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Abstract 
Objecti v es: Elevated cir culating DN A ( cirDN A ) concentr ations w ere found to be associated with tr auma or tissue damage whic h sug- 
gests inv olv ement of inflammation or cell death in post-operati v e cirDNA r elease. We carried out the first pr ospecti v e, m ulticenter 
study of the dynamics of cirDNA and neutrophil extracellular trap ( NETs ) markers during the perioperati v e period fr om 24 h befor e 
surgery up to 72 h after curative surgery in cancer patients. 

Methods: We examined the plasma levels of two NETs protein markers [m y eloper oxidase ( MPO ) and neutr ophil elastase ( NE ) ], as well 
as levels of cirDNA of nuclear ( cir-nDNA ) and mitochondrial ( cir-mtDNA ) origin in 29 colon, prostate, and breast cancer patients and 

in 114 healthy individuals ( HI ) . 

Results: The synergistic analytical information provided by these markers revealed that: ( i ) NETs formation contributes to post-surgery 
conditions; ( ii ) post-surger y cir-nDNA lev els wer e highl y associated with NE and MPO in colon cancer [ r = 0.60 ( P < 0.001 ) and r = 0.53 
( P < 0.01 ) , r especti v el y], but not in prostate and breast cancer; ( iii ) each tumor type shows a specific pattern of cir-nDNA and NETs 
marker d ynamics, but o v erall the pr e- and post-surger y median v alues of cir-nDNA, NE, and MPO were significantly higher in cancer 
patients than in HI. 

Conclusion: Taken as a whole , our w ork r ev eals the association of NETs formation with the elev ated cir-nDNA r elease during a cancer 
patient’s perioperati v e period, de pending on surgical pr ocedur e or cancer type . By contr ast, cir-mtDN A is poorly associated with 

NETs formation in the studied perioperati v e period, which would appear to indicate a different mechanism of release or suggest 
mitochondrial dysfunction. 

Ke ywords: cir culating DN A; perioper ati v e period; neutr ophil extr acellular tr aps; neutrophil elastase; m y eloper oxidase; minimal r esid- 
ual disease 
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Introduction 

Cir culating DN A ( cirDN A ) has gained consider able attention in r e- 
cent decades because of its potential for clinical diagnostics in on- 
cology [ 1–4 ]. It is already being r outinel y implemented in cancer 
ther a gnostics, for example in the detection of EGFR mutations in 

lung cancer. It also has significant potential for r esearc hers and 

clinicians in many other areas of cancer management care, in- 
cluding the detection of minimal residual disease ( MRD ) [ 5–7 ],
treatment monitoring [ 8 , 9 ], cancer recurrence surveillance [ 6 , 7 ],
and e v en cancer scr eening [ 10–13 ]. 

Tr eatment of man y types of non-metastatic cancers is accom- 
panied by prior surgical intervention. Major surgery shares a num- 
ber of c har acteristics with tr auma, including tissue dama ge, in- 
flammation, and activation of the endothelium and immune cells 
[ 14 , 15 ]. Cheng et al . have documented the increased risk of surgi- 
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al site infections ( SSIs ) associated with pr olonged oper ativ e du-
ation [ 16 ]. With regard to certain effects of surgery and anes-
hetic in the perioper ativ e period, imm unosuppr ession, notabl y,

ight cause an increase in the perioper ativ e period ( transfusion,
ypothermia, anesthetic drugs etc. ) , r esulting in an incr ease in
ancer-related mortality [ 17 ], and could be monitored through
he analysis of circulating biomarkers in the blood. Lo et al . have
hown that cirDNA le v els incr ease after tr auma and may be a
otentiall y v aluable pr ognostic marker [ 18 ]. It is known that in
atients with multiple trauma, cirDNA concentration reflects the 
e v erity of injury [ 19 ]. Surgical trauma has been found to increase
ir culating nuclear DN A ( cir-nDN A ) le v els for at least 1 week, with
 subsequent shar p decr ease to basal le v els 4 weeks post-surgery,
n various cancers [ 20 ]. Post-surgery elevation of total cirDNA dur-
ng this time-frame may cause dilution of circulating mutant DNA
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 cir-mutDNA, 1 ) among total cirDNA and may affect cir-mutDNA
etection sensitivity, as part of MRD detection [ 20 ]. 

Most existing studies reporting on post-sur gery cirDNA anal y-
is were based on tracking mutant cirDNA and were carried out
fter 3 to 4 weeks, given that this time-frame offers adequate guid-
nce to clinicians as to adjuvant therapy, and because this rep-
esents the typical delay before the subsequent visit to the on-
ologist. For these reasons, cirDNA dynamics in the immediate
erioper ativ e period hav e until now been understudied if not ne-
lected. This study focused on the perioper ativ e le v el of total nu-
lear cir-nDNA and on circulating DNA of mitochondrial origin
 cir-mtDNA ) , and aims at e v aluating the influence of neutrophil
xtr acellular tr a ps ( NETs ) degr adation r ecentl y found to be asso-
iated with cirDNA release [ 21 ]. 

Neutr ophils ar e the most pr e v alent innate imm une cells, act-
ng as the immune system’s first line of defense against pathogens
uc h as bacteria, viruses, par asites, yeast, and fungi [ 22–24 ]. Neu-
rophils kill pathogens by four different processes: phagocyto-
is, degr anulation, cytokine pr oduction, and NETosis [ 25 ]. The
irDNA produced in the context of cancer-r elated sur gery may
a ve , amongst various possibilities , neutrophils as their source
 3 , 26 ]. NETs are an extracellular web-like chromatin decorated
ith cytosolic and bactericidal granules proteins, such as neu-

rophil elastase ( NE ) and m yelopero xidase ( MPO ) , which are re-
eased by activated neutrophils during the NETosis phenomenon
 27 , 28 ]. Studies show that NETs are capable of sequestering cir-
ulating tumor cells and promote tumor cell invasion and metas-
asis [ 29–31 ]. Tohme et al . sho w ed a negative correlation between
ncreased NETs formation and disease-free survival in a cohort of
atients undergoing curative-intent liver resection for metastatic
olorectal cancer [ 32 ]. Several studies have demonstrated that
 arious cancer types, suc h as br east, lung or color ectal cancer,
re associated with an increase in circulating neutrophil numbers
 33 , 34 ]. Curr entl y, ther e is an exponential growth in the litera-
ur e r eporting the r ole of NETs in tumor pr ogr ession and metas-
asis [ 35 , 36 ]. Recent evidence also links NETs to wound heal-
ng after trauma or surgery [ 37 ]. Furthermore, it is known that
ener al anesthesia ( especiall y when using anesthetic drugs such
s opioates , ketamine , volatile agents ) accompanied by surgical
tr ess suppr esses imm unity [ 38 ] and could diminish the release
f NETs. It has also been shown that anticoagulant drugs inhibit
he formation of NETs [ 39 ]. We ourselves have shown that cir-
DNA concentrations in newly-diagnosed metastatic colorectal
ancer ( mCRC ) patients are positively associated with NETs pro-
ein markers ( NE and MPO ) [ 21 ]. Similarl y, we hav e demonstr ated
hat cirDNA can derive from chromatin or NETs [ 40 ]. 

This pr ospectiv e m ulticenter stud y ad dresses a n umber of
uestions related to perioperative cirDNA analysis in patients
ith cancer, notably concerning: ( i ) the effect of anesthesia on

irDNA release; ( ii ) the impact of trauma/surgery on cirDNA re-
ease; ( iii ) the origin and structure of cirDNA immediately follow-
ng surgery; ( iv ) the extent of the association of NETs with cirDNA
elease; ( v ) the impact of surgery protocol on systemic inflamma-
ion; and ( vi ) the correlation of NETs and cirDNA markers with
 ecurr ence fr ee surviv al. We used the syner gistic anal ytical infor-
ation provided by cirDNA and NETs markers in the periopera-

ive period for three cancer types at stages I–III: colon, prostate,
nd breast cancer. 

In the period r anging fr om the hours immediately after surgery
p to 3 days post-operation, we assessed the dynamics ( before
urgery and after surgery ) of the release into the circulation of cir-
DN A, cir-mtDN A, and NETs protein makers such as MPO and NE,
s well as the association of cir-nDNA release with NETs forma-
ion and cir-nDNA fr a gmentation b y shallo w whole genome se-
uencing ( sWGS ) . The r espectiv e le v els and corr elation of these
irculating biological compounds will be compared with a control
ohort constituted of healthy individuals ( HI ) ( n = 114 ) . This is the
rst study involving a perioper ativ e follow-up of cirDNA in cancer
atients. 

cir-mtDNA may cause an inflammatory response by acting
s damage-associated molecular patterns, in combination with
ther circulating NETs by-products ( histones, granule proteins
ike NE or MPO, and structur al pr oteins ) . Although HI hav e lo w er
mounts of cir-mtDNA than cir-nDN A, cir-mtDN A could be a
arker for inflammatory diseases [ 41 , 42 ]. 

ethods 

esign of the study 

his is an observ ational, m ulticenter and pr ospectiv e study on
he dynamics of cir culating DN A in plasma for three cohorts of
atients with br east, pr ostate, or colon cancer. This study was
 ppr ov ed by the institutional human investigation committee
 Comité de Protection des Personnes EST IV, IDRCB 2017- A00950-
3, 9 May 2017 ) and r egister ed prior to enr ollment on Clinical-
rial.gov ( NCT03284684 ) . It was conducted in two Fr enc h uni-
ersity centers ( Hôpital Carémeau, Nîmes, and Hôpital Lapey-
onie, Montpellier, France ) and one national French cancer cen-
er ( Institut Cancer Montpellier, France ) . The consolidated stan-
ard of reporting trials ( CONSORT ) recommendations were fol-

o w ed for reporting the trial. The analysis was made once patient
nrollment had been completed. Before inclusion, the investiga-
or had obtained written informed consent from each subject in
ccordance with the Declaration of Helsinki. 

atients and cohorts 

pecific c har acteristics of the patient cohorts are described in
able 1 . Eligible patients were adults ( 18–75 years old, > 50 kg )
ith histologically confirmed non-metastatic ( > 4 weeks prior to

ur gery ) br east ( estr ogen and pr ogester one r ece ptor-positi ve in-
 asiv e ductal carcinoma ) , pr ostate , or colon cancer. T he three
lectiv e cancer pr ocedur es ar e: quadantectom y, mastectom y, and
odal picking for breast cancer; robotic radical prostatectomy for
rostate cancer; and laparoscopic left or right hemicolectomy for
olon cancer. Patients had measurable disease as defined by the
esponse Evaluation Criteria in Solid Tumors version 1.1 ( RECIST
1.1 ) , and were not treated by chemotherapy or radiotherapy prior
o enrollment. Written, informed consent was obtained from all
articipants during the anesthesiologist’s consultation. According
o the Fr enc h Public Health Code Article L1131-1 and the follow-
ng articles, no specific ethical a ppr ov al is r equir ed for this type of
tudy . 

Exclusion criteria were as follows: refusal to participate,
ge > 75 years, age < 18 y ears, w eight < 50 kg, emergency
r bilateral surgery ( breast ) , open surgery ( prostate, colon ) , cog-
itive disorders ( delirium, dementia ) , pregnancy ( beta human
 horionic gonadotr opin ( hCG ) test performed systematicall y for
omen < 45 years ) , patients with history of alcohol or drug
buse ( questionnair e ) , patients unlikel y to be full y cooper a-
ive during the study, and those who had participated in an-
ther study within the pr e vious 30 da ys . P atients wer e also ex-
luded when pr esenting: r enal failur e ( cr eatinine clear ance < 50
l.min 

-1 , Coc kr oft form ula ) , liv er failur e ( tr ansaminases and/or
lkaline phosphatases > 3 times the normal upper value,
nd/or pr othr ombin time < 70% of contr ol ) , acute or c hr onic
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Table 1. Patients and perioperative characteristics. Details of the perioperative characteristics data. 

Breast Prostate Colon 

n = 9 n = 10 n = 10 
Age, median years ( IQR ) 52.0 ( 39.5–64.5 ) 63.1 ( 60.5–68.2 ) 63.1 ( 55–67.5 ) 
Gender 

Male 0 10 ( 100% ) 6 ( 60% ) 
Female 9 ( 100% ) 0 4 ( 40% ) 

BMI ( kg.cm 

−2 ) 26.0 ( 21–28.7 ) 27.5 ( 24.7–28.2 ) 28.0 ( 22.3–38.0 ) 
ASA physical status, 1/2/3 4 ( 44% ) /5 ( 66% ) /0 3 ( 30% ) /7 ( 70% ) /0 4 ( 40% ) /5 ( 50% ) /1 ( 10% ) 
Pr eoper ativ e biological data 
– Cr eatinine clear ance ( ml.min- 1 ) 78.5 ( 56.0–84.5 ) 76.0 ( 65–84.7 ) 82.1 ( 73.0–96.2 ) 
– Hemoglobin ( g.dl −1 ) 13.9 ( 12.5–14.5 ) 14.6 ( 12.2–15.4 ) 13.6 ( 10.6–14.4 ) 
Primary site of disease and surgical procedure 

Colon left – – 10 ( 100% ) 
Colon right – – 0 
Prostate Gleason score 

7 – 4 ( 40% ) –
6 – 6 ( 60% ) –

Type of surgery 
Open 9 ( 100% ) 0 0 
Closed ( robotic ) 0 10 ( 100% ) 10 ( 100% ) 
Axillary nodal dissection 9 ( 100% ) – –

Pr e vious c hemother a py tr eatment 0 0 0 
Sync hr onous metastasis ( yes ) 0 0 0 
Intr a-oper ativ e period 

Duration of surgery ( min ) , median ( IQR ) 75.0 ( 57.2–97.7 ) 130.0 ( 117.5-0.182.5 ) 240.1 ( 187.5–262.5 ) 
Blood loss ( > 250 ml ) 0 4 ( 40% ) 0 
Blood glycemia ( > 1.8 g.dl ) 0 0 1 ( 10% ) 
Anesthetic and analgesia drugs 

Propofol 9 ( 100% ) 10 ( 100% ) 10 ( 100% ) 
Ketamine 9 ( 100% ) 10 ( 100% ) 10 ( 100% ) 
Neur om uscular a gent 0 10 ( 100% ) 10 ( 100% ) 
Dexamethasone 9 ( 100% ) 8 ( 80% ) 7 ( 70% ) 
Volatile agent 9 ( 100% ) 10 ( 100% ) 10 ( 100% ) 

Ropiv acaine infiltr ation 9 ( 100% ) 0 0 
Opioid 

Sufentanil 9 ( 100% ) 7 ( 70% ) 8 ( 80% ) 
Remifentanil 0 3 ( 30% ) 2 ( 20% ) 

Analgesia intr av enous 
P ar acetamol 9 ( 100% ) 10 ( 100% ) 10 ( 100% ) 
NAIDs 9 ( 100% ) 10 ( 100% ) 7 ( 70% ) 
Morphine in PACU 0 1 ( 20% ) 2 ( 20% ) 

Hypothermia < 35.5 ◦ 1 ( 11% ) 2 ( 20% ) 3 ( 30% ) 
Perioper ativ e tr ansfusion 0 1 ( 10% ) 0 
Earl y postoper ativ e outcome ( day: 0–5 ) 

Opioid rescue 0 1 ( 10% ) 0 
Sur gical adv erse e v ent 0 1 ( 10% ) 0 
Medical adverse event 0 1 ( 10% ) 0 
Length of stay ( days ) , median ( IQR ) 1 ( 0–1 ) 4 ( 3–5 ) 4 ( 3–6 ) 

Tumor 
TNM staging system 

T1N0M0 0 1 ( 10% ) 4 ( 40% ) 
T1 N1M0 1 ( 11% ) 0 0 
T2N0 M0 2 ( 22% ) 4 ( 40% ) 0 
T2N1-3 M0 4 ( 45% ) 0 2 ( 20% ) 
T3N0 M0 1 ( 11% ) 3 ( 30% ) 3 ( 30% ) 
T3N1-3 M0 1 ( 11% ) 2 ( 20% ) 1 ( 10% ) 
T4 0 0 0 

Gleason score ( prostate ) 
< 5 0 
5–6 – 4 ( 40% ) –
7 – 6 ( 60% ) –
7–8 – 0 –

Data are numbers ( percentage ) , American Society of Anesthesiology ( ASA ) physical status, inter-quartile ( IQR ) , body mass index ( BMI ) , nonsteroidal anti- 
inflammatory drugs ( NAIDS ) , TNM Classification of Malignant Tumors ( TNM ) , post anaesthesia care unit ( PACU ) 
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 espir atory insufficiency ( Spo2 < 94% in ambient air ) , acute ( in
he 3 months prior to surgery ) inflammatory disease or c hr onic in-
ammation pathology . Lastly , all patients alr eady taking ster oids,
arcotics , opioids , or al dir ect thr ombin inhibitor, platelet anti-
 ggr egant, or low molecular weight heparin were not included.
atients who had received radiotherapy or chemotherapy pre-
per ativ el y for the current cancer, or who curr entl y or in the past
ad had a cancerous lesion or who had received neo-adjuvant
her a py ( imm unother a py, r adiother a py, c hemother a py ) wer e also
xcluded. 

A total of 30 patients ( 10 patients x 3 types of cancer ) from three
linical centers [CHU of Nîmes, CHU of Montpellier, and Montpel-
ier Cancer Institute ( ICM ) ] were initially included in this study in
he period between 22 January 2018 and 11 October 2018. One pa-
ient was excluded from the study because he r eac hed the a ge of
5 years ( Fig. 1 A ) . Routine tumor tissue determination and blood
ollection were conducted in each clinical center. The study in-
urred no change to the usual patient management, apart from
he addition of blood collections during patient care in the hospi-
al [blood collection volume per patient: 45 ml ( 5 ml x 9 samples )
n total in 4 days]. A total of nine blood samples were taken for
ac h patient fr om 1 day befor e sur gery to the third day after
urgery ( Fig. 1 B ) . 

urgery, anesthesia, and perioper a ti v e care 

or sur gery, pr ocedur es wer e similar in the thr ee centers and
tandar dized, and w ere performed b y senior surgeon ( > 5 y ears
xperience ) . For all patients, surgical skin preparation used
hlorhexidine. 

For prostate and colon surgery, all procedures were performed
under a robotic approach ( da vinci X, Intuitive, USA ) , in a
pr ocliv e position, with no drain at the end of the pr ocedur e.

For br east sur gery, ther e was no particularity, as the pr ocedur e
was open, using a drain in the nodal axillary compartment
at the end. 

For the three groups ( breast, colon, prostate ) , the patients were
anaged with a similar standardized surgical and anesthetic pe-

ioper ativ e pr otocol, whic h r an fr om the day befor e sur gery up to
ospital disc har ge. In the pr eoper ativ e period, all patients wer e
dmitted the day befor e sur gery for a blood sample. No premed-
cation was used and pr eoper ativ e fasting consisted of no food
estrictions until 6 h and no drink restrictions until 2 h prior to
nesthesia. 

In the intr aoper ativ e period, patients were admitted to the op-
r ating r oom and intr av enous access was secur ed. Intr av enous
uid ( Ringer lactate ) was used for all patients, with administra-
ion restricted to < 2 ml.kg − 1 h 

−1 . Central body temperature was
aintained at > 36 ◦C using hot air blankets and fluid warmers in

he three groups. 
For prostate and colon surgeries, a urinary catheter and a gas-

ric tube were placed after induction of anesthesia and removed at
he end of surgery for the gastric tube and at day 2 for the urinary
atheter. Induction of anesthesia was performed with intr av enous
r opofol ( 2–3 mg.kg −1 ) , cisatr acurium ( 0.6–1 mg.kg −1 ) , and sufen-
anil ( 0.25 μg.kg −1 ) , and maintained with se voflur ane 1%–2% and
dditional intr av enous ( IV ) sufentanil ( 5 μg e v ery hour or when
ariations in mean arterial pressure or heart rate were > 20%
rom baseline ) . Intubation and protective mechanical ventila-
ion ( lo w tidal v olume: 6–8 ml.kg −1 , PEEP ( positive end-expiratory
r essur e ) le v el: > 5 cmH 2 O, < 30% FiO 2 ( fraction of inspired
xygen ) < 50% for SpO 2 ( peripheral oxygen saturation ) > 94% and
5 < EtCO 2 ( end-tidal carbon dioxide ) < 33 mmHg, plateau pres-
ur e: < 25 cmH 2 O ) wer e used intr aoper ativ el y. At 30 min befor e
he end of the surgery, for postoperative pain relief all patients re-
eived 1 g of IV paracetamol for 15 min, 100 mg of ketoprofene, 20
g of nefopam, and ketamine ( 0.25 mg.kg −1 ) . The first two were

ontinued for 48 h ( at 6 h intervals for paracetamol and 12 h for
etopr ofene ) . For pr e v ention of postoper ativ e nausea and vom-
ting, intr aoper ativ e injection of IV dexamethasone ( 8 mg ) was
erformed. Re v ersal of anesthesia was performed at the end of
ur gery ( when body temper atur e was > 35.5 ◦) , patients were then
laced in the postoper ativ e car e unit ( PACU ) for 2 h, and subse-
uentl y tr ansferr ed to the hospital w ar d. 

For breast surgery, the preoperative period and induction
ere performed as previously described for other groups, but
eur om uscular a gents and fluid were not used. At the end of
urgery of the breast, local anesthetic ( ropivacaine ) was injected
ver the skin incision by the surgeon to pr e v ent opioid r es-
ue ( Table 1 ) . Pain relief and prevention of postoperative nau-
ea and vomiting and care in PACU were similar to other groups
 see above ) . 

For the postoper ativ e period, earl y or al intake on the day of
urgery, no fluid administration, and sitting up and walking on day
 were observed for all patients. Intra- or post-operative transfu-
ion was performed only if the hemoglobin le v el was < 7 g.dl −1 .
r om sur gery to day 2, the analgesia protocol w as standar dized:
aracetamol ( 1 g, at 6-h intervals ) , ketoprofene [100 mg at 12-h

ntervals and, if necessary, in the e v ent of nausea or vomiting, on-
ansetron ( IV, 8 mg ) or droperidol ( IV, 1.25 mg ) ]. From surgery to
ay 2: all patients r eceiv ed a similar mor phine r escue analgesia
r otocol, as pr e viousl y described by the authors [ 43 ]. 

For thr ombopr ophylaxia, patients in the colon and prostate
r oups r eceiv ed enoxa parin ( subcutaneous, 40 units ) for up to 12
 after the end of surgery, and then each day at 8 pm, whereas the
r east gr oup did not r eceiv e enoxa parin. 

Surgery was performed under coelioscopy for hemicolectomy
sing low intra-abdominal pressure ( < 15 mmHg ) and lateral skin

ncision < 5 cm at the end of the pr ocedur e for tumor extraction
 under plastic bag protection ) ; similarly for robotic procedures
 pr ostate sur gery ) , with tumor extr action thr ough umbilical skin
ncision. 

linical assessments 

he c har acteristics of the patients, anesthesia ( dur ation, drugs,
uid, and blood tr ansfusion ) , perioper ativ e tr eatment ( analgesia,
noxa parin ) , and sur gery ( type and dur ation ) wer e r ecorded.
ll intr aoper ativ e par ameters ( heart r ate, blood pr essur e, oxy-
en saturation, and central temperature ) and intraoperative ad-
erse outcomes ( blood transfusion, conversion to open surgery )
er e r ecorded. All medical or surgical complications ( including
 eadmission ) wer e r ecorded thr oughout the study period. Can-
er type was confirmed with a pr eoper ativ e biopsy, and can-
er staging was confirmed after surgery ( TNM staging system ) .
fter 3 months and 1 year, patients were contacted to record
 ecurr ence. 

ealthy individuals 

e also analyzed the blood samples collected in ethylenedi-
minetetraacetic acid ( EDTA ) tubes ( V = 6 ml ) from 114 HI ( 59 men
nd 55 women ) from the Etablissement Français du Sang ( EFS ) ,
hich is Montpellier’s blood transfusion center ( Convention EFS-
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(A)

(B)

F igure 1. Flo wchart of the study. ( A ) Thirty patients were included, with 29 patients follo w ed post-surgery, including patients with colon cancer ( n = 10 ) , 
prostate cancer ( n = 10 ) , and breast cancer ( n = 9 ) . ( B ) Time points of the perioper ativ e blood collections for cirDNA and NETs marker analysis during 
patient’s management care. Blood samples from patients were collected in 5 ml EDTA tubes 24 h before surgery ( Day −1, T1 ) , on the day of surgery 
( Day 0, T2 to T5 ) , on the day following surgery ( Day + 1, T6 and T7 ) , two days after surgery ( Day + 2, T8 ) , and finally 3 days after surgery ( Day 3, T9 ) . 
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◦ 21PLER2015-0013 ) . These samples were initially screened
 vir ology, ser ology, imm unology, blood numer ation ) and ruled out
hene v er an y abnormality was detected. 

lasma isolation and cirDNA extraction 

lood samples from patients were collected in 5 ml EDTA tubes
nd centrifuged at 1600g at 4C 

◦ for 10 min dir ectl y at the hospi-
al laboratory after collection. Then plasma samples for cirDNA
nal ysis wer e stor ed at −80 ◦C and tr ansferr ed between institu-
ions on dry ice . T he plasma isolation protocol as well as the han-
ling and stor a ge conditions hav e been described pr e viousl y [ 44 ].
lasma samples were centrifuged at 16 000g at 4 ◦C for 10 min. Su-
ernatant was immediately used for cirDNA extraction and stored
t −20 ◦C. 

cirDN A ( cir-nDN A and cir-mtDN A ) w as extracted in an elu-
ion volume of 80 μl from 0.2 ml of isolated plasma using the
axw ell RSC ccfDN A plasma kit ( Promega Corporation, Madison,
I, USA ) , in accordance with the pr e-anal ytical guidelines we

ave described previously [ 44 ]. The Maxwell RSC ccfDNA plasma
it has the adv anta ge of using a fully automated, magnetic beads-
ased pr otocol, whic h avoids human manipulation err ors [ 45 ].
N A extracts w ere k e pt at −20 ◦C until use, or were used imme-
iately. In total, we analyzed 229 serial plasma samples from 29
ancer patients. 

eal-time quantitati v e PCR analysis 

nalysis of cirDNA ( both nuclear and mitochondrial DN A ) w as
one by IntPlex ®, an allele-specific blocker quantitative PCR ( ASB
-PCR ) , whic h we hav e described pr e viousl y [ 9 , 46–48 ]. Concen-

rations of cir-nDN A w ere analyzed using a 67 bp long wild-type
equence of the KRAS gene . T he cir-mtDN A w as analyzed using
 67 bp short fr a gment of the mitoc hondrial cytoc hr ome oxidase
II gene ( MT-CO3 ) . KRAS primers have previously been used in the
ntPlex ® diagnostic system [ 46 ]. Primers for the cir-mtDNA have
lso shown their effectiveness previously [ 44 , 49 ]. The Q-PCR as-
ays were performed according the MIQE guidelines [ 50 ]. A coeffi-
ient of variation of 24% for Q-PCR quantification of the cir-nDNA
as determined when considering variation due to the extraction
r ocedur e and anal ysis in the same plate [ 46 ]. Q-PCR amplifica-
ions were carried out in at least triplicate, in a 25 μl volume, on
 CFX96 instrument using the CFX manager software ( Bio-Rad,
ercules , C A, USA ) . Eac h Q-PCR r eaction was composed of 12.5
l of Sso advanced mix Sybr Green ( Bio-Rad ) , 2.5 μl of free water
 Qiagen, Hilden, Germany ) , 2.5 μl of forw ar d and r e v erse primers
 0.3 pmol/ml ) , and 5 μl of template . T hermal cycling comprised of
hr ee r e peated ste ps: a hot-start acti vation ste p at 95 ◦C for 3 min,
ollo w ed b y 40 c ycles of denaturation–amplification first at 95 ◦C
or 10 s, then at 60 ◦C for 30 s. Melting curves were investigated by
ncr easing the temper atur e fr om 60 to 90 ◦C with a plate reading
 v ery 0.2 ◦C. Standard curves were performed for each run with a
enomic extract of the DiFi cell line at 1.8 ng/ μl of DNA. Validation
f Q-PCR amplification was made by melt-curve differentiation.
ote that we quantify cirDNA from different origins, and to ease
anuscript reading we use the “cir-nDNA” abbr e viation for cir-

ulating cell-free nuclear DNA and the “cir-mtDNA” abbr e viation
or circulating mitochondrial DNA, which showed very different
hysical c har acteristics and biological stability [ 1 , 51 ]. 

ibr ary prepar a tion and cir-nDN A anal ysis b y 

WGS 

n this study, we analyzed DNA size profiles using sWGS, which al-
ows the accurate estimation of the number of fragments of a cer-
ain length with a resolution of 1 bp. Double strand DNA prepared
 DSP ) libr aries wer e pr epar ed with the NEBNext ® Ultr a™ II kit. For
ibr ary pr epar ation, a minim um of 1 ng of cirDN A w as engaged
ithout fr a gmentation, and the kit pr oviders’ r ecommendations
 ere follo w ed. Briefly, for DSP with the NEB kit, Illumina paired-

nd adaptor oligonucleotides were ligated on repaired A-tailed
r a gments, then Solid Phase Re v ersible Immobilization ( SPRI ) pu-
ified and enriched by 11 PCR cycles with unique dual indexes
 UDI ) primers indexing, and then SPRI purified again. The SPRI
urification was adjusted to k ee p the small fr a gments ar ound
0bp of insert. Finally, the libraries to be sequenced were precisely
uantified by Q-PCR, to ensure that the appropriate quantity was

oaded on to the Illumina sequencer, in order to obtain a minimum
f 1.5 million clusters. 

All libr aries wer e sequenced on Nov aSeq ( Illumina ) as pair ed-
nd 100 r eads. Ima ge anal ysis and base calling was performed us-
ng Illumina Real Time Analysis with default parameters . T he in-
ividual barcoded paired-end reads were trimmed with Cutadapt
1.10 to r emov e the ada pters and discard trimmed r eads shorter
han 20 bp. Trimmed fastq files were aligned to the human refer-
nce genome ( GRCH38 ) using the Modal EM ( MEM ) algorithm in
he Burrows–Wheeler Aligner v0.7.15. The insert sizes were then
xtr acted fr om the aligned bam files with the total length ( TLEN )
olumn for all pairs of reads having an insert size between 0–1000
p. 

uman MPO and NE assays 

PO and NE le v els wer e measur ed using enzyme-linked im-
unosorbent assays according to the manufacturer’s standard

rotocol ( Duoset R&D Systems, DY008, DY3174, and DY9167-05 ) .
riefly, ca ptur e antibodies wer e diluted at the working concentr a-
ions in the r ea gent diluent ( RD ) pr ovided in the ancillary r ea gent
its ( DY008 ) , and coated overnight at room temperature ( RT ) on
6-well microplates at 100 μl per well. Then, ca ptur e antibod-
es were removed from the microplate and wells were washed
hree times with 300 μl of wash buffer ( WB ) . Microplates were
ncubated at RT for 2 h by adding 300 μl of RD to each well. RD
as r emov ed fr om the micr oplates and w ells w ere w ashed three

imes with 300 μl of WB. Then, 100 μl of negativ e contr ols, stan-
ards, and plasma samples ( diluted 1/10 ) were added to the ap-
ropriate wells for 1 h at RT. Samples , controls , and standards
er e r emov ed fr om the micr oplates and w ells w ere w ashed three

imes with 300 μl of WB. Detection antibodies were diluted at the
orking concentrations in the RD and added at 100 μl per well

or 1 h at RT. Detection antibodies were removed from the mi-
roplates and w ells w ere w ashed three times with 300 μl of WB.
hen, 100 μl of str eptavidin-horser adish per oxidase was added
o each well and the microplates were incubated at RT for 30

in. The wash was repeated three times. Finally, 100 μl per well
f substrate solution was added and incubated for 15 min, and
he optical density of each w ell w as read immediately at 450 nm
ith the PHERAstar FS instrument using the PHERAstar control

oftware. 

ta tistical anal ysis 

he Mann–Whitney U test was used for non-parametric data. Cor-
 elation anal ysis was performed using the Spearman test ( Gr a ph
ad Prism 8.3.1 software ) . A probability < 0.05 was considered
o be statistically significant; ∗P < 0.05, ∗∗P < 0.01; ∗∗∗P < 0.001;
∗∗∗P < 0.0001. 
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Results 

Dynamics of cir-nDNA, NE, and MPO 

concentr a tions during the perioper a ti v e period 

The dynamics of total cir-nDNA concentration in plasma of pa- 
tients with breast ( n = 9 ) , prostate ( n = 10 ) , and colon ( n = 10 ) 
cancer ar e pr esented in Fig. 2 . Data on the cir-nDNA dynamics for 
each type of cancer similarly revealed two distinct phases: ( i ) a 
stable le v el of cir-nDNA during the 24 h befor e sur gery ( T1 ) to the 
implementation of anesthesia ( T2 ) , follo w ed b y ( ii ) the most sig- 
nificant increase in cir-nDNA, peaking at the end of surgery ( T3 ) .
From 6 h ( T4 ) to 72 h ( T9 ) after surgery, most samples sho w ed 

cir-nDNA increases to various extents in colon cancer patients. In 

prostate cancer patients, cir-nDNA levels were observed in smaller 
amounts and with higher heter ogeneity, wher eas in br east cancer 
patients cir-nDNA concentrations showed a slight increase or re- 
mained stable ( Fig. 2 A–D ) . 

Median values of cir-nDNA after surgery are significantly 
higher than before surgery for colon and prostate cancer patients,
while their slight increase after surgery observed in breast cancer 
patients was not significant ( Fig. 2 E and H ) . For each cancer type,
the pr e-sur gery cir-nDNA v alues wer e r ather homogenous, with 

mean le v els of 12.21, 9.81, and 12.56 ng/ml, for colon, prostate,
and br east cancer, r espectiv el y ) ( Fig. 2 H ) . We observ ed that most 
incr eases in cir-nDNA concentr ation by the end of the surgery ( T3 ) 
w ere follo w ed b y decreases after 6 h ( T4 ) ( supplememtary Fig. S1 ,
see online supplementary material ) . Inter estingl y, the peak ob- 
served at the end of surgery ( T3 ) is less prominent for patients 
operated on for breast cancer than for patients operated on for 
colon or prostate cancer ( Fig. 2 H ) . 

Then, we compared the median values of cir-nDNA, NE, and 

MPO in cancer patients ( n = 29 ) with those in healthy individuals 
( n = 114 ) ( Fig. 3 ) . Data r e v ealed that cir-nDNA, NE, and MPO le v els
in cancer patients are higher both pre- and post-surgery, as com- 
pared to healthy individuals ( Fig. 3 A–C, and supplementary Fig. S2 ,
see online supplementary material ) . For both colon and prostate 
cancer patients, the dynamics of the three markers are simi- 
lar, showing an increase with time, post-surgery ( Fig. 3 A and 

B ) . For breast cancer patients, in contrast, the dynamics of the 
three markers are clearly different, showing no increase with time 
( Fig. 3 C ) . 

Association of cir-nDNA levels with NETs protein 

markers during the perioper a tive period 

We used a Spearman correlation test to assess the association be- 
tw een cir-nDN A concentr ations and NETs pr oteic markers ( Fig. 4 ) .
Data r e v ealed that onl y NE and MPO le v els ar e associated in HI,
r = 0.37 ( P ≤ 0.0001 ) . Mor eov er , cir -nDNA le v els ar e not associated 

with NET protein maker levels in HI ( Fig. 4 A ) . In cancer patients,
there is a significant positive association between NE and MPO 

befor e sur gery ( T1, n = 25 ) , at the end of surgery ( T3, n = 28 ) ,
and 72 h after surgery ( T9, n = 22 ) , r = 0.77 ( P ≤ 0.0001 ) , r = 0.62
( P ≤ 0.0001 ) , and r = 0.79 ( P ≤ 0.0001 ) , r espectiv el y ( Fig. 4 B–D ) . Data 
r e v ealed significant statistical positive associations between MPO 

and cir-nDNA le v els at the end of surgery and 72 h after surgery,
with r = 0.40 ( P ≤ 0.01 ) and r = 0.44 ( P ≤ 0.01 ) , r espectiv el y. Data 
sho w ed a similar association in both cohorts between NE and cir- 
nDNA le v els at the end of surgery and 72 h after surgery, with 

r = 0.49 ( P ≤ 0.001 ) and r = 0.46 ( P ≤ 0.01 ) , r espectiv el y ( Fig. 4 C and
D ) . Mor eov er, data r e v ealed that the positive associations between 

NE and MPO ar e str onger in cancer patients than in HI, whether 
before or after surgery ( Fig. 4 A–D ) . 
The positive associations between NE and MPO le v els in can-
er patients remain high at all-time points before, during, and
fter surgery ( Fig. 4 E ) . Before surgery ( T1 ) , data sho w ed positive
ssociations between cir-nDNA and NETs protein marker levels 
n colon and breast cancer, but cir-nDNA and MPO were not as-
ociated in prostate cancer patients. In the period from the im-
lementation of the anesthesia ( T2 ) to 6 h after the surgery ( T4 ) ,
ata r e v ealed positiv e associations betw een cir-nDN A le v els and
E and MPO le v els in the thr ee types of cancer. Fr om 36 h after

urgery ( T7 ) to 72 h after surgery ( T9 ) , the cir-nDNA levels were
ssociated with NE and MPO le v els in colon cancer patients, with
 = 0.60 ( P < 0.001 ) and r = 0.53 ( P < 0.01 ) , r espectiv el y. In the
ame period, the cir-nDNA le v els wer e no longer associated with
E and MPO le v els in pr ostate cancer patients, with r = −0.02 and
 = 0.15, or in breast cancer patients, with r = −0.03 and r = 0.01
 Fig. 4 E ) . 

ynamics of cir-mtDNA during the perioperati v e 

eriod 

xcept for two patients ( C3 and C9 ) , data show some homogene-
ty and a low variation in the dynamics of cir-mtDNA in colon
ancer patients ( Fig. 5 A ) . Data sho w ed very high heterogeneity
nd a high variation in cir-mtDNA le v els for pr ostate cancer pa-
ients, with a peak still observable at T3–T5 ( Fig. 5 B ) . Prostate
ancer patients had higher values of cir-mtDNA than patients 
ith colon ( Fig. 5 A ) and breast ( Fig. 5 C ) cancer . Cir -mtDNA levels

n breast cancer patients were mostly stable, with the exception
f one patient ( B3 ) ( Fig. 5 C ) . The dynamics of cir-nDNA and cir-
tDNA le v els in colon cancer patients were similar up to 36 h af-

er surgery ( T7 ) , but diverged subsequently, with an increase in cir-
DNA. In prostate cancer patients, the dynamics of cir-nDNA and
ir-mtDNA le v els ar e compar able with those of colon cancer pa-
ients, but show a lower difference after T7 ( Fig. 5 D ) . The dynam-
cs of cir-nDNA and cir-mtDNA le v els in breast cancer patients
re similar up to 72 h after surgery ( T9 ) ( Fig. 5 F ) . Data sho w ed
n increase in cir-mtDNA levels in prostate cancer patients af-
er 24 h of surgery, while this increase did not exist in patients
ith other types of cancer ( supplementary Fig. S3 , see online

upplementary material ) . 
No association was seen between the le v els of cir-mtDNA and

he NETs marker le v els in pr ostate and br east cancer patients
uring the perioper ativ e period ( supplementary Figs S4 and S5 ,
ee online supplementary material ) . In contrast, for colon cancer
atients data r e v ealed significant positiv e associations between
ir-mtDNA concentrations and NE and MPO, both before surgery 
 T1 ) ( with r = 0.70 and r = 0.72, r espectiv el y ) and until 72 h after
urgery ( T9 ) ( with r = 0.40 and 0.41, r espectiv el y ) ( supplementary
ig. S6 , see online supplementary material ) . We investigated the
ir -mtDNA to cir -nDNA ratio ( called MNR ) in patients with all
hree cancer types. Data did not show any positive association be-
ween MNR and NE, MPO, and cir-nDNA le v els in cancer patients,
hether before or after surgery ( supplementary Figs S4 –S6 ) . How-
 v er, data sho w ed positive associations betw een MNR and cir-
tDNA le v els in cancer patients, both before and after surgery

 supplementary Figs S4 –S6 ) . 

r agmentomics anal ysis of cir-nDN A b y sWGS 

 atients anal yzed by sWGS had low le v els of cir-nDNA, NE, and
PO befor e sur gery, but high le v els of these markers 72 h after

urgery. As determined by sWGS, the length of most cir-nDNA
r a gments in cancer patients and HI are ∼166 bp ( supplementary
ig. S7A , see online supplementary material ) . From T2 to T9, for

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
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(E)

(A)

(F)

(B) (C)

(G) (H)

(D)

Figure 2. Dynamics of cir-nDNA plasma concentration ( ng/ml plasma ) before, during, and after surgery. Individual values of cir-nDNA are given for 
patients with ( A ) colon, ( B ) pr ostate, ( C ) br east, and ( D ) all types of cancer. Mean values of cir-nDNA are shown for ( E ) colon, ( F ) pr ostate, ( G ) br east, and 
( H ) all types of cancer. The boxplot shows medians with IQR ( Q1–Q3 ) , and whiskers r epr esent the minimum and maximum values. IQR: Interquartile 
range. 
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he patients C4 and C5, the fraction of short ( < 151 bp ) cir-nDNA
r a gments incr eased fr om 21% to 33% and fr om 21% to 23%, r e-
pectiv el y ( supplementary Fig. S7B and C ) . While the cir-nDNA
ize pr ofile fr om plasma samples befor e sur gery ( T2 ) of both these
atients had similar c har acteristics when all parameters studied
ere taken into account, this was not the case when comparing

he cir-nDNA from plasma samples taken 72 h after surgery ( T9 )
 supplementary Fig. S7B and C ) . Details of the parameters studied
re described in Fig. S7B and C . In both illustr ativ e examples, we
bserved a shift to the lo w er fragment size in cancer patients, as
ompared to the HI size profile . T his is in accordance with previ-
us reports [ 52 , 53 ]. 

ela tionship betw een relapse and increases in 

ir-nDNA, NE, and MPO during the perioperati v e 

eriod 

upplementary Fig. S8 , see online supplementary material , shows
ongitudinal analyses of cir-nDNA, NE, and MPO from six illustra-
ive patients with a colon cancer: patients C1 ( relapsed 1 year af-
er surgery ) , C4 ( relapsed 3 months after surgery ) , and C7 ( relapse
 months after surgery ) experienced a relapse within 2 years of
ostoper ativ e follow-up. Rela psing patients a ppear to show higher
ir-nDNA, NE, and MPO le v els after sur gery than patients who
o not r ela pse within the 2 years of postoper ativ e follow-up. P a-
ients who r ela psed ( n = 3 ) had a ratio of 1.9-fold, 5.5-fold, and
.8-fold higher cir-nDNA le v els at T3, T7, and T9, as compared to
r e-sur gery le v els. By contr ast, patients who did not r ela pse had
 ratio of 1.2-fold, 2.4-fold, and 2.8-fold higher cir-nDNA levels at
3, T7, and T9, as compared to pre-surgery levels. Relapsing pa-

ients sho w ed a ratio of 1.3-fold, 3.0-fold, and 2.4-fold higher NE
e v els at T3, T7, and T9, as compar ed to pr e-sur gery le v els, while
atients who did not r ela pse had a ratio of 1.3-fold, 1.4-fold, and
.2-fold higher NE le v els at T3, T7, and T9, as compared to pre-
ur gery le v els. For MPO le v els, r ela psing patients sho w ed a ratio
f 1.2-fold, 2.0-fold, and 1.9-fold higher le v els at T3, T7, and T9,
s compared to pre-surgery levels, while patients who did not re-
apse had a ratio of 1.3-fold, 1.4-fold, and 1.4-fold more at T3, T7,
nd T9, as compared to pre-surgery levels. 
iscussion 

n this study, plasma concentrations of cir -nDNA, cir -mtDNA, and
he NETs protein markers are higher after surgery than before
urgery in most patients with colon, prostate, and breast cancer.
n addition, data r e v ealed that ( i ) NETs formation is implicated
n post-surgery conditions; ( ii ) post-surgery cir-nDNA levels were
ssociated with NETs proteic markers in colon cancer, but not as-
ociated with NETs markers 36 h after surgery in prostate and
reast cancer; and ( iii ) each tumor type sho w ed a specific pattern
f cir-nDNA and NETs mark er d ynamics, with breast cancer differ-
ntiating the most, showing a low increase with time of cir-nDNA,
E, and MPO, 6 h after surgery ( supplementary Fig. S10 , see online

upplementary material ) . In addition, both pre- and post-surgery
edian values of cir-nDNA, NE, and MPO wer e significantl y higher

n cancer patients than in HI ( n = 114 ) . 
Numer ous pr e vious studies hav e shown that the concentration

f cir-nDN A is lo w er in healthy individuals than in cancer patients
t diagnosis [ 4 , 44 , 46 , 54 , 55 ]. Ho w e v er, se v er al studies hav e shown
hat cir-nDNA can also be ele v ated in HI as a result of physical ac-
i vities [ 56 ]. Med deb et al . sho w ed that cirDN A le v els in healthy
ndividuals can also vary with age and gender . cir -nDNA levels

ay be ele v ated in pathological conditions suc h as cancer [ 46 ,
7 ], infectious diseases, and inflammatory diseases [ 53 , 57 ]. Over
he past se v er al decades, it has been widel y demonstr ated that
ir culating DN A deriv ed fr om tumors carries genetic and epige-
etic alterations of the primary tumor and associated metastases.
uilding on this, the detection of cir-mutDNA in plasma could
erve as a liquid biopsy in oncology, with numerous potential diag-
ostic applications. Among such potential applications in oncol-
gy, the detection of MRD through cirDNA analysis would appear
o be a promising strategy to w ar ds a guided deintensification of
 hemother a py, as has been pr e viousl y r eported [ 58 , 59 ]. 

While surgery is generally considered a curative intervention,
he perioper ativ e phase nonetheless r epr esents a window of vul-
er ability whic h offers r esidual disease opportunities to spr ead.
ecurrent disease occurs in up to 30% of patients with colorectal
ancer after initial cur ativ e sur gery, with 70% of these cases typ-
cally occurring within 2 years of surgery; current understanding

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
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(A)

(B)

(C)

Figure 3. Comparison of cir-nDNA, NE, and MPO concentrations before surgery ( T1 ) , at the end of surgery ( T3 ) , and after surgery ( T6, T9 ) , of patients 
with cancer, with values of HI ( n = 114 ) . Histograms represent medians with the 95% confidence interval ( CI ) of HI and for patients with ( A ) colon , ( B ) 
pr ostate , ( C ) br east cancer . T est for comparison of median betw een groups is done b y the Mann–Whitney test. A probability < 0.05 w as considered 
statistically significant; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001; ns: non-significant. 



10 | Kudria vtse v et al. 

(B)(A)

(C)

(E)

(D)

Figure 4. Correlation matrix of cir -nDNA, MPO , and NE concentrations ( ng/ml plasma ) in cancer patients ( n = 29 ) and in HI ( n = 114 ) . Spearman 
correlation matrix of cirDNA, MPO, and NE concentrations ( ng/ml plasma ) in ( A ) HI ( n = 114 ) , ( B ) in all cancer patients before surgery ( T1, n = 25 ) , ( C ) in 
all cancer patients at the end of surgery ( T3, n = 28 ) , ( D ) in all cancer patients 72 h after surgery ( T9, n = 22 ) , and ( E ) in colon, prostate, and breast 
cancer patients before surgery ( T1 ) , from the implementation of the anesthesia to 6 h after surgery ( T2–T4 ) , and from 36 to 72 h after surgery ( T7–T9 ) . 
Heatmap shows the strength of relationships by Spearman’s correlation analysis ( red: positive correlation; blue: negative correlation ) . A probability < 

0.05 was considered statistically significant; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001. 
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(D)

(A) (B)

(E) (F)

(C)

Figure 5. Dynamics of cir-mtDNA plasma concentration ( ng/ml plasma ) before, during and, after surgery. Individual values of cir-mtDNA are given for 
patients with ( A ) colon, ( B ) prostate, and ( C ) br east cancer. Median v alues of cir -mtDNA ( blue lines ) and cir -nDNA ( r ed lines ) ar e shown for ( D ) colon, ( E ) 
prostate, and ( F ) breast cancer patients. 
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points to the acceleration of this phenomenon by perioper ativ e 
inflammation [ 60 ]. Higher concentrations of cirDNA have been 

observed in those with early disease recurrence as compared to 
those who were disease-free at 2 years. To reduce the incidence of 
r ecurr ence, a str ategy has been pr oposed whic h includes: ( i ) the 
use of regional rather than general anesthesia, to attenuate the 
sympathetic nervous system’s response during surgery; ( ii ) a re- 
duction of opioid r equir ements, thus diminishing their direct im- 
m unosuppr essant effects ( natur al killer cells ) , and ( iii ) the pr o- 
vision of anti-tumor and anti-inflammatory effects by means of 
systemic local anesthetic action, specificall y thr ough the use of 
lidocaine, r opiv acaine, and bupiv acaine [ 61 ]. 

Pr e vious studies have generally operated under the assump- 
tion that, excepting cases of r ecurr ence, cir-m utDN A and cirDN A 

decr eases following sur gery [ 2 , 4 ]. Nonetheless, Wei et al . sho w ed 

that the cirDNA le v els ar e stable at differ ent time-points up to 
6 months after surgery, and remain at levels higher than those 
of high-risk healthy subjects [ 62 ]. The perioper ativ e phase r epr e- 
sents a vulnerable state where minimal residual disease ( residual 
circulating cancer cells or r esidual cir-m utDNA ) may be inade- 
quately eliminated by the host immune system, which may be 
w eakened b y sur gical str ess and the pharmacologic effects of v ar- 
ious cancer-fighting drugs [ 63 , 64 ]. As a result, the perioperative 
period is considered to be a crucial juncture at which tumor cells 
may be released into the bloodstr eam, whic h may in turn result 
in metastasis de v elopment. In addition, sur gery-induced tr auma 
could provoke an immediate and significant immune response 
[ 15 ]. Studies have shown that activated platelets may coat tu- 
mor cells and protect them from detection and clearance by NK 

cells [ 65 , 66 ]. Activated platelets are not the only blood cells that 
could ca ptur e the tumor cells and/or cir culating tumor DN A in 

the bloodstream. Systemic immune inflammation, as determined 

by the neutr ophil–l ymphocyte r atio ( NLR ) , has been found to pr e- 
dict survival outcome in patents with colorectal or breast cancer 
[ 67 ]. NLR ma y ha v e pr ognostic v alue r egarding ov er all, cancer-fr ee
and cancer-specific survival [ 68 ]. 

Moss et al .’s methylome study sho w ed for the first time that 
∼80% of cirDNA is deriv ed fr om white blood cells in healthy sub- 
ects [ 69 ]. They postulated that in cancer conditions, by contrast,
irDNA is mainly released from the tumor itself and by the tu-
or al micr oenvir onment. In a study that contr adicted suc h ex-

ectations, Mattox et al . found no evidence that neoplastic cells
r surrounding non-neoplastic epithelial cells are major sources 
f ele v ated cirDN A in cancer patients [ 26 ]. In 2015, our o wn team
as among the first to postulate that cir-nDNA found in cancer
atient plasma may significantly originate from NETs [ 3 ]. We sub-
equentl y observ ed that the concentr ations of cir-nDNA in ne wl y
iagnosed mCRC patients were positively associated with NETs 
rotein markers ( NE and MPO ) [ 21 ]. This work showed that a pro-
ortion of cirDNA in cancer patients may derive from immune
ells, in particular neutrophils. Two further recent studies have 
mplo y ed the analysis of cir-nDNA methylation to confirm that
hree-quarters of the cir-nDNA found in patients with different 
ypes of cancer derives from white blood cells with a predomi-
ance of gr anulocytes ( particularl y neutr ophils ) and erythr ocyte
rogenitors. [ 26 , 70 ]. It should be noted, furthermore, that the tu-
or tissue environment of the breast, the colon, and the pancreas

r e significantl y differ ent. T hus , the m uc h lo w er cirDN A or NETs
rotein marker levels found in certain types of cancer could be
xplained in part by the smaller proportion of vascular or con-
ectiv e tissues, whic h might influence the inflammatory process,

or instance. 
In light of these findings, we suggest that a great part of the

ir-nDNA found immediately after surgery in colon, prostate, and 

reast cancer comes from NETs, and so from activated neu-
rophils. We also found that cir-nDNA levels in HI was not associ-
ted with NETs markers . T hese results confirm our pr e vious work
n the origin of cir-nDNA in cancer patients and HIs [ 21 ]. To date,
his is the first study to show that ele v ated cir-nDNA le v els may be
eriv ed fr om NETs in the perioper ativ e period. A compr ehensiv e
nderstanding of cirDNA dynamics and origins in the periopera- 
ive period is indispensable to identify the optimal time-point at
hich blood samples should be taken for further cirDNA analysis

 for MRD detection, for instance ) . We hav e also demonstr ated that
ETs may persist after the acute infection of COVID-19, augment- 

ng disease se v erity wher e the le v el of NETs is ele v ated [ 53 ]. 
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While this study focuses on the immediate perioper ativ e pe-
iod, an investigation that extends over a period of 1 month is
eeded to examine mor e full y the dynamics of this biomarker.
umerous studies have shown the relevance ( prior to the ad-
ent of imaging techniques ) of cir-mutDNA as a postoperative
arker of the MRD, in order to predict potential recurrence [ 58 ,

1–73 ]. To pr e v ent the dilution of cir-m utDN A among total cirDN A,
hich might impact the capacity of next generation sequenc-

ng to identify cir-mutDNA, Henriksen et al . recommended per-
orming cir-mutDNA for MRD detection in the fourth week post-
ur gery [ 20 ]. Curr entl y, no standardized pr ocedur es or guidelines
xist that suggest the ideal time-point at which blood should be
ollected for a postoper ativ e e v aluation of total cirDNA, e v en if the
 equir ed postoper ativ e delay for blood collection can be inferred
rom the negative detection of cir-mutDNA. Given that NETs have
een implicated in cancer pr ogr ession [ 32 , 35 , 74 ], we analyzed
hose patients in our study who suffered relapse . T hus , as men-
ioned abo ve , there is a need to investigate further the dynamics of
irDNA release and NETs formation in order to better c har acterize
ostoper ativ e inflammation and circumscribe the prognostic po-
ential of those markers regarding recurrence in non-metastatic
olid cancers. One of the goals of this study is to initiate experi-
ental groundwork that would impr ov e assessments of the im-

act of perioper ativ e anesthesia on tumor r ecurr ence and metas-
asis. In that context, this study has shown that the cir-nDNA
elease begins just after surgery and continues to gr aduall y in-
rease for at least 3 da ys . Furthermore , clear and specific patterns
er e r e v ealed for eac h tumor type when post-sur gery le v els of cir-
DNA, NE, and MPO were compared. 

Four ( 13.8% ) out of the 29 patients analyzed in this study re-
apsed within 2 years of postoper ativ e follow-up ( 3 colon cancer
atients and 1 prostate cancer patient ) . These two types of can-
er sho w ed higher le v els of the three markers, a similar increase in
he le v els of these markers with time, and a continuous increase
n NETs formation for up to 36 h ( for prostate ) and 72 h ( for colon )
fter sur gery. P atients with colon cancer who experienced early
 ela pse ( patients C4 and C7, who did so within 3 and 6 months of
ur gery, r espectiv el y ) had higher cir-nDNA, NE, and MPO le v els at
2 h following surgery than patients who experienced a late re-
a pse ( patient C7, r ela pse after 1 year of follow-up ) and patients
ithout r ela pse within 2 years of post-oper ativ e follow-up. Due to

he limited sample sizes, extreme caution must be exercised in
he inter pr etation of these findings. 

Data r e v ealed a peak in cir-DNA le v els immediatel y at the
nd of surgery ( T3 ) , for all three cancer types. Since this peak
s r eadil y observ able, it is r easonable to think that the mec ha-
ism of the release of extracellular DNA in the blood circula-
ion at the end of the intervention differs from that occurring
etween 6 h and 3 days post-surgery. It might be explained by
n early cirDNA release provoked by cell degradation resulting
r om tr auma, or by tissue dama ge, or by some unknown effect
f anesthesia. It could alternativ el y be explained by the dura-
ion of the various surgical operations. In this study, the median
uration of the intervention was ∼2.5 h for patients with breast
ancer ( quadantectom y, mastectom y, and nodal picking ) , 4 h for
olon cancer patients ( la par oscopic left or right hemicolectomy ) ,
nd 5 h and 42 min for prostate cancer patients ( robotic radi-
al prostatectomy ) ( supplementary Fig. S9 , see online supplemen-
ary material ) . Prolonged operative duration increases the risk
f SSIs. In a meta-analysis of the literature, Cheng et al . sho w ed
hat for e v ery 15, 30, and 60 min of surgery, the likelihood of
SI increases by about 13, 17, and 37%, respectively [ 16 ]. More-
v er, sur gery induced-tr auma pr ovokes an important imm une r e-
ponse [ 15 ]. In addition, Mar gr af et al . sho w ed that the release of
irDN A w as correlated with NETs in posttraumatic inflammation
nd sepsis [ 19 ]. In this context, it should be noted that NETs are
eleased b y tw o distinct types of NETosis: early vital NETosis and
ate suicidal NETosis [ 74 ]. Vital NETosis occurs in the 5–25 min
fter activation of neutrophils, whereas late suicidal NmETosis
eleases NETs within the 2–5 h period following neutrophil acti-
 ation. Consequentl y, the longer duration of the intervention in
olon and prostate cancer could induce a gr eater imm une r e-
ponse and, ther efor e, a gr eater pr oduction of NETs than is the
ase for breast cancer surgery. This could explain the higher in-
rease of cir -nDNA, MPO , and NE le v els after colon and prostate
urgery than in breast cancer surgery. Overall, our study indicates
hat the combination of data from the three cancer types may
e misleading, since the correlation of data from breast and, to a
esser extent, prostate cancer exhibit clear differences with colon
ancer data, especially with respect to the correlation of cir-nDNA
ith the NET marker, as highlighted in Fig. 4 . 
Various explanations of these discrepancies are possible: first,

he sur gical pr ocedur e and sur gical dur ation; second, the tumor
ype biology; and third, anesthesia. Anesthesia may be ruled out,
ince the compounds and pr ocedur e ar e the same for all thr ee
ancer types. Regarding tumor type biology, we can observe that
he pr e-sur gical NET and cirDNA marker le v els for the thr ee can-
er types v aried significantl y in contrast to NETs markers values
hat sho w ed high homogeneity in HI ( supplementary Fig. S2 ) . We
r e mor e inclined to belie v e that sur gery pr ocedur es and timing
ead to NETs formation, and may affect in different ways both the

agnitude of NETs formation and their degradation, leading in
urn to variations in cir-nDNA production. Consequently, the vari-
us forms of malignancy and of operation types must all together
e taken into account when determining the best time frame for
RD identification. 
Administer ed ther a peutics and anesthetics ma y ha ve an im-
 unomodulatory effect [ 75 ]. Thor acic pr opofol–epidur al anesthe-

ia has been shown to reduce the expression of NETosis ( MPO
nd citrullinated histone H3 ( H3Cit ) ) in serum during colorectal
ancer surgery [ 76 ]. In contrast to this finding, Kim has shown
hat a sharp increase in cirDN A betw een the start and the end
f the intervention coincided with the administration of anes-
hesia [ 17 ]; a shar p decr ease in cirDNA le v el was then observed
y the end of the intervention, due to the elimination of anes-
hesia. Giv en suc h discr epancies in the liter atur e, one can spec-
late that different types of anesthesia as well as their differ-
nt delivery protocols may have contrasting effects on cirDNA re-
ease. In our study, the induction of anesthesia was performed in
he same way for all cancer types, and was performed with in-
r av enous pr opofol ( 2–3 mg.kg −1 ) , cisatr acurium ( 0.6–1 mg.kg −1 ) ,
ufentanil ( 0.25 μg.kg −1 ) , and maintained with se voflur ane 1–2%
nd additional IV sufentanil. In our study, patients with colon
nd prostate cancer received enoxaparin after surgery, but pa-
ients with breast cancer did not. Enoxaparin is not an anes-
hetic compound but a lo w-molecular-w eight heparin used to
r e v ent blood clots and thrombosis. Saithong et al . sho w ed that
noxaparin inhibits the formation of NETs in COVID-19 disease
 39 ]. Inter estingl y, in our study, patients with enoxaparin intake
 h after surgery sho w ed increased and higher cir-nDNA, NE,
nd MPO le v els than patients with no suc h intake ( br east can-
er patients ) . The most obvious explanation of this counterintu-
tiv e r esult would be that enoxa parin could also pr e v ent NETs
egradation by inhibiting DNases and proteases in the blood-
tr eam ( like EDTA ) , r esulting in the accumulation of NETs un-
il their degradation ( fragmentation of the chromatin into cir-

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae008#supplementary-data
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5  
nDNA fr a gments ) . Howe v er, we ar e inclined to belie v e that it is,
rather, the shorter duration of the breast cancer operation that 
reduces the formation of NETs and thus diminishes the le v el of 
cir-nDNA. 

cir-nDNA is highl y fr a gmented, and the size pr ofile pat- 
tern corresponds to the size of the DNA packed mostly 
in mono-nucleosomes ( ∼180 bp ) and, to a m uc h lesser ex- 
tent, in di-nucleosomes [ 77 , 78 ]. Observations of mono- and 

oligo-nucleosomes have long suggested that the main mechanism 

of cirDNA release is apoptosis [ 3 , 77 , 78 ]. Recently, ho w ever, our 
team have shown that chromatin and NETs degradation leads 
to the release of mono-nucleosomes [ 40 ]. In this study, the size 
pr ofiles of cir-nDNA fr om two colon cancer patients after surgery 
( T9 ) sho w ed a clear shift to shorter fr a gments, as compar ed to 
the cir-nDNA size profile before surgery and the size profile in HI.
It should be noted that this shift to w ar d a lo w er fr a gment size 
has also been observed in DNA derived from NET degradation 

[ 40 ], pointing to the release of cir-DNA deriving from NETs dur- 
ing the post-oper ativ e period. This finding needs to be confirmed 

by a larger set of samples. 
Activ ated neutr ophils may r elease mitoc hondrial DNA into 

NETs . T his later kind of NETosis occurs 30 min after neutrophil 
stim ulation, like earl y vital NETosis. Our data her e sho w ed a w eak 
increase in cir-mtDNA level over time for prostate and colon can- 
cers, but it a ppear ed that cir-mtDNA amounts are not associated 

with cir-nDNA amounts. A different cir-mtDNA dynamic was also 
observ ed in eac h of the thr ee cancers. One possible explanation 

of this phenomenon would be that the production of NETs with 

a part of mitochondrial DNA occurred differently in these three 
types of cancer [ 79 ]. In this study, it is difficult to determine if 
cir-mtDNA is associated with NETs formation. Mor eov er, we hav e 
pr e viousl y shown that our standard cirDNA extract is composed 

in healthy individuals of ∼24.3% cir-mtDNA which mostly derives 
fr om circulating cell-fr ee mitoc hondria and to a m uc h lesser ex- 
tent from small extracellular vesicules , exosomes , and proteins 
complexed with mitochondrial DNA [ 51 ]. We are therefore in- 
clined to think that surgery or administered therapeutics or anes- 
thetics could induce mitochondrial injury or mitochondrial dys- 
function. 

Conclusions 

This is the first study of the immediate perioper ativ e follow-up of 
cirDNA ( i.e. within 72 h ) and of the causes of post-surgery cirDNA 

increase. Taken as a whole, our data suggest that ( i ) NETs are as- 
sociated with cir-nDNA pr e-sur gery and ar e ele v ated in cancer; ( ii ) 
the immediate inflammation after cur ativ e sur gery in cancer pa- 
tients leads to neutrophil stimulation and NETosis, subsequently 
producing cirDNA; and ( iii ) NETs are formed during the periop- 
er ativ e period. This c hallenges the curr ent par adigms [ 80 ]. This 
study has se v er al limitations. First, the data is limited to infer 
the impact on NETs formation or cirDNA release of anesthesia 
and other drugs administered during and after surgery. Ho w ever,
as to the dynamics of cirDNA and NET markers, our work re- 
v ealed clear differ ences between colon, br east, and pr ostate can- 
cer, whic h wer e certainl y due to the sur gery pr otocol, the v aria- 
tion of tumor vascularization of the cancerous cell/tissue and tu- 
mor micr o-envir onment, and of the location/surr ounding or gan.
These differences should be taken into consideration when se- 
lecting the a ppr opriate time-fr ame for blood dr awing for cirDNA- 
guided adjuv ant ther a py deintensification, or when inferring the 
threshold positivity for biomarkers, or when investigating tumor 
biology with DNA anal ysis. Furthermor e, as an explor atory study,
he perioper ativ e period is a complex and extensive scene of mul-
iple factor interv entions. Consequentl y, its data should be inter-
reted with caution and should be confirmed with a large co-
ort of patients with stages I–III and with patients with other
ypes of cancer. This study focuses on the immediate periopera-
iv e period. Inv estigation ov er a period of up to 1 month is con-
equently needed to examine the dynamics of these biomark- 
rs, especiall y with r espect to MRD detection. The r ole of anes-
hesics, in particular with regard to the association of cirDNA
 elease and imm une-suppr ession or -pr otection could not be
ircumscribed. 
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