologically confirmed stage III colorectal
adenocarcinoma. The main exclusion criteria were:
active viral infection (hepatitis, HPV, HIV), previous
systemic or radiation therapy for colorectal cancer, and a
history of another neoplastic disease. The study’s pri-
mary objective was to assess the clinical feasibility of
dynamically detecting tumour progression by moni-
toring a molecular and personalised signature by means
of a blood test. The study’s secondary objectives
included: an examination of the performance of each
qualitative and quantitative cir-nDNA parameter, the
acquisition of descriptive knowledge about the clonal
evolution of driver mutations under standard care, and
the comparison of the data with conventional bio-
markers and imaging. Patients were screened and
included at the IRCC (Istituto di Candiolo- Fondazione
del Piemonte per l’Oncologia, Candiolo, Italy), VHIO
(Vall d’Hebron University Hospital, Vall d’Hebron
www.thelancet.com Vol 108 October, 2024
Institute of Oncology, Barcelona, Spain), ICO (Catalan
Institute of Oncology, L’Hospitalet de Llobregat, Barce-
lona, Spain) and ICM (Montpellier Cancer Institute,
Montpellier, France).

In the THRuST protocol, individual molecular sig-
natures were defined for each CRC patient, based on
next-generation sequencing analyses performed on
DNA from tumour tissue after resection. Thus, this
individual molecular tag consisted of at least one
actionable driver, one non-actionable driver and a pas-
senger mutation. The IntPlex method was employed for
patient follow-up, enabling simultaneous determination
of five parameters: (i) cir-nDNA concentration, (ii)
presence of a point mutation, (iii) mutant DNA con-
centration, (iv) mutant allele fractions of cir-nDNA, and
(v) cir-nDNA fragmentation index. In addition, specific
cir-nDNA methylation patterns were monitored post-
surgery. Blood samples for this study were collected
before and after surgery, and at each follow-up visit
(every 3 months if possible). The collected data was
analysed with reference to clinical observations, stan-
dard management care, conventional imaging methods,
and conventional CRC biomarkers. In this ancillary
study, we only examined the dynamics of cir-nDNA in
the course of the THRuST clinical study.

The protocol was approved by Ethics Committee of
Candiolo Cancer Institute FPO-IRCCS and then by all
participating institutions. All patients gave their written
informed consent before enrolment. The study was
conducted in accordance with the Declaration of
Helsinki.

The healthy individual control cohort was composed
of samples from blood donors to the Etablissement
Français du Sang (EFS, Montpellier, France). EFS blood
samples are highly controlled and qualified. They are
subjected to the same preanalytical conditions as for
patients’ blood samples before plasma analysis.

Sequencing analysis
Tumour mutation profiling was performed on the sur-
gical tumour samples by Next Generation Sequencing
(NGS). Each clinical center used different NGS assays,
using various gene panels dedicated to colorectal cancer.
These are described in Supplementary Information 1.

Blood samples collection
Each clinical center followed the same strict and precise
guidelines16 concerning blood collection, tube handling
and storage.16 Each center has a specific certified and
registered CC bank, which adheres to the THRuST
clinical study protocol (015-FPO18). Ethylene diamine
tetraacetic acid tubes (EDTA) plasma samples were
stored at −80C◦ and were periodically sent to both the
IRCM (3 mL plasma minimum) and the IRCCS (1 tube,
3 mL plasma minimum). In receiving these samples,
the IRCM team used quality controls as defined by
existing cir-nDNA preanalytic guidelines.17 Blood
3
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samples were collected between Avril 2019 and July
2023. In the course of their routine pre- and post-
surgical surveillance, patients were submitted to a
10-point blood sampling plan: 1 pre-surgery, 1 post-
surgery (15 < d < 40 days), and every 3 months there-
after, concomitant with the obtention of clinical and
imaging data, all of which is being collected in a cus-
tomised eCRF. Each patient will be followed up pro-
actively for a duration of up to 24 months or until
disease recurrence, whichever comes first.

Plasma isolation and cir-nDNA extraction
EDTA tubes were centrifuged at 1200g for 10 min at
4 ◦C, within 4 h of collection. Plasma samples were
immediately stored at 80 ◦C and transferred on dry ice
from the recruiting institutions to our laboratory.
Plasma was stored for a number of months (4–12
months), and centrifuged at 16,000g for 10 min at 4 ◦C.
An aliquot of plasma was then used to perform an
enzyme-linked immunosorbent assay. Cir-nDNA was
extracted from 1 mL plasma (Maxwell_ RSC Instru-
ment) using the cfDNA Plasma Kit (Promega Corpora-
tion, Madison, WI, USA) in an elution volume of
130 μL. For our quantification of cir-nDNA, we adhered
strictly to the cir-nDNA preanalytical guidelines referred
to above (plasma isolation, plasma storage at −80 ◦C16,17).
DNA extracts were stored at −20 ◦C until use. In storage
at −80 ◦C18 for up to 3 years, no significant variation of
cir-nDNA concentration was previously reported as
determined by quantification by Q-PCR a WT sequence
of KRAS (67 bp length) used in this study. In total, 357
serial plasma samples from 74 patients were analyzed.

Quantification of cir-nDNA
Analysis of cir-nDNA was carried out using the multi-
plexed IntPlex® method which was specifically
designed for quantifying cir-nDNA.19 Briefly, on a
CFX96 instrument using the CFX manager software
(Bio-Rad), Q-PCR amplifications were conducted in two
replicates, with each reaction having a total volume of
25 μL. Each PCR reaction comprised of 12.5 μL of IQ
Supermix Sybr Green (Bio-Rad), 2.5 μL of DNase-free
water (Qiagen) or specific oligoblocker, 2.5 μL of for-
ward and reverse primers (0.3 pmol/mL), and 5 μL of
DNA extract. The thermal cycling process consisted of
three repeated steps: a hot-start activation step at 95 ◦C
for 3 min, followed by 40 denaturation–amplification
cycles at 95 ◦C for 10 s, then at 60 ◦C for 30 s.
Melting curves were studied by gradually increasing the
temperature from 60 ◦C to 90 ◦C, with a plate reading
taken at every 0.2 ◦C increment. With a genomic extract
of the DiFi cell line at 1.8 ng/mL of DNA, standards
curves were generated for each run, in order to maintain
accuracy and consistency in the results. Each PCR run
was carried out with template control and positive con-
trol for each primer set. Validations of Q-PCR amplifi-
cation were controlled by melt curve differentiation. To
quantify the total circulating nuclear DNA (cir-nDNA)
concentration in both CC patients and HI, amplification
of a 67 bp-length wild-type sequence of the KRAS gene
was performed. The coefficient of variation was deter-
mined as 24% for the quantification of cir-nDNA, when
considering variation due to the extraction procedure
and analysis in the same plate.20 The accuracy of this
study’s measurement of cir-nDNA concentration is
supported by two assessments: (i) the total cir-nDNA
concentration, obtained by targeting a KRAS sequence,
was routinely controlled by quantifying a BRAF internal
control sequence. In addition, this quality control
enabled the detection and exclusion of samples which
presented a loss of heterozygosity (LOH) or gene
amplification, two phenomena which have been re-
ported in CRC patients.21 Moreover, since KRAS
amplification is an infrequent event in CRC (0.67%),21

its level did not impact our observations or the values
described here; and (ii) this method of quantifying cir-
nDNA has undergone rigorous experimental and clin-
ical validation, demonstrating unparalleled specificity
and sensitivity, to the point of permitting the detection
of a single DNA fragment molecule, as determined
under Poisson Law distribution experiment. A healthy
cir-nDNA median value (12.6 ng/mL) was determined
using a control cohort of 22 healthy individuals
(Supplementary Fig. S1). To facilitate our observations,
we arbitrarily defined a positivity threshold for cir-
nDNA concentration, thus enabling us to rigorously
distinguish pathological or abnormal values with control
values by adding the standard deviation to the median
value of the healthy individuals (12.6 ng/mL). Note, we
quantified plasma DNA by targeting a nuclear DNA
sequence.

Detection and quantification of mutant cir-nDNA
IntPlex analysis is an allele-specific blocker quantitative
PCR (ASB Q-PCR) method. It uses specific primer
location within a 220 bp region around the targeted
mutation, while keeping amplicon length below 100 bp,
thus allowing reliable and sensitive mutation detection.
This multiparametric test simultaneously enables
determination of the quantity of cir-nDNA and cir-
mutDNA, the mutation allele frequency and a frag-
mentation index. The Intplex system offers unmatched
sensitivity (MAF down to 0.003%22). Amongst its several
uses, the fragmentation index allows control of pre-
analytics by estimating blood cell DNA contamination.
The cir-nDNA analysis follows the MIQE guidelines23

and has been clinically validated.19 This IntPlex system
was specifically designed to detect nuclear cir-nDNA.
This study benefits from the experimentally, clinically
validated IntPlex method, which offers levels of speci-
ficity and sensitivity which are unmatched by any other
method. This study took its data from the THRuST
clinical study, in which several point mutations were
selected. A 3-point mutation molecular signature was
www.thelancet.com Vol 108 October, 2024
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defined for each patient, based on the surgical tumour
sample by Next-Generation Sequencing. The design of
the Q-PCR system had been previously validated under
stringent conditions.18 When available, the quantifica-
tion of cir-mutDNA concentration was used only to
control the kinetics of cir-nDNA. The dynamics of the
amount of the different cir-mutDNA selected per patient
will be further reported when all the analysis of the
THRuST study is complete.

Myeloperoxidase and Neutrophil Elastase assay
Myeloperoxidase (MPO) and Neutrophil Elastase (NE)
concentrations were measured using an enzyme-linked
immunosorbent assay (ELISA) technique with a Duoset
kit from R&D systems. This was used according to the
manufacturer’s standard protocol (Duoset R&D Sys-
tems, DY008, DY3174, and DY9167-05). Both com-
pounds synergistically contribute to Netosis and
especially to DNA decondensation following neutrophil
activation, and are specifically anchored to NETs fila-
ments following NETs extracellular release. The healthy
cir-nDNA concentration median value for MPO and NE
markers (12.8 ng/mL and 7.6 ng/mL, respectively) was
determined using a control cohort of 22 healthy in-
dividuals (Supplementary Fig. S1). Similar to our defi-
nition of a positivity threshold for cir-nDNA, we
arbitrarily defined a positivity threshold for MPO and
NE concentration (17.0 ng/mL and 10.5 ng/mL,
respectively), by adding the standard deviation to the
median value of healthy individuals (Supplementary
Fig. S1), to evaluate more stringently any discrep-
ancies between abnormal/pathological values and
healthy control values. A reproducibility test revealed a
coefficient of variation of 3.14% and 5.82% for the
quantification of MPO and NE carried out in the same
respective plate. A reference sample was added in trip-
licate in each plate to normalise the value obtained, to
address potential variations deriving from manipulator
or plate variations. All MPO and NE measurements
were carried out using the same batch of plate.

Statistical analysis
To investigate the associations of patients’ cir-nDNA
concentrations at different time points, we utilised the
Mann–Whitney test. This was done subsequent to con-
ducting the Shapiro–Wilk test, which confirmed that the
sample groups did not adhere to a Gaussian distribu-
tion. Spearman correlation evaluates the strength and
direction of monotonic associations between two vari-
ables. It provides a correlation coefficient to explore the
relation between these continuous variables: cir-nDNA,
MPO and NE. Our guide for the interpretation of the
correlation coefficient is: 0.19, no or negligible rela-
tionship; 0.20–0.29, weak but significant relationship if
there is a P value < 0.05; 0.30–0.39; moderate but sig-
nificant relationship if there is a P value < 0.05;
0.40–0.69; strong and significant relationship if there is
www.thelancet.com Vol 108 October, 2024
a P value < 0.05; and, >0.70, very strong and significant
relationship if there is a P value < 0.05. All P values
reported are two sided. The significance level was set at
5% (P < 0.05); *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001. Statistical analysis was performed using
the Graph Pad Prism 10.0.1 software.

Ethics
Informed consent was obtained from all individuals
and/or caregivers, and all clinical procedures and ge-
netic testing, including data collection and report, were
in accordance with the declaration of Helsinki and
approved by the local ethical committees or followed
other local guidelines: protocol 015-FP018 by the Ethics
Committee at the Hospital Universitari Bellvitge, pro-
tocol ID CE IRCCS n.233/2018 approved by the Ethical
Committee of the Candiolo Cancer Institute FPO
IRCCS, protocol 2019/34 approved by CPP Ouest II;
protocol PR(AG)235/2018 approved by Vall d’Hebron
Ethical Committee.

Role of funders
The funders had no role in the conceptualization, study
design, data collection, analysis, interpretation of data,
in writing the paper, or in the decision to submit the
paper for publication.
Results
Study cohort follow-up
A total of 120 patients with stage III colon cancer were
enrolled in this study from the IRCCS, VHIO, ICO and
ICM from April 2019 to May 2023. Of this number, 74
patients were analysed for cir-nDNA and NETs markers,
since 32, 12, 1 and 1 patients showed screening failure,
no available NGS data, no plasma available for analysis,
and no baseline pre-surgery plasma sample, respectively
(Fig. 1). A total of 357 plasma samples were tested for
cir-nDNA, MPO and NE (Fig. 1). The median follow-up
was 314 days. Given the propensity of inflammation to
stimulate NETs formation, and NETs’ propensity to
incite thrombotic events, in this work we distinguish
inflammatory or thrombotic events (ITE) from all other
adverse events or CT-related toxicity. The discrimination
of patients with ITE helps to identify ITE confounding
factors. Similarly, given that NETs may be associated
with tumour progression, we also identified those pa-
tients who suffered relapse during monitoring. In the
course of the post-surgery follow-up, 6 patients (8%)
showed relapse, while 5 (7%) showed inflammatory/
thrombotic adverse events (Fig. 1). It should also be
noted that 12 patients experienced neurotoxicity. Patient
characteristics are described in Table 1 and
Supplementary Table S1.

Marker data from the colon cancer (CC) patient
cohort were compared with the data we obtained on
control cohort, with either the median value or a
5
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PaƟents avaliable for mutaƟon
follow-up
N=75

Excluded N=1
01-091 no baseline blood sample

CC relapse
N=6 (8%)

PaƟents with stage III
included
N=88

No NGS data on Ɵssue and plasma available
N=12

No plasma available for analysis
N=1

PaƟents analysed
N=74

No CC relapse
N=68 (92%)

Adverse events

a

Adverse events

No
N=5 (7%)

Yes
N=5 (7%)

Yes
N=1 (1%)

01-144 vein thrombosis

No
N=63 (85%)

b c d

Fig. 1: Flow chart of the clinical study (a) and description of the patient cohort (b, c). Patient cohort: a: Study cohort flow chart. b:
Distribution of the clinical study patients (N = 74) with respect to post-operative follow-up. The number and proportion (%) of patients are
grouped according to the follow-up periods in which serial analysis ended: 1–6 (between 1 and 6 months); 6–12 (up to 6 and 12 months range);
12–18 (up to 12 and 18 months range); 18–24 (up to 18 and 24 months range); and >24 months. c: Distribution presented as numbers of
patients; d: Distribution presented as proportions, %. (c) Frequency of relapse and adverse events in the study cohort (%). The post-surgery time
period follow up is heterogenous due to the late date of inclusion (32–804 days, range) and the end of the clinical study (Fig. 1 and Table 1): >2
months (N = 64), >6 months (N = 50), >12 months (N = 29), >18 months (N = 15), >24 months (N = 9) Note, given that NETs formation is
particularly associated with the inflammatory process and thrombosis, this study groups patients experiencing ITE, and excludes patients
experiencing neurotoxicity or other adverse events.
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positivity threshold (see Methods) being determined
with reference to control healthy individuals (HI,
N = 22, Supplementary Fig. S1). The cir-nDNA, MPO
and NE concentration median in HI was 12.64 ( ± 7.22,
SD), 12.78 ( ± 4.19, SD) and 7.64 ( ± 2.81) ng/mL,
respectively. Based on this data, the positivity threshold
was 19.9, 17.0 and 10.5 ng/mL, respectively. Note, MPO,
and NE median values in this short experimental
healthy subject cohort were similar to those obtained in
other studies which used a higher number of healthy
individuals (N = 117).24,25 However, cir-nDNA values
appeared higher than those obtained in our previous
study, due to the current study’s use of a bead-based
extraction robot, instead of the individual column
extraction procedure.26

Pre- and post-surgery cir-nDNA levels
Pre- and post-surgery cir-nDNA values in patients with
stage III colon cancer are shown in Fig. 2. Values are
arbitrarily categorised according to pre-surgery period
(N = 74) or follow-up period, with the latter divided into
periods of 15–42 days (N = 54), 43–364 days (141),
365–729 days (N = 56), and more than 729 days (N = 8).
The rationale in selecting a post-surgery period of 15–42
days was, first, to exclude the first two weeks, when the
patient is likely to suffer from surgery-related trauma
www.thelancet.com Vol 108 October, 2024
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Patient characteristics Number

Median age (range), years 69 (36–93)

Sex (%)

Male 40 (54.1)

Female 34 (45.9)

TNM

T1 1

T2 9

T3 50

T4 14

N0 2

N1 52

N2 20

Adjuvant chemotherapy

Complete adjuvant treatment 57

Incomplete adjuvant treatment 5

No adjuvant treatment 11

N/A 1

Xelox 38

Folfox 23

Capecitabine 6

MSS/MSI status

MSS 39

MSI 5

Follow up median (range), days 314 (4–821)

Relapse 11

Adverse event 5

Neurotoxicity 12

Inflammation/thrombosis event (ITE) 5

Deceased 0

MSS: microsatellite stability. MSI: microsatellite instability.

Table 1: Patient characteristics.
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and inflammation; and second, because this corre-
sponds to the optimal time period for decisions as to the
potential use of deintensification adjuvant therapy in
conjunction with minimal residual disease (MRD)-
guided targeted therapy based on cir-nDNA,27–31 as has
been suggested by numerous authors. Adjuvant
chemotherapy (CT) was administered according to the
current guidelines.

The observation of the presence (or not) of the
persistence of NETs formation would allow us to predict
the existence of at least two subpopulations (75% vs
25%, for instance). However, these values cannot be
statistically differentiated.

The patients with the first (lowest 25%) and third
(highest 75%) quartile of cir-nDNA values showed no
significant clinical differences to the overall patient
cohort (Fig. 2). At this time, we are unable to present
survival data with sufficient statistical power; data will be
reported when all patients have achieved a minimum of
two years post-surgery follow-up.
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Median cir-nDNA values for each post-operative
period (Fig. 2A) are statistically higher than the me-
dian HI value (12.6 ng/mL). Except for those values
determined more than 2 years post-surgery, the values
determined in the 15–42, 43–364, and 365–729 day pe-
riods are statistically higher than the pre-surgery values
(22.4, 30.8, 23.6, 22.9 and 17.5 ng/mL, respectively).
Note, the median value of the 43–364 day period is the
highest, being nearly 1.4 times greater than those of the
15–42 day period and the >729 day period, and 1.8 times
higher than the pre-surgery median value.

Our data do not allow for a statistical evaluation of
the amount of cir-nDNA two years after surgery, given
that samples >729 days post-surgery could be obtained
from only 7 patients. Nevertheless, it should be noted
that, as compared to the pre-surgery (N = 5) and the HI
median levels (N = 6), all 7 of those patients showed
elevated cir-nDNA levels, which is an unexpected result.

Fig. 2 b and c show the proportion of cir-nDNA
values in study cohort patients which are higher than
the HI median value (Fig. 2b) and the pre-surgery value
(Fig. 2c). 87.5–92.9% of values are higher than the HI
median value for each post-surgery period. A lower
percentage (67.6%) of values from the pre-surgery
period exceed the HI median values. For all post-
surgery periods, a large proportion of cir-nDNA values
are higher than the pre-surgery values (67.9–75%).
When considering only patients who experienced no
relapse or ITE, the range is 86.4–100% and 68.2–100%,
when comparing post-surgery cir-nDNA values to the
HI median and the individual patient pre-surgery value,
respectively (Supplementary Table S3D and E).

When using the arbitrarily defined on HI cohort
positivity threshold in order to evaluate the data more
stringently (see Methods), we observed that 36.5%, 50%,
69.2%, 65.1% and 50% of the plasma samples from
patients who suffered no relapse or ITE scored positively
in the pre-surgery period, and during the 15–42, 43–364,
365–729, and >729 day follow-up periods, respectively
(Supplementary Table S3F). Thus, this sub-group of
patients showed a lower proportion of positive plasma
samples in the pre-surgery period as compared to the
proportion of samples tested during all post-operative
periods, when highly stringent evaluation criteria were
applied (positive threshold, no relapse or ITE, and
comparison with pre-surgery value rather than HI me-
dian value) (Supplementary Table S3F).

No statistical evaluation of the impact of the recur-
rence on cir-nDNA can be made, given that only 6 of the
participants had recurrence.

When considering the sub-group composed of pa-
tients who experienced no relapse or ITE, and who were
monitored for more than 2 months (>75 days), 29 out of
50 (58%) patients scored positive at the last follow-up
point (Supplementary Table S2A and B). From this
sub-group, 14 out of 25 patients (56%) who were
monitored for at least one year scored positive at the last
7
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Pre-surgery
Follow-up (days)

[15-42] [43-364] [365-729] > 729
Total 74 54 141 56 8

PaƟents with cir-nDNA conc > median of
HI

Number 50 48 129 52 7
Percentage 67.6 88.9 91.5 92.9 87.5

Follow-up (days)
[15-42] [43-364] [365-729] > 729

Total 54 141 56 8

PaƟents with cir-nDNA conc > pre-surgery value
Number 38 105 38 5

Percentage 70.4 74.5 67.9 75.0
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Fig. 2: Pre- and post-surgery cir-nDNA values in stage III colon patients with cancer (a). Values are arbitrarily categorised according to pre-
surgery period or these follow-up periods: 15–42 days; from 42 days up to one year; between one and two years; more than 2 years. The dotted
line corresponds to the median value obtained in healthy individuals. Proportion of cir-nDNA values being higher than the healthy individual
median value (b) or higher than the pre-surgery value (c). *Mann–Whitney test.

Articles

8

monitoring point. Note, we identified patients who were
monitored for more than 2 months, on the assumption
that no additional or only very minor surgery-related
confounders occur after this period. In addition, 47
out of 50 (94%) patients of this sub-group scored
positive at least once during follow-up (Supplementary
Table S2A and B). With respect to pre-surgery individ-
ual values, during the 15–42 day post-surgery period
29.6%, 64.8%, and 5.6% of cir-nDNA concentrations
decreased, increased, or remained relatively stable
www.thelancet.com Vol 108 October, 2024
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( ± 5%), respectively (Supplementary Fig. S2). Conse-
quently, to avoid any confounding factors which could
be attributed to peri- or post-operative trauma, for the
most part we excluded cases (N = 13) where post-surgery
serial analysis ended within 2 months (61 days).

Whereas cir-nDNA from healthy individuals was
found to vary with age and sex, cir-nDNA amount (as
exactly determined in this work) in patients with meta-
static colorectal cancer from metastatic colorectal cancer
was independent of these parameters, and only slightly
influenced by the delay between food intake and blood
collection (less than 1.7-fold).18 The high concentrations
which our study observed at different post-operative
time points generally represent a 2 to 20-fold increase,
as compared to healthy controls or pre-surgery values.
Given the high standardization of the preanalytics we
used throughout this study, these cannot be attributed to
pre-analytical factors.

Altogether, the data of patients who experienced no
relapse or adverse event, and who were monitored for
more than 2 months post-surgery showed: (i),
85.4–100% and 70.7–100% proportion ranges of pa-
tients show elevated cir-nDNA levels during the post-
operative period, when cir-nDNA values are compared
to the HI median and to the individual patient’s pre-
surgery value, respectively; (ii) of a sub-group of pa-
tients who were monitored for at least one year, more
than half showed elevated cir-nDNA levels at the end of
the monitoring; and (iii), in this sub-group of patients, a
lower proportion of positive plasma samples was found
in the pre-surgery range than during all subsequent
post-operative periods.

Pre- and post-surgery serial analysis of NETs proteic
markers
Fig. 3 and Supplementary Table S3 compare all cir-
nDNA, MPO and NE concentration values from the
357 plasma samples obtained from the study cohort
patients with healthy median values or with pre-surgery
values, for the various pre- and post-surgery periods
(15–42, 43–364, 365–729, and >729 days). The cir-
nDNA, MPO and NE median values determined for
these periods are all higher than the respective healthy
median values, and are all similar to their counterpart
individual pre-surgery values (Fig. 3). Such similarity is
also observed in patients who experienced no relapse or
ITE only (Supplementary Table S3D). Similar observa-
tions are inferred when examining cir-nDNA amount
values using a positivity threshold (Methods,
Supplementary Fig. S3).

We observed in patients with a long follow-up period
(18 months) who received standard CT (N = 57), or of
those who received no (N = 11) or one or two CT (N = 5):
(i), only 18% of patients (N = 2) who experienced no
relapse or ITE, who received standard CT, and who were
monitored over 18 months post-surgery, showed marker
values similar to control values; (ii), in 54.5% of patients
www.thelancet.com Vol 108 October, 2024
from the former sub-group (N = 11), all three markers
were elevated up to the end of their follow-up, while
both NE and MPO NETs markers were elevated in 73%
of those cases (N = 8); (iii), 20% of patients who were
administered no or only one cycle of adjuvant CT
(N = 10) showed marker levels comparable to control
values; and (iv), 80% of those who did not receive CT
(N = 8) scored positive for at least two markers
(Supplementary Table S4).

58.1%, 70.4%, 73.8%, 80.4% and 50% of plasma
samples showed MPO, NE and cir-nDNA concentration
higher than the HI median value, as determined during
the pre-surgery, 15–42, 43–364, 365–729, and >729 day
periods, respectively. These percentages were 55.6%,
65.9%, 70.1%, 81.4% and 50% when taking into account
patients not experiencing relapse nor ITE, respectively
(Supplementary Table S3D). Note, in both cohorts, the
percentages increased from pre-surgery to 729 days
post-surgery, and declined down to pre-surgery period
levels in patients with over 2 years post-surgery moni-
toring. 31.5%, 28.4%, 23.2% and 12.5% of plasma
samples showed MPO, NE and cir-nDNA concentra-
tions higher than the pre-surgery values as determined
during the 15–42, 43–364, 365–729, and >729 day pe-
riods, respectively (29.5%, 22.2%, 27.9%, and 25%,
respectively, when taking into account patients who
experienced no relapse or ITE) (Supplementary Table
S3B). Note, in both cohorts the percentages decreased
slightly from the 15–42 to the >729 day post-surgery
periods.

In part of our analysis, the following, more stringent
criteria were applied in the evaluation of the MPO, NE
and cir-nDNA concentrations:, first, by using the posi-
tivity threshold; second, by including only cases where
all three markers were positive; and third, by taking into
account patients who experienced no relapse or ITE
(Supplementary Table S2F). When such criteria were
applied, 67.9%, 85.7%, 94.2%, 100% and 100% plasma
samples were found to be positive during the pre-
surgery, 15–42, 43–364, 365–729, and >729 day follow-
up periods, respectively. Supplementary Tables S1 and
S2 offers distinctions between: patients who were
monitored for no more than 2 months (N = 13, 17.6%);
patients who experienced relapse (N = 6, 8.1%); patients
who experienced an ITE (N = 5, 6.8%); patients who
experienced no relapse or ITE, were monitored for at
least two months, and showed values above the HI
median value at the end of follow-up (N = 42, 56.7%);
and patients who experienced no relapse or ITE, were
monitored for at least two months, and showed values
similar ( ± 20%) to the HI median values at the end of
follow-up (N = 8, 10.8%). Among those who were
monitored for more than 2 months (>75 days) and who
experienced no relapse or ITE, only 16% showed values
for all three markers similar to control values at the end
of follow-up (Supplementary Table S2A). When using
the positivity threshold for higher stringency in
9

http://www.thelancet.com


Fig. 3: Evolution of all the values of cir-nDNA, MPO and NE markers determined in the cohort study patients upon follow-up period
ranges. Comparison of cir-nDNA, MPO and NE values with healthy median values or pre-surgery values. Healthy subjects’ median values vs pre-
surgery (a); vs 15–42 days post-surgery (b); vs follow-up between 43 days and one year (c); vs follow-up between one to two years (d); and vs
follow-up of more than 2 years (e); pre-surgery vs 15–42 days post-surgery (f); vs follow-up between 43 days and one year (g); vs follow-up
between one and two years (h); and vs follow-up of more than 2 years (i). Data are expressed as the ratio of the post-surgery value over healthy
individual median value, or over the pre-surgery value; samples with value over HI median or pre-surgery value are over 100%. Spearman
correlation study between all MPO, NE and cir-nDNA values. (j), pre-surgery values; Spearman P-value associating MPO and NE, MPO and cir-
DNA and NE and cir-nDNA are 1.6 x 10−5, 1.0 x 10−3 and 2.3 x 10−2; (k), post-surgery values. Spearman P-value associating MPO and NE, MPO
and cir-DNA and NE and cir-nDNA are 1.7 x 10−21, 1.5 x 10−14 and 2.1 x 10−7; and (l), pre- and post-surgery values. Spearman P-value associating
MPO and NE, MPO and cir-DNA and NE and cir-nDNA are 1.5 x 10−22, 6.6 x 10−17, and 1.9 x 10−7. Regression curves of the association between
all MPO, NE and cir-nDNA values. MPO vs NE, MPO vs cir-nDNA, and cir-nDNA vs NE. R values are (j) 0.44, 0.11, 6.1 x 10−3; (k) 0.36, 0.27 and
0.05; (l) 0.35, 0.23 and 0.03, respectively.
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evaluating discrepancies, we found that within the same
group of patients, of those who scored positive for all
three markers, the marker values of one out of 8 (12.5%)
returned to the control level, and 27 out of 42 (63.3%)
persisted at a high level (Supplementary Table S2F).
Using the same stringent criteria for patients who
experienced no relapse or ITE and who were monitored
for at least 2 months (>75 days), 13 (26%), 26 (52%), 42
(8%) and 8 (16%) out of 50 patients showed positive
values for all three markers, two markers and one
marker, respectively; while 8 (16%) patients showed
negative values for all three markers at the end of the
follow-up period (Supplementary Table S2A and B). In
the same sub-group, 30 (60%) and 43 (86%) out of 50
patients showed positive values for all three and two
markers at one point at least during follow-up, respec-
tively (Supplementary Table S2A and B, and
Supplementary Table S3).

Association of cir-nDNA concentration with NETs
protein markers
Fig. 3j–l shows the Spearman correlations among all
MPO, NE, and cir-nDNA values. All markers exhibited
statistically significant positive coefficients of correla-
tions (R values). Specifically, for the pre-surgery values,
the R values were 0.48 for MPO vs NE, 0.37 for MPO vs
www.thelancet.com Vol 108 October, 2024
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cir-nDNA, and 0.26 for cir-nDNA vs NE. In the post-
surgery values, these R values were 0.55, 0.45, and
0.32, respectively. For the combined pre- and post-
surgery values, the R values were 0.49, 0.42, and 0.27,
respectively. Notably, among these associations, the
highest R value for positive correlation was observed
between MPO and NE (R = 0.48–0.55) in both pre- and
post-surgery and in their combination, followed by the
correlations between MPO vs cir-nDNA (R = 0.37–0.45)
and NE vs cir-nDNA (R = 0.26–0.32). The linear
regression curves and their corresponding R2 values
illustrate the variance among the individual values used
to compute the aforementioned Spearman correlations,
with the lowest variance being observed for the MPO vs
NE correlations.

Description of the follow-up data from illustrative
clinical cases
To better analyse the evolution of marker levels
throughout patient follow-up, we describe in detail a
number of patients whose clinical conditions are
illustrative.

Description of the follow-up data from illustrative examples
of patients who experienced no relapse or ITE
Fig. 4 shows illustrative examples of post-operative
monitoring of MPO, NE and cir-nDNA concentrations
in patients who to date have shown no disease pro-
gression. Observation of all individual cases
(Supplementary Fig. S4) confirmed the association of
MPO, NE and cir-nDNA concentration values, which
association is also confirmed by the similar variation of
their respective kinetic curves. As shown in Fig. 2 and
Supplementary Tables S2 and S3, nearly all patients
showed elevated levels of MPO, NE and cir-nDNA at
pre-surgery time points. Note, in most patients, the
three marker values peaked during the 100–200 day
post-surgery period. In addition, two categories of pa-
tient who experienced no relapse or adverse events
could be distinguished: (1), those showing cir-nDNA,
MPO and NE concentrations which persist above the
healthy control median and mostly remain above pre-
surgery values; and (2), those showing elevated levels
of MPO, NE and cir-nDNA at pre-surgery time points,
followed by a sharp decrease of marker values to control
levels in accordance with tumour resection and/or
adjuvant CT efficacy. Contrary to what we expected, the
vast majority of patients were assigned to the first
category, with characteristics comparative to the clinical
cases we selected for the purposes of illustration
(Fig. 4a–c). Fig. 4d–f show examples which, prior to our
findings, we would have expected to be illustrative of the
majority of patients (i.e., corresponding to category (2)
above): that is, showing elevated levels of MPO, NE and
cir-nDNA (as previously shown in mCRC) at pre-surgery
time points, followed by a sharp decrease towards
normal marker value levels, in accordance with tumour
www.thelancet.com Vol 108 October, 2024
resection and treatment. All 74 patients’ follow-up data
is presented in Supplementary Fig. S4. The relative
proportions of both groups is described in
Supplementary Table S2. Among the plasma of the pa-
tients who experienced no relapse or ITE, at one time
point at least in the >2 months post-surgery period,
78%, 36% or 48% showed levels of the three markers
which were more elevated than the HI median, the in-
dividual pre-surgery value or the positivity threshold,
respectively.

Description of the follow-up data from illustrative examples
of patients experiencing relapse
Fig. 5a–d show illustrative clinical cases from the follow-
up of patients with relapse. The dynamics of the
markers are detailed in Supplementary Information 2.
Overall, cir-nDNA, MPO, and NE concentration were
elevated pre-surgery and increased in the first months
post-surgery, with all concentrations then decreasing to
values above control values post-surgery. Concentration
values of the three markers are all higher than the HI
median values at all time points. They increased again at
the visit just before and just after the relapse diagnosis.
All three markers’ values similarly varied from the pre-
surgery time point: first, they increased during the first
months post-surgery; second, they decreased at the end
of treatment; third, they increased again at the time
point just before and after tumour relapse diagnosis. It
should be noted that the profile of the curve of some
passenger mutations bearing cir-mutDNA matched that
of cir-nDNA. It is also notable that driver mutation
bearing cir-mutDNA was detected pre-surgery, but not
in post-surgery follow-up. The three markers may thus
be regarded as correlated with the clinical conditions of
the patients.

Description of the follow-up data from illustrative examples
of patients experiencing ITE
Fig. 5e–h show illustrative cases of patients who expe-
rienced ITE (microbial infection or thrombotic events)
during follow-up. The relevant marker dynamics are
detailed in Supplementary Information 2. Overall,
the levels of all tested markers varied equivalently over
the course of post-operative monitoring. They peaked
in the first months post-surgery, then returned to levels
at or above basal levels. Following ITE diagnosis, they all
peaked at their highest values, then returned to lower
values under antibiotic or anticoagulant therapies, thus
pointing to the association of the NETs markers’ levels
with microbial infection and thrombus formation. The
three markers may thus be regarded as correlated with
the clinical conditions of the patients.

Specific analysis of the data with regard to
potential confounding effects of adjuvant CT
In order to specifically address this issue, we analysed
the data obtained from patients who were monitored for
11
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Fig. 4: Illustrative examples of clinical cases. Patients with two types of marker dynamics during follow-up of patients experiencing no relapse
or ITE, and showing MPO, NE, and cir-nDNA at a persistently elevated level (a, b, and c), or returning to control levels (d, e, and f). Orange
arrows: start of Adjuvant CT; Brown arrows: end of Adjuvant CT.
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more than 18 months post-surgery, on our arbitrary
assumption that the standard adjuvant CT administered
to stage III CC patients would not or would only infre-
quently produce acute secondary effects after a lapse of
10 months after treatment (Supplementary Table S4A).
This sub-cohort (N = 11) of patients who received
standard CT and whose follow-up ranged from 555 to
804 days, does not contain patients who experienced
relapse or ITE. To be even more stringent, we
numbered the values of MPO, NE and cir-nDNA con-
centrations above their respective positivity thresholds
(see Methods section). All three markers’ levels
remained elevated up to the end of follow-up in 6 out of
11 patients (54.5%), while the MPO and NE levels were
www.thelancet.com Vol 108 October, 2024
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Fig. 5: Illustrative examples of clinical cases. Monitoring of patients experiencing relapse (a, b, c and d) or ITE (e, f, g and h). Orange arrows:
start of Adjuvant CT; Brown arrows: end of Adjuvant CT; Cyan arrows: relapse or ITE; Grey arrows: end of ITE.
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both elevated in 8 out of 11 patients (73%). Thus, only
18% of patients who received standard CT and moni-
tored over 18 months post-surgery showed marker
values similar to control values within this time period
(Supplementary Table S4A).

In addition, with regard to patients who experienced
no relapse or ITE, we analysed the data of a subgroup of
patients to whom no adjuvant CT was administered,
combined with patients to whom only one or two
adjuvant CT cycles were administered (N = 15,
Supplementary Table S4B). To avoid any potential
trauma confounding factor, five patients were not
included in this sub-group because their serial blood
collection stopped before 8 weeks post-surgery. The data
available for the 10 other patients extends for 4 months
post-surgery. 6 patients were administered no CT, 3
received only one CT cycle, and one received only two
CT cycles. 8 out of 10 (80%) patients showed elevated
levels for at least two of the three markers, while 6 out of
10 (60%) patients showed elevated levels for all three
markers, when the stringent positivity threshold was
applied. Overall, in this subgroup of patients, only two
out of 10 (20%) showed marker concentrations similar
to control values, as was the case in the subgroup of
patients receiving standard CT. 8/10 (80%), 6/7 (86%),
and 4/4 (100%) patients were positive for at least two
markers in periods >4, >6, and >12 months post-
surgery, respectively; 6/10 (60%), 5/7 (71%), and 3/4
(75%) were positive for all three markers in periods >4,
>6, and >12 months post-surgery, respectively
(Supplementary Table S4B). Among the plasma of the
patients who received no or at the most one CT cycle, at
one time point at least in the >2 months post-surgery
period 70%, 30% or 40% showed the three markers
as more elevated than the HI median, the individual
pre-surgery value or the positivity threshold,
respectively.
Discussion
Conventionally, cir-nDNA levels in plasma have been
shown (i), to be generally higher in patients with cancer
than in healthy subjects18,32–34 (ii), to vary according to
cancer type35; (iii), to increase with cancer staging36; and
(iv), to increase in patients with cancer recurrence.31

That said, the literature is replete with conflicting data
on cir-nDNA values, because of a lack of standardization
of preanalytical conditions, and because of the variety of
quantification methods previously used.

Challenging a number of significant assumptions
currently made in the literature,37–39 our study demon-
strates that elevated levels of cir-nDNA persist in a
majority of stage III CC patients long after surgery. In
this regard, some of our observations are striking,
especially as to the data of patients who experienced no
relapse or adverse event, and who were monitored for
more than 2 months post-surgery. In addition to these
findings, our work clearly showed the occurrence of
NETs formation in stage III CC in both pre- and post-
surgery conditions, irrespective of the disease progres-
sion associated with increased cir-nDNA concentrations.
A clear return to normal cirDNA values following the
peri-surgery period, in accordance with tumour resec-
tion, thus confirming previous assumptions, was
observed in only a minor fraction of patients.

This postulate is principally based on solid observa-
tions: (i), MPO, NE and cir-nDNA concentration values
showed a similar variation at most post-surgery time
points; (ii), when taking account of patients who expe-
rienced no relapse or adverse event and who were
monitored for more than 2 months post-surgery, 47.9%
and 70.8% of patients scored positive for all three and
two markers at one time point at least during follow-up,
respectively; (iii), examination of the clinical cases of
patients who experienced a relapse or an adverse event
showed that the variations of concentrations of all three
markers correlated with the occurrence and cure of
clinical events in particular with respect to tumour
progression or adverse events such as an inflammatory
process; and (iv), in two clinical cases, anti-coagulant
therapy was associated with a decrease in concentra-
tion of all three markers.

Previous investigation in this area focused almost
exclusively on the circulating DNA of malignant cells (or
mutant cir-nDNA, cir-mutDNA). Because of the clinical
necessity of determining the molecular profile for pre-
dictive information, nearly all initial efforts focused on
the cir-mutDNA. For these reasons, over the past decade
the agnostic cir-nDNA approach has been neglected,
despite intriguing observations of (i), the high variation
of cir-nDNA in patients with the same malignancy and
the same imaging/TNM staging,22 and (ii), its prognostic
value.40–42 To date, there has been no large prospective
study on the cir-nDNA concentration dynamic during
patient follow-up.

As for cir-mutDNA, cir-nDNA was thought to
decrease following surgery in cases where no relapse
occurs.1,3 Our observations challenge that paradigm.
Agreement with these observations can be found only in
a small number of previous studies, whose monitoring
of cir-nDNA post-surgery was limited to a short post-
surgery period (mainly peri-surgery), or to a small pa-
tient cohort.32,43,44 For instance, using an advanced digital
PCR method, Diehl et al.‘s milestone study32 pointed to
no direct relationship between the level of cir-nDNA
(total APC fragments) and the mutational load in stage
I-III CRC at diagnosis. They also asserted that the
observed increase in cir-nDNA concentration in meta-
static colorectal cancer (mCRC), as compared to stage I-
III, did not derive from neoplastic cells themselves.
Further to this point, Wei et al.44 showed that the level of
cir-nDNA is stable at different time points up to 6
months post-surgery, while remaining higher than
those of high-risk healthy individuals.
www.thelancet.com Vol 108 October, 2024
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In the literature to date, the elevated cir-nDNA con-
centrations observed in most patients with cancer at
diagnosis or under disease progression has been
attributed mainly to their release from tumour
cells.1,34,35,45 Our work challenges this assumption. A
tumour is constituted of malignant cells and of non-
malignant cells from the tumour microenvironment,
the latter being itself composed of a large variety of cells,
namely endothelial cells, stromal cells and immune
cells. It was previously assumed that cir-nDNA from
normal cells outside the tumour mass would represent a
low proportion of the total cir-nDNA amount. We
recently demonstrated that the cir-nDNA level is asso-
ciated with NETs markers in mCRC patients at diag-
nosis.46 Margraf et al. correlated the release of cir-nDNA
with NETs in post-traumatic inflammation and sepsis.47

In 2015, we were among the first to postulate that a
significant portion of the cir-nDNA found in cancer
patient plasma may originate from NETs.2 Subse-
quently, we directly proved that NETs degradation
leads to the release of mononucleosomes, which
constitute the vast majority of cir-nDNA-associated
structures.24 The historical observation of mono-
nucleosomes (and to a lesser extent dinucleosomes) as
the principal structures associating cir-nDNA led to
apoptosis being considered the main source of cir-
nDNA.48 Our previous direct observations revealed the
importance of NETs formation (Netosis) as a mecha-
nism of cir-nDNA release. Among other mechanisms
such as apoptosis, necrosis, and active cellular and
microvesicular release, its precise contribution has yet
to be elucidated, but it may certainly vary according to
individual physiopathology.

Our results clearly show that the increase in cir-
nDNA amount is associated with an increase in NETs
proteic markers, thus suggesting that NETs may be a
source of cir-nDNA, at least post-surgery. The signifi-
cance of granulocytes as a the most important source of
cir-nDNA appears to be supported by the study of the
cir-nDNA fragmentome and methylome.11,15,49–51 Post-
surgery serial analysis of cir-nDNA methylation in pa-
tients with cancer is needed to confirm our observation,
and could potentially offer the clinician a wider scope of
patient clinical conditions on which to base a personal-
ised medicine solution. The preponderance of cir-nDNA
of neutrophil origin, despite some minor variation, is
seen in all physiological and physio-pathological condi-
tions, especially in inflammatory diseases such as sepsis
and COVID-19,52 as well as in cancer. Elevated levels of
cir-nDNA have been particularly observed in numerous
sterile and non-sterile inflammatory diseases, strongly
evidencing a link between inflammation and cir-nDNA
release. It is well established that fragments of DNA
or circulating DNA, whether of nuclear or mitochon-
drial origin, are immunogenic, particularly through the
TLR9 signaling pathway, but also by activating endo-
thelial cells of the vascularization.53 In this way, they lead
www.thelancet.com Vol 108 October, 2024
to the production of inflammation, which by means of a
positive feedback loop in turn leads to the stimulation of
neutrophils, and therefore the formation of NETs.54 It
would also appear that another positive feedback loop is
established by the NETs’ activation of platelets, leading
to a state of hypercoagulation and the creation of
clots.55,56 These can activate the vessels’ endothelial
walls, leading in turn to inflammation and the stimu-
lation of neutrophils. It is possible that a third positive
feedback loop occurs through the creation of autoanti-
bodies, which also activate the immune system.57 The
hypothesis of the presence of these three positive feed-
back loops, and the constant self-stimulation of neu-
trophils which results, has been proposed for the case of
long COVID58(under review).

The post-surgery treatments administered to the
patients in our multicenter and prospective study were
generally homogenous under stage III CC standardised
management care when no relapse or adverse event
occurred. Consequently, the reported differences in
marker concentrations, especially when comparing pa-
tients with and without post-surgery elevated levels,
cannot (or can only slightly) be attributed to variations in
post-surgery treatment.

That said, it must be acknowledged that adjuvant CT
probably causes cir-nDNA release or inflammation.
Longitudinal cir-nDNA quantification performed post-
surgery or during chemotherapy has been poorly re-
ported in the literature, and where such reports do exist
there are discrepancies with respect to the influence of
chemotherapy.33,59–61 Although no prospective, blinded,
large clinical study has been established towards this
goal, most of the literature on this point reports a pos-
itive association of cir-nDNA concentration with tumour
burden.33,59 The paradigm of the cir-nDNA concentra-
tion-tumour burden correlation may have induced re-
searchers to neglect observations of the persistence of a
high level of cir-nDNA during treatment irrespective of
progression-free survival.44,60,62 For instance, Wei et al.
concluded that the dynamics of cir-nDNA concentration
correlated with pancreatic ductal adenocarcinoma
tumour burden following FOLFIRINOX chemo-
therapy.44,60 A small number of other authors have
admitted that no clear association between cir-nDNA
levels and chemotherapy has been found, and that
cir-nDNA concentration does not appear to predict
treatment response.62 Consequently, the effect of
chemotherapy would appear to be a plausible explana-
tion of the persistence of cir-nDNA levels, which are
released from dying cells, but also of the persistence of
NETs formation, given that persistent local and systemic
inflammation may be generated by widespread
chemotherapy-induced senescence.61 However, we may
assume that the standard adjuvant CT administered to
stage III CC patients would not or would only infre-
quently produce secondary effects 10 months following
treatment. The findings of this study, likewise, do not
15
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support the conclusion that CT causes persistent NETs
formation and cir-nDNA release, given that these were
observed for an extended period after the completion of
the CT regimen; all the patients included in our study,
that completion occurred 4–7 months post-surgery. Our
postulate relies in part on the study of patients with a
long follow-up period (18 months) who received stan-
dard CT (N = 57), or of those who received no (N = 11)
or one or two CT (N = 5).

Among the six patients in our study who experienced
relapse, five suffered relapse at least 6 months post-
surgery, and one at least 12 months post-surgery.
Despite the relatively low number of the patients
included in our study, and the follow-up median (314
days), our data are generally in line with the OS
mentioned above. Our data shows that, for the vast
majority of patients in whom cir-nDNA bearing a CC
driver mutation had been detected pre-surgery, this
mutation was no longer detected post-surgery, despite
those patients showing high post-surgery levels of cir-
nDNA and NETs markers. This is in stark contrast
with the theory that cir-nDNA levels should decrease
with the resection or progression of a tumour. By
contrast, our data seem to reveal the persistence of
phenomena underlying the systemic release of these
markers. In addition, our observations that the highest
levels of cir-nDNA concentration appear between 45
days and one year, and that the phenomenon is of
prolonged duration, eliminate the possibility that this is
the result of surgery-induced trauma. We therefore
suggest that elevated levels of NETs formation may be
mostly correlated with surgical trauma in the days
immediately following surgery, and with surgical stress
in the ensuing months. Our results have been replicated
in a cohort of stage II-III small cell lung cancer (SCLC)
patients (Data not shown).

NETs formation and elevated levels of cir-nDNA are
not specific to cancer. Comorbidity or adverse events
may be confounding factors. Generally, during post-
surgery follow-up, a significant proportion of patients
with cancer experience adverse events related to the
cancer and/or its treatment; these include fatigue, bowel
dysfunction, abdominal pain, anxiety about health,
limitation of activities, and so on, and can persist long
after the end of initial care management.63 Among such
adverse effects, a major concern remains the cumulative
and long-lasting neurotoxicity induced by the use of
oxaliplatin as adjuvant chemotherapy. In our study,
28.4% of patients experienced adverse events (15 with
neurotoxicity, 3 with infection, and 3 with thrombosis).
The proportion of these patients is too low to account
for the persistence of cir-nDNA and NETs markers
levels in the vast majority of our study’s patients.
Nevertheless, the study of individual cases allows us to
better delineate our global observations in light of the
marker levels and the medical response to ITE. It is
beyond the scope of this study to speculate whether
thrombosis is a cause or a consequence of NETs for-
mation. More work is needed on the question of
whether or not elevated NETs markers indicate a risk
of venous thromboembolism (VTE). In addition to the
demonstrated link between malignant diseases and
venous thromboembolism, the incidence of deep vein
thrombosis (DVT) in post-operative patients with ma-
lignancy was found to be significantly higher than in
patients with non-malignant diseases. Surgery, espe-
cially abdominal, may induce surgical trauma and
surgical stress, resulting in short and long term effects,
respectively. It may also induce immunothrombosis, in
which NETs are implicated, which leads to the forma-
tion of clots of all kinds, including thrombi and in
particular microclots. We should differentiate but not
oppose the persistent observation of NETs formation
observed here with the hyper-coagulation state which
follows abdominal surgery, and which is convention-
ally prevented by the use of anti-coagulants during the
first three weeks post-operation. The latter well-
established phenomena may lead to post-operative
thromboembolism, and may be due to inflammation
resulting from surgical trauma. We postulate that
NETs formation may be amplified and prolonged by
the auto-stimulation of platelets and neutrophils, and
that this potentially (1), contributes slightly to throm-
boses in the peri- and post-surgery period; and (2),
stimulates the production of circulating microclots. We
also postulate that the emergence of thrombotic events
(DVT, VTE,…) is modulated by genetic and/or epige-
netic factors, which would explain for instance why a
significant part of the patients in our study (16%)
exhibited no such post-surgery biological sequelae. Our
observation could also challenge the widely-adopted
use of short course anticoagulation therapy.

About one out of 7 patients with cancer suffer from
both venous thromboembolism (VTE) and arterial
thromboembolism.64,65 Cancer represents a risk factor for
VTE, with a five times higher risk compared to the gen-
eral population.66 Thrombosis is particularly frequent in
lymphomas and cancers of the pancreas, the digestive
tract, the ovaries and the lungs.67 Several reports have
demonstrated that NETs are involved in the coagulation
cascade. Hisada et al.66,68 found that the plasma level of
biomarkers of NETs formation was associated with VTE
in patients with pancreatic or lung cancer. A recent study
revealed that the detection of micro-emboli may help to
flag CRC recurrence after medical treatment.69 Our pre-
sent work may explain the frequency with which VTE
occurs in patients with cancer. Furthermore, considering
the high level of NETs markers post-surgery in most of
the patients with cancer included in this study, our work
reveals the need for higher scrutiny of post-surgery VTE
detection66 over an extended period, and also raises
questions about the benefit of prophylaxis. Note, exces-
sive NETs formation is associated with various symptoms
in different pathologies that might occur post-surgery in
www.thelancet.com Vol 108 October, 2024
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patients with cancer64,65,70 but which were previously
assumed to derive from CT.71

Our observations find echoes in two previous works.
El Messaoudi et al.41 reported a negative correlation
between the level of cir-nDNA concentration at mCRC
diagnosis and overall survival duration. Likewise, Mattox
et al.51 recently revealed that the presence of excess cir-
nDNA at diagnosis does not derive predominantly
from malignant or tumour microenvironment cells, but
originates rather from leukocytes, implying a systemic
release.51 Our data at least partially explain the origin of
such a systemic effect as deriving from tumour-
associated inflammation, which would induce the
stimulation of neutrophils and consequently the for-
mation of NETs (Netosis) that leads to the release into
the circulation of NETs byproducts, principally cir-
nDNA. An alternative explanation would be that can-
cer cells may produce soluble factors able to “educate”
neutrophils toward an activated functional state, as has
been suggested in a recent in vitro study which used
melanoma cell lines.72 Investigation of the post-surgery
persistence of NETs formation due to the existence of
tumour-educated neutrophils should be further investi-
gated. Despite such lacunae, taken together these
reports point to a new paradigm on the post-operative
cir-nDNA origin in patients with cancer,73 at least in
patients with stage III colon cancer. In addition, they
highlight the strong clinical potential of cir-nDNA
agnostic parameters, whose combination with NETs
markers could significantly improve the identification of
patients at high risk of relapse.

Our observations appear to preclude or at least to limit
the exploitation of cir-nDNA as a stand-alone biomarker
in patients with cancer undergoing chemotherapy as a
means of assessing treatment response, monitoring dis-
ease, predicting treatment outcomes, or determining
personalised treatment. Our observations appear to cast
significant doubt on those four potentials, given our
conclusion that NETs formation is a confounding factor.
Given that these studies, such as the detection of MRD,31

are based on the detection of cir-nDNA bearing a muta-
tion which shows the highest mutation allele frequency
(MAF, proportion of mutant DNA among total DNA) as
determined from blood sample by NGS, subsequent
analysis of cir-mutDNA bearing such mutation may not
be always reliable with respect to the level of WT cir-
nDNA, which may vary according to the patient. We
believe it is ineffective and misguided to define an
optimal post-surgery blood collection time for MRD
detection in all patients. Furthermore, such use of MAF
from plasma may call its reliability into question, notably
the use of a MAF threshold for the selection of patients
for targeted therapy according to tumour mutation
status.28,29,74–76 Our data support the following recom-
mendationfor MRD detection, using the absolute muta-
tion quantification (concentration of cir-mutDNA), rather
than the relative MAF.
www.thelancet.com Vol 108 October, 2024
This work has several limitations, arising principally
from the fact that this is an ad hoc ancillary study
dependent on a clinical study designed towards different
objectives (Supplementary Information 3). In addition,
we eliminated the large majority of potential con-
founding factors but not all of them (Supplementary
Information 3).

Because our study is a prospective, multicenter and
blinded study on the dynamics of cir-nDNA and NETs
markers, as monitored over an extended post-surgery
period, the observations it makes, along with the con-
clusions it draws, offer a fundamental challenge to
existing paradigms. Indeed, they have profound impli-
cations for cancer research generally, and particularly to
the clinical application of cir-nDNA analysis. They
clearly show the need for a reassessment of the optimal
cir-nDNA technologies, and the need to identify patients
at high risk of relapse or ITE such as VTE. The persis-
tence of NETs markers and the elevated cir-nDNA
concentration levels observed in a significant propor-
tion of Long COVID patients (Post-acute sequelae of
COVID-19) invites comparison with our study’s obser-
vations, particularly in light of inter-individual dispar-
ities. Further investigation is required to confirm our
observations in various malignancies of various cancer
staging, and more specifically on the use of genomics,
transcriptomics and methylomics for post-surgery con-
ditions. All would contribute to the definition of a “Post-
surgery sequelae of cancer” condition.
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