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BACKGROUND & AIMS: We aimed to investigate the clinical
utility of circulating tumor cell DNA (ctDNA) and exosome DNA
(exoDNA) in pancreatic cancer. METHODS: We collected liquid
biopsy samples from 194 patients undergoing treatment for
localized or metastatic pancreatic adenocarcinoma from April 7,
2015, through October 13, 2017 (425 blood samples collected
before [baseline] and during therapy). Additional liquid biopsy
samples were collected from 37 disease control individuals.
Droplet digital polymerase chain reaction was used to deter-
mine KRAS mutant allele fraction (MAF) from ctDNA and
exoDNA purified from plasma. For the longitudinal analysis, we
analyzed exoDNA and ctDNA in 123 serial blood samples from
34 patients. We performed analysis including Cox regression,
Fisher exact test, and Bayesian inference to associate KRAS
MAFs in exoDNA and ctDNA with prognostic and predictive
outcomes. RESULTS: In the 34 patients with potentially
resectable tumors, an increase in exoDNA level after neo-
adjuvant therapy was significantly associated with disease

progression (P = .003), whereas ctDNA did not show correla-
tions with outcomes. Concordance rates of KRAS mutations
present in surgically resected tissue and detected in liquid bi-
opsy samples were greater than 95%. On univariate analysis,
patients with metastases and detectable ctDNA at baseline
status had significantly shorter times of progression-free
survival (PFS) (hazard ratio [HR] for death, 1.8; 95% CI,
1.1-3.0; P = .019), and overall survival (0S) (HR, 2.8; 95%
Cl, 1.4-5.7; P = .0045) compared with patients without
detectable ctDNA. On multivariate analysis, MAFs >5% in
exoDNA were a significant predictor of PFS (HR, 2.28; 95%
Cl, 1.18-4.40; P = .014) and OS (HR, 3.46; 95% CI, 1.40-
8.50; P = .007). A multianalyte approach showed detection
of both ctDNA and exoDNA MAFs >5% at baseline status to
be a significant predictor of OS (HR, 7.73, 95% CI, 2.61-22.91,
P = .00002) on multivariate analysis. In the longitudinal
analysis, an MAF peak above 1% in exoDNA was significantly
associated with radiologic progression (P = .0003).
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CONCLUSIONS: In a prospective cohort of pancreatic cancer
patients, we show how longitudinal monitoring using liquid
biopsy samples through exoDNA and ctDNA provides both
predictive and prognostic information relevant to therapeutic
stratification.

Keywords: PDAC; Extracellular Vesicles; Biomarkers; Tumor
Monitoring.

Ithough rare, pancreatic ductal adenocarcinoma

(PDAC) has recently become the third-leading
cause of cancer-related deaths, with projections of it ris-
ing to the second-leading cause of cancer deaths within
the next decade.” Although surgical resection provides a
potential curative option in PDAC, only a minority of pa-
tients (<15%) will be diagnosed with disease that is
amenable to surgery, and even in this subset of patients,
5-year overall survival (OS) rates remain below 30%.
Neoadjuvant therapies are increasingly being adopted to
enhance local disease control in patients with resectable
tumors. Because most PDAC patients present with surgically
unresectable tumors, current therapeutic options in this
patient population has resulted in modest benefits in OS with
no current means to personalize therapy. Among patients
with both localized and metastatic disease, there still re-
mains a significant unmet need in developing more effective
strategies for therapeutic stratification and management.

The use of blood-based biomarkers for cancer diagnosis
and therapeutic stratification has gained significant traction
in cancer in the form of circulating proteins, RNA, and DNA.
Specifically, circulating tumor DNA (ctDNA) detection in the
blood of breast, colorectal, and lung cancer patients, among
others, has shown clinical relevance in identifying patient
relapses.z’6 In the context of PDAC, the use of ctDNA as a
clinically significant biomarker has been inconsistent with
regard to its prognostic and predictive potential.”*' Addi-
tional sources of DNA and RNA in circulation have been
recently identified in the form of microvesicles known as
exosomes.> Previous studies have shown the utility of
profiling the genomic content of exosomes (exoDNA) as a
surrogate for the mutational landscapes of established
cancers and for early detection."”**'* These 40-150-nm
lipid bilayer membrane-bound vesicles are believed to
form protective barriers of nucleic acid material from
nuclease-induced degradation in the plasma, thus allowing
for the native material to exist in a high-molecular-weight
format compared with ctDNA, which is mostly found at
170 base pairs. This could allow for greater resolution and
sensitivity of molecular profiling of high-quality DNA
material.

In this study, we aimed to compare the utility of tumor
monitoring in patients with localized and metastatic PDAC
using paired exoDNA and ctDNA to determine how they may
be used in a complementary manner for prognostication
and therapeutic stratification. We performed longitudinal
collection in a large prospective cohort of PDAC patients
with localized and metastatic cancer, such that the dynamics
of KRAS mutation detection in circulation could be
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

There is a crucial need for effective strategies for real-time
monitoring during pancreatic cancer treatment, to identify
chemorefractory status and direct therapy.

NEW FINDINGS

Serial quantitative measurements of circulating nucleic
acid sources can provide clinically relevant predictive
and prognostic information in pancreatic cancer
patients, including anticipation of impending disease
progression.

LIMITATIONS

Future, prospective studies using larger patient cohorts
are needed to validate the metrics used for therapy
progression and their clinical relevance.

IMPACT

“Liquid biopsies” using circulating DNA may provide a
minimally invasive strategy for informing therapeutic
decision-making in pancreatic cancer.

correlated with disease progression and compared with
standard readouts, such as imaging and carbohydrate anti-
gen (CA) 19-9. To our knowledge, this study represents the
first comprehensive comparison of these liquid biopsy
compartments in the context of clinical utility. Additionally,
we believe that the longitudinal aspects of this study have
implications for potential real-time therapeutic stratification
of PDAC patients.

Materials and Methods
Study Design

Patients with clinically and histologically confirmed local-
ized or metastatic pancreatic adenocarcinoma, defined by
American Joint Committee on Cancer guidelines,l5 were
enrolled in this longitudinal cohort study. Metastatic disease
was based on surgical or radiologic confirmation. A total of 194
patients were recruited at MD Anderson Cancer Center and
gave informed consent after institutional review board
approval (PA14-0552 and PA11-0670); they were treated be-
tween April 7, 2015, and October 13, 2017 (Figure 1,
Supplementary Figure 1, and Supplementary Table 1). Of these,
104 patients presented at baseline with metastatic PDAC and

*Authors share co-first authorship.

Abbreviations used in this paper: CA, carbohydrate antigen; Cl, confi-
dence interval; CT, computed tomographic; ctDNA, circulating tumor
DNA; ddPCR, digital droplet polymerase chain reaction; exoDNA,
exosome-derived DNA; MAF, mutant allelic fraction; OR, odds ratio; OS,
overall survival; PBS, phosphate-buffered saline; PDAC, pancreatic ductal
adenocarcinoma; PFS, progression-free survival.

® Most current article

© 2019 by the AGA Institute
0016-5085/$36.00
https://doi.org/10.1053/j.gastro.2018.09.022

=
s
o
=
=
=
-
(=]



https://doi.org/10.1053/j.gastro.2018.09.022

(~]
s
g
)
-
=
z

110 Bernard et al

A

exoDNA
23 (22.5%)

CtDNA
15 (14.7%)

No detection

38 (37.3%) 26 (25.5%)

- N
¢, ] o
1 1

KRAS MAF (log,,)
2

exoDNA

Gastroenterology Vol. 156, No. 1

No detection
28 (42.4%)

exoDNA
17 (25.8%)

ctDNA

6(9.1%) 15 (22.7%)

Metastatic
Localized
+ Pancreatic cysts
A Non-neoplastic

pancreatic
disease

ctDNAc

Figure 1. Venn diagram of detection rates of codon 12/13 mutant KRAS by ddPCR among (A) 102 patients with metastatic
disease and (B) 66 patients with localized PDAC with matched exoDNA and ctDNA analysis. (C) MAF of KRAS mutations
detected through ddPCR in exoDNA and ctDNA among baseline treatment-naive patients with localized and metastatic
disease and patients with pancreatic cysts and nonneoplastic pancreatic disease. Greater median MAF in exoDNA compared
with ctDNA in patients with metastatic disease trended toward significance (P = .05); paired analysis was performed by
Wilcoxon test. Those patients with metastatic disease had higher KRAS MAF in both exoDNA (P < .0001) and ctDNA (P =
.0004) than patients with localized disease, by Mann-Whitney test. *P < .05, *P < .01, **P < .001, **P < .0001.

treatment-naive status. An additional 25 patients with
pancreatic cysts were recruited and classified based on
computed tomographic (CT) imaging. If receiving first-line
therapy, treatment-naive patients underwent pretreatment CT
imaging and were followed up every 2-3 months with restaging
imaging after initiation of chemotherapy. Progression in all
patients was determined based on routine clinical evaluation
by a blinded, board-certified radiologist based on RECIST 1.1
criteria of CT imaging.'® PFS was defined by the time from start
of first-line therapy to progression based on CT restaging
imaging.

Blood Sample Collection and Processing

A total of 318 blood samples were prospectively acquired
from patients with metastatic disease at MD Anderson Can-
cer Center. Approximately 25 mL of whole peripheral blood
was collected in acid citrate dextrose tubes (BD Biosciences)
and processed within 2 hours of phlebotomy. Blood samples
were centrifuged at 2500g for 10 minutes for plasma isola-
tion and were aliquoted accordingly for downstream pro-
cessing, where 1 mL was used for ctDNA isolation and
approximately 12 mL was used for exosome isolation. Exo-
some and ctDNA isolations were performed fresh in all
samples.

Exosome Isolation

Exosomes were isolated from plasma as previously
described.’” Briefly, plasma aliquots were diluted in approxi-
mately 35 mL of phosphate-buffered saline (PBS) at 4°C.
Samples were centrifuged at 1000 revolutions/minute for 5
minutes at 4°C to remove cells, and then supernatant was
recovered and centrifuged at 5000 revolutions/minute for 10
minutes at 4°C to remove cell debris and platelets. Supernatant
was further diluted in PBS and ultracentrifuged at 154,000g
overnight, with a second ultracentrifugation wash step of 2
hours, both at 4°C. The resulting exosome pellet was resus-
pended in PBS and harvested for downstream analyses.

ExoDNA and ctDNA Extraction

ctDNA and exoDNA were isolated using the QIAamp
Circulating Nucleic Acid Kit (Qiagen) according to the manu-
facturer’s protocol, as previously described.'*

Digital Droplet PCR Analysis

Droplet digital polymerase chain reaction (ddPCR) (QX200;
BioRad) was used for highly sensitive detection of genetic
mutations with a multiplex KRAS assay containing G12V, G12D,
G12R, G12C, G12S, G124, and G13D mutant codons, as previ-
ously described.'***
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Results

Characteristics of Patients Undergoing
Liquid Biopsies

Study overview and patient stratification are presented
in Supplementary Figure 1 and Supplementary Tables 1
and 2. A total of 318 blood samples from 123 patients
with metastatic disease and 107 blood samples from 71
patients with localized resectable tumors were profiled with
ddPCR. Median follow-up time for all patients was 187 days.
ExoDNA and ctDNA profiled at baseline treatment-naive
status showed KRAS mutation detection rates of 61% and
53%, respectively, in patients with metastatic disease and
38% and 34%, respectively, in patients with localized dis-
ease (Figure 14 and B). To determine the prevalence of
circulating mutational events in other pancreatic diseases,
an additional 37 patients with pancreatic lesions were
evaluated for KRAS mutations in exoDNA and ctDNA
(Supplementary Table 3). Mutation detection rates were
12% (3/25) and 16% (4/25) for pancreatic cysts and 25%
(3/12) and 17% (2/12) for nonneoplastic pancreatic dis-
ease for exoDNA and ctDNA, respectively. When all patient
populations were compared, those with metastatic disease
had significantly greater circulating mutant allelic fractions
(MAFs) of KRAS compared with patients with localized
disease and pancreatic cysts (Figure 1C and Supplementary
Table 2). Patients with localized disease had significantly
greater MAF than patients with pancreatic cysts. We also
determined criterion standard validation of concordance
rates between exoDNA and ctDNA with tumor tissue for
KRAS mutation detection using ddPCR (Supplementary
Table 4). Concordance among 22 surgically resected pri-
mary pancreatic tumors was 95.5% and 68.2% for exoDNA
and ctDNA, respectively, whereas concordance from 12
samples derived by fine needle aspirates was 83.3% and
66.8% for exoDNA and ctDNA, respectively.

Serial Liquid Biopsy Results in Patients With
Localized PDAC Receiving Neoadjuvant Therapy
Are Predictive of Eventual Surgical Resection

A total of 34 PDAC patients with localized disease were
serially monitored during neoadjuvant therapy, comprising
68 cumulative blood draws taken at baseline and after the
completion of neoadjuvant therapy (Supplementary
Table 5). The kinetics of circulating KRAS mutational
burden were then measured in exoDNA and ctDNA with
ddPCR. Mutant KRAS was detected at baseline in 41% (14/
34) and 32% (11/34) of patients in exoDNA and ctDNA,
respectively. Among the patients monitored, 50% (17/34)
had subsequent surgical resection given an absence of dis-
ease progression, compared with 50% who experienced
disease progression, primarily manifesting as the emergence
of new metastatic lesions. In this cohort, reduction in
exoKRAS MAF from baseline at the completion of neo-
adjuvant therapy was significantly correlated with surgical
resection, and the reverse was true for patients who did
not emerge as surgical candidates (odds ratio [OR], 38.4;
95% confidence interval [CI], 3.95-373.3; P = .0002)
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(Figure 24 and B). Specifically, among patients who had
resection, 71% (12/17) experienced a decrease in exoKRAS
MAF from baseline treatment-naive values, and in those
patients who did not, 16 of 17 (94%) saw an increase or no
change in KRAS MAF in exoDNA from baseline status. As an
example, in an index case, a rise in KRAS MAF in exoDNA
suggested progressive disease, although that was initially
not detectable by CA19-9 or CT imaging. On laparotomy,
CT-occult omental metastasis was found, resulting in an
aborted resection. This correlation between changes in
KRAS MAF and resectability, however, was not seen with
ctDNA. After eliminating those patients who were consid-
ered as nonexpressors of CA19-9 (values <37 U/mL),
changes in CA19-9 were also significantly correlated with
those patients likely to have surgery (OR, 28.0; CI, 2.65-295.9;
P =.003). Among 3 patients for whom no detectable exoKRAS
mutant was found, CA19-9 was able to predict progressive
disease, underlining the complementary nature of how these
biomarkers can be used.

Clinical Correlates of Liquid Biopsy Samples at
Presentation in Patients With Metastatic PDAC

Among patients with metastatic PDAC, clinical charac-
teristics at the time of presentation were grouped according
to exoDNA and ctDNA status (Supplementary Table 2). There
was no significant association between KRAS MAF in exoDNA
and ctDNA and presenting characteristics. Overall, 66 (63%)
had experienced radiologic progression, and 69 (67%) were
still alive at last follow-up date. Patients who experienced
progression during serial monitoring or succumbed to dis-
ease had higher KRAS MAF in exoDNA at presentation (Wil-
coxon signed-rank tests, P = .03 and P = .01, respectively)
compared with those whose disease had not progressed
(Supplementary Figure 2A4). ctDNA tumor burden, as
measured by KRAS MAF at presentation, was also signifi-
cantly associated with survival (P = .03) (Supplementary
Figure 2B). Patients with liver metastatic lesions had a
significantly greater KRAS MAF in exoDNA and ctDNA than
patients with isolated lung and peritoneal lesions (P = .04)
(Supplementary Figure 34 and B). This correlation was likely
affected by the fact that patients with metastasis to the liver
have larger volume of lesions than those with isolated lung
and peritoneal metastases (Supplementary Figure 3C). In fact,
on linear regression analysis, exoDNA and ctDNA KRAS MAFs
at presentation were significantly correlated with tumor size
as measured by total sum of lesion diameters (P = .035 and
P = .0008, respectively) (Supplementary Figure 4). Addi-
tionally, patients with progressively worse ECOG perfor-
mance status harbored significantly greater KRAS MAF
(Supplementary Figure 5).

Prognostic Impact of Liquid Biopsy Parameters
at Presentation in Patients With Metastatic PDAC
To avoid confounding effects of chemotherapy on
exoDNA and ctDNA kinetics, we performed subset analysis
on 104 metastatic patients who were treatment naive at the
time of presentation. An optimal threshold for ctDNA was
assessed by first performing receiver operating curve
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Figure 2. (A) Tumor monitoring before and after neoadjuvant chemoradiation in a patient experiencing progression unde-
tectable by CA19-9 (blue line) or radiologic-based RECIST 1.1 (black line). (B) MAF kinetics of exoDNA and ctDNA before and
after neoadjuvant therapy show a significant correlation between a rise or no change in exoDNA MAF and progression (OR,
38.4; 95% Cl, 3.95-373.3; P = .0002). No significant correlation was detectable by ctDNA. Changes in CA19-9 from baseline
were also significantly associated to progressive disease (OR, 28.0; 95% ClI, 2.65-295.9; P = .003). ABR, abraxane; GEM,

gemcitabine; SLD, sum of longest diameters.

analysis to estimate ideal cutoffs. As previously described in
other tumor types, the presence and absence of detectable
ctDNA (ie, any mutant KRAS on ddPCR) was significantly
associated with patient outcomes.”® For example, any
detectable ctDNA was associated with significantly shorter
PFS (log-rank test: HR, 1.93; 95% CI, 1.15-3.22; P = .012)
with a median PFS of 118 vs 321 days (for detection vs no
detection, respectively) (Figure 3B). Detectable ctDNA also
showed shorter OS (HR, 2.36; 95% CI, 1.16-4.79; P = .018)

with a median OS of 258 vs 440 days (detection vs no
detection, respectively) (Figure 3B). In the context of
exoDNA, an optimal exoKRAS MAF was determined to be
5%. Using this threshold of 5% KRAS MAF, 5% KRAS MAF
>5% was significantly associated with reduced PFS (HR,
4.78; 95% ClI, 2.47-9.26; P < .0001) and OS (HR, 7.31; 95%
Cl, 3.15-17.00; P < .0001) on Kaplan-Meier analysis
(Figure 3A4). Similarly, survival analyses of the standard
clinical biomarker CA19-9 (Supplementary Figure 6)
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Figure 3. Kaplan-Meier curve stratification of baseline treatment-naive patients based on tumor burden as measured by
exoDNA. (A) Patients with exoKRAS >5% experienced worse PFS (median, 71 vs 200 days) and OS (median, 204 vs 440
days). Detection of ctDNA was significantly associated with worse PFS (median, 118 vs 231 days) and OS (median, 258 days

vs 440 days).

showed that patients with a CA19-9 >300 U/mL at treat-
ment-naive presentation had worse OS (P = .023), with PFS
trending toward significance (P = .06).

With a Cox regression model (Supplementary Table 6),
univariate analysis showed that KRAS MAF >5% in exoDNA
(HR, 3.5; 95% CI, 2.1-5.9; P < .0001) and any ctDNA detec-
tion (HR, 1.8; 95% CI, 1.1-3.0; P = .019) were significantly
associated with shorter PFS. On multivariate analysis, exok-
RAS >5% remained the only significant predictor of PFS (HR,
2.28; 95% CI, 1.18-4.40; P = .014). Combining KRAS MAF
>5% in exoDNA or ctDNA detection with a CA19-9 >300 did
not show an increase in predictive significance of these bio-
markers for poorer PFS (Supplementary Table 7).

For OS, KRAS MAF >5% in exoDNA (HR, 4.6; 95% CI,
2.2-9.7; P < .0001), any ctDNA detection (HR, 2.8; 95% CI,
1.4-5.7; P = .0045), CA19-9 >300 U/mL (HR, 3.2; 95% CI,
1.3-7.7; P =.011), and an ECOG performance status score of
2 (HR, 3.56; 95% CI, 1.04-12.3; P = .044) were significant
predictors of poorer outcomes on univariate analysis. On
multivariate analysis, exoKRAS >5% (HR, 3.46; 95% CJ,
1.40-8.50; P = .007) remained as a significant predictor of

poorer OS. An exoKRAS MAF >5% together with a CA19-9
>300 U/mL (HR, 6.41; 95% CI, 2.31-17.80; P = .0004) at
baseline treatment-naive status was a significant predictor
of poorer OS. Although on its own ctDNA did not emerge as
a significant predictor on multivariate analysis, detection of
ctDNA emerged as a significant predictor of poorer OS when
it occurred with a CA19-9 >300 U/mL at baseline treat-
ment-naive status (HR, 6.37; 95% CI, 2.36-17.24; P =
.0003). Additionally, exoKRAS MAF >5% and ctDNA detec-
tion were correlated to poorer OS (HR, 7.73; 95% CI, 2.61-
22.91; P = .00002) on multivariate analysis when both
occurring at baseline treatment-naive status in the same
patient, underlining the potential complementary nature of
these biomarkers.

Longitudinal Monitoring of Metastatic PDAC
With Serial Liquid Biopsy Samples Anticipates
On-Treatment Progression

To fully evaluate the utility of liquid biopsies for moni-
toring the natural history of metastatic PDAC, we profiled
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exoDNA and ctDNA through 123 serial blood draws from 34
patients with a median follow-up time of 202 days
(Supplementary Figure 1A4). Specifically, we selected pa-
tients who had at least 2 blood draws taken during a con-
current therapeutic regimen, with 2 or more restaging
imagings taken at standard 2-3-month intervals. Among the
monitored patients, disease progressed in 20 of 34 (59%)
while receiving therapy, with a median time to progression
of 176 days. Patients whose disease did not progress had a
median follow-up time of 300 days. Analysis of plasma
samples showed that a KRAS MAF peak of >1% in any on-
treatment serial exoDNA sample was significantly associ-
ated with eventual disease progression, as determined by
RECIST 1.1 (P < .0001) (Figure 44 and B). The optimal MAF
of ctDNA KRAS and exoDNA KRAS in predicting progression
was assessed by receiver operating curve analysis, with only
exoKRAS achieving predictive significance, with sensitivity
and specificity of 79% and 100%, respectively. Among the
20 patients whose disease progressed, 16 (80%) saw an
exoDNA KRAS MAF peak of >1% compared with none of
those patients without progression 14/14 (100%). In
contrast, serial ctDNA MAF did not correlate significantly

A
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with presence or absence of progression. With a threshold
of 20% or greater increase of CA19-9 during therapy, the
sensitivity and specificity of CA19-9 in predicting progres-
sion was 70% and 89%, respectively. When we assessed for
the length of time when KRAS MAF in serial exoDNA
exceeded >1% and the subsequent onset of radiologic
progression, we found that exoKRAS had a significantly
longer lead time (median of 50 days, P = .03) compared
with lead times obtained by using 20% or greater increase
in serial CA19-9 (which essentially coincided with the onset
of radiologic progression) (Figure 4C). Additional applica-
tion of Bayesian inference provided us with posterior
probabilities of a 100% chance of progression given an
exoKRAS peak >1% (P(Progression | exoKRAS >1%)) and
90% chance of prolonged response to therapy (no pro-
gression recorded before censoring) given that exoKRAS
remains <1% (P(No Progression | exoKRAS <1%)).

Discussion
Nucleic acids derived from exosomes have been re-
ported as a novel compartment of high-quality DNA material
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Figure 4. (A) Tumor monitoring using serial liquid biopsies showing correlation between a exoKRAS peak >1% (red line) and
radiologic progression based on RECIST 1.1 (black line). The standard pancreatic cancer biomarker is plotted (blue), as is
ctKRAS (green) for comparison. (B) Tumor monitoring among 34 patients shows the ability of exoKRAS peaks >1% (red circle)
to predict radiologic progression (green bar). Peaks are identified in 11 of 14 patients who progressed vs in no patients who did
not progress (9/9). exoKRAS peak is significantly associated with progression (P = .0003) on Fisher exact test with an odds
ratio of 62.4 (95% Cl, 2.852-1367). (C) MAF KRAS peak shows a significantly greater median lead time in predicting pro-
gression of 50 days (P = .03) from the time clinically detectable progression was evident on CT imaging compared with CA19-
9 (median lead time, 0 days). ABR, abraxane; AF, allelic fraction; FOLFOX, folinic acid, fluorouracil, oxaliplatin; GEM, gem-
citabine, SLD, sum of longest diameters.
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that is protected from degradation in circulation."****” As

opposed to ctDNA, which exists in the 150-170-base pair
range, protected exoDNA is found in a high-molecular-
weight format that readily lends itself to next-generation
sequencing for molecular profiling. In our study, we
profile-matched exoDNA and ctDNA for mutant KRAS alleles
by quantitative ddPCR in a large series of prospectively
collected plasma samples from PDAC patients (N = 194),
and we identified baseline detection rates of 61% and 53%
in metastatic disease and 38% and 34% in localized disease
for exoDNA and ctDNA, respectively. A substantial minority
of patients (12%-25%) with preneoplastic pancreatic cysts
or nonneoplastic pancreatic diseases (such as chronic
pancreatitis) harbored detectable circulating mutants. KRAS
mutations are present in up to 80% of preneoplastic
pancreatic cysts (including low-grade mucinous cysts),"®*’
and thus their detection on ddPCR in the circulation is not
surprising. Mutations in KRAS are also detectable in the
pancreas as a consequence of nonneoplastic inflammatory
processes such as chronic pancreatitis, although tissue-
based studies have confirmed a lower frequency of muta-
tions than in either cancer or in preneoplastic cysts.>***! In
line with these observations, and as an indirect derivation of
tissue mutation load, quantitative ddPCR found average
KRAS MAF to be highest in baseline metastatic samples,
followed by localized disease, cystic lesions, and, finally,
nonneoplastic pancreatic diseases, in that order.

Beyond detection of tumor-derived DNA per se in liquid
biopsy samples as a biomarker of an underlying neoplasm,
recent studies have also focused on the potential prognostic
value imparted by ctDNA or exoDNA measurement in cancer
patients at the time of presentation. For example, Mohr-
mann et al’* reported that among 41 patients with
advanced solid cancers, driver mutation detection by ddPCR
in either exoDNA or ctDNA was associated with OS on
Kaplan-Meier analysis, although only exoDNA at the time of
presentation was an independent prognostic factor for 0OS
on multivariate analysis (HR, 0.15; 95% CI, 0.03-0.80; P =
.026). Along these lines, several studies have evaluated the
prognostic potential of liquid biopsy samples in PDAC, most
focusing on ctDNA measured with digital PCR. In a relatively
small study, Earl et al?® reported KRAS mutant ctDNA
detection in 8 of 31 (26%) patients across various PDAC
stages, with detection significantly correlated to OS (HR,
12.2; P = .0002). In a larger study of 105 patients, Hadano
et al** reported a cumulative rate of 31% ctDNA detection
across stages, with median survival of 13.6 months vs 27.6
months in those patients with detectable vs no detectable
ctDNA, respectively, and a significant association with 0S
(P < .0001). In our own series, detection of ctDNA and
exoDNA at presentation were both associated with signifi-
cant deleterious impact on OS and PFS on univariate anal-
ysis, although only an exoDNA KRAS MAF >5% was an
independent negative predictor of poor survival on multi-
variate analysis (HR, 2.28; 95% CI, 1.18-4.40; P = .014 for
PFS and HR, 3.46; 95% CI, 1.40-8.50; P = .007 for OS,
respectively) when used independently. Because previous
work had shown the utility of using a combination of bio-
markers for early detection, particularly ctDNA and CA19-9
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in the context of surgically resectable pancreatic cancer, we
aimed to determine the prognostic significance of combining
ctDNA detection or exoDNA MAF with CA19-9.7>° Although
ctDNA detection alone was not a significant predictor of
outcomes, we did observe a combination of ctDNA detection
and a CA19-9 level >300 U/mL at baseline treatment-naive
status to be a significant predictor of poorer OS (HR, 6.37;
95% CI, 2.36-17.24; P = .0003), showing the utility of a
multianalyte approach. We also saw this same phenomenon
when combining ctDNA detection and exoKRAS MAF >5%
as a significant predictor of OS (HR, 7.73; 95% CI, 2.61-
2291; P = .00002). Ultimately, these blood-based bio-
markers show complementary utility in prognostic value,
because the presence of these thresholds suggests that
those patients may require more intense follow-up to cap-
ture earlier progression or more aggressive therapy than
the standard of care to influence outcomes. This helps un-
derline how each may represent distinct biologies, despite
sharing the moniker of liquid biopsy, whereby ctDNA is
released from apoptotic or necrotic cells, whereas exosomes
may represent material released into circulation from
rapidly dividing viable cells.

One major advantage of liquid biopsies is the ability to
conduct longitudinal monitoring of on-treatment patients as
a readout of therapeutic efficacy. Although this is typically
conducted in PDAC with serial imaging scans or with CA19-
9, liquid biopsy samples might provide adjunctive, and
potentially superior, predictive data on treatment response,
with an opportunity for anticipating treatment intervention.
In an earlier study, Tjensvoll et al*” reported pilot data from
a cohort of 14 PDAC patients, using peptide-nucleic acid-
clamp PCR KRAS mutation detection. Monitoring ctDNA
levels during chemotherapy showed a correlation with
CA19-9 and radiologic progression in 3 patients. In a
separate series, Sausen et al?® used digital PCR for ctDNA
detection after tumor resection in localized PDAC.*® In 9
patients with detectable ctDNA and radiologic recurrence,
the authors reported ctDNA detection an average of 3.1
months after resection compared with 9.6 months when it
becomes clinically detectable on CT imaging. These data
suggest a potential role for using liquid biopsies to facilitate
earlier detection of progression than radiologic scans. In our
cohort, we examined 34 metastatic patients who had sulffi-
cient longitudinal on-treatment follow-up and serial liquid
biopsies to report tumor monitoring outcomes. Although we
did not find significant association between progression
outcomes with changes in ctDNA, we did find a significant
correlation between exoDNA KRAS MAF and eventual
radiologic progression. Specifically, those patients with an
exoDNA KRAS MAF >1% on any on-treatment serial biopsy
have a 100% probability of disease progression, with a
median lead time to radiologic progression of 50 days from
the first sample with exoDNA KRAS MAF >1%. In contrast,
patients who maintained exoDNA KRAS MAF <1% on serial
monitoring had a 90% probability of not progressing on
therapy in the approximately 1-year median follow-up
duration of our study. We believe that this mutant
exoDNA spike to >1%, although transient, represents a
growth spurt of the underlying cancer, likely coinciding with
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the incipient onset of resistance to ongoing therapy. The
ability of serial liquid biopsies to predict which PDAC pa-
tients are most likely to fail first- or second-line chemo-
therapy is of clinical utility, because it provides an earlier
opportunity than radiologic imaging for changing course.
Continued exposure of patients to ineffective first- or
second-line regimens may result in unnecessary toxicities
and deterioration of performance status, which might make
patients no longer candidates for subsequent therapies.

In addition to patients with metastatic disease, our
prospective series also examined the utility of serial liquid
biopsies in patients with localized PDAC. At MD Anderson,
and increasingly at other centers in the United States, pa-
tients with localized disease receive preoperative (neo-
adjuvant) chemoradiation therapy. The main objective of
neoadjuvant therapy is to prolong the survival of patients
undergoing surgery and minimize the use of surgery for
patients unlikely to benefit from it.”” However, indicators of
the effectiveness of neoadjuvant therapy and subsequent
surgical resection remain a significant unmet need. We
postulated that liquid biopsy kinetics between initiation and
culmination of neoadjuvant treatment may predict response
to neoadjuvant therapy and lack of progression, thus
enabling surgery. In fact, a decrease in exoDNA KRAS MAF
(but not ctDNA) between the beginning and the end of
neoadjuvant therapy was significantly correlated with
eventual surgical resection, when compared with those pa-
tients experiencing a rise in exoDNA KRAS MAF (OR, 38.4;
95% ClI, 3.95-373.3; P = .0002). Although this same corre-
lation held true for CA19-9 (OR, 28.0; 95% CI, 2.65-295.9;
P = .003), which is not significantly different from exoDNA,
it is worth noting how liquid biopsies may be used as
complementary biomarkers in those patients who are
deemed to be CA19-9 nonexpressors or those patients with
obstructive jaundice, where CA19-9 shows no correlation to
progressive disease, as in 33% of patients in our series.
Even in 1 patient for whom CT imaging did not detect overt
progression despite a rise in exoDNA KRAS MAF, laparotomy
confirmed the discovery of CT-occult omental metastasis.
These data suggest a role for serial liquid biopsies, and
specifically exoDNA, as a putative predictive biomarker for
disease status after neoadjuvant therapy.

It is important to note the following weaknesses of the
current study. Although the strategy of using mutant KRAS
molecules as a tumor marker may be theoretically optimal
in a disease like PDAC, where KRAS mutation rates exceed
90%, the stochastic nature of circulating nucleic acids
released in circulation may lead to underestimation of the
true circulating tumor burden if detection is limited to a
single mutation. This may likely be a contributing factor to
the poor predictive potential of ctDNA in the context of
metastatic disease and those patients receiving neoadjuvant
therapy. We found notable differences in our previously
published exoKRAS and ctDNA detection rates in patients
with metastatic (85% and 57.9%, respectively) and local-
ized disease (67% and 45.5%, respectively) obtained from a
retrospective bio-banked cohort.'* The differences in
detection rates are largely due to the fact that exoDNA and
ctDNA in the previous study underwent whole-genome
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amplification to increase sensitivity of KRAS detection in
the context of early detection efforts. Although this was a
possibility in the current series, we opted against amplifi-
cation, because this would have distorted the MAFs found
through ddPCR and thus affected our clinical endpoints. The
use of a tumor gene panel (eg, KRAS, TP53, CDKN2A, and
SMAD4) may achieve greater sensitivity for detection and
monitoring.”® Additionally, the fact that our multigene panel
does not cover KRAS hotspot mutations in codon 61 may
lead to underestimation of our true sensitivity, because the
current panel has a theoretical detection rate of up to 80%
of known KRAS mutations in PDAC.? Although our detec-
tion rates of KRAS mutant molecules are relatively modest at
32%-41% in baseline treatment-naive metastatic patients
based on the liquid biopsy compartment, a fact that may
limit the number of patients who may benefit from such an
assay, when we look at general detection in both compart-
ments at once, detection rates increase to 73.1%, which is
near the theoretical limit of our assay. This underlines the
complementary nature of these biomarkers, especially in the
setting of low-volume disease (such as after treatment or
when monitoring for recurrence), whereby the absence of
mutant detection in one does not preclude the ability to gain
valuable genomic information in the other. Additionally,
although exoDNA mutant KRAS detection levels compared
with ctDNA detection levels are not significantly better in
the current cohort, exosomes provide the added ability to
perform specific enrichment of cancer-derived material,
allowing for capture of DNA, RNA, and proteins derived
from tumors for mutation, gene expression, and possibly
even neoantigen detection."* The need for a criterion stan-
dard validation is also important when pursuing liquid bi-
opsy assays such as the one described in this study. As such,
recent work has attempted to validate concordance between
mutations found in liquid biopsy and tissue biopsy
samples.*’3° In the context of PDAC, acquiring tissue bi-
opsy samples for molecular profiling is particularly difficult
in the metastatic setting, where fine needle aspirates are
typically reserved for diagnostic purposes. We thus selected
a subset of 34 patients with localized disease with available
matched tissues, where concordance rates ranged from
66.7% to 95.5% depending on the liquid biopsy platform
and tissue source. Unsurprisingly, surgical tissue specimens
showed greater rates of concordance, particularly in
exoDNA, which is likely associated with the greater sensi-
tivity of mutation detection in exosomes. Overall, KRAS
mutation detection rates were high in liquid biopsy samples
as a whole, although it remains to be seen if profiling of
additional mutations can achieve this sensitivity and
specificity.

In conclusion, our study in a relatively large cohort of
PDAC patients, composed of both metastatic and localized
disease, reiterates the predictive and prognostic value of
liquid biopsies in this malignancy. We show that although
the baseline CA19-9, exoDNA, and ctDNA cargo has prog-
nostic effect, longitudinal monitoring of exoDNA provides
unique predictive information on the outcome of neo-
adjuvant therapy in localized disease and in anticipating
progression in the metastatic setting. In contrast to the
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challenges of repetitive tissue biopsies for visceral cancers,
serial liquid biopsies may provide an attractive alternative
strategy to map tumor evolution in real time, providing an
unprecedented insight into how the PDAC genome adapts to
and eventually becomes recalcitrant to therapy.
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Note: To access the supplementary material accompanying
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Supplementary Methods

ddPCR Analysis

ddPCR (QX200; BioRad) was used for highly sensitive
detection of genetic mutations with a multiplex KRAS assay
containing G12V, G12D, G12R, G12C, G12§, G124, and G13D
mutant codons. Estimation of false positive rate was first
determined across multiple wells containing KRAS wild-type
DNA from a healthy individual and a nontemplate control. A
cutoff of more than 2 droplets in the mutant channel was
determined to be optimal for providing no false positive rate
and classifying a sample as having mutant molecules. A
lower limit of detection was then determined as previously
described at 0.01% MAF." Subsequently, for each experi-
ment done on clinical samples, wells containing a positive
control and 2 negative controls were included to determine
the absence of contamination and PCR efficiency of the
ddPCR probes in each plate. Positive controls consisted of 1
sample of either pancreatic cell line (Pa04C or Panc1), and
the negative controls included a wild-type well of DNA from
a healthy individual and a well with just water as a non-
template control. Interpretation and analysis of results was
done in accordance with BioRad “Rare Mutation Detection
Best Practice Guidelines for Droplet Digital PCR.” Data were
processed using QuantaSoft, version 1.6 (BioRad).

Statistical Analysis

Our 2 primary goals were to test the predictive abilities
of exoDNA MAF in determining progression and its prog-
nostic capability with regard to both progression and
outcome. To find our cutoffs, we used receiver operating
characteristic analysis to estimate optimal thresholds by
maximizing the sensitivity and specificity on each graph
through the Youden index. A consensus value was drawn
from OS and PFS before being tested against clinical out-
comes. P values for our predictive subpopulation were ob-
tained through the Fisher test. In addition, posterior
probability was evaluated through Bayesian inference.
Priors were estimated from frequency of progression in our

Liquid Biopsies in Pancreatic Cancer 118.e1

prognostic population. To assess prognosis, we measured 2
time-to-events, PFS and OS, for our endpoints. PFS was
defined as the time from the start of therapy, or date of
pathologic diagnosis if the patient does not undergo ther-
apy, to the first event (progression according to RECIST 1.1
criteria or death due to any cause). Patients who did not
progress were censored at their date of last radiologic
follow-up. OS was defined as the time from pathologic
diagnosis to event (death due to any cause). After con-
firming the proportional hazards assumption using
Schoenfeld residuals, the Cox proportional hazards model
was used to obtain hazard ratios (e” \ beta) and P values in
both univariate and multivariate models for a binary
threshold detection of exoDNA and covariates. The Wald
and log-rank tests were used to estimate significance, and
additional Kaplan-Meier analyses were done on our pri-
mary variables of interest. Patients who did not h therapy
were not included in the multivariate analysis.

To address distributions of covariates, we used Wil-
coxon, Kruskal-Wallis, and linear regressions where
appropriate. Continuous variables were transformed with a
logio(x + 1) scale to reduce variance. All statistical ana-
lyses were done through R version 3.4.2° and Prism 6
(GraphPad Software), by using the ggplot2 package® in
both R and Prism 6 for graphical display. The survival
package® in R was used to create the Cox proportional
hazards models.
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Supplementary Figure 1. Schematic of patient recruitment and exclusion for study endpoints.
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Supplementary Figure 2. (A) Median MAF of exoKRAS in metastatic patients is significantly greater in those patients whose
disease had progressed vs not progressed (P = .03) and those who are deceased vs not deceased (P = .01). (B) Median MAF
of ctKRAS is significantly greater in those patients who are deceased compared (P = .03) with those who are not, by Mann-
Whitney test. All axes have been scaled to log10 for visual representation. *P < .05, **P < .01.
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Supplementary Figure 3. Distribution of exoKRAS, ctKRAS, and sum of longest diameters (SLD) stratified against type of
metastasis. Boxplots of the distributions. Log1g(x + 1) was used to transform the KRAS results; x + 1 was used to keep KRAS
MAF values at 0. The Wilcoxon test was used to compare the 2 subsets, and the Kruskal-Wallis test was used to compare all
3. (A) exoKRAS MAFs (n = 103) plotted against metastasis type. Median and range of exoKRAS MAF (%) for liver, lung, and
peritoneal metastases were 1.463 (0-59.091), 0 (0-1.763), 0 (0-25.358) respectively. P values between the pairs liver and lung,
liver and peritoneal, and lung and peritoneal were 0.028, 0.15, and 0.72 respectively. P value for all 3 was 0.044. (B) exoKRAS
MAFs (n = 100) plotted against metastasis type. Median and range of ctKRAS MAF (%) for liver, lung, and peritoneal me-
tastases were 0.760 (0-60.969), 0 (0-0.327, and 0 (0-21.664), respectively. P values between the pairs liver and lung, liver and
peritoneal, and lung and peritoneal were 0.0021, 0.017, and 0.58, respectively. P value for all 3 as .00084. (C) SLD (n = 102)
plotted against metastasis type. Median and range of SLD (mm) for liver, lung, and peritoneal metastasis were 77.5 (21-200),
61 (43-111), and 61 (40-181), respectively. P values between the pairs liver and lung, liver and peritoneal, and lung and
peritoneal were 0.17, 0.56, and 0.84 respectively. P value for all 3 was 0.36.
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Supplementary Figure 6. Kaplan—Meier curve stratification
of baseline treatment-naive patients based on cohort
optimized area under the curve CA19-9 levels. (A) Patients
with CA19-9 >300 U/mL experienced worse OS (median, 204
vs 264 days, P = .023) (B) but not significantly worse PFS
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