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ABSTRACT

Background: The technique to analyze circulating tumor DNA (ctDNA) in body fluid (so-called “liquid
biopsy”) is recently developed.

Aims: Our aim was to assess the utility of liquid biopsy for predicting progression of pancreatic ductal
adenocarcinoma (PDAC) after surgical resection or chemotherapy.

Methods: A total of 72 patients with PDAC were retrospectively enrolled for this study, 33 treated
surgically and 39 given chemotherapy, either FOLFIRINOX (oxaliplatin/irinotecan/fluorouracil/leucovorin)
or gemcitabine plus nab-paclitaxel. Prior to treatment, patients were screened for the presence of KRAS
mutations (G12D and G12V) in plasma using droplet digital polymerase chain reaction, and outcomes
were compared.

Results: KRAS mutations were identified in plasma samples of 12 patients (36%) underwent surgical
resection. Patients with plasma KRAS mutations had significantly shorter disease-free survival (DFS) and
overall survival (p < .01 and p = .01, respectively). Of 10 clinical variables analyzed, plasma KRAS mutation
was the factor predictive of DFS in multivariate analysis (RR = 3.58, 95% Cl: 1.36-9.60; p = .01). Although 12
patients (31%) given chemotherapy tested positive for plasma KRAS mutations, there was no demon-
strable relation between plasma KRAS mutations and progression-free survival (PFS) or overall survival
(OS) (p = .35 and p = .68, respectively).

Conclusions: In patients with PDAC, detection of KRAS mutations in plasma proved independently
predictive of early recurrence after surgical resection but did not correlate with PFS following
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chemotherapy.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the
most aggressive types of cancer. The 5-year survival rate after
diagnosis is a dismal 10%," with surgical resection offering the
only chance of cure. Unfortunately, only 20% of patients are
considered surgically resectable at the time of diagnosis;> and
despite curative intent at surgical resection, 60% of these
patients develop tumor recurrences.’ In patients with advanced
PDAC, the use of combination regimens, namely oxaliplatin,
irinotecan, fluorouracil and leucovorin (FOLFIRINOX), or
gemcitabine plus nab-paclitaxel, have boosted chemotherapeu-
tic efficacy and currently are standard treatments, although the
prognosis remains far from satisfactory.* ® Biomarkers to pre-
dict effects of treatment are instrumental in improving the dire
prognosis; yet there are few in routine clinical use, primarily
carcinoembryonic antigen (CEA) and carbohydrate antigen
(CA19-9), the available options having stagnated for several
decades.”'* Recently, endoscopic ultrasound-guided fine nee-
dle aspiration (EUS-FNA) has become a popular means of
procuring tissue for histologic examination and detection of

malignancy. However, this procedure is invasive, carrying the
risk of adverse effects.">”'” An alternative, a much less invasive
method, called “liquid biopsy,” which analyzes circulating
tumor DNA (ctDNA) in body fluids such as blood and urine,
has been in development.'®** This technique also addresses
the issue of intra-tumor heterogeneity (ie, a single tumor with
differing molecular characteristics), which may cause erro-
neous estimates of malignant potential based on limited biopsy
specimens.”” *® Ostensibly, ctDNA is derived from the most
aggressive parts of tumors, where turnover of cancer cells is the
highest. These cells are prone to disintegration, releasing
ctDNA into the blood stream. Thus, the information obtained
via liquid biopsy provide more general representation of each
tumor, unlike the restricted tumor sampling obtained through
tissue biopsy. Adequate grading of tumor malignancy is critical
in formulating treatment strategies.

Recently, we reported that KRAS mutations found in serum
or plasma were viable prognosticators in patients with pan-
creatic cancer, even though their presence in tissue bears no
association with disease progression.””*® However, the utility
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of liquid biopsy in predicting individual therapeutic effects of
surgical resection and chemotherapy has not been fully exam-
ined, particularly since the advent of the now standard
FOLFIRINOX or gemcitabine/nab-paclitaxel regimens for
advanced pancreatic cancer.* ®*’

In this study, we used a droplet digital polymerase chain
reaction (ddPCR) test to evaluate the relation between plasma
KRAS mutations and clinical progression of PDAC in patients
after surgical resection or recent chemotherapeutic treatment.

Materials and methods
Patients

We enrolled 72 patients with PDAC retrospectively, each
admitted to Okayama University Hospital between
February 2013 and December 2018. Eligibility criteria were as
follows: (i) histopathologic diagnosis of PDAC, (ii) treatment
of PDAC by surgical resection or by combination chemother-
apy (FOLFIRINOX or gemcitabine plus nab-paclitaxel), and
(iii) no medical history of other cancers. A diagnosis of PDAC
with intraductal papillary mucinous neoplasm (IPMN) or sur-
gical resection of PDAC following neoadjuvant chemotherapy
was grounds for exclusion. Each patient underwent blood tests
and dynamic contrast-enhanced CT every 2-6 months after
onset of treatment. Disease-free survival (DFS) and progres-
sion-free survival (PFS) were defined from the date of diagnosis
to the date of recurrence and disease progression identified by
dynamic contrast-enhanced CT, respectively. The last follow-
up date was in July 2020.

All patients provided written informed consent prior to
enrollment. This study was approved by the ethics committee
of Okayama University Hospital, conducted in accordance
with the Declaration of Helsinki, and listed in the University
Hospital Medical Information Network (UMIN) Clinical Trials
Registry (UMIN000023529).

Sample preparation

Blood samples were collected from all patients prior to initial
treatment, separating plasma within 3 hours after collection by
centrifugation (1500 x g, 3000 rpm, 10 min, room tempera-
ture). The samples were then stored at —30°C for later DNA
extraction. Cell-free DNA was subsequently extracted from
1 mL of plasma (QIAamp Circulating Nucleic Acid Kit;
Qiagen, GmbH, Hilden, Germany) in accordance with kit
instructions. All DNA eluents (50 ul) were again frozen
(-30°C) pending droplet digital PCR. A Qubit fluorometer
(Thermo Fisher Scientific, Waltham, MA, USA) served for
DNA quantitation.

Droplet digital PCR

The presence of KRAS mutations were detected via droplet
digital PCR (QX200 system; Bio-Rad Laboratories, Hercules,
CA, USA) as described previously,” using the two customary
probes (G12D and G12V) for KRAS mutations in pancreatic
cancer.’** Plasma DNA eluent (5 pL) was combined with
Droplet PCR Supermix (10 pL; Bio-Rad Laboratories),
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primer/probe mixture (2 puL), and sterile DNase- and RNase-
free water (5 pL). This mixture (22 pL) was then added to
Droplet Generation Oil (70 pL; Bio-Rad Laboratories) to pro-
duce droplets. The emulsion was thermal cycled as follows: (1)
enzyme activation (10 min, 95°C); (2) a 40-cycle series (30 sec,
94°C); (3) a completion cycle (1 min, 60°C); and (4) enzymatic
deactivation (10 min, 98°C). Thereafter, the fluorescence signal
of each droplet was measured. Each sample was tested in
duplicate to increase the sensitivity because the frequency of
KRAS mutations derived from cancer is very low that may lead
to false negative.

Data analysis

Fluorescence signal data were analyzed using proprietary soft-
ware (Quanta v1.4.0; Bio-Rad Laboratories) as directed, to
determine the number of droplets positive for wild-type and/
or mutant KRAS. In this study, we set the threshold of fluor-
escence intensity as 2000 which we analyzed previously.”’
Samples were deemed positive for KRAS mutation if there is
one or more positive droplets for mutant KRAS in either one of
the two analytic attempts.

Statistical analyses

Baseline characteristics were expressed as medians and ranges.
All pertinent testing was two-sided, setting significance at
p < .05. Survival curves were generated by Kaplan-Meier
method and compared via log rank test. Uni- and multivariate
Cox proportional hazards models were applied to assess factors
linked with survival. Those yielding p-values <0.10 by univari-
ate analysis qualified for multivariate analysis, as did CA19-9 (a
reported risk factor in this setting). Above computations relied
on standard software (JMP v13.0; SAS Institute, Cary,
NC, USA).

Results
Patients characteristics

Median patient age was 70 years, and 46 patients (64%) were
male. Median primary tumor size was 28 mm (Table 1). The
distribution of patients by disease stage was as follows: I, 5
(7%); 11, 30 (42%); III, 18 (25%); and IV, 19 (26%). As initial
therapy, 33 patients (46%; stages I-III) underwent surgical
resection, and the remaining 39 patients (54%; stages II-IV)
received chemotherapeutic regimens (FOLFIRINOX, 14; gem-
citabine plus nab-paclitaxel, 25). Median of cell-free DNA
(cfDNA) concentration was 15.9 ng/mL (5-645 ng/mL).
There was no significant difference between median cfDNA
concentration of patients treated with surgery and those with
chemotherapy (16.6 ng/mL and 15.5 ng/mL, p = .47).

Plasma KRAS mutation frequency

Overall Plasma KRAS mutations (G12D or G12V) were identified
in 12 patients (36%) underwent surgical resection, and 12 patients
(31%) with chemotherapy (Table 2). The frequency of G12D,
which was 27% (n = 9) in instances of surgical resection and
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Table 1. Patient characteristics.

Surgical resection (n = 33) Chemotherapy (n = 39) Total (N =72)
Age, years 73 (60-88) 67 (52-78) 70 (52-88)
Gender, male (%) 20 (61%) 26 (67%) 46 (64%)
DM+ 10 (30%) 17 (44%) 27 (38%)
CEA, ng/mL 3.02 (0.2-35.7) 4.03 (0.4-93.8) 4 (0.2-93.8)
CA19-9, IU/mL 63.5 (0.6-2718) 208 (0.6-7121) 126.8 (0.6-7121)
Tumor site (head) 15 (45%) 17 (44%) 32 (44%)
Tumor size, mm 23 (13-60) 30 (15-58) 28 (13-60)
Stage (UICC)
| 5 (15%) 0 (0%) 5 (7%)
Il 25 (76%) 5(13%) 30 (42%)
11} 3(9%) 15 (38%) 18 (25%)
\Y 0 (0%) 19 (49%) 19 (26%)
Positive margin 6 (19%)
Adjuvant therapy 23 (70%)
cfDNA amount (ng/mL) 15.5 (5-331) 16.6 (7.4-645) 15.9 (5-645)
DM, diabetes mellitus; CEA, carcinoembryonic antigen; UICC, Union for International Cancer Control; cfDNA, cell-free DNA.
Table 2. Frequencies of KRAS mutations.
Surgical resection (n = 33) Chemotherapy (n = 39) Total (N =72)
G12D 9 (27%) 8 (21%) 17 (24%)
G12v 3 (9%) 5 (13%) 8 (11%)
KRAS (G12D or G12V) 12 (36%) 12 (31%) 24 (33%)

21% (n = 8) in patients given chemotherapy, exceeded the fre-
quency of G12V. One patient treated with chemotherapy had
both of G12D and G12V. Eight of 23 patients (35%) who received
adjuvant chemotherapy after surgical resection were positive for
KRAS mutation. The positive rate was not statistically different
from that of the patients without adjuvant chemotherapy
(40%, p = .77).

KRAS mutations, postsurgical recurrence and overall
survival

In patients underwent surgical resection, the median follow-up
period was 26.2 months (range: 5.3-74.2 months). During this
time, recurrence developed in 20 patients (61%), presenting
predominantly as distant metastasis (n = 16, 48%). Local recur-
rence and lymph node metastasis were observed in two
patients, respectively. The ratio of patients with distant metas-
tasis was not different between the patients with and without
positive plasma KRAS mutations (p < .59). DES time was
significantly curtailed in patients with positive (vs negative)
for plasma KRAS mutations (p < .01) (Figure 1(a)). Median
DEFS times in patients with and without plasma KRAS muta-
tions were 7.7 months and 26.2 months, respectively. In this
study, all DNA samples were examined in duplicate. The pre-
sence of plasma KRAS mutations was classified in three groups;
no KRAS mutation (21 patients), once KRAS mutation positive
(8 patients) or twice KRAS mutation positive (4 patients) in
two tests. DFS in those three groups are clearly different
(p = .01) (Figure 1(b)). Patients with KRAS mutation in both
of two tests had clearly shorter DFS, that means all patients had
recurrence within 6 months, while patients without KRAS
mutation in neither of two tests had significantly longer DFS.

The univariate analysis showed plasma positivity for KRAS
mutations, tumor size (=30 mm) and CA19-9 (=37mAU/mL)
had significant associations with shortened DFS (p = .01,
p = .01 and p = .02, respectively) (Table 3). The multivariate
analysis revealed that the presence of plasma KRAS mutations
and tumor size (230 mm) emerged as a significant variable
(RR =3.37,95% CI: 1.36-9.60; p = .01 and RR = 6.36, 95% CI:
1.99-21.38; p = .01, respectively).

During follow-up period, 15 out of 25 patients treated with
surgery died with PDAC. Overall survival of patients with
plasma KRAS mutations was significantly shorter than that of
patients without plasma KRAS mutations (p = .01)
(Figure 1(c)).

KRAS mutations and progression-free survival after
chemotherapy

The median follow-up period of patients given chemotherapy
was 13.6 months (range: 2.4-47.6 months). During this time,
32 patients (82%) changed chemotherapeutic regimens due to
side effects (n = 12) or disease progression (n = 20). The PFS
time between patients with and without plasma KRAS muta-
tions was not significantly different (p = .35) (Figure 2(a)).
Their median PFES time were 5.3 and 6.9 months respectively.

In univariate analysis of PFS-related variables following
chemotherapy (including the presence of plasma KRAS muta-
tions), no significant factors were identified (Table 4).
Multivariate analysis was conducted using age (270 years)
and disease stage (IV), weakly correlating with PFS in univari-
ate analysis (p < .10), as well as CA19-9 and plasma KRAS
mutation positivity, as test parameters. The positivity of plasma
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Figure 1. Plasma KRAS mutations and clinical progression of patients surgically treated for PDAC. (a) Kaplan Meier curve of patients with plasma KRAS mutations
showed early recurrence (p < .01).(b) Disease-free survival time classified with the frequency of plasma KRAS mutations; No plasma KRAS mutation, once KRAS mutation
positive or twice KRAS mutation positive in two tests.(c) Kaplan Meier curve of patients with plasma KRAS mutations showed significantly poor overall survival time after
surgical resection (p = .01).

Table 3. Analyses of disease-free survival (surgically treated patients).

Univariate Multivariate
RR 95% CI P-value RR 95% Cl P-value
Age (<70 yrs) 1.05 0.39-2.56 92 0.30 0.08-1.01 .05
Gender (male) 0.84 0.37-2.09 .70
Tumor site (head) 1.27 0.51-3.07 .60
Tumor size (=30 mm) 3.37 1.36-8.35 .01 6.36 1.99-21.38 .01
Stage IIl (UICC) 2.18 0.50-6.66 .26
CEA (=5 ng/mL) 1.75 0.61-4.39 .28
CA19-9 (=37 mAU/mL) 2.96 1.14-9.16 .02 3.02 1.02-10.36 .05
Adjuvant chemotherapy 0.71 0.22-2.16 .54
Positive margin 1.25 0.36-3.45 .70
Plasma KRAS mutation 337 1.36-8.35 .01 3.58 1.36-9.60 .01

CEA, carcinoembryonic antigen; RR, relative risk; UICC, Union for International Cancer Control.
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Figure 2. Plasma KRAS mutations and clinical progression patients given chemotherapy for PDAC. (a) Progression-free survival time in pancreatic cancer patients with
and without plasma KRAS mutations.(b) Overall survival time in pancreatic cancer patients with and without plasma KRAS mutations.

Table 4. Analyses of progression-free survival (chemotherapy recipients).

Univariate Multivariate
RR 95% Cl P-value RR 95% Cl P-value
Age (<70 yrs) 2.83 1.05-9.05 .04 3.90 1.38-13.1 <.01
Gender (male) 1.43 0.58-4.06 45
Tumor site (head) 0.90 0.36-2.14 .81
Tumor size (=30 mm) 1.37 0.57-3.62 .50
Stage IV (UICC) 2.30 0.95-5.76 .06 4.00 1.44-12.2 <.01
CEA (=5 ng/mL) 1.49 0.63-3.48 .36
CA19-9 (=37 mAU/mL) 1.81 0.74-5.10 .20 1.93 0.78-5.48 .16
Plasma KRAS mutation 0.63 0.22-1.57 34 0.51 0.17-1.33 17

CEA, carcinoembryonic antigen; RR, relative risk; UICC, Union for International Cancer Control.

KRAS mutations was not the significant factor for PFS time,
but age (270 years) and disease stage (IV) proved to be sig-
nificant (p < .01 each).

Among them, 34 patients died with PDAC. Ten patients had
plasma KRAS mutations and other 15 patients were without
plasma KRAS mutation. The presence of plasma KRAS mutations
also did not affect their overall survival (p = .68) (Figure 2(b)).

Discussion

It is readily acknowledged that KRAS mutations are detectable
even in early stages of PDAC and pancreatic intraepithelial
neoplasia (PanIN), so their presence in cancerous tissue carries
no weight in predicting outcomes of patients with PDAC.*’
However, some researchers and our previous study have con-
firmed that overall survival is poor in patients whose blood
samples harbor KRAS mutations.””**?> Herein, we mainly
focused on disease-free survival or progression-free survival
of patients recently treated by surgical resection or combina-
tion chemotherapy (FOLFIRINOX or gemcitabine plus nab-
paclitaxel, the current standard regimens for advanced pan-
creatic cancer),* " assessing the clinical utility of detecting
plasma KRAS mutations.

Our study showed even droplet digital PCR could detect
plasma KRAS mutations in 36% of operable patients that
was similar to the rates reported in previous studies (31-
48%).”7>** Droplet digital PCR is one of the most bene-
ficial methods to detect rare mutations in cfDNA. The high
sensitivity relies on technology which partition ¢fDNA into
around 10000 droplets and perform PCR in each indepen-
dent droplet.>***In this study, around 500 droplets were
filled with ¢fDNA that includes genomic DNA contamina-
tion, and others were blank because of the low amount of
plasma cfDNA. So, every single cfDNA fragment could be
distributed to each droplet, that makes the analysis
accurate.

Also, we did not use mutant allele frequencies (MAF) gen-
erally used for cutoff value.

Aside from the finding that DFS time was shorter in patients
with (vs without) plasma KRAS mutations, results of multi-
variate analysis underscored the superiority of plasma KRAS
mutations as a biomarker of early recurrence (p < .01), sur-
passing CA19-9 level as customary measures in this regard.”®>
Also, the analysis classified by the frequency of plasma KRAS
mutations showed patients with plasma KRAS mutations in
both of two tests had clearly shorter DFS time. The background
of this result is that the tumor with more aggressive turnover



flows out more tumor cells and tumor DNA to the blood, called
circulating tumor cells (CTC) and circulating tumor DNA
(ctDNA). That might lead to micrometasitasis before surgical
resection. Also, one research said ctDNA might originate from
micrometastasis.** So, our study can indicate multiple tests in
one sample can catch a higher risk group of recurrence before
surgical treatment.

On the other hand, the presence of plasma KRAS mutations
(31% of patients given chemotherapy) in patients treated with
chemotherapy had no relation to their efficacy. This study
enrolled only the patients treated with FOLFIRINOX or gem-
citabine plus nab-paclitaxel, those are the current first line
option for chemotherapy. Those regimens have been using
for several years, but it has been unclear how the presence of
plasma KRAS mutations affect the clinical outcome of this
current chemotherapy. The current result newly shows that
the current regimens (FOLFIRINOX or gemcitabine plus nab-
paclitaxel) should thus exert anti-tumor effects in even highly
proliferative tumor associated with plasma KRAS mutations.

The reports about ctDNA clinical progression generally have
been using three (G12D, G12V, and G12R) or more kinds of
KRAS mutations.*"** Our prior attempts at identifying all three
mutations in serum and plasma showed rates of G12R detection
that were consistently quite low; and similar results have been
reported by another group.”* Therefore, we restricted our ana-
lysis to G12D and G12V. Indeed, detection rates of overall KRAS
mutations in this study did not differ from those of previous
reports, implying that just two KRAS mutations (G12D and
G12V) are sufficient in analyzing liquid biopsies of PDAC.

This study has several limitations. First, the number of
patients enrolled was relatively small. But, the sufficient
follow-up period clearly revealed the relation between the
presence of plasma KRAS mutations and the disease pro-
gression. Second, 21 patients treated with surgical resection
and 17 patients received chemotherapy were the same as
those enrolled in our previous study.”” However, this study
focused on different points with longer follow-up period;
the disease-free survival and progression-free-survival in
each treatment method, though previous study analyzed
only the overall survival without regard to the treatment
methods. Third, we excluded the patients who received
neoadjuvant  chemotherapy, which was becoming
a standard option for resectable and boderline-resectable
PDAC. This current study can give the suggestions how to
decide the treatment method especially surgical resection.

In conclusion, we have confirmed the feasibility of detecting
plasma KRAS mutations in patients with PDAC. Their pre-
sence can be a good biomarker for early recurrence after
surgical resection. Plasm KRAS mutations and the efficacies
of chemotherapeutic regimens (FOLFIRINOX or gemcitabine
plus nab-paclitaxel) were unrelated.
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