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Background: Detection of circulating tumor DNA can be limited due to their relative scarcity in circulation, particularly while
patients are actively undergoing therapy. Exosomes provide a vehicle through which cancer-specific material can be enriched
from the compendium of circulating non-neoplastic tissue-derived nucleic acids. We carried out a comprehensive profiling of
the pancreatic ductal adenocarcinoma (PDAC) exosomal ‘surfaceome’ in order to identify surface proteins that will render liquid
biopsies amenable to cancer-derived exosome enrichment for downstream molecular profiling.

Patients and methods: Surface exosomal proteins were profiled in 13 human PDAC and 2 non-neoplastic cell lines by liquid
chromatography-mass spectrometry. A total of 173 prospectively collected blood samples from 103 PDAC patients underwent
exosome isolation. Droplet digital PCR was used on 74 patients (136 total exosome samples) to determine baseline KRAS
mutation call rates while patients were on therapy. PDAC-specific exosome capture was then carried out on additional 29
patients (37 samples) using an antibody cocktail directed against selected proteins, followed by droplet digital PCR analysis.
Exosomal DNA in a PDAC patient resistant to therapy were profiled using a molecular barcoded, targeted sequencing panel to
determine the utility of enriched nucleic acid material for comprehensive molecular analysis.

Results: Proteomic analysis of the exosome ‘surfaceome’ revealed multiple PDAC-specific biomarker candidates: CLDN4,
EPCAM, CD151, LGALS3BP, HIST2H2BE, and HIST2H2BF. KRAS mutations in total exosomes were detected in 44.1% of patients
undergoing active therapy compared with 73.0% following exosome capture using the selected biomarkers. Enrichment of
exosomal cargo was amenable to molecular profiling, elucidating a putative mechanism of resistance to PARP inhibitor therapy
in a patient harboring a BRCA2 mutation.

Conclusion: Exosomes provide unique opportunities in the context of liquid biopsies for enrichment of tumor-specific material
in circulation. We present a comprehensive surfaceome characterization of PDAC exosomes which allows for capture and
molecular profiling of tumor-derived DNA.
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Introduction

An emerging body of literature demonstrates that comprehensive
characterization of cancer genomes has both diagnostic and prog-
nostic utility, and may provide insights into formulating individu-
alized treatment strategies [1, 2]. However, even with large-scale
sequencing efforts, accessibility of tumor tissue is often limited by
both patient- and/or system-centered factors. Tissue sampling of
pancreatic ductal adenocarcinoma (PDAC) may be limited to an
initial diagnostic fine needle aspiration (FNA), while risk of biopsy,
locally destructive therapies, cost, or facility capabilities may limit
further sampling efforts. ‘Liquid biopsy’ is a less invasive strategy
for tumor sampling, which may circumvent the need for tissue
biopsy while still affording high-resolution profiling of the
genomic landscapes of visceral cancers. Within the field of liquid
biopsy, tumor-derived extracellular vesicles (EVs), such as exo-
somes, are a source of high-quality nucleic acids for molecular
characterization with inherent utility for diagnostic and thera-
peutic purposes [3].

Exosomes are nanometer-sized membrane-limited EVs that
arise from endosomal biogenesis pathways and serve as critical
means of cell-cell communication [4]. Tumor-derived exosomes
contain membrane-tethered proteins, microRNAs, and as re-
cently demonstrated, entire genomic complements of DNA
(exoDNA) [5-8]. Exosomes are shed from both tumor and non-
neoplastic cells into the peripheral circulation. Therefore, one of
the potential pitfalls of utilizing exosomes, and essentially any li-
quid biopsy component including circulating tumor DNA
(ctDNA), as a surrogate for the tumor genome is that genetic in-
formation obtained from such exosomes will be diluted in large
part with the DNA of non-—cancer cell-derived exosomes.
Exosomal surface biomarkers provide a means to separate cancer
from non-cancer-derived exosomes through the use of bead-
based selection of such markers. While exosomes are known to
express tetraspanins such as CD63, CD9, and CD81, these bio-
markers are not specific to cancer-derived exosomes. Specific
markers to distinguish normal and cancer tissue-derived exo-
somes is an area of active research, particularly in PDAC where
the use of such biomarkers has great potential in early disease de-
tection [9, 10]. Here, we identify a panel of PDAC-specific exoso-
mal surface proteins, demonstrate the ability to enrich for
PDAC-derived exosomes in circulation using these identified
proteins, and then show the feasibility of mutation profiling of
enriched exoDNA samples through next-generation sequencing
(NGS).

Patients and methods

Exosomes were isolated from a total of 13 human PDAC cell lines,
MIAPaCa-2, Pa01C, Pa02C, Pa03C, Pa04C, Pa07C, Pa08C, Pa09C,
Pa021C, Pa028C, PATC43, PATC66, and PATC92, and two non-
neoplastic cell lines, CAF19 and HPNE. Proteins from exosome surface
were tagged with biotin and separated from the cargo compartment after
being affinity captured to monomeric avidin and subject to liquid chro-
matography—mass spectrometry (MS) (supplementary Figure S1, avail-
able at Annals of Oncology online). Identified exosomal surface proteins
were curated based on their tumor-specific expression when compared
with non-neoplastic sources. Biomarker candidates based on this initial
screen were then validated through western blot where protein expres-
sion was evaluated between PDAC and non-neoplastic cell lines. The
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selected list of protein biomarker candidates was then evaluated in pro-
spectively collected clinical samples from early stage (resectable) and late
stage (locally advanced and metastatic) PDAC patients. First, a baseline
ex0DNA mutant KRAS detection rate using droplet digital PCR (ddPCR)
was determined for 74 patients undergoing active therapy (supplemen
tary Table S1, available at Annals of Oncology online). Tumor-specific
exosome enrichment was then carried out on a separate cohort of 29 pa-
tients through an immunocapture-based methodology for exoDNA
KRAS mutation detection. Finally, tumor-enriched exoDNA from a
metastatic PDAC patient was subject to a molecular barcoded targeted
cancer panel for comprehensive molecular profiling. Detailed methods
can be found in the supplementary Materials and methods, available at
Annals of Oncology online.

Results

‘Surfaceome’ profiling of exosomes

Surface and cargo exosomal proteins were profiled in 13 human
PDAC cell lines and 2 non-neoplastic cell lines (HPNE and
CAF19) through liquid chromatography—-MS. Proteomes from
exosome surface and cargo were fractionated at an intact protein
level and then subjected to trypsin digestion and MS-based ana-
lysis. A total of 7086 proteins (corresponding to 3663 gene sym-
bols) were identified (supplementary Table S2, available at
Annals of Oncology online). Requiring expression on the surface
of at least three samples (i.e. the proposed exosomal
‘surfaceome’) demonstrated the presence of canonical proteins
universally expressed in exosomal populations including CD81,
CD9, and TSG101 resulting in 1057 proteins (corresponding to
482 genes; supplementary Table S2, available at Annals of
Oncology online). In order to identify a panel of PDAC-specific
surface exosomal markers, resulting ‘surfaceome’ proteins that
were found to be expressed in at least three PDAC cell lines with a
maximum of 1 spectral count being expressed in non-neoplastic
cell lines were considered candidate PDAC-specific exosomal
surface markers. In addition, we annotated these candidates using
the EV database ExoCarta (database of exosomes proteomics,
including data from 160 exosome experiments and 166 samples
based on MS analyses), which contains human exosome protein
profiles from normal and cancer tissue sources to effectively
assess the absence of our candidate proteins from vesicles of
non-neoplastic origin. Further curation and validation of these
biomarkers was prioritized based on biological rationale and
availability of targeting antibodies (supplementary Materials and
methods, available at Annals of Oncology online) (Figure 1).

Biomarker validation

Candidate proteins were validated through western blot analysis of
PDAC cell line-derived exosomes from Pa01C, Pa03C, and Pa04C
(Figure 1). Non-neoplastic cell lines CAF19 and SC2 were used as
controls. Candidate biomarkers were detected within protein lys-
ates of cell lines with varying degrees of sensitivity and specificity,
but were effectively enriched within the exosome protein fractions.
In other words, protein biomarkers such as CDI51 and
HistoneH2B (H2B) are found in the protein lysates from all cell
lines, including non-neoplastic cell lines, but are only found within
exosomes derived from PDAC cell lines. On the other hand,
LGALS3BP is present in all exosomal populations but is
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Figure 1. Cancer-specific exosomal biomarker selection and validation. (A) Heat map representation of proteins that are expressed on the
surface of pancreatic ductal adenocarcinoma exosomes that are not expressed (or expressed at very low levels) on the surface of HPNE and
CAF19 exosomes. (B) Western blot validation of identified candidate biomarkers: protein expression analysis of cell lysates (left) compared
with exosomes (right) of neoplastic (Pa01C, Pa03C, and Pa04C) and non-neoplastic (CAF19 and SC2) cell lines. CD63 and TSG101 are used as
antibody controls for identification of exosome populations. Most selected biomarkers show enriched specificity towards being present in

cancer exosomes versus normal exosomes.

overexpressed in tumor-derived exosomes when compared with
non-neoplastic sources. In contrast, the recently published PDAC
exosomal biomarker glypican-1 (GPC1) did not demonstrate
significant expression in tumor-derived exosomes and in fact
appeared to be selectively expressed in non-neoplastic sources
when four separate GPC1 antibodies were tested, including the
originally reported clone (ThermoFisher, PA5-28055, Waltham,
MA) (supplementary Figure S2, available at Annals of Oncology
online) [9]. This profiling analysis led to a final antibody cocktail
targeting the following candidate biomarkers: anti-CLDN4,
EPCAM, CD151, LGALS3BP, HIST2H2BE and HIST2H2BF, re-
spectively, used for subsequent enrichment studies.

Validation of capture assay in clinical samples

Following the selection of our candidate biomarkers, we designed
an immunocapture pulldown assay to specifically capture enriched
populations of cancer-derived exosomes (see supplementary
Materials and methods, available at Annals of Oncology online).
We next aimed to implement our enrichment methodology for
PDAC-derived exosomes on patient plasma samples to determine
its effectiveness at detecting tumor-derived DNA during therapy
(supplementary Table S2, available at Annals of Oncology online).
Detection rates for mutant KRAS exoDNA in a control cohort of
136 prospective samples that did not undergo capture enrichment
(total exosomes) taken during active chemotherapeutic interven-
tion was 32.7% (17/52), 50% (15/30), and 51.8% (28/54) in resect-
able, locally advanced, and metastatic disease, respectively, as
defined by American Joint Committee on Cancer guidelines
(Figure 2A). In 37 samples that underwent exosome capture as pre-
viously described, our mutation detection rate increased to 70.6%
(12/17), 71.4% (5/7), and 76.9% (10/13) in resectable, locally

advanced, and metastatic disease, respectively. Of note, these de-
tection rates reach the theoretical upper limit of detection of our
ddPCR multiplex assay which can detect up to 80% of known
KRAS mutations found in PDAC [11]. This suggests that most
patients undergoing therapy have tumor-derived material in
circulation that is typically overwhelmed by non-neoplastic tissue-
derived exosomes. Harvested exoDNA from both protocols
yielded an average of 19.17ng (0.11-125.72ng) and 24.13ng
(0.12-636.00 ng) for captured exosomes and total exosomes, re-
spectively. Overall positive call rate among all combined patients is
associated with the pulldown cohort (P= 0.002) where a pulldown
sample is 3.28 (95% CI: 1.41-8.19) times more likely to have KRAS
detected. Importantly, exosome capture not only increases the pro-
portion of cases with detectable mutant alleles but also leads to a
statistically significant increase in KRAS MAF within each category,
serving as a surrogate for tumor enrichment capability (Figure 2B).

Enriched cancer-specific exosomal cargo is amena-
ble to comprehensive molecular profiling by NGS

A metastatic PDAC patient who underwent prior tumor resection
and subsequently developed liver metastasis underwent liquid biop-
sies for exosome isolation. The emergence of metastasis corres-
ponded with clinically detectable resistance to a Rucaparib (PARP1
inhibitor) clinical trial in which the patient was stratified into due
to a somatic frameshift BRCA2 (L583*) mutation with associated
loss of heterozygosity. Plasma-derived exosomes were isolated and
profiled for KRAS mutant detection revealing an increase in KRAS
mutant burden during disease progression (Figure 3). In an on-
treatment blood draw where no exoDNA mutant KRAS was
detected based on ddPCR, we subsequently attempted exoDNA
enrichment resulting in an increase in mutational KRAS allelic

Volume 29 | Issue 1 | 2018

doi:10.1093/annonc/mdx542 | 225


Deleted Text: tumor 
Deleted Text: to 
Deleted Text: ,
https://academic.oup.com/annonc/article-lookup/doi/10.1093/annonc/mdx542#supplementary-data
https://academic.oup.com/annonc/article-lookup/doi/10.1093/annonc/mdx542#supplementary-data
https://academic.oup.com/annonc/article-lookup/doi/10.1093/annonc/mdx542#supplementary-data
Deleted Text: tumor 
https://academic.oup.com/annonc/article-lookup/doi/10.1093/annonc/mdx542#supplementary-data
Deleted Text: tissue 
Deleted Text: -
Deleted Text: -
Deleted Text: <italic>p</italic>
Deleted Text: -val
Deleted Text:  - 
Deleted Text: ,
Deleted Text: ,

>

100

% of patients with
detectable KRAS™Mut

B Resectable Locally advanced
°

& 1e+01

g )

©

Q<

©

= 1e-01

©

=]

IS

()

s

¥ 1e-03

Annals of Oncology

B Total exosome control cohort

Bl Captured exosomes

Metastatic

o [}
)
Exosome isolation technique
ole

- Total exosomes control cohort

- Captured exosomes

Figure 2. exoDNA KRAS mutant detection in circulation. (A) Percent of patients with detectable mutant KRAS in exoDNA among those pa-
tient samples that did and did not undergo capture enrichment. When comparing the percentages of patients with detectable KRAS in the
pulldown-cohort versus the total exosome cohort, the pulldown-cohort consistently detects KRAS in a higher proportion of patients across
stages. This increase in call-rate was statistically significant in resectable patients (P=0.024) where pulldown samples were 4.11 (95% Cl:
1.14-17.19) more likely to have KRAS detected. (B) KRAS mutant allele frequency (MAF) comparisons of captured exosomes versus total exo-
somes, there was a statistically significant difference showing increased KRAS MAFs from the captured exosomes for resectable and meta-
static patients (P=0.003 and 0.015, respectively, using one-sided Wilcoxon Rank Sum tests).

fraction from 0% to 3.2%. More importantly, the amount of DNA
material was sufficient for subsequent NGS using a molecular bar-
coding approach. This resulted in the detection of the known driver
mutations that were present in the patient’s original primary tumor,
and subsequently detected in the metastatic liver tissue, including
mutations in KRAS, TP53, and BRCA2. Notably a secondary muta-
tion in BRCA2 was also detected in liquid biopsies, which was not
present in the original primary tissue, likely arising during PARP in-
hibitor therapy. This mutation resided immediately before exon 10
where the BRCA2 (L583*) mutation was present allowing for the
entire exon to be spliced out and leading to transcription of a full
mRNA molecule. Tumor exosomal DNA enrichment thus allowed
us to detect this putative mechanism of resistance to PARP inhibi-
tor, underscoring the utility of liquid biopsies in facilitating thera-
peutic stratification.

Discussion

We have carried out proteomic profiling of exosomes isolated
from a panel of PDAC cells in order to identify a candidate list of

cancer-specific surface exosomal proteins (the PDAC exosomal
‘surfaceome’). We validated the cancer specificity of these exoso-
mal proteins by performing the same proteomic profiling in non-
neoplastic pancreatic cell types and examining which candidate
proteins were differentially and preferentially expressed by the
collective PDAC exosomal ‘surfaceome’. The resultant PDAC-
exosome-specific markers can be exploited using an immunocap-
ture assay for enrichment of tumor-specific material in liquid
biopsies. This allows for subsequent molecular analysis of tumor
material with implications for early detection, longitudinal dis-
ease monitoring (especially in low tumor volume settings), and
therapeutic stratification during targeted therapy.

As it is possible that the exosome ‘surfaceome’ may evolve
throughout disease progression and may, in fact, be a product of
the intrinsic heterogeneity found in PDAC, we opted to pursue a
multiplexed panel of antibodies against six candidate biomarkers
for validation. These included CLDN4, EPCAM, CDI151,
LGALS3BP, HIST2H2BE, and HIST2H2BF. As evidenced by our
data, these biomarkers appear to greatly enhance not only the
fraction of patients at each PDAC stage with detectable mutant
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Figure 3. (A) Clinical course of a pancreatic ductal adenocarcinoma patient who underwent prior pancreatic tumor resection, and subse-
quently progressed while on Parp-1 inhibitor therapy. ExoDNA enrichment led to capture of tumor derived material which was not previ-
ously detectable. (B) Relevant mutations found in the metastatic tissue and liquid biopsies 6 months (Ibx_02) and 9 months (lbx_03) after
tissue biopsy. Of note is the presence of a stopgain BRCA mutation (L583%) that was correlated to her prolonged response to PARP1 inhibitor
therapy. (C) A subsequent mechanism of resistance was detected in the liquid biopsies and confirmed in the tissue in the form of a BRCA2
splice site variant which splices out the aberrant stopgain mutation. SLD sum of the largest dimension; exoDNA MAF represent the KRAS mu-
tant allele fraction. ABR, abraxane (nab-paclitaxel); CIS, cisplatin; GEM, gemcitabine.

molecules but also the mutant allelic fraction per se at each stage,
suggesting enrichment for the tumor-derived nucleic acid com-
ponent. The latter has direct implications for downstream mo-
lecular assessment using NGS that can be pursued in liquid
biopsy samples.

Mechanisms of DNA packaging within exosomes remain
largely unknown as opposed to the apoptotic/necrotic pathways
that are mostly recognized as sources of ctDNA in circulation. In
the nucleus, histones are essential for chromatin structure and
play a crucial role during gene transcription and silencing.
Interestingly, histones have also been found outside the nucleus,
in the cytosol, mitochondria, and cell membrane [I12].
Extrachromosomal Histone-H2B has been identified as a cyto-
solic DNA sensor for aberrant self and non-self double-stranded
DNA, which mediates an innate immune response and co-
localizes within the mitochondrial membrane [13, 14]. Upon
detection of cytosolic DNA, H2B has been described to partially
associate with mitochondria and co-localize with the late endo-
some marker CD63 [15]. Both mitochondria and endosomes are
known to generate multivesicular bodies that can fuse with the
cell membrane and generate exosomes [16]. Therefore, the
relative enrichment of H2B within the exosome compartment of
cancer cells suggests that this protein may be interacting with mu-
tant DNA that originated in the nucleus and which subsequently
becomes packaged within exosomes for transport.

Not unexpectedly, the other candidate exosomal ‘surfaceome’
proteins identified in our analysis have been independently
implicated in cancer initiation and progression of PDAC. For ex-
ample, the extracellular matrix glycoprotein LGALS3BP is over-
expressed by neoplastic cells with a role in promoting cell
viability, migration, and metastasis, resulting in its role as a po-
tential biomarker associated with prognosis and response to ther-
apy [16, 17]. Other identified biomarkers such as the tetraspanin
family member CD151 have also been implicated in cancer initi-
ation and metastasis; in fact, exosomal CD151 per se has previ-
ously been shown to facilitate metastasis through induction of
epithelial to mesenchymal transition in PDAC cell lines [18]. The
family of claudin proteins is involved in the formation of tight
junctions, with overexpression of CLDN4 previously described in
the context of PDAC [19]. Notably, this overexpression was pre-
sent in both human archival material and genetically engineered
mouse models at the stage of PDAC precursor lesions (pancreatic
intraepithelial neoplasia), with implications for early detection
[20]. Finally, expression of epithelial markers in circulation has
been best characterized in the context of circulating tumor cells
(CTCs). Specifically, the use of EPCAM to isolate and quantify
CTCs has led to FDA-approved prognostic tests in colorectal,
breast, and prostate cancers [21]. As the majority of content in
circulation is derived from blood components such as peripheral
blood mononuclear cells, the presence of circulating material

Volume 29 | Issue 1 | 2018

doi:10.1093/annonc/mdx542 | 227


Deleted Text: ,
Deleted Text: ``
Deleted Text: ''
Deleted Text:  (PanIN)
Deleted Text: FDA 
Deleted Text:  (PBMCs)

expressing epithelial proteins such as EPCAM are postulated to
represent tumor-derived origins. This is further supported by our
own data, which suggest that EPCAM in circulation may repre-
sent a cancer-specific exosomal biomarker [22].

Previous work has demonstrated the utility of the biomarker
GPCI as a highly sensitive and specific exosomal biomarker for
detection of PDAC [9]. While our proteomics data does confirm
that GPCl is expressed on the PDAC-derived exosomal
‘surfaceome’, upon incorporation of public EV databases, this
protein appears to be also enriched in exosomes originating from
normal tissues. Furthermore, our experimental data confirm the
presence of GPC1 in non-neoplastic cell lines including CAF19
and SC2, while not being expressed within the exosomes of three
representative PDAC cell lines following attempted validation
using multiple commercially available antibodies. A recent study
by Yang et al. also found that GPC1 as a single exosome marker
was not optimal in PDAC plasma samples, although it could po-
tentially be used as a component of a multi-analyte panel [10].
Thus, the significance of GPC1 in PDAC liquid biopsies will re-
quire future clarification.

Among limitations of this study is the fact that we were unable
to obtain matched captured and non-captured total exosome
samples from the same patient due to the volumes of plasma
required to pursue both protocols. The purpose of utilizing these
volumes (~11.7 ml of plasma) was to have sufficient nucleic acid
material for downstream NGS analysis. Additionally, our rela-
tively small sample size which underwent exosome capture may
limit the generalization of our conclusions and would require
further validation in larger cohorts. It would also be prudent to
perform this analysis on a cohort of healthy controls in order to
effectively validate the specificity of our cancer-derived exosome
capture approach for KRAS mutation detection. Finally, it is im-
portant to note the feasibility of implementing such a protocol in
the clinics. Whereas plasma processing and DNA isolation for
ctDNA can be carried out within a day, the need to isolate exo-
somes using a bead immunocapture-based approach followed by
DNA isolation would require 4 days in addition to the required
infrastructure needed for ultracentrifugation. Although it is not a
significant processing time difference, new exosome isolation
approaches are being developed to decrease cost and increase effi-
ciency of specific exosome capture without the need for ultracen-
trifugation. This includes the use of antibody-coated chips and
microfluidic-based approaches which can capture specific exo-
some populations of interest [23, 24]

The need to enrich for tumor-derived material in circulation is
underlined by the difficulties in detecting rare circulating mutant
molecules in a heterogeneous milieu that is typically over-
whelmed by non-neoplastic tissue-derived DNA. This is particu-
larly compounded in the context of patients undergoing therapy
where mutant DNA might be at levels that are undetectable with
conventional ultra-sensitive digital PCR techniques. The ability
to detect latent mutant molecules has implications in uncovering
emerging mechanisms of resistance or vulnerability nodes before
these become clinically evident, thus allowing for more effective
therapeutic stratification. As typical circulating biomarkers such
as ctDNA are not amenable to enrichment methodologies, we
present exosomes as a viable alternative to capture tumor-specific
material. This can come in the form of not only DNA but also
mRNA and proteins that are sourced from the originating tumor
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cell. Indeed, we have demonstrated how a tumor enrichment
platform can lead to detectable tumor material in those patients
initially thought to be free of circulating mutant molecules. But
more importantly, specific tumor exosome enrichment leads to
an augmentation of mutant genomic equivalents that are subse-
quently amenable to NGS. For example, in our cohort of resect-
able patients, 44% of patient samples from total exosomes had
sufficient quantity and quality of DNA to undergo downstream
molecular barcoding (as defined by >1% KRAS mutant AF and
>1ng of isolated DNA), compared with 67% of patient samples
that were subject to exosome capture. This enrichment then per-
mits elucidation of emerging mechanisms of resistance, such as a
secondary BRCA2 mutation that reverts PARP sensitivity, as we
have demonstrated in our study.
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