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Prognostic impact of circulating
tumor DNA detection in portal
and peripheral blood in resected
pancreatic ductal adenocarcinoma
patients
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In PDAC patients, ctDNA detection’s prognostic significance needs validation especially in resected
patients. This study investigated ctDNA kinetics in portal and peripheral blood before and after
resection, and whether tissue mobilization during surgery influences ctDNA detection. In this single-
center prospective cohort, portal and peripheral blood were drawn during pancreaticoduodenectomy
before and after tissue mobilization, during 12 postoperative months and were associated with
overall survival (OS), recurrence-free survival (RFS) and CA19-9 (secondary endpoints). Tumor
mutations were identified using next-generation-sequencing and ctDNA detected by digital droplet
PCR. From 2018 to 2022, 34 patients were included. The 2-year RFS and OS were 47.6%(95%CI[29.5;
63.6]) and 65.7%(95%CI[46.5; 79.4]) respectively. Intraoperatively, ctDNA detection in portal or
peripheral blood was associated with worse RFS (HR[95%CI]3.26[1.26; 8.45],p =0.010) and OS
(HR[95%CI]5.46[1.65;18.01],p = 0.002). Portal vein sampling did not improve ctDNA detection. CtDNA
levels were increased by 2.5-fold (p =0.031) in peripheral blood after tissue mobilization but not
significantly linked to RFS or OS. Detecting ctDNA intraoperatively was correlated with poorer RFS
(HR[95% Cl] 3.26 [1.26;8.45], p=0.010) and 0S (HR [95% CI] 5.46 [1.65;18.01], p =0.002). Portal vein
sampling did not improve ctDNA detection. Tissue mobilization increases ctDNA levels. Intraoperative
detection of ctDNA is associated with a worse prognosis.

Keywords Circulating tumor DNA, Pancreatic ductal adenocarcinoma, Liquid biopsy, Overall survival,
Recurrence-free survival, Tissue mobilization
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CA 19-9  Carbohydrate Antigen 19.9

CCI Comprehensive Complication Index

cfDNA Cell-Free DNA

ctDNA Circulating Tumor DNA

IPMN Intraductal Papillary Mucinous Tumor of the Pancreas
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MD Missing Data

NGS Next-Generation Sequencing

(N Overall Survival

PDAC Pancreatic Ductal Adenocarcinoma
POD Post-Operative Day

POM Post-Operative Month

POPF Post-Operative Pancreatic Fistula
RFS Recurrence-Free Survival

SMA Superior Mesenteric Artery

TNM Tumor Node Metastasis

Pancreatic ductal adenocarcinoma (PDAC) is a major public health challenge due to its rising incidence and
mortality rates. With an annual increase of approximately 1% in incidence, PDAC has become the third leading
cause of cancer death in Western countries. The overall 5-year survival rate for all stages combined is a mere
12%, and PDAC is projected to become the second leading cause of cancer-related deaths by 203012 Surgical
resection remains the only curative treatment for PDAC, but it is feasible in only 10 to 20% of cases due to the
often late presentation of symptoms>. Despite recent advancements in onco-surgical approaches, which integrate
systemic therapies with various chemotherapeutic protocols, including neoadjuvant treatments, survival rates
remain low. The median 5-year survival rate for resected patients is only 20 to 30%, and the 3-year recurrence-
free survival rate is less than 40% for those treated with adjuvant mFOLFIRINOX*. The high incidence of occult
metastases in patients considered resectable at diagnosis underscores the need for more accurate detection of
minimal residual disease and the development of clinically relevant biomarkers to improve early diagnosis,
prognosis assessment, tumor progression monitoring, and treatment response evaluation®.

Currently, CA 19-9 (Carbohydrate Antigen 19.9) is the only recommended routine biomarker for PDAC
patients. Upon diagnosis, CA 19-9 demonstrates a sensitivity of 79% and a specificity of 82%, though its
specificity can be compromised by false positives, particularly in the presence of obstructive jaundice, where
can range from 10 to 60%®”. Current guidelines suggest that patients with elevated CA 19-9 levels above 500
U/L at diagnosis should receive neoadjuvant treatment®. However, CA19-9 has significant limitations, including
its limited ability to predict tumor progression or recurrence, and a high rate of false positives, particularly
in patients with benign pancreaticobiliary conditions'%and those with Lewis antigen deficiencies!!. These
limitations highlight the urgent need for more robust and reliable biomarkers. Consequently, further research is
essential to identify and validate alternative biomarkers and diagnostic tools that can provide a more precise and
comprehensive assessment of PDAC, ultimately improving patient outcomes and treatment strategies.

One promising approach for non-invasive biomarker discovery is liquid biopsy, particularly the analysis
of circulating tumor DNA (ctDNA)'2. This approach offers potential applications in early diagnosis, disease
prognosis, and treatment monitoring'?-'. First described in 1948'%, cell-free DNA is shed into the bloodstream
from apoptotic or necrotic tumor cells'®. ctDNA can be distinguished from normal circulating DNA by detecting
specific oncogenic mutations indicative of the originating tumor, using highly sensitive and specific techniques
such as digital droplet PCR (ddPCR)!7~. KRAS mutations are the most common alterations found in PDAC,
present in approximately 90% of patients, particularly in codons 12 and 612%2!, which are associated with
poorer prognosis®%. Previous studies from our group have shown that combining KRAS mutation analysis with
endoscopic ultrasonography-guided cytopathology improves diagnostic accuracy compared to cytopathology
alone?>?*. Additionally, recent research has demonstrated the prognostic significance of detecting KRAS
mutations from ctDNA, especially in metastatic PDAC?*-?’. However, further validation is needed to establish
the clinical relevance of ctDNA detection in both initial diagnosis and follow-up, particularly in resectable
patients with lower tumor burdens?®?°. Additionally, the impact of tumor manipulation during surgery, such as
the “no-touch” technique used in other cancers to prevent tumor cell dissemination®*!, on ctDNA detection has
not been thoroughly investigated in PDAC surgeries.

This study aims to explore, in a prospective cohort of patients receiving surgery for PDAC, the prognostic
impact of ctDNA detection in both peripheral and portal blood before and after PDAC resection. We also assess
whether tissue mobilization during surgery affects ctDNA levels in these blood compartments.

Results

Patient characteristics

A total of 57 patients underwent pancreaticoduodenectomy due to suspicion of resectable PDAC from February
2018 to June 2022 at Toulouse University Hospital and were screened for enrolment in this study. Ten patients were
excluded because resection surgery could not be performed (exploratory laparotomy), 1 patient was excluded
because their surgery was changed to distal pancreatectomy, 11 patients were removed as the histopathological
analysis revealed a different type of tumor than PDAC and 1 patient died within the first month after surgery
and had incomplete post-operative serum samples. Finally, the remaining 34 patients were enrolled in the study.
The study flow-chart is presented in Fig. 1.

Preoperative and intraoperative characteristics of the study population are detailed in Table 1. Discovery of
the tumor occurred in 50.0% (n=17) of patients following the onset of jaundice. Most patients (76.5%, n=26)
underwent a preoperative endoscopic ultrasound and diagnosis of pancreatic adenocarcinoma was made
preoperatively in 35.3% (n=12) of patients.

Post-operative characteristics of the population are listed in Table 2. On histopathological analysis, most of
patients had lymph node metastasis (73.5%, n=25), perineural infiltration (69.7%, n=23) and RO resection
(85.3%, n=29). The majority of patients had POD 90 medical (67.6%, n=23) and surgical (58.8%, n=20)

Scientific Reports |

(2024) 14:27296 | https://doi.org/10.1038/s41598-024-76903-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

February 2018 to June 2022
Scheduled surgery for pancreaticoduodenectomy for suspicion of resectable PDAC
n=157

*Exploratory laparotomy n= 10
*Distal pancreatectomy n= 1

v

Pancreaticoduodenectomy for suspicion of
resectable PDAC
n =46

- Postoperative death n=1
-Not PDAC n =11

v

Pancreaticoduodenectomy for resectable PDAC
n=34

Fig. 1. Study flow chart. PDAC: Pancreatic Ductal Adenocarcinoma.

complications, with a POD 90 median CCI of 29.0 (0.0; 92.6). A total of 20.6% (n=7) of patients experienced
major post-operative complications (Clavien-Dindo score > 3).

Mutational status of the primary tumor

Analysis of the primary tumor mutations performed on the surgical specimen using NGS is set out in Fig. 2.
KRAS and TP53 mutations were identified in 88.2% (30/34) and 79.4% (27/34) of the patients respectively. Five
patients (14.7%) exhibited 4 or more mutations in the primary tumor. Primary tumor KRAS status was G12V
in 26.5% (9/34), G12D in 35.3% (12/34) G12R in 20.6% (7/34), Q61H in 5.9% (2/34) and Q16R in 2.9% (1/34)
patients. One patient (2.9%) had two KRAS mutations within their primary tumor: G12R and G12D.

Recurrence-free survival and overall survival

After a median follow-up of 32.7 months (95% CI [23.4; 38.9]), disease recurrence was observed in 20 (58.8%)
patients and 13 (38.2%) patients had died (Table 3). The median survival after recurrence (among the 20 patients
who experienced a recurrence) is 7.5 months (95% CI=[2.0; 10.4]). All deceased patients in the study had PDAC
recurrence. The median RFS was 20.7 months (95% CI [8.4; 37.5]) although median OS was not reached. The
2-year RFS and OS were 47.6% (95% CI [29.5; 63.6]) and 65.7% (95% CI [46.5; 79.4]) respectively.

PreoperativeCA 19-9

CA 19-9 rates were measured at each timepoint and are listed in Supplementary data - Table 1. The level of CA
19-9 before surgery was significantly associated with poorer RFS (HR [95% CI] 1.01 [1.00; 1.02], p=0.007) and
OS (HR [95% CI] 1.02 [1.01; 1.03], p=0.002).

Analysis of intraoperative levels of cfDNA and ctDNA

Intraoperative mobilization of the tumor led to a significant increase in mean cfDNA levels by 2.74-fold in
peripheral blood before mobilization (2864 +2600 copies/mL) versus after mobilization (7866 +5148 copies/
ml, p<0.0001, Fig. 3A).

We measured a similar increase (1.66-fold) in the level of mean cfDNA in portal blood after mobilization
of the tumor (80605650 copies/mL) versus pre-mobilization (48643728 copies/mL, p=0.005, Fig. 3B).
Additionally, we measured a significant difference in mean cfDNA levels in blood from the portal vein as
compared to peripheral blood before tissue mobilization (1.64-fold increase, p=0.03).

Statistical analysis was conducted to study the effect of cfDNA levels on survival rates. The univariate analysis
did not reveal that the perioperative cfDNA rate had any significant impact on RFS or OS (Supplementary
data—Table 1).

We also analyzed KRAS mutations to address the presence of ctDNA in these samples. Fourteen patients
out of 34 (41.2%) showed positivity for intraoperative ctDNA, regardless of the sampling site before or after
mobilization. Four patients (11.8%) and 11 patients (32.4%) tested positive on peripheral blood samples before
and after tissue mobilization respectively. Four patients (12.1%, one missing data) and 6 patients (17.6%) tested
positive on portal blood before and after tissue mobilization respectively.

Among the 14 patients who showed positivity for intraoperative ctDNA, we found no increase in ctDNA levels
in the portal blood following tissue mobilization. On the contrary, ctDNA levels were significantly increased by
2.5-fold (1.4+2.5vs 3.4+2.1, p=0.031, Fig. 3A) in peripheral blood after mobilization.
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Total
(n=34)
Demographic characteristics
Gender (n, %)
Male 15 (44.1)
Female 19 (55.9)
Age at surgery (years, median, range) 66 (48;80)

BMI (kg/m?, median, range)

24.5(17.0;34.2)

?core ASA (n, %) 7 (20.6)
z 2
3 X
gerformance status (n, %) 18 (52.9)
! e
2 R
Medical and surgical history

Cancer (n, %) 7 (20.6)
Supramesocolic surgery (n, %) 3(8.8)

Clinical condition(s) upon diagnosis and discovery of the tumor

Weight loss (n, %) 14 (41.2)
Abdominal pain (n, %) 10 (29.4)
Asthenia (n, %) 4(11.8)
Jaundice (n, %) 17 (50.0)
Acute pancreatitis (n, %) 1(2.9)
Discovery of diabetes (n, %) 3(8.8)
IPMN surveillance (n, %) 2(5.9)
IPMN discovery (n, %) 1(2.9)
Incidental (n, %) 4(11.8)
Preoperative histological evidence
Preoperative endoscopic ultrasound (n, %) 26 (76.5
Preoperative diagnosis of PDAC (n, %) 12 (35.3)
Intraoperative characteristics
Blood loss (ml, median, range) 275 (0;800)
Intraoperative transfusion (n, %) 0(0)
QiQ 3 0
Consistency of the pancreas (n, %) 8(23.5)
Normal/soft 26 (76.5)
Hard .
Diameter of the Wirsung duct (mm, median, range) | 6 (2;10)
“From front to back” resection (n, %) 34 (100)
- - o

gancreat}c apgstomoms (n, %) 31(91.2)

ancreaticojejunostomy 1(2.9)
Pancreaticogastrostomy y
N 2(5.9)

one
Pancreatic drain (n, %) 2(5.9)
External
Lost 18 (52.9)
None 14 (41.2)
Venous resection (n, %) 0(0)

Table 1. Preoperative and intraoperative characteristics of the study population. IPMN: Intraductal Papillary
Mucinous Tumor of the Pancreas; PDAC: Pancreatic Ductal Adenocarcinoma: TNM: Tumor Node Metastasis;

MD: Missing Data.

Furthermore, 13 patients out 14 (92.9%) with positive intraoperative ctDNA exhibited KRAS mutation in the
tumor specimen (Fig. 3C). One patient whose tumor was negative for KRAS mutation in their tumor specimen
revealed positivity of ctDNA in peripheral blood after mobilization.

Statistical analysis was performed to study the impact of ctDNA levels on survival rates. The univariate
analysis (Table 3) revealed that intraoperative detection of ctDNA in portal or peripheral blood was significantly
correlated with worse RES (HR [95% CI] 3.26 [1.26; 8.45], p=0.010) and OS (HR [95% CI] 5.46 [1.65; 18.01],
p=0.002) even if the presence of ctDNA was only detected in portal or peripheral blood after mobilization of
the tumor: RES (HR [95% CI] 2.77 [1.07; 7.14], p=0.028) and OS (HR [95% CI] 4.24 [1.37; 13.16], p=0.007).

The increase in ctDNA detection after tissue mobilization was not significantly correlated with RFS (HR

[95% CI] 1.79 [0.69; 4.68], p=0.225) (Fig. 3D) or OS (HR [95% CI] 2.43 [0.81; 7.28], p=0.101) (Fig. 3E).
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Total (n=34)
Histopathological characteristics
Eathological stage TNM (n, %) 5(14.7)
la
1(2.9)
T1b
Tie 1(2.9)
T 22 (64.7)
T3 5(14.7)
NO 9(26.5)
NI 19 (55.9)
N2 6 (17.6)
Mo 34 (100)
Number of lymph nodes examined (n, median, range) 18.5 (7;39)
0y
TPMN (0, %) 26 (76.5)
one
X 6(17.6)
Mixed-type 2(59)
Branch duct type '
1 0y
Egsectlon status (n, %) 29 (85.3)
Rl 5(14.7)
Tumor size (mm, median, range) 30 (8;60)
Vascular emboli (n, %) [MD] 9(28.1) [2]
Perineural infiltration (n, %) [MD] 23 (69.7) [1]
Post-operative outcomes
Length of stay in hospital (days, median, range) 15 (10;67)
POD 90 medical complications* (n, %) 23 (67.6)
POD 90 surgical complications (n, %) 20 (58.8)
0y
POPE (n, %) 29 (85.3)
one
1(2.9)
Grade B 4(118)
Grade C ’
o 5
gOD 90 Clavien-Dindo score (n, %) 5(14.7)
1 2(5.9)
5 20 (58.8)
% 1(2.9)
3b 3(8.8)
4a 3(8.8)
POD 90 CCI (n, median, range) 29.0 (0.0;92.6)
Follow-Up
Adjuvant chemotherapy (n, %) 25(73.5)
Delay surgery-adjuvant chemotherapy (days, median, range) | 62 (36;86)
Recurrence (n, %) 20 (58.8)
Early recurrence within 6 months after surgery 9(26.5)
Recurrence localization (n, %) [MD] [1]
Local 2(10.5)
Liver 8(42.1)
Lungs 3(15.8)
Peritoneal carcinomatosis 2(10.5)
Multiple 4(21.1)
Eecurrence treatment 4(200)
one
15 (75.0)
Chemotherapy 1(5.0)
Radiochemotherapy )
Death at the end of the study (n, %) 13 (38.2)

Table 2. Post-Operative Characteristics of the Study Population. IPMN: Intraductal Papillary Mucinous
Tumor of the Pancreas; PDAC: Pancreatic Ductal Adenocarcinoma; TNM: Tumor Node Metastasis; MD:
Missing Data; POPE: Post-Operative Pancreatic Fistula; POD: Post-Operative Day; CCI: Comprehensive
Complication Index. *Medical complications: pulmonary, cardiovascular, thromboembolic, stroke and other
medical complications.

Analysis of Ca-19.9, cfDNA and ctDNA during post-operative follow-up

Samples of peripheral venous blood were collected post-operatively at POD 1, 10, POM 1, 3, 6 and 12. In case
of recurrence within the 12 post-operative months, a consultation was conducted, and a final peripheral venous
blood sample was taken.
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Fig. 2. Primary tumor mutations performed on the surgical specimen using next-generation-sequencing.
KRAS mutations and codons are in red and other mutations are in black.

RFS oS

HR [95%CI] P-value | HR [95%CI] P-value
ctDNA
Presence of ctDNA in peripheral blood after tissue mobilization 3.09 [1.19;8.05] | 0.015 4.14 [1.37;12.50] | 0.006
Presence of ctDNA in portal or peripheral blood after tissue mobilization 2.77 [1.07;7.14] | 0.028 4.24 [1.37;13.16] | 0.007
Presence of ctDNA in peripheral blood before or after tissue mobilization 3.89 [1.50;10.09] | 0.003 5.50 [1.77;17.12] | 0.001
Presence of ctDNA in portal vein before or after tissue mobilization 2.87 [1.02;8.08] | 0.037 2.83[0.90;8.88] 0.063
Presence of ctDNA in portal or peripheral blood before or after tissue mobilization | 3.26 [1.26;8.45] | 0.010 5.46 [1.65;18.01] | 0.002
f(l;;sence of ctDNA during immediate post-operative period (POD 1 and/or POD 2.39 [0.96;5.98] 0.054 121 [0.37;3.95] 0.752

Table 3. Circulating Tumor DNA (ctDNA). Univariate analysis. POD: Post-Operative Day; POM: Post-
Operative Month; HR: Hazard Ratio; OS: Overall Survival; RFS: Recurrence-Free Survival. Results with
P <0.05 are in bold.
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Fig. 3. Intraoperative data. Comparison of (A) peripheral and (B) portal cfDNA (copies/mL, mean, SD) and
ctDNA (copies/mL, mean, SD) levels before and after tissue mobilization. (C) KRAS mutation detection in
tumor specimen (“Tumor”) and in peripheral and/or portal vein, before and/or after tissue mobilization during
surgery (“Peroperative ctDNA”). Recurrence-free survival (D) and Overall survival (E) according to evolution
of ctDNA after mobilization comparing to before tissue mobilization. **** p <0.0001, ** p <0.01, * p <0.05.
ctDNA: Circulating tumor DNA, cfDNA: Circulating-Free DNA, NS: not significant, SD: Standard deviation.

Detection of CA 19-9 during the immediate post-operative period was predictive of recurrence at POD 1
(HR [95% CI] 1.02 [1.01; 1.04], p=0.010) and OS at POD 1 (HR [95% CI] 1.03 [1.01; 1.05], p=0.002) and POD
10 (HR [95% CI] 1.07 [1.01; 1.13], p=0.012) (Supplementary data—Table 1).

The univariate analysis did not reveal that cfDNA level had any significant impact on RES or OS during the
post-operative period (Supplementary data—Table 1).
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Patient follow-up with ctDNA detection and levels, if applicable, is detailed for each patient in Fig. 4A. Ca
19-9 levels are detailed for each patient in Fig. 4B. Detection of ctDNA during the immediate post-operative
period (POD 1 and/or POD 10) almost corresponded to significant correlation with worse RFS (HR [95% CI]
2.39 [0.96; 5.98], p=0.054) but not to OS (HR [95% CI] 1.21 [0.37; 3.95], p=0.752) (Table 3).

As an example, patient 18 had positive ctDNA detected in their intraoperative samples (peripheral and portal
blood) and 4 post-operative positive samples during the follow-up period: POD 1, POM 3, POM 6 and POM 12
which was the date of recurrence detection (POM 12). All the samples for patient 29 were positive for ctDNA
detection except for POD 1, with recurrence diagnosed at POM 6. In both patients, CA-19.9 levels showed a
similar trend (Fig. 4C).

Discussion

The presence of ctDNA in advanced PDAC patients with high tumor burden is widely acknowledged thanks
to KRAS mutation detection in peripheral blood and exhibits clinical value?#?*32-3¢, Moreover, the dynamic
changes of ctDNA levels in response to treatment have an even stronger impact*®3”38. However, the use of
KRAS mutation detection for the management of localized PDAC is still debated, even though it is most needed
for early diagnosis or recurrence detection. This study investigated the use of ctDNA as a non-invasive biomarker
in resectable PDAC patients, specifically focusing on its prognostic impact after sampling both peripheral and
portal venous blood. Various authors have investigated ctDNA in patients with resectable PDAC although the
populations were predominantly heterogeneous: some patients received neoadjuvant treatment before surgery,
some authors included PDAC from all stages and in some studies, patient follow-up was limited to the immediate
post-operative period®!1%-2428:39-42,

To overcome these limitations, we have presented a cohort which included a homogeneous and representative
population of resectable PDAC patients with long-term follow-up in order to increase the clinical importance
of the study. This work aims to explore whether sampling from the portal vein improves the detection of ctDNA
compared to peripheral blood sampling and whether tissue mobilization during surgery influences ctDNA levels.

When we examined the profile of mutations found in the surgery specimens using NGS detection, we
identified the same mutational profile as reported in the literature for larger cohorts. Indeed, KRAS mutation was
identified in more than 90% of PDAC and loss of tumor suppressor genes such as TP53, SMAD4 and CDKN2A is
also frequently observed >4,

We faced a discordance in one patient whose tumor was negative for KRAS mutation but who showed
positivity in ctDNA sampled from peripheral blood after mobilization. This finding may be due to differences in
sensitivity for KRASmutation detection between ddPCR (down to 0.001%) and NGS (2 to 3%)*>%¢. Furthermore,
PDAC has the particularity of being a highly heterogeneous tumor, either between patients or even within the
same tumor sample?’. Heterogeneity can manifest at various levels, whether at the genetic, epigenetic or cellular
and tumor microenvironment levels?’. As the NGS analysis of the surgical specimen was only performed on an
area of the tumor, KRAS mutation could have been “missed” during the process due to tumor heterogeneity.

We confirmed that Ca 19-9 detection has no prognostic value during follow-up for early prediction of
recurrence, in accordance with the literature*®*°, In addition, we further demonstrate that perioperative elevation
of CA 19-9 is prognostic of recurrence, as described before?®. Collectively, these molecular investigations
validate the clinical representativity of the cohort.

This study illustrates that detection of cfDNA is improved when sampling is performed in the portal vein
compared to the peripheral vein which is consistent with findings from the study by Nitschke et al., the only
study to date in the literature to evaluate peripheral and portal cfDNA and ctDNA detection'®. Some authors
have described that the carcinogenic process can be impacted by cfDNA-induced inflammation which is
attributable to the ability of cfDNA to cause inflammatory responses®. In our study, cfDNA increases had no
impact on RFS or OS. However, despite increased detection of cfDNA in the portal vein, such a sampling strategy
does not appear to improve the sensitivity of ctDNA detection. Our research does therefore not support findings
that hepatic filtration plays a major role in decreasing accessibility of ctDNA and shows no apparent benefit in
performing EUS-guided sampling of the portal vein for ctDNA detection as suggested by some authors!.

The results of this study show that when ctDNA is detected in the portal or peripheral vein before or after
tissue mobilization, the prognosis for RFS and OS is worse. Furthermore, tissue mobilization significantly
increases the level of ctDNA in peripheral blood and its detection is correlated with poorer RFS and OS.
Considering these results, it would be of interest to address ctDNA levels in a “no-touch” technique such as a
pancreaticoduodenectomy with resection performed “from back to front” using superior mesenteric artery first
approach. This approach allows for the vessels to be sectioned off before the pancreatic section’’.

In the literature, ctDNA detection during the immediate postoperative period has been associated with a
high rate of recurrence and poor median RFS?. However, this study did not reveal such associations (neither
considering POD1 nor POD10), likely due to the limited statistical power resulting from the small sample size.
CtDNA persistence or detection during the immediate post-operative period has the potential to help clinicians
identify high-risk patients and initiate early intervention for recurrence!*282%3 However, clinical relevance
regarding the presence of ctDNA after tumor resection is limited since there is presently no different treatment
based on the prognosis of patients after surgery: the current standard treatment is adjuvant mFOLFIRINOX
for all resected PDAC patients* but it may help in future with the development of novel therapeutic strategies.

Previous studies have shown that detection of preoperative ctDNA or during follow-up is related to poor
prognosis!®242829:3841,52-54 'Tn gur study, the presence of ctDNA pre-surgery (before tissue mobilization) could
not be analyzed due to limited numbers of events. However, when the results of ctDNA detection before and
after tissue mobilization were pooled, regardless of the sampling method, a significant impact on RFS and OS
was notably observed. We did not identify an effect on survival from preoperative ctDNA detection or during
long-term follow-up (after POM 1); this again, would be likely due to the small sample size.
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Moreover, detecting ctDNA in resectable patients is believed to be challenging as a result of low tumor
burden and an early cancer stage!>"!%, both factors which must have affected ctDNA detection in this study.
Nevertheless, ctDNA was detected before recurrence in two patients highlighted as examples, indicating that this
biomarker could be useful during follow-up.

This study presents us with a prospective cohort of resectable patients, but biases should be noted since it
is monocentric and because of limited statistical power due to the small sample size. Even so, the statistically
significant outcomes from our pilot study are supported by recent works where intraoperative ctDNA was
correlated with poor prognosis!®?*282%38 Moreover, the recruitment of these patients who underwent upfront
pancreaticoduodenectomy took a long time (4 years). This extended inclusion period was due, on the one hand,
to the strict selection of patients who had a resectable pancreatic head adenocarcinoma from the outset, and
on the other hand, to the changes in the management of these patients, with an increase in the administration
of neoadjuvant chemotherapy during this period when the CA 19-9 level was high or when there was venous
tumor contact®>>-57. Also, the detection rate in our study might have been higher if cfDNA had been extracted
from a larger quantity of blood, and if the inclusion time had been shorter, which would have reduced the
storage time of the sampleszg. However, this study is the first, to our knowledge, to address the impact of tissue
mobilization on ctDNA detection.

This study proposes the need for multicenter clinical trials to validate the relevance of liquid biopsy in
the management of resectable PDAC. The development of alternative tools and detection methods is widely
discussed in the literature. KRASmutations, identified in more than 90% of PDAC, are a prime target for liquid
biopsy in pancreatic cancer. However, it may also require to develop more sensitive assays or increase the amount
of ¢fDNA input, particularly in localized PDAC. Authors have developed multi-analyte approaches which show
promise®®-%0, Exploring other markers on circulating DNA (i.e., methylation®or fragmentation® is progressive
for ctDNA detection. In addition, recent studies have identified exosomes (small extracellular vesicles produced
by cancer calls) as a significant source of mutant KRAS DNA in the plasma of PDAC patients. They have also
demonstrated the potential of exosome detection in the blood which could be a promising alternative to detect
ctDNA and KRASmutation by ddPCR%3-%5. However, the cost and clinical feasibility of these alternative strategies
must also be considered.

In conclusion, this prospective study provides valuable insights into the prognostic significance of ctDNA
in PDAC patients undergoing surgical resection, especially when ctDNA is detected during the intraoperative
period. We found that portal vein sampling has no effect on ctDNA detection compared to peripheral blood
collection. Furthermore, this study raises important considerations for the first time about the impact of surgical
manipulation on ctDNA release. As detection of ctDNA in resectable patients is still challenging due to the
presumably low tumor burden, it is therefore necessary to develop new assays addressing multiple biomarkers to
further explore the clinical role of liquid biopsy-guided diagnosis and management of PDAC patients.

Material and methods
Study design and population
This was a single-center prospective explorative cohort study carried out from February 2018 to June 2022 at
Toulouse University Hospital. The Nord-Ouest I (Northwest I) Ethics Committee approved the study on January
2018 (No. 006/2018) which complied with Good Clinical Practices and the Declaration of Helsinki. Informed
consent was obtained for all included patients. This study was supported by a grant from the Toulouse University
Hospital, local grant 2017, no. RC31/17/0327 and was registered on 19/02/2018 on the ClinicalTrials.gov website
under the reference NCT03435536.

The eligibility criteria are summarized in Table 4.

During the surgery, the first portal blood sample was taken before any tissue mobilization took place and
a second sample portal blood was drawn at the end of the pancreaticoduodenectomy. These two portal blood
specimens were accompanied by two peripheral blood samples at the same stage of the procedure. Six samples
of peripheral venous blood were subsequently collected post-operatively at post-operative day (POD) 1, 10,
post-operative month (POM) 1, 3, 6 and 12. In case of recurrence within the 12 post-operative months detected
outside of the scheduled follow-up consultations (POM 1, POM 3, POM 6 and POM 12), a consultation was
conducted to confirm the recurrence and a final peripheral venous blood sample was gathered.

Pancreaticoduodenectomy (PD)

All patients underwent PD with dissection which removed the head of the pancreas in one piece, the duodenal
frame with the antropyloric region and the distal main bile duct. Pancreatic anastomosis included pancreatico-
jejunal (P]) anastomoses with Child’s type reconstruction and pancreatic-gastric anastomoses with or without
a trans-anastomotic stent. The resection was performed “from front to back” which is the most commonly used
method since it allows for improved exposure as anatomical structures are sectioned, leaving the more delicate
part, the segment of the retroportal lamina at the right edge of the superior mesenteric artery (SMA), to be
completed last.

Study endpoints

The ctDNA levels were compared in both portal and peripheral blood before and after resection of PDAC
(primary endpoint) and associated with overall survival (OS), recurrence-free survival (RFS) and CA 19-9
(secondary endpoints). RFS was defined as the time between the date of surgery and the date of recurrence
or death from any cause. Patients alive and recurrence-free were censored at last follow-up. Recurrence was
diagnosed for each patient based on a combination of biological, radiological and clinical criteria during a
multidisciplinary meeting involving at least three experts from four specialties: radiology, gastroenterology,
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Fig. 4. Postoperative data. (A) CtDNA detection and levels and recurrence. (B) Ca 19-9 levels and recurrence.
(C) Examples of ctDNA detection and recurrence. BS: Before surgery, BEFORE-P: Peripheral blood before
tissue mobilization, AFTER-P: Peripheral blood after tissue mobilization, BEFORE-PV: Portal blood before
tissue mobilization, AFTER-PV: Portal blood after tissue mobilization, POD: Postoperative day, POM:
Postoperative month. Arrows indicate clinical recurrence.
Inclusion criteria Non-Inclusion criteria Exclusion criteria
- Age <18 years - Patients with a histological
- Age>18 years - Patient who received neoadjuvant treatment for their PDAC | analysis of the operative specimen

- Pancreaticoduodenectomy for suspicion of resectable PDAC
- Patient information leaflet and signed informed consent
- Eligible for health insurance

which did not reveal PDAC

- Patients for whom resection
surgery could not be performed
(exploratory laparotomy)

- Patient with another active primary cancer

- Individuals unable to comprehend or read the consent form
- Individuals under a partial or total guardianship

- Individuals who are wards of the state

Table 4. Eligibility Criteria. PDAC: Pancreatic Ductal Adenocarcinoma.
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digestive surgery and digestive oncology. The experts were blinded for ctDNA levels. OS was defined as the time
between the date of surgery and the date of death from any cause. Patients alive were censored at last follow-up.

Definitions

CtDNA was defined as cell-free DNA with KRASalterations. Post-operative pancreatic fistula (POPF) and its
severity stages were defined by the 2016 ISGPS grading system®. Post-operative morbidity was staged according
to the Clavien-Dindo score®’and the Comprehensive Complication Index (CCI)® at post-operative day 90 (POD
90). The POD 90 CCI was performed for each patient using an online calculator (https://www.cci-calculator.com
/cciCalculator). Major post-operative complications were defined by a Clavien-Dindo score > 3.

Blood collection and processing

At each timepoint, 16 mL of portal or peripheral blood was collected in 8 mL PAXgene tubes (PreAnalitiX™
A QIAGEN/BD Company, Hombrechtikon, Switzerland) and were processed immediately 24 h after blood
collection. To separate plasma from peripheral blood cells, samples were centrifuged for 10 min at 1,200 g at
4 °C. A second centrifugation was performed for 10 min at 16,000 g at 4 °C. All isolated plasmas were aliquoted
and stored at — 80 °C for later use.

Cell-free DNA (cfDNA) extraction

DNA extraction and analysis for ctDNA detection were conducted as a whole batch at the end of the study.
CfDNA was purified from 2 mL of plasma. The extraction was performed manually with QIAamp Circulating
Nucleic Acid kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. Circulating-free
circulating DNA was stored at —20 °C.

Next-generation sequencing (NGS) of primary tumor

Analysis of the primary tumor mutations (including KRAS mutational status) was conducted on the surgical
specimen using NGS. Tumor DNA was extracted from a 10 pm-thick section of FFPE samples using the Maxwell®
16 FFPE Plus LEV DNA Purification Kit (Promega) according to the manufacturer’s instructions. Extracted
DNA was quantified using the Qubit dsDNA broad-range assay kit in combination with a Qubit Fluorometer
(Thermo Scientific). A QPCR-based assay was also carried out to qualify the extracted genomic DNA. Targeted
sequencing of a panel of 48 genes frequently involved in solid tumors (ACVR1, AKT1, ALK, BRAF, BRCAL,
BRCA2, CKDKN2A, CTNNBI1, DDR2, DICERI, EGFR, ARBB2, ARBB4, FGFR1, FGFR2, FGFR3, FGFR4,
FOXL2, GNA11, GNAQ, GNAS, H3F3A, H3F3B, HIST1H3B, HIST1H3C, HRAS, IDH]1, IDH2, JAK2, KIT,
KRAS, MAP2K1, MET, MYOD1, NRAS, PDGFRA, PIK3CA, POLD1, POLE, PRKD1, PTEN, PTPN11, RAC1,
RET, SMAD4, STK11, TERT, TP53) including KRAS (exons 2, 3 and 4) was executed using capture-based target
enrichment. DNA libraries were prepared using Twist Biosciences instruction with mechanical fragmentation
(Covaris ME220 system). Samples were sequenced on an Illumina MiseqDX or NextSeq 550 in paired-end
sequencing (2 X 150 cycles) using a minimum of 5 ng, with up to 100 ng of DNA input. We targeted a minimum
depth of 150X with a limit of detection of 3%.

Digital droplet PCR and analysis

CfDNA was tested for the presence of KRAS mutation by digital droplet PCR. All plasma samples were screened
for the three most frequent KRAS mutations in pancreatic adenocarcinoma (i.e., codons 12 and 13) by ddPCR
on the QX200 system (Bio-Rad, France) using ddPCR™ KRAS G12/G13 Screening Kit (1,863,506) or ddPCR™
KRAS Q61 Screening Kit (12,001,626) (Bio-Rad, France) when KRAS mutation was detected in codon 61 on
the surgical specimen using NGS. For each sample, a triplicate of 8 uL cfcDNA was tested. Negative controls
with no DNA or KRAS wild-type DNA as well as positive controls for G12V, G12D, G12R or Q61 mutation
at 0.5% mutant allele frequency (MAF) were included in each run. ddPCR was performed according to the
manufacturer’s protocol and analyzed using Quantasoft software v1.5.38.1118 (Bio-Rad, France). A minimum
0f 10,000 accepted droplets per well was required for valid quantification and the sample was considered positive
for KRAS mutation when at least three positive droplets were detected. Results were expressed as the number of
KRAS mutations copies detected per mL of plasma.

Statistical analysis

Data were summarized using descriptive statistics. Categorical variables were presented as frequency and
percentage and continuous variables as median and range. Survival rates were estimated using the Kaplan—
Meier method with 95% confidence interval (95% CI). Univariate analyses were performed using the Logrank
test and the Cox proportional hazards model. Hazards ratios (HR) were estimated with 95% CI. To prevent
immortal-time bias, landmark analyses were carried out to study the association between parameters measured
post-surgery and RES and OS. All statistical tests were two-sided and a p-value less than 0.05 was considered
statistically significant. Statistical analyses were performed using STATA v16 (StataCorp, College Station, TX,
USA) software.

Data Availability

The data that support the findings of this study are not openly available due to reasons of sensitivity and are
available from the corresponding author upon reasonable request. Data are located in controlled access data
storage at Toulouse University Hospital. This study was registered on 19/02/2018 on the ClinicalTrials.gov web-
site under the reference NCT03435536.
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