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Thibault Mazard,1,4 and Alain R. Thierry1,4,6,*

SUMMARY

We postulate that a significant part of circulating DNA (cirDNA) originates in the
degradation of neutrophil extracellular traps (NETs). In this study, we examined
the plasma level of twomarkers of NETs (myeloperoxidase (MPO) and neutrophil
elastase (NE)), as well as cirDNA levels in 219 patients with a metastatic colo-
rectal cancer (mCRC), and in 114 healthy individuals (HI). We found that in pa-
tients with mCRC the content of these analytes was (i) highly correlated, and
(ii) all statistically different (p < 0.0001) than in HI (N = 114). These three NETs
markers may readily distinguish between patients with mCRC from HI, (0.88,
0.86, 0.84, and 0.95 AUC values for NE, MPO, cirDNA, and NE + MPO + cirDNA,
respectively). Concomitant analysis of anti-phospholipid (anti-cardiolipin), NE,
MPO, and cirDNA plasma concentrations in patients with mCRCmight have value
for thrombosis prevention, and suggested that NETosis may be a critical factor in
the immunological response/phenomena linked to tumor progression.

INTRODUCTION

Circulating cell-free DNA (cirDNA) is one of the fastest growing and most promising areas in oncology in

recent years. CirDNA is defined as extracellular DNA occurring in blood (Bronkhorst et al., 2021). Studies

have indicated the great potential of cirDNA for ‘‘liquid biopsies’’ in oncology (Diaz and Bardelli, 2014;

Heitzer et al., 2020; Thierry et al., 2016; Wan et al., 2017) and for non-invasive prenatal testing (Dennis Lo

and Poon, 2003).

While cirDNA analysis is routinely implemented in cancer theranostics, for example, for the detection of

EGFR mutations in lung cancer, it also has significant appeal to researchers and clinicians in many other

areas of cancer management care, including the detection of minimal residual disease (Bene�sová et al.,

2019; Parikh et al., 2021; Tie et al., 2016), treatment monitoring (Sefrioui et al., 2021; Thierry et al.,

2017b), cancer recurrence surveillance (Parikh et al., 2021; Sefrioui et al., 2021), and even cancer screening

(Cohen et al., 2018; Cristiano et al., 2019; Sanchez et al., 2021; Tanos et al., 2020). That said, cirDNA’s bio-

logical features and potential functions remain poorly known. Its analytic performance, however, has been

greatly improved by critical discoveries regarding its structure/topology (Chandrananda et al., 2015; Jiang

et al., 2015; Mouliere et al., 2011) and its origin (nuclear vs mitochondrial (Al Amir Dache et al., 2020; Med-

deb et al., 2019a). Recent advances in knowledge acquired through fragmentomics by cirDNA size profile

analysis (Chandrananda et al., 2015; Sanchez et al., 2018, 2021; Serpas et al., 2019), methylation (Jensen

et al., 2019; Lehmann-Werman et al., 2016; Moss et al., 2018), and nucleosome positioning (Snyder et al.,

2016) may contribute to higher capacities in diagnostics or early cancer detection (Cohen et al., 2018; Cris-

tiano et al., 2019; Tanos et al., 2020). Up to now, the impact of malignant cells, tumor microenvironment

(TME), and germinal origin on cirDNA release in patients with cancer has not been clearly established.

We hypothesize that a significant fraction of cirDNA production derives from the degradation of neutrophil

extracellular traps (NETs).

Neutrophils are the most abundant innate immune cells, and offer a first line of immune defense against

bacteria, viruses, parasites, yeast, and fungi (Urban et al., 2006; Waisberg et al., 2014; Yipp et al., 2012).
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The elimination of pathogens by neutrophils involves four distinct mechanisms: phagocytosis, degranula-

tion, cytokines production, and NETosis (Brinkmann, 2018). The latter consists of a release of neutrophil

extracellular traps (NETs) which are an extracellular web-like chromatin decorated with cytosolic and bacte-

ricidal granules proteins, such as neutrophil elastase (NE) and myeloperoxidase (MPO) (Metzler et al.,

2014). While extracellular traps (ETs) formation is prominent in neutrophils, several other types of innate

or adaptive immune cells reportedly release (following strong activation signals) chromatin and granular

proteins (MPO, NE, .) into the extracellular space, thus forming ETs: macrophages, eosinophils, baso-

phils, mast cells, and lymphocytes (Daniel et al., 2019). NETosis is one of the phenomena by which extra-

cellular DNA may be released into the bloodstream by cell death and active secretion (Al-Khafaji et al.,

2016; Papayannopoulos, 2018; Yousefi et al., 2019).

Over the past dozen years, numerous studies have elucidated the role of circulating neutrophils, circu-

lating NETs, and circulating NETs by-product in cancer. It has been demonstrated that various cancer

types such as breast, lung, or colorectal cancer exhibit an increase in circulating neutrophil numbers

(Gentles et al., 2015; Templeton et al., 2014). There is currently an exponential growth in the literature

reporting the emerging role of NETs in tumor progression and metastasis (Erpenbeck and Schön,

2017; Kos and de Visser, 2021; Munir et al., 2021; Nolan and Malanchi, 2020; Yang et al., 2020). CRC is

one of the malignant diseases which show the greatest involvement of NETs in tumor progression and

metastasis (Kos and de Visser, 2021; Nolan and Malanchi, 2020). It appears that, by sequestering circu-

lating tumor cells in NETs, neutrophils fertilize the pre-metastasis niche. Furthermore, cancers predis-

pose neutrophils to release extracellular DNA traps, which contribute to cancer-associated thrombosis

(Wolach et al., 2018).

Interestingly, NETs are found in the same pathological conditions in which high concentrations of cirDNA

have been reported, such as autoimmune diseases (Hakkim et al., 2010), inflammatory diseases (Kaplan and

Radic, 2012), sepsis (Luo et al., 2014), thrombotic illnesses (Fuchs et al., 2012), and cancer (Daniel et al.,

2019; Thierry et al., 2021; Thierry and Roch, 2020). In the case of patients with cancer, we postulate that

higher concentrations of circulating neutrophils and their longer lifespan (activated in cancers) could in-

crease the formation of NETs and NETs by-products. These could play a crucial role in cirDNA production,

notably in the degradation of the web-like chromatin derived from NETs in blood. In addition to NET’s

contribution to the occurrence of thrombosis (Wolach et al., 2018), anti-PL such as aCL were associated

with thrombosis in various diseases, in particular with chronic diseases (Abdel-Wahab et al., 2020; Leal

Rato et al., 2021). While aPL thrombophilic process or direct association is unclear, it has been suggested

that aPL plasma high level may trigger thrombosis in patients with cancer (Gómez-Puerta et al., 2006; Islam,

2020). Thus, concurrent with NET markers and cirDNA, we determined aCL levels in order to investigate

their association.

To explore our hypothesis, we will exploit data and plasma samples frompatients screened within the UCGI

28 PANIRINOX clinical trial (NCT02980510), which uses cirDNA analysis to determine their RAS and BRAF

status. This ongoing clinical study is the first interventional study to use cirDNA as a companion test for se-

lecting patients with mCRC (metastatic colorectal cancer) toward anti-EGFR targeted therapy. Concurrent

examination of the conventional NET protein biomarkers (NE and MPO) with the quantification of

cirDNA of nuclear and mitochondrial origin is assessed in a large number of patients with mCRC at diag-

nosis (N = 219). The respective correlation of these circulating biological compounds will be compared with

a control cohort constituted of healthy individuals (N = 114).

RESULTS

Concentrations of NETs markers and cirDNA are higher in patients with mCRC than in healthy

individuals

The formation of neutrophil extracellular traps was assessed in plasma samples from 219 patients with

mCRC and 114 healthy individuals (Table 1), as estimated by the concentration of NE and MPO. The con-

centrations of NE and MPO are significantly higher in patients with mCRC than in healthy individuals (Fig-

ure 1) (p < 0.0001), with respective median concentrations of 12.90 ng/mL and 11.91 ng/mL in HI and

34.70 ng/mL and 38.90 ng/mL in patients with mCRC. The concentration of cirDNA is significantly higher

in patients with mCRC than in HI, with median concentrations of 18.36 ng/mL versus 5.76 ng/mL, respec-

tively (Figure 1) (p < 0.0001). Data revealed the presence of NETs by-products (NE and MPO) in healthy in-

dividuals, and their increased presence in patients with mCRC.
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Concentrations of cirDNA and neutrophil extracellular traps markers in patients with mCRC

are associated

We used a Spearman correlation test to assess the association between cirDNA concentrations and NETs

markers. First, data show a significantly positive association between NE and MPO in both patients with

Table 1. Patient characteristic

Characteristic Patients with mCRC Healthy Individuals (HI)

N 219 114

Age, y

Median (range) 61 (37–77) 41 (19–69)

Missing data 96

Sex

Male (%) 73 (58,9) 59 (51,8)

Female (%) 51 (41,1) 55 (48,2)

missing data 95

Location of primary tumor

Right colon (%) 34 (27,9)

Left colon (%) 88 (72,1)

Missing data 97

Primary tumor in place

Yes (%) 96 (78)

No (%) 27 (22)

Missing data 96

Number of metastatic sites

Median (range) 2 (1–4)

1 (%) 51 (44,3)

>1 (%) 64 (55,6)

Missing data 104

Limited liver disease

Yes (%) 45 (36,3)

No (%) 79 (63,7)

Missing data 95

Leukocytes cell count (G/L)

Median (range) 8 (3,93–27,33)

Missing data 104

LDH level (U/L)

Median (range) 315,5 (148–4502)

Missing data 123

CEA level (ng/mL)

Median (range) 41,7 (0,70–14034)

Missing data 107

Platelet count (G/L)

Median (range) 314 (116–849)

Missing data 152

Creatinine clearance (mL/min) CKD

Median (range) 93,5 (44–120)

Missing data 155

CEA, carcinoembryonic antigen; LDH, Lactate dehydrogenase; mCRC, metastatic colorectal cancer.
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mCRC (n = 219) and HI (n = 114), r = 0.79 (p < 0.0001) and r = 0.37 (p < 0.0001), respectively (Figure 2). This

positive correlation between NE andMPO shows that NETs are generated in patients with mCRC as well as

in healthy individuals. In patients with mCRC, data revealed a significantly positive associations between

both MPO and cirDNA concentrations and NE and cirDNA concentrations, r = 0.59 (p < 0.0001) and r =

0.38 (p < 0.0001), respectively (Figure 2A). No or poor association between MPO, NE, and cirDNA concen-

trations was found in HI (Figure 2B). As observed in our previous work, cirDNA concentrations as deter-

mined by targeting KRAS and BRAF wild-type sequences showed a very high correlation, r = 0.97 (p <

0.0001) (Figure S1), confirming earlier observation when validating a KRAS sequence-based Q-PCR system,

and using a BRAF sequence-based Q-PCR system as quality control.

To evaluate the influence of strong concentration of cirDNA in patients with mCRC on the correlation be-

tween NETs markers and cirDNA concentrations, we dichotomized the mCRC population into subgroups

based on their cirDNA concentrations, and compared their NE and MPO values with those of healthy in-

dividuals (Figure S2). Given that the median cirDNA concentrations is about 6 ng/mL in HI (Figure 1), we

first compared patients with mCRC with cirDNA concentrations below 6 ng/mL to match with cirDNA

values of HI. Then, we also dichotomized patients with mCRC into subgroups of cirDNA concentrations

over 6 ng/mL. Data reveal that for cirDNA concentrations close to 6 ng/mL, the MPO concentrations are

significantly higher in patients with mCRC than in healthy individuals, with median concentrations of

17.76 ng/mL and 11.91 ng/mL (p < 0.0001), respectively (Figure S2A). Similar observations were made

for NE concentrations, with median concentrations of 28.18 ng/mL and 12.90 ng/mL (p < 0.001) in patients

with mCRC and in HI, respectively (Figure S2B).

In the same way, data show that in patients with mCRC, the higher the concentrations of NETs markers, the

higher the cirDNA concentration (Figure S2).

To evaluate whether cirDNA production derives partly fromNETs in patients with cancer, we dichotomized

the patients with mCRC and the HI cohort by their MPO and NE median values, and then compared the

cirDNA concentrations with the concentrations of NETs markers (Figure S3). For patients with mCRC, we

observed a significant increase of cirDNA values in patients with MPO and NE concentrations higher

than the medians values, as compared to patients with cirDNA concentrations under the median values,

38.9 ng/mL and 34.7 ng/mL (p < 0.0001), respectively (Figures S3A and S3C). Alternatively, when we

Figure 1. Comparison of cirDNA, MPO, and NE concentrations (ng/mL of plasma) in patients with mCRC (mCRC)

(n = 219) and healthy individuals (HI) (n = 114)

Lines represent median with 95% CI. Mann-Whitney test was performed to compare values for cirDNA, MPO, and NE in

patient with mCRC and in HI (****p < 0.0001). A probability of less than 0.05 was considered statistically significant;

****p < 0.0001. Each dot represents the values of a single patient or a single healthy individual. CirDNA: circulating cell-

free DNA; MPO: myeloperoxidase; NE: neutrophil elastase.
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dichotomized healthy individuals by their MPO median value (11.91 ng/mL), we did not observe a signifi-

cant variation of cirDNA concentrations between the two groups of HI (Figure S3B). When the HI cohort was

dichotomized by the NE median value (12.90 ng/mL), a slightly significant increase of cirDNA concentra-

tions in HI with NE concentrations higher than the median value as compared to HI with NE concentrations

below the median value was observed (Figure S3D).

Association between NE, MPO and cirDNA concentrations, and neutrophil and lymphocyte

cell counts

To confirm that NETs markers concentrations and cirDNA concentrations are generated by neutrophils, we

interrogated the association between these markers and neutrophil and lymphocyte cell counts in patients

Figure 2. Correlation matrix of cirDNA, MPO and NE concentrations (ng/mL plasma) and the anti-cardiolipin

autoantibody index (aCL AI) in mCRC patients (n=219) (A) and in healthy individuals (n=114) (B).

(A and B) Correlation matrix of cirDNA, MPO, and NE concentrations (ng/mL plasma) and the anti-cardiolipin

autoantibody index (aCL AI) in patients with mCRC (n=219) (A) and in healthy individuals (n=114) (B). Heatmap manifests

the strength of relationship by Spearman’s correlation analysis (red: positive correlation; blue: negative correlation). A

probability of less than 0.05 was considered statistically significant; *p < 0.05; **p < 0.01; ***p < 0.001; **** p < 0.0001.

CirDNA, circulating cell-free DNA;MPO,myeloperoxidase; NE, neutrophil elastase; aCL AI, anti-cardiolipin autoantibody

index.
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withmCRC. Data revealed a very significant association betweenNE,MPO and cirDNA concentrations, and

leukocyte cell counts, with r = 0.51, r = 0.54, and r = 0.48 (p < 0.0001), respectively (Figure 3). Interestingly,

there was a significant association between neutrophil cell counts, the absence of surgery on the primary

tumor, and the number of metastatic sites (threshold >1) (Figure 4A). Similarly, we found the same results

between the leukocytes cell count and the absence of surgery on the primary tumor, and the number of

metastatic sites (threshold >1) (Figure S4). Nevertheless, we did not find any association between lympho-

cyte cell counts and those clinical characteristics (Figure 4B). Similarly, a very significant association was

observed between cirDNA, MPO and NE concentrations, and neutrophil cell counts, with r = 0.49, r =

0.62, and r = 0.54 (p < 0.0001), respectively (Figures 4C–4E). Conversely, we did not find any association

between lymphocyte cell counts and cirDNA, MPO, and NE concentrations in this cohort (Figures 4F–

4H). The neutrophil-to-lymphocyte ratio (NLR) is significantly associated with cirDNA, MPO, and NE con-

centrations in patients with mCRC (Figures 4I–4K).

Association with other clinical and biological factors

In patients with mCRC, we observed a positive correlation between the NETs markers and NLR, the lactate

dehydrogenase level (LDH, U/L), the carcinoembryonic antigen level (CEA, ng/mL), the corrected calcemia

Figure 3. Correlationmatrix of cirDNA,MPO, and NE concentrations (ng/mL plasma) with numerous clinical and biological features in patient with

mCRC (n = 219)

Heatmap manifests the strength of relationship by Spearman’s correlation analysis (red: positive correlation; blue: negative correlation). CirDNA, circulating

cell-free DNA; MPO, myeloperoxidase; NE, neutrophil elastase; aCL AI, anti-cardiolipin autoantibody index; CEA, carcinoembryonic antigen; LDH, Lactate

dehydrogenase; NLR, the neutrophil to lymphocyte Ratio; PLR, the platelet to lymphocytes Ratio; PNR, the platelet to neutrophil Ratio.
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level (mmol/L), the platelet count (G/L), and the total bilirubin level (mmol/L) (Figure 3). We observed a

negative correlation with the hemoglobin level (g/dL) with NETs markers (Figure 3). Note that, MPO is

the marker that correlated most with such others factors. In contrast, in patients with mCRC, poor or no

association was detected between NETs markers and the DNA integrity index (DII), age, the number of

Figure 4. Comparison of neutrophils and lymphocytes cell count (G/L) with clinical features and association of

neutrophils cell count (G/L) and the neutrophil to lymphocyte ration (NLR) with cirDNA, MPO, and NE

concentrations (ng/mL of plasma) in patients with mCRC (n = 219)

(A–K) Lines represent median with 95% CI. Mann-Whitney test was performed to compare (A) neutrophils cell count (G/L)

with clinical features, (B) lymphocytes cell count (G/L) with clinical features. Association between (C) neutrophils cell count

(G/L) and cirDNA concentrations (ng/mL), (D) neutrophils cell count (G/L) and MPO concentrations (ng/mL), (E)

neutrophils cell count (G/L) and NE concentrations (ng/mL), (F) lymphocytes cell count (G/L) and cirDNA concentrations

(ng/mL), (G) lymphocytes cell count (G/L) and MPO concentrations (ng/mL), (H) lymphocytes cell count (G/L) and NE

concentrations (ng/mL) (I) the NLR and cirDNA concentration (ng/mL), (J) the NLR and MPO concentration (ng/mL), and

(K) the NLR and NE concentration (ng/mL). Each dot represents the values of a single patient. A probability of less than

0.05 was considered statistically significant, *p < 0.05; ** p < 0.01; *** p < 0.001. CirDNA, circulating cell-free DNA; MPO,

myeloperoxidase; NE, neutrophil elastase; NLR, the neutrophil to lymphocyte Ratio.
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metastatic sites, and the creatinine clearance (mL/min, CKD) (Figure 3). CirDNA, MPO, and NE globally

correlate the same way with respect to those factors.

Anti-cardiolipin autoantibody detection and its association between NE, MPO and cirDNA

concentrations in patients with mCRC

First, the anti-cardiolipin autoantibody index (aCL AI) is significantly higher in patients with mCRC than in

HI, with mean concentrations of 0.389 [95%CI, 0.308–0.470] and 0.091 [95% CI, 0.064–0.117], respectively

(p < 0.0001) (Figure 5). A statistically significant association was observed between the anti-cardiolipin

autoantibody index with MPO andNE (r = 0.20, p < 0.01; and r = 0.25, p < 0.001), respectively; while a slight,

non-statistically significant association with cirDNA concentrations was observed in patients with mCRC,

(r = 0.13) (Figure 2A). Conversely, we did not observe any correlation between these anti-cardiolipin auto-

antibodies index and circulating NETs markers in HI (Figure 2B).

There are 50.7% of patients with mCRC (110/217) showing an aCL AI value over the mean 95% CI value of

the healthy subjects and 62.2% of patients with mCRC (135/217) showing an aCL AI value over the median

value of HI. Medians are 0.125 [95% CI, 0.041–0.204] and 0.000 [0.000–0.049] for patients with mCRC and

healthy individuals, respectively (p < 0.0001). Moreover, there are 40.6% of patients with mCRC (88/217)

showing an aCL AI value over 0.281 which represents the 90% higher aCL AI value of the healthy subjects.

CirDNA, MPO, and NE concentrations could be used to distinguish patients with mCRC from

the healthy individuals

Toexplorewhether cirDNA,MPO, andNEconcentrations couldbe used todistinguish patientswithmCRC from

the healthy individuals, we interrogated the receiver operating characteristics (ROC) curve analysis for the con-

centrations of the aforementioned NETs markers. The ROC curves showed an AUC (area under curve) of 0.84

(0.7938–0.8770, 95% CI; confidence interval), 0.86 (0.8213–0.9000, 95% CI), and 0.88 (0.8435–0.9182, 95% CI)

Figure 5. Comparison of the anti-cardiolipin autoantibody index (aCL AI) in patients with mCRC (mCRC) (n = 217)

and healthy individuals (HI) (n = 114)

The long horizontal bars indicate the mean, the shorter bars represent the 95% Confidential Interval (95% CI). Each dot

indicates the aCL AI of a single patient or a single HI. The Student’s t test was performed to compare means of aCL AI

values in patients with mCRC and in HI. A probability of less than 0.05 was considered statistically significant; ***p < 0.001.
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for cirDNA, MPO, and NE concentrations, respectively (Figures 6A–6C). When the three NETs marker concen-

trations were combined (cirDNA, MPO, and NE), the AUC of the ROC curve increased to 0.95 (0.9283–0.9759,

95% CI) (Figure 6D). The concentrations of the combination of these three markers are significantly higher in pa-

tients withmCRC than in healthy individuals (p < 0.0001), with respective median concentrations of 29.96 ng/mL

in HI and 99.40 ng/mL in patients with mCRC. Similar observations weremadewhen we combinedMPO andNE

concentrations, producing a new total AUC of the ROC curve of 0.94 (0.9137–0.9676) (Figure S5).

DISCUSSION

For more than two decades, it was postulated that cirDNA originates from cell death (Rostami et al., 2020), in

particular from apoptosis and necrosis. This conclusion was based on the results of non-sophisticated methods

such as electrophoresis, which revealed a strong 150- to 180-bp electrophoretic band (and weak bands of mul-

tiples thereof) (Jahr et al., 2001), highlighting the presence of DNA principally in mononucleosomes, and to a

lesser extent in di- or tri-nucleosomes, which is the hallmark of apoptotic DNA cleavage. In addition, necrosis

is thought to lead to fragments of high cirDNA fragment size (>10,000 bp) (Jahr et al., 2001; Thierry et al.,

2016). Recently, Rostami et al. (2020) provided well-argued evidence that cirDNA release is modulated through

a combination of apoptotic and senescent triggers and inhibitors. However, we postulate that short-sized nucle-

osomal structures could also result from theprogressive nucleasedegradation of longer cirDNAoriginating from

necrosis, phagocytosis, microparticle-containing DNA, or active release from leukocytes, in particular NETosis.

Indeed, chromatin fragments, oligo-nucleosomes, andnucleosomes canbe liberated from the degradation pro-

cess of NETs, and can contribute to the pool of cirDNA and histones. The prominence accorded to apoptosis as

the main mechanism of release, therefore, may have to be reconsidered. Paunel-Görgülü et al. have demon-

strated that cirDNA amplifies NETosis in an intracellular TLR9-independent manner, and one can speculate

that an excess of cirDNA might have a positive feedback loop on NETs formation (Paunel-Görgülü et al., 2017).

Several studies report that tumors release cell-free DNA into the blood stream in quantities proportional to

their mass, especially in the case of metastatic colorectal cancer (Bhangu et al., 2017; Thierry et al., 2017b;

Figure 6. ROC curves for the cirDNA concentration, the MPO concentration, and the NE concentration between

healthy individuals and patients with mCRC

(A–D) ROC curve of (A) the cirDNA concentration (ng/mL), (B) the MPO concentration (ng/mL), (C) the NE concentration

(ng/mL), and (D) the addition of three analyte concentrations (cirDNA, MPO, and NE). ROC: receiver operating

characteristics; AUC, area under curve; cirDNA, circulating cell-free DNA;MPO,myeloperoxidase; NE, neutrophil elastase
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Wang et al., 2018; Wei et al., 2019; Xu et al., 2020). We may assume that cirDNA content depends upon the

release of three cells of origin in a patient with cancer: (i) germline cells, according to cirDNA release in

healthy individuals (2–7 ng/mL (Meddeb et al., 2019a; Thierry et al., 2016)); (ii) tumor malignant cells; and

(iii) tumor microenvironment (stroma; endothelial and immunological cells) (Papayannopoulos, 2018).

The release of wild-type DNA deriving from non-malignant cells may depend upon the quantity and the

heterogeneity of the tumor microenvironment, as well as other sources, such as the lymphocytic cells.

This might explain the high variation in the mutation allele’s frequency (MAF), as determined by cirDNA

analysis. We previously found that MAF varied from 0.03% to 78% in a cohort of patients with mCRC (Mou-

liere et al., 2013). Thus, MAF is not directly related to tumor aggressiveness (Thierry et al., 2017a), and

should not be compared with MAF determined within tumor tissue.

Our data revealed that (i), the concentrations of cirDNA and NETs markers (NE and MPO) are higher in pa-

tient with mCRC than in HI; (ii), an association exists between cirDNA concentrations and NETs markers

concentrations in an mCRC cohort, and (iii), cirDNA, NE, and MPO concentrations correlate with leukocyte

and neutrophil cell counts. A causal link can only be shown if the inhibition of NET formation (i.e. by the

addition of DNase I) could lead to a decrease in the amount of cirDNA produced. Although correlation

does not mean causation, we speculate that a significant cirDNA fraction derives from NETs formation,

which itself is generated by active circulating neutrophils and/or by neutrophils infiltrating the tumormicro-

environment. It is likely that NET chromatin filaments are rapidly and dynamically degraded by the very

active plasma nucleases, which results in the release of chromatin fragments of high molecular size

decreasing down to low molecular size DNA that is associated with mononucleosome/chromatosome

chromatin unit (that appeared as the most prominent and the most stabilizing cirDNA structure in blood

(Sanchez et al., 2018, 2021; Serpas et al., 2019; Waisberg et al., 2014)). Because MPO and NE are among

the most important NET granule constituents, their contents highly correlated in HI and mCRC plasma.

Both enzymes are otherwise physiologically independent.

In contrast, an increase in cirDNA concentrations is significantly associated with an increase in NETs con-

ventional markers (NE and MPO) in patients with mCRC, while no such association was observed in healthy

individuals. Remarkably, plasma of patient with mCRC with cirDNA concentrations close to the median of

HI (6 ng/mL) showed higher concentrations of NE and MPO than HI. Thus, we may assume that cirDNA

found in mCRC conditions derives from NETs in a manner unrelated to cirDNA concentrations. Confirming

the above observations, ROC experiments revealed that the quantification of NE, MPO, and cirDNA shows

a high diagnostic performance. The determination of an optimal test which would combine all NETmarkers

using machine learning assistance is ongoing in our team.

It should be noted that leukocyte and neutrophil cell counts (but not lymphocyte cell count) increased in

patients with a primary tumor in place and in patients with two or more metastatic sites. This might suggest

that leukocytes and neutrophils—and by extension NETs—are directly implicated in tumor growth or can-

cer dissemination, as previously suggested (Daniel et al., 2019; Kos and de Visser, 2021; Nolan and Malan-

chi, 2020; Yang et al., 2020).

Assuming that cirDNA are indirect NETs markers, and are a marker of tumor mass in mCRC, our study sug-

gests the association of increased circulation of NETs markers and disease severity. We may speculate that

cirDNA and NETs by-products are markers of the inflammation associated with solid tumors, and more

globally with inflammatory diseases. It is possible, therefore, that cirDNA concentrations associated with

others NETs circulating markers could provide significant information about cancer severity, cancer prog-

nosis, or treatment guidance, which could constitute a significant advance in cancer along with the advent

of immunotherapy and the growing knowledge of tumor immunology.

An association of anti-cardiolipin autoantibodies (aCL) with circulating NETsmarkers was observed in a sig-

nificant part of patients with mCRC, but not in HI. ACL is part of the anti-phospholipid antibody family (aPL)

characteristic of the anti-phospholipid syndrome (Syrigos et al., 1998; Wichmann et al., 2020), an immune-

mediated disorder resulting in pregnancy morbidity and arterial or venous thrombotic events. While aPL is

present in 1%–5% of the general population, APS prevalence is 40–50/100,000 subjects (Leal Rato et al.,

2021). However, this prevalence can increase to 50% among elderly patients with chronic diseases (Ab-

del-Wahab et al., 2020; Leal Rato et al., 2021). Several works report higher aPL levels in various hematolog-

ical and solid tumors (Gómez-Puerta et al., 2006; Islam, 2020), with the percentage of aPL-positive cancer
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patients varying from 5% to 70%. Because the risk of thrombosis is 4- to 60-fold higher in patients with can-

cer than in the general population, it has been suggested that an elevated level of aPL might trigger throm-

bosis in patients with cancer. A meta-analysis revealed that patients with gastrointestinal, genitourinary,

and lung cancer are at a higher risk of developing aPL (Gómez-Puerta et al., 2006). While the appearance

of aPL such as aCL could be as an essential step in the prevention of thrombosis, the direct or indirect impli-

cation of aPL in the thrombophilic process remains unclear. It is clear, however, that neutrophils and NETs

contribute to APS pathophysiology (Tambralli et al., 2020). It should also be noted that exacerbated NET

formation has been linked to anti-phospholipid syndrome (APS) in numerous auto-immune and non-auto-

immune pathologies (such as lupus) which showed elevated levels of aCL (Thierry and Roch, 2020). The

clear statistical difference between healthy and mCRC subject study cohorts revealed that a majority or

a significant fraction of patients with mCRC at diagnosis showed an auto-production of aCL at a low, mod-

erate, and high level.

In conclusion, our work shows for the first time that a correlation exists between NETmarkers (MPO andNE)

and cirDNA in patients with mCRC, suggesting that cirDNAmight appear as a marker of NETs. In addition,

this finding redefines existing paradigms of cirDNA release mechanisms, and could suggest that a

significant fraction of the cirDNA quantity derives from NETs in cancer patients with mCRC. Moreover,

we revealed that concomitant analyses of NETs markers (NE and MPO) and cirDNA also enable the differ-

entiation of patients with mCRC from healthy individuals. This warrants the evaluation of NET by-products

analysis in cancer diagnosis, in particular for thrombosis prevention, for patient follow-up, in guiding immu-

notherapy, or eventually as a means of devising an improved liquid biopsy cancer screening test. Our study

is the first to show the close association of aPL with NET markers and cirDNA in patients with cancer, sug-

gesting that the examination of these markers might be useful in preventing thrombosis in patients with

cancer. Lastly, our observations contribute to the understanding of the imbalance which cancer can cause

between the immunological system and hemostasis. This deepened understanding may prove useful in

improving long-term cancer survival rates.

Limitations of the study

Although we showed a positive correlation between cirDNA levels and the levels of NETs markers (NE and

MPO), these results should be confirmed on another larger validation cohort. In addition, this study was

conducted on patients with mCRC at initial diagnosis, and it would have been interesting to examine

this correlation in locally advanced disease, in the course of post-surgery treatment, as well as in other ma-

lignancies. Moreover, none of the patients had neutropenia at the time of initial diagnosis; however, the

influence of neutropenia at initial diagnosis and during chemotherapy treatment should be evaluated in

another study. While we found that the impact of number of neutrophils on the correlation between cirDNA

levels with MPO levels is negligible supporting the main observation of this study, the influence of neutro-

phils numbers during chemotherapy treatment should be evaluated in another study. Finally, a thorough

mechanistic study of NETs degradation in blood (as well as in plasma and serum) of patients with cancer

and healthy individuals needs to be conducted to confirm the causality between NETs formation and

cirDNA production in patients with cancer. Our team is actively working on this last topic.
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STAR+METHOD

KEY RESOURCE TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Alain R. Thierry (alain.thierry@inserm.fr).

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Anti-Human ELA2 Capture antibody (Neutrophil

Elastase capture antibody)

R&D Systems Cat #DY9167-05

Biotinylated Mouse Anti-Human ELA2 Detection antibody

(Neutrophil Elastase detection antibody)

R&D Systems Cat #DY9167-05

Rat Anti-Human MPO Capture Antibody R&D Systems Cat #DY3174

Biotinylated Goat Anti-Human MPO Detection Antibody R&D Systems Cat #DY3174

Human Cardiolipin Total antibody Boster Cat #EK7027

Biological samples

Metastatic colorectal cancer patients blood samples

(n = 219)

PANIRINOX study NTC02980510 N/A

Healthy individuals blood samples (n = 114) Etablissement Français du Sang (EFS) N/A

Chemicals, peptides, and recombinant proteins

iQ SYBR green mix BIO-RAD Cat #1708882

Critical commercial assays

DuoSet Ancillary reagent Kit 2 R&D Systems Cat #DY008

Human Cardiolipin Total antibody (IgG, IgM, IgA)

ELISA Kit (Direct EIA)

Boster Cat #EK7027

QIAamp DNA Mini Blood Kit Qiagen Cat #51106

Deposited data

Raw and analyzed data This paper N/A

Oligonucleotides

Wild type KRAS sequence : KRAS B1 inv k forward :

50 CCTTGGGTTTCAAGTTATATG -30
Thierry et al., 2014, Nature Medicine https://doi.org/10.1038/nm.3511

Wild type KRAS sequence: KRAS B2 inv k reverse:

50 CCCTGACATACTCCCAAGGA -30
Thierry et al., 2014, Nature Medicine https://doi.org/10.1038/nm.3511

Wild type KRAS sequence : KRAS A1 inv k forward:

50 GCCTGCTGAAAATGACTGA -30
Thierry et al., 2014, Nature Medicine https://doi.org/10.1038/nm.3511

Wild type BRAF sequence: BRAF A1 conv k forward:

50TTATTGACTCTAAGAGGAAAGATGAA-30
Thierry et al., 2014, Nature Medicine https://doi.org/10.1038/nm.3511

Wild type BRAF sequence: BRAF A2 conv k reverse:

50 GAGCAAGCATTATGAAGAGTTTAGG -30
Thierry et al., 2014, Nature Medicine https://doi.org/10.1038/nm.3511

Software and algorithms

PHERAstar control software BMG LABTECH https://www.bmglabtech.com/fr/

CFX manager software BIO-RAD https://www.bio-rad.com/fr-fr/sku/12004110-

cfx-maestro-software?ID=12004110

Prism 8.3.1 software GraphPad https://www.graphpad.com/scientific-

software/prism/
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Materials availability

This study did not generate newly generated materials or new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request

d This paper does not report original code.

d Additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Data recorded during this trial are subject to a computerized treatment at the Unicancer Central Data Cen-

ter in Montpellier in compliance with the ‘‘Loi Informatique et Libertés n� 78-17, 6 January 1978 modified’’.

The collection of biological samples implemented within the framework of the trial was declared to ANSM

in the same time that the request of Clinical Trial Authorization. After the trial, and in case of storage, the

storage of the collection of biological samples will be notified to theMinister of Research (and submitted to

the CPP to notice if change of purpose of Research)"

Human subjects

In this study, we included 219 mCRC patients (51 females (41.1%) and 73 males (28.9%) (Table 1) from

the screening procedure of the ongoing UCGI 28 PANIRINOX study (NCT02980510/EudraCT n�2016-
001490-33). We investigated the correlation of MPO concentrations, NE concentrations and the nuclear

cell-free DNA (cirDNA) concentrations to demonstrate that a very significant fraction of cirDNA derives

from the degradation of neutrophil extracellular traps (NETs). PANIRINOX is the first interventional

study to use cirDNA as a companion test for selecting mCRC patients towards anti-EGFR targeted

therapy by the IntPlex� method. Briefly: eligible patients were recruited in the PANIRINOX screening

procedures at diagnosis; patients accepted for inclusion were male or female, aged between 18 and

75 years old, with a ECOG performance status 0 or 1, a histologically confirmed colo-rectal adenocar-

cinoma, an untreated synchronous or metachronous metastatic disease deemed unresectable with

curative intent; a KRAS (codons 12, 13, 61, 117, 146), NRAS (codons 12, 13, 61) and BRAFV600E wild

type (WT) tumor status according to plasma analysis of cirDNA by Intplex technology; a measurable

disease according to RECIST version 1.1; and adequate hematologic, hepatic and renal functions. Writ-

ten, informed consent was obtained from all participants before the screening procedure. However,

this work was carried out on an ad hoc cohort study at time of the screening procedure, before the

randomization.

We also analyzed 114 healthy individuals (HI) (55 females (48.2%) and 59 males (51.8%) (Table 1) from the

Etablissement Français du Sang (EFS), which is Montpellier’s blood transfusion center (Convention EFS-

PM N� 21PLER2015-0013). These samples were analyzed (virology, serology, immunology, blood numera-

tion) and ruled out whenever any abnormality was detected.

Samples preparation

Blood from mCRC patients (n = 219) were collected in STRECK tubes (Cell-Free DNA BCT�) and were

sent within 24 hours of blood collection at room temperature from the recruiting institutions to our lab-

oratory (IRCM, Institut de Recherche en Cancérologie de Montpellier, U1194 INSERM). Blood tubes

were centrifuged for 10 minutes at 1,200 3 g at 4 �C within 5 days of blood collection, and the plasma

supernatants were immediately centrifuged at 16,000 3 g at 4 �C for 10 minutes. Then, plasma samples

were stored at �20 �C for several days or used immediately. Total circulating cell-free DNA was ex-

tracted from 1 mL of plasma using the QIAamp DNA Mini Blood Kit (Qiagen) in accordance with

pre-analytic guidelines (El Messaoudi et al., 2013; Meddeb et al., 2019b) in an elution volume of

130mL. CirDNA extracts were kept at �20 �C until use or used immediately. Blood from healthy individ-

uals (n = 114) was collected in EDTA tubes and was centrifuged for 10 minutes at 1,200 3 g at 4 �C
within 4 hours of blood collection. Then, plasma supernatants were immediately centrifuged at

16,000 3 g at 4 �C for 10 minutes. Finally, plasma samples were stored at �20 �C for several days or

used immediately.
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METHOD DETAILS

Quantification of cirDNA

Analysis of cirDNA was done by IntPlex�, an allele-specific blocker quantitative PCR (ASB Q-PCR), (Mou-

liere et al., 2014; Thierry et al., 2014), according to the MIQE guidelines (Bustin, 2010; Bustin et al., 2009).

This IntPlex system specifically detect nuclear cirDNA. Q-PCR amplifications were carried out in at least two

replicates in a total volume of 25 mL on a CFX96 instrument using the CFXmanager software (Bio-Rad). Each

PCR reaction was composed of 12.5 mL of IQ Supermix Sybr Green (Bio-Rad), 2.5 mL of DNase-free water

(Qiagen) or specific oligoblocker, 2.5 mL of forward and reverse primers (0.3 pmol/mL), and 5 mL of tem-

plate. Thermal cycling comprised three repeated steps: a hot-start activation step at 95 �C for 3 minutes,

followed by 40 cycles of denaturation–amplification at 95 �C for 10 seconds, then at 60�C for 30 seconds.

Melting curves were investigated by increasing the temperature from 60�C to 90�C with a plate reading

every 0.2�C. Standard curves were performed for each run with a genomic extract of the DiFi cell line at

1.8 ng/mL of DNA. Each PCR run was carried out with no template control and positive control for each

primer set. In each single run, were included one standard curve was prepared. Validation of Q-PCR ampli-

fication was performed by melt curve differentiation. Quantification of total cirDNA concentration in mCRC

patients and HI was obtained by amplifying a 67 bp-length wild-type sequence of the KRAS gene. In addi-

tion to routinely performing a standard curve for each primer couple with the PCR system, the accuracy and

gene copy number variations were checked by quantifying a WT sequence of the BRAF gene from the

amplification of a 105 bp amplicon. This method of quantifying cirDNA has been experimentally (Mouliere

et al., 2014) and clinically validated (Thierry et al., 2017a; Thierry et al., 2014), and showed unprecedented

specificity and sensitivity, to the point of permitting the detection of a single DNA fragmentmolecule under

Poisson Law distribution (Thierry et al., 2017a). An intra-and inter-experimental reproducibility study shows

a 19% and 24% coefficient of variation (Mouliere et al., 2013, 2014) when jointly taking into consideration

plasma preparation, cirDNA extraction and Q-PCR measurement.

Myeloperoxidase and neutrophil elastase assay

MPO and NE concentrations were measured using enzyme-linked immunosorbent assay (ELISA) according

to the manufacturer’s standard protocol (Duoset R&D Systems, DY008, DY3174, and DY9167-05). Briefly,

captured antibodies were diluted at the working concentrations in the Reagent Diluent (RD) provided

on ancillary reagent kits (DY008) and coated overnight at room temperature (RT) on 96-well microplates

with 100 mL per wells. Then, captured antibodies were removed from the microplate, and wells were

washed three times with 300 mL of Wash Buffer (WB). Microplates were blocked at RT for 2 hours by adding

300 mL of RD to each well. RD were removed from the microplates, and wells were washed three times with

300 mL of WB. Then, 100mL of negative controls, standards and plasma samples (diluted 1/10) were added

to the appropriate wells for one hour at RT. Samples, controls and standards were removed from the micro-

plates, and wells were washed three times with 300 mL of WB. Detection antibodies were diluted at the

working concentrations in the RD, and then added by 100 mL per well, for one hour at RT. Detection anti-

bodies were removed from the microplates, and wells were washed three times with 300 mL of WB. Then,

100 mL of Streptavidin-HRP was added to each well and microplates were incubated at RT for 30 minutes.

Repeat wash three times. Finally, 100mL per well of substrate solution was added and incubated for 15 mi-

nutes, and the Optical Density (O.D) of each well was read immediately at 450 nm with the PHERAstar FS

instrument using the PHERAstar control software.

Anti-cardiolipin autoantibody index calculation

The antibody index of total human autoantibodies against cardiolipin (IgG, IgM and IgA) was measured

using direct ELISA according to the manufacturer’s standard protocol (Boster, EK7027). Briefly, 100 mL

of negative controls, positive controls, calibrator and diluted plasma samples (1/21) was dispensed into

cardiolipin-coated wells and incubated for 30 minutes at RT. Samples, controls and calibrator were

removed from the microplates and the wells were washed three times with 300mL of WB. Then,

100 mL of enzyme conjugate was added in each well for 20 minutes at RT. The washing step was

repeated. 100 mL of TMB substrate was dispensed into wells for 10 minutes. Finally, 100 mL of stop so-

lution was added to each well and O.D was immediately read at 450 nm with the PHERAstar FS instru-

ment using the PHERAstar control software. The cut-off value of each plate was calculated as follows:

Calibrator O.D 3 Calibrator Factor (CF) of the kit. The aCL AI is calculated by dividing the O.D value of

each sample by cut-off value.
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In order to globally evaluate the difference between HI and mCRC subjects, we compared the quantitative

data (aCL AI) rather the qualitative data that can be inferred from a positivity threshold determined from a

calibrator. In case of the Boster kit, the calibrator corresponds to a diagnosed APLS patient known to have

very high level of aCL, and it is consequently not appropriate for studying cancer or pregnancy follow up.

The marketed kits use internal standards whose value has been defined in relation to sera commonly called

‘‘Harris standards’’. There is a low concordance between the batches of standards: this results in disparities

between the kits, depending on whether they have been standardized with a particular batch of Harris stan-

dard (the aCL may have varying rates 2 to 3 times, depending on the kit). As with all ELISA techniques,

determining the positivity threshold is delicate. Antibody levels in healthy populations are not distributed

normally and vary with the source of the antigen used (calibration with each change of antigen lot). Note, a

negative result for anti-cardiolipins IgG or IgM indicates that this type of antibody was not present or was

present in a too low amount in the blood sample being tested.

In our assay, three negative controls are analyzed in each plate: (1), the blank (no test sample); (2), the kit

negative control; and (3), a plasma of a healthy individual. We defined an arbitrary unit of aCL concentration

(Anticardiolipin autoantibody index, aCL AI) taking in consideration plate to plate variation and standard

batch level: (OD - 1.35 3 negative control) / blank. The OD median of healthy individuals is 1.35-fold

higher than the kit negative control, irrespective of the plate. The plasma of the healthy individual plasma

control is useful as a quality control to check the kit negative control level, and routinely showed an 1.1-fold

(+/� 10%) increase as compared to the kit negative control.

Weak or moderately positive results are sometimes observed temporarily in older healthy people without

symptoms following infection or following medication. These results are most often of little clinical signif-

icance, but should be interpreted in light of other clinical information. This explains the low and moderate

aCL AI we found in a small fraction of healthy individuals. Quantification of results is important, since there

is a correlation between the rate of aCL (in particular IgG) and the risk of thrombosis. In view of this, low

to moderate aCL levels are taken into consideration in contexts of repeated spontaneous miscarriages

(Abdel-Wahab et al., 2020).

QUANTIFICATION AND STATISTICAL ANALYSIS

The Mann-Whitney U test was used for non-parametric data and the Student t-test was used for parametric

data. Correlation analysis was performed using the Spearman test (Graph Pad Prism 8.3.1 software).

A probability of less than 0.05 was considered to be statistically significant; *p <0.05, **p <0.01;

***p < 0.001; ****p < 0.0001.

ADDITIONAL RESOURCES

PANIRINOX clinical trial: NCT02980510

https://clinicaltrials.gov/ct2/show/NCT02980510?term = PANIRINOX&draw = 2&rank = 1
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