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Abstract
Background: Pancreatic cancer is one of the most di�cult cancers to detect early and most patients die
from complications arising due to distant organ metastases. The lack of bona �de biomarkers is one of
the primary reasons for the late diagnosis of this cancer. Most researchers have focused on screening
strategies to characterize biomarkers that show promise in preclinical models but eventually fail in a
clinical scenario. Pancreatic cancer is a multifactorial disease and warrants a multi-omics approach to
identify novel biomarkers for early diagnosis.  

Methods: In order to characterize the proteome, Extracellular vesicles (EVs) isolated from different in vitro
conditions mimicking interactions between pancreatic cancer epithelial and stromal cells were isolated
and subjected to high throughput mass spectrometry. Biological activity of the secreted EVome was
analyzed by investigating changes in distant organ metastases and early changes in the microbiome.
Putative biomarkers were selected and validated using a mouse-human hybrid TMA that was speci�cally
generated for this study. As potential targets, immunohistochemical analysis of protein candidates
(Kif5b, Sfpr2, Loxl2, and Mmp3) was performed on the TMA to assess their potential as candidates for
early discovery of pancreatic cancer. 

Results: The EVome of epithelial and stromal cells co-cultured with each other is distinctly different from
individual cells with distinct protein compositions. While these proteomes could not induce signi�cant
changes in Pre-Metastatic Niche (PMN) modulation and distant organ metastases, they did induce
signi�cant early changes in the microbiome, as indicated by changes in the α and β-diversities in
experimental animal models. Novel biomarkers validated in this study, such as Kif5b and Sfrp2 show
promise for early detection and investigation of pancreatic cancer.

Conclusions: Multi-omics analyses of EVs from mimicking conditions of tumor stromal interactions
resulted in the identi�cation of Kif5b and Sfrp2 as bona �de biomarkers with biological activity which
could prove to be immensely helpful in improving early detection and diagnosis of pancreatic cancer.

1. Background
Pancreatic Ductal Adenocarcinoma (PDAC) is a highly aggressive cancer with a survival rate of less than
11% and is expected to become the second leading cause of cancer-related deaths [1]. The poor
prognosis is primarily due to the presentation of patients with locally advanced tumors at the primary site
or inoperable distant organ metastases. Currently, there is a lack of biomarkers to identify pancreatic
cancers in relatively early pathological stages primarily due to lack of data on early changes in cancer
development. Carbohydrate antigen 19 − 9 (CA19-9) is currently the most effective biomarker for
pancreatic cancer [2, 3] with a median diagnostic sensitivity of 79% and a median speci�city of 80%,
which limits its use in the screening of pancreatic cancer [4]. Valdidation of biomarkers in a clinical
setting is challenging and there is a constant need to develop or revise newer staging systems with
several circulating biomarkers before being accepted in clinical settings [5–8].
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Here, we wanted to develop a pipeline to investigate rapidly the potential of biologically signi�cant
biomarkers using a multiple “omics” based approach. To this end, our aim was to identify a biological
component that is seen as a major regulator of communication between cancer cells and other cell types
seen in pancreatic cancer. Hence, we focused on investigating the role of extracellular vesicles (EVs),
which are secreted from normal as well as diseased (cancer) cells and are known to play a signi�cant
role in pancreatic cancer signaling [9–11]. EVs are particles that range anywhere from 30 to 500 nm in
diameter and have a lipid bilayer encapsulating lipids, proteins, and nucleic acids. Exosomes are a
smaller subset of EVs ranging from 30–200 nm and have been implicated in pancreatic cancer cell
proliferation, metastasis, EMT, and angiogenesis [12]. EV cargo has been implicated in either increasing
[13] or decreasing [14] tumor cell proliferation in the pancreas and is a vital source for biomarkers.
Though all cells release EVs, the sub- populations of EVs secreted from the cancer cells interact and
communicate with the immediate tumor microenvironment (TME) and the associated circulatory system,
thereby, making them excellent candidates for studying the early stages of the cancer even before the
manifestation of symptoms [15]

The role of the tumor microenvironment (TME) in cancer development has been a �eld of intense
research over the last few decades. Pancreatic TME is characterized by a dense stromal component,
immune cells, neoplastic cells, cancer stem cells, and cancer-associated �broblasts. Acellular
components, including the Extracellular matrix (ECM), cytokines, growth factors, and secreted ligands
resulting in intricate signaling pathways contribute to the complexity of the TME [16]. Naïve stromal or
Pancreatic stellate cells (PSCs) are activated by cancer cells to induce �brosis thus creating a physical
barrier around the tumor cells which results in poor vascularization, poor immune cell in�ltration. [17–19].
This desmoplastic stroma is a characteristic hallmark of Pancreatic Ductal AdenoCarcinoma (PDAC) in,
both the primary and metastatic sites and limits the accessibility to chemotherapy [20]. In our study, we
hypothesize that the EVs play a key role in mediating the interaction between pancreatic cancer cells and
the TME, eventually resulting in the establishment of a desmoplastic environment which prevents the
delivery of effective chemotherapeutic strategies. Thus, investigating changes in the EV populations
secreted by the cells within the TME could be immensely useful for detection of early biomarkers for
diagnosis in pancreatic cancer. We chose to focus on EVs secreted by the interaction between cancer
cells and PSCs in the TME. Cell motility, cell adhesion, and the proliferative index of cancer cells have
been known to be modulated by secreted EVs by affecting ECM proteins such as �bronectin [21].
Previously published study from our group has also shown that PDAC circulating tumor cells (CTCs)
secrete EVs that can modulate neutrophil granulation modifying the immediate microenvironment [22]
thus, providing impetus for the investigation of thes secreted EVome that is generation by tumor and
stromal cell interaction in the TME.

PDAC is an extremely aggressive disease with high metastatic potential which explains the meager 5-year
survival rate among patients (only 3%) [23]. Pioneering work has shown that exosomes (which are a
smaller subset of EVs) derived from pancreatic cancer cell lines induce liver pre-metastatic niche (PMN)
formation in naive mice and increase liver metastatic burden [24]. In recent years, there have also been
several studies that show a variety of microorganisms colonized in pancreatic cancer tissues which are



Page 5/35

now known to be involved in the development of pancreatic cancer regulating in�ammation, metabolism,
immune changes, and tumor microenvironment changes [25]. In colon cancer, there is an interplay
between changes in the genome, metabolome, and the microbiome to effect changes in tumor
development and metastasis [26, 27]. Here, we show that the cancer cell EVome does induce signi�cant
changes in the microbiome of experimental mice. Additionally, on assessing the expression of candidate
proteins in mouse-human hybrid TMAs, out of may candidates analyzed, we identi�ed Kif5b and Sfrp2 to
be potential early markers for TME remodeling in pancreatic cancer.

2. Methods

2.1 Mouse derived cell lines
KPC cancer cells were isolated from a 5-month-old LSL-KrasG12D/LSL-Trp53R172H/Pdx1Cre GEMM. Flow
cytometric enrichment of Cd326+/Cd31-/Fsp1-/Cd45- cells was performed. The positively enriched cells
were cultured in DMEM-F12 medium with 10% FBS. PSCs were isolated according to protocols described
earlier [28]. Isolated PSCs were cultured in IMDM with 20% FBS. Cells were cultured in FBS containing
media and shifted to medium containing exosome depleted FBS prior to the experiment. 10^8 cells were
taken in each condition for the KPC cells alone or the PSC cells alone while for the co-culture condition, 9
times the number of PSCs were taken compared to the KPC cells mimicking conditions that are seen in
vivo. Cells were maintained in the exosome-depleted FBS containing media for 24 hours and the
supernatant was collected and concentrated using a 10KDa �lter.

2.2 EV Isolation
One hundred ml of cell culture supernatant from all the three cell lines was collected and concentrated
using a 10kDa �lter. Ten ml of the concentrate was incubated with magnetic EVtrap beads (Tymora
Analytical Operations). The samples were incubated by shaking or end-over-end rotation for 60 minutes
according to the manufacturer’s instructions [29]. The supernatant was removed using a magnetic
separator rack, the beads were washed once with PBS, and the EVs were eluted by two 10 minute
incubations with 100mM of fresh trimethylamine (TEA, Millipore Sigma). Simultaneously, a fraction of
the concentrated supernatant was also subjected to Transmission Electron Microscopy (TEM) and
western blot analysis of EV markers.

2.3 Flow cytometric characterization of EVs
The Exo-Flo capture kit was used to characterize the classical markers expressed on the surface of EVs
after they were concentrated. Cd63, Cd81, and Cd9 biotin capture antibodies (SBI Bioscience Cat#
EXOFLOW150A-1) and antiHsp70 biotin-conjugated (Enzo Lifesciences Cat# ADI-SPA-815B-F) were �rst
coupled with magnetic streptavidin beads and were incubated with 1 ml of EVs isolated after
concentration. A PBS wash step was done to remove unbound EVs or other contaminants. The cells were
stained with ExoFITC (excitation and emission wavelengths of 494nm and 518nm) and subjected to �ow
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cytometry. The samples were acquired on a Beckman Coulter CytoFlex S and CytExpert 2.3 was used for
acquisition of data. EVs isolated from PanCO2 cell line were used as a published control [30].

2.4 Transmission Electron Microscopy (TEM)
EVs were resuspended in 2% paraformaldehyde and loaded on carbon Formvar-coated copper grids,
which were subsequently stained with uranyl acetate. The EVs were �xed overnight in 2% glutaraldehyde
in 0.1M phosphate buffer, post-�xed for 1 hour in 2% osmium tetroxide in 0.1M phosphate buffer,
dehydrated through a series of graded ethanols, and embedded in EM-bed (Electron Microscopy Sciences,
Fort Washington PA). The glass coverslip was dissolved in hydro�uoric acid. 100 nm sections were cut
on a Leica Ultracut EM UC7 ultramicrotome and stained with uranyl acetate and lead citrate. The grids
were viewed at 80 kV in a JEOL JEM-1400 transmission electron microscope and images captured by an
AMT BioSprint 12 digital camera.

2.5 Preparation of Samples for LC-MS
The isolated and dried EV samples were lysed to extract proteins using the phase-transfer surfactant
(PTS) aided procedure [29]. The proteins were reduced and alkylated by incubation in 10 mM TCEP and
40 mM CAA for 10 min at 95°C. The samples were diluted �vefold with 50 mM triethylammonium
bicarbonate and digested with Lys-C (Wako) at 1:100 (wt/wt) enzyme-to-protein ratio for 3 h at 37°C.
Trypsin was added to a �nal 1:50 (wt/wt) enzyme-to-protein ratio for overnight digestion at 37°C. To
remove the PTS surfactants from the samples, the samples were acidi�ed with tri�uoroacetic acid (TFA)
to a �nal concentration of 1% TFA, and ethyl acetate solution was added at 1:1 ratio. The mixture was
vortexed for 2 min and then centrifuged at 16,000 × g for 2 min to obtain aqueous and organic phases.
The organic phase (top layer) was discarded and the aqueous phase was collected. This step was
repeated once more. The samples were dried in a vacuum centrifuge and desalted using Top-Tip C18 tips
(Glygen) according to manufacturer’s instructions. A portion of each sample was used to determine
peptide concentration with Pierce Quantitative Colorimetric Peptide Assay, and all samples were
normalized based on total peptide amount. The samples were dried completely in a vacuum centrifuge
and the majority of each sample was used for phosphopeptide enrichment using PolyMAC
Phosphopeptide Enrichment Kit (Tymora Analytical) according to the manufacturer’s instructions. About
1% of each normalized sample was also injected directly in the LC-MS for proteomics analysis.

2.6 LC-MS/MS Analysis
Dried peptide and phosphopeptide samples were dissolved in 4.8 µL of 0.25% formic acid with 3%
(vol/vol) acetonitrile and 4 µL of each were injected into an EasynLC 1000 (Thermo Fisher Scienti�c).
Peptides were separated on a 45-cm in-house packed column (360 µm OD×75 µm ID) containing C18
resin (2.2 µm, 100 Å; Michrom Bioresources). The mobile phase buffer consisted of 0.1% formic acid in
ultrapure water (buffer A) with an eluting buffer of 0.1% formic acid in 80% (vol/vol) acetonitrile (buffer
B) run with a linear 60- or 90-min gradient of 6–30% buffer B at �ow rate of 250 nL/min. The Easy-nLC
1000 was coupled online with a hybrid high-resolution LTQ-Orbitrap Velos Pro mass spectrometer
(Thermo Fisher Scienti�c). The mass spectrometer was operated in the data-dependent mode, in which a
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full-scan MS (from m/z 300 to 1,500 with the resolution of 30,000 at m/z 400), followed by MS/MS of
the 10 most intense ions [normalized collision energy − 30%; automatic gain control (AGC) − 3E4,
maximum injection time − 100 ms; 90sec exclusion].

2.7 Maxquant Label Free quantitation
MS raw �les were analyzed using the MaxQuant software [31]. Peptides were searched against the
human Uniprot FASTA database using the Andromeda search engine [32], integrated into MaxQuant.
Oxidation and N-terminal acetylation, P/T/S phosphorylations were set as variable modi�cations, while
carbamidomethyl was �xed. Trypsin was chosen as the digestion enzyme with a maximum of 2 missed
cleavages. Identi�ed peptides had an initial precursor mass deviation of up to 6 ppm and a fragment
mass deviation of 0.6 Da. The false discovery rate (FDR) for peptides (minimum of 7 amino acids) and
proteins was 1%. A reverse sequence database was used in determining the FDR. For label-free protein
quanti�cation, only unique peptides were considered. A contaminant database provided by the
Andromeda search engine was used. All proteins matching the reverse database or labeled as
contaminants were �ltered out. Label-free protein quanti�cation (LFQ) values were obtained through
MaxQuant quantitative label-free analysis [31].

2.8 Data Analysis
The abundances of proteins from each group were log (2) transformed and grouped into 3 distinct
categories: KPC (cancer cells), PSC (stellate cells), and CoC (co-culture condition). The proteins with
detected abundances in at least one category in any condition were taken for analysis. The imputation
for the missing abundances was performed by assigning small random values from the normal
distribution to each missing value (width = 0.3, down shift = 1.8). Missing values were normally caused by
very low abundances. All abundances for each protein were normalized by using width-adjustment. The
�rst, second and third quartile (q1, q2, q3) were calculated from the distribution of all values. The second
quartile (which is the median) was subtracted from each value to center the distribution and divided by
the width in an asymmetric way. All values that were positive after subtraction of the median were divided
by q3 - q2 while all negative values were divided by q2 - q1 following which an ANOVA test was
performed. Only those proteins with q-value (FDR) less than 0.05 were used in the heatmap. All
enrichment analyses with the gene lists were done on GorillaGO [33], an intuitive graphical web
application to visualize pathways from different databases. Only pathways that had a p-value of ≤ 0.05
were considered. The Reactome [34] database was used for all pathway analyses. All non-human
identi�ers were converted to their human equivalents and IntAct interactors were selected to increase the
analysis background.

2.9 EV Education and measurement of tumor burden in
orthotopic implant models
Five µg of EVs were injected into the retro-orbital venous sinus of naïve 6–8 week C57BL6 mice. The
injections were done every other day for a period of 25 days. Post education, 500000 KPC cells were
injected orthotopically in growth factor reduced Matrigel (Corning Cat# 354230). Saline was injected into
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the control mice. The mice were sacri�ced 3 weeks post-surgery and the liver weights were measured and
compared to control mice. All mice were monitored according to IACUC guidelines and sacri�ced if
excessive deterioration in health was observed. The mice were fed ad-libitum.

2.10 Microbiome Analyses

2.10.1 Fecal Collection
Pellets of fecal matter were collected from �ve individual mice from each group at time point 0 before
injection and at time points two weeks after education. Stool samples were collected in RNase/DNase-
free tubes (Catalog #: C-2170, Denville Scienti�c, Holliston, MA, USA) and were immediately frozen on dry
ice and then stored at − 80°C; PowerSoil DNA isolation kit (Qiagen Cat #47016) was used to extract
genomic DNA and was stored at -80°C until ampli�cation. DNA was isolated using DNeasy 96 PowerSoil
Pro QIAcube HT Kit with QIAcube HT liquid-handling machine (Qiagen, Maryland, USA).

2.10.2 Quantitative real-time PCR ampli�cation for Illumina
sequencing
The 16S sequencing was performed at the University of Minnesota Genomic Center [35]. 25ug of DNA
was used as templates for PCR ampli�cation of the V4 region of the 16S rRNA gene. Degenerate primer
sets were designed with Illumina index sequences on the 5′ end of the reverse primer, which were speci�c
to each fecal DNA sample and allowed for multiplex sequencing. Primers also contained Illumina PCR
primer sequences (reverse primer) and Illumina TruSeq Universal Adapter sequences (forward primers) for
library creation. The primer sequences (16S-speci�c portion in bold) used were Meta_V4_515F
(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTAA) and Meta_V4_806R
(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGTWTCTAAT). The indexing primers
are as follows: This step adds both the index and the �ow cell adapters. [i5] and [i7] refer to the index
sequence codes used by Illumina. The p5 and p7 �ow cell adapters are in bold. Forward indexing primer:
ATGATACGGCGACCACCGGATCTACAC[i5]TCGTCGGCAGCGTC; Reverse indexing primer:
CAAGCAGAAGACGGCATACGAGAT[i7]GTCTCGTGGGCTCGG. PCR reactions were performed using KAPA
HiFidelity Hot Start Polymerase. PCR 1 (using the Meta_V4_515F/Meta_V4_806R primer pair): 95°C 5
minutes, 20 cycles (98°C 20 seconds, 55°C 15 seconds, 72°C 1 minute), followed by holding at 4°C. After
the �rst round of ampli�cation, PCR 1 products were diluted 1:100 and 5 µl of 1:100 PCR 1 was used in
the second PCR reaction. PCR 2 (using different combinations of forward and reverse indexing primers):
95°C 5 minutes, 10 cycles (98°C 20 seconds, 55°C 15 seconds, 72°C 1 minute), followed by holding at
4°C.

2.10.3 DNA sequencing
Genomic DNA sequencing was performed using Illumina MiSeq at the University of Minnesota Genomic
Center (UMGC). Pooled, size-selected samples were denatured with NaOH, diluted to 8 pM in Illumina’s
HT1 buffer, spiked with 15% PhiX, and heat-denatured at 96°C for 2 minutes immediately prior to loading.
The MiSeq 600 cycle v3 kit was used to sequence the sample. Nextera adapter sequences for post-run
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trimming were as follows: Read 1:
CTGTCTCTTATACACATCTCCGAGCCCACGAGACNNNNNNNNATCTCGTATGCCGTCTTCTGCTTG Read 2:
CTGTCTCTTATACACATCTGACGCTGCCGACGANNNNNNNNGTGTAGATCTCGGTGGTCGCCGTATCATT.

2.10.4 Sequence processing and analysis
Demultiplexed sequence reads were clustered into amplicon sequence variants (ASVs) with the DADA2
package (version 1.21.0) (27214047) implemented in R (version 4.0.3) and RStudio (version 1.1.463). The
steps of the DADA2 pipeline include error-�ltering, trimming, learning of error rates, denoising, merging of
paired reads, and removal of chimeras. The ASV table generated by DADA2 was imported into the QIIME2
pipeline [36] for diversity analyses and taxonomic assignment. Diversity analyses were performed by
using the Qiime diversity core-metrics-phylogenetic script with sampling depth of 50,000. Taxonomic
assignment of ASVs was done to the genus level using a naïve Bayesian classi�er (29773078)
implemented in QIIME2 with Greengenes reference database (13_8 99%) (22134646). LDA Effect Size
(LEfSe) (21702898) was generated by uploading the taxonomic assignment table to the galaxy app
(https://huttenhower.sph.harvard.edu/galaxy/) to detect differentially abundant taxa across groups. The
threshold on the logarithmic LDA score for discriminative features was set to 2. Kruskal-Wallis test was
used to detect if α diversity differed across treatments. Permutational multivariate analysis of variance
(PERMANOVA) was used to detect if β diversity differed across treatments. Benjamini-Hochberg method
was used for controlling false discovery rate (q-value). Bar plot and heat map were generated using
microbiomeanalyst (https://www.microbiomeanalyst.ca/) [37].

2.11 Generation of a Mouse-Human Hybrid TMA
A mouse and human- speci�c TMA was generated for the rapid validation of biomarkers that would need
to be assayed. A majority of the samples were taken from the KPC model of pancreatic cancer which is
one of the most widely used models for disease modeling [38]. Cores were taken from KPC mice
pancreas at various stages of development. Samples were taken from both diseased pancreas and
adjacent non-neoplastic areas as well as from normal pancreas. Distant organ mets to lungs, liver or
spleen were also cored onto the TMA. Representative sample cores were also taken from subcutaneous
tumor models, their associated metastases, and from subcutaneous models of circulating or dissociated
tumor cells. Diseased human pancreas along with normal samples were also taken for assesment in
clinic. Control cores of heart and colon tissue were taken for orientation purposes and to assess staining
in other organs. Cores were also taken from an inducible Kras model that was generated by
subcutaneously implanting the cells in normal mice. 1mm cores were taken from pathologically veri�ed
and arrayed into a TMA with multiple duplicate cores in different locations. The detailed TMA map of all
sections arrayed on the hybrid mouse-human TMA is shown in Supplementary File S5.

2.12 Histochemical validation of selected markers.
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The following antibodies were used for histochemical validation anti Loxl2 (Thermo Cat# PA5-85210;
1:500 dilution), anti Mmp3 (Thermo Cat# 17873-1-AP; 1:500 dilution), anti Sfrp2 (Thermo Cat# PA5-
76794; 1:250 dilution) and anti Kif5b (Abcam Cat# ab167429; 1:500 dilution). The TMA cores were
heated at 60°C overnight and then hydrated conventionally, following which antigen retrieval was done by
steaming the slides for 20 minutes in Antigen unmasking solution Tris Based (VectorLabs Cat#H3301-
250), following which slides were cooled to room temperature. Endogenous peroxidase,
pseudoperoxidase and alkaline phosphatase in FFPE sections were blocked with Bloxall (VectorsLabs
Cat # SP6000-100) for 10 minutes. Cells were then washed in IHC wash buffer (PBS with 0.1% Tween20)
for 5 minutes following which they were incubated with normal goat serum (2.5%) for 20 minutes. The
antibodies were then diluted in goat serum at the dilutions mentioned earlier and the sections were
incubated at 4°C overnight. The slides were then washed in wash buffer for 5 minutes and incubated for
30 minutes with ImmPRESS Universal Polymer Reagent (VectorLabs Cat# MP-7451) for 30 minutes. The
slides were washed twice in wash buffer and incubated with ImmPACT DAB EqV peroxidase substrate
solution (VectorLabs Cat#SK4103-400) for 5 minutes. Slides were then washed in wash buffer twice for 5
minutes each and then rinsed in tap water. The slides were counterstained with Hematoxylin QS
counterstain (VectorLabs Cat# H3404-100) for 60 seconds and rinsed in tap water. The slides were
dehydrated conventionally and then mounted with Vectamount permanent mounting medium
(VectorLabs Cat# H5000-60). The slides were checked and scored by an expert Pathologist (G-B.M.).

3. Results

3.1 Characterization of EVs secreted from individual cells
and co-culture conditions
Cancer epithelial cells were isolated from a 5-month-old KPC mouse with pancreatic tumors. The cells
were sorted to obtain a heterogeneous population of cancer cells that were positive for Epcam and
negative for Cd45, Cd31, and Fsp1. This would help ensure a pure population of cancer epithelial cells.
We excluded �broblast, endothelial cells, and cells of any hematopoietic origin. A heterogeneous
population of cells was isolated after sorting and cultured for four passages. Naïve stromal cells were
obtained from C57BL6 mice as previously described by Apte et al [39]. In a pancreatic tumor setting, the
ratio of cancer cells to stromal cells is around 1:9 and we decided to adapt the same co-culture
conditions when the cancer cells designated as KPC cells were mixed with stromal cells designated as
PSCs (Pancreatic Stellate Cells). KPC cells and PSCs were also cultured in isolation to identify secreted
vesicles from the individual cell types. The cell culture supernatant was collected, concentrated, and
subjected to transmission electron microscopy (TEM) and �ow cytometric analysis to characterize the
size and distribution of particles and to help assess purity of the samples. Transmission electron
microscopy identi�ed vesicles ranging from 20nm to greater than 500nm [Figure 1 (i-iii)]. Additional
fractionation was not done to separate vesicles of a particular size, as we wanted to investigate the
wholesome contribution of all vesicles to TME remodeling. Conventional vesicles have high
concentrations of tetraspanin proteins such as Cd63, Cd9, and Cd81, in addition to Hsp70 which is a
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pancreatic cancer-speci�c marker that has also been reported in the exosomal or extravesicular
population [40, 41]. A Panc02 line was used as the control pancreatic cell line that is known to secrete
EVs [30, 42]. Flow cytometric quanti�cation of EV markers was carried out [Figure 1 (iv)]. The different cell
types showed varying concentration of these assayed proteins [Figure 1 (iv)].

3.2 Mass spectrometric characterization of EVome shows a
distinct proteome
In addition to conventional proteins characterized on the surface of the EVs, we wanted to investigate the
proteome enclosed within these secreted particles. To accomplish this, we collected the supernatant from
the different experimental conditions [KPC alone, PSC alone and Co-culture (CoC)]. All samples were
processed in triplicate and the puri�ed EVs were subjected to mass spectrometry analysis. Initial
proteomic analyses of individual experimental conditions identi�ed 721 proteins from the KPC cells, 400
proteins from the PSCs and 540 proteins from the co-culture condition. Of the identi�ed proteins, 282
were unique to KPC cells, 65 to stellate and 267 in the co-culture condition indicative of the diversity of
the different groups providing a milieu for the identi�cation of candidate proteins that regulate or in turn,
were regulated in the immediate two-cell tumor microenvironment. Phosphorylation patterns on proteins
are indicative of signaling status and activity, hence, we looked at the phosphoproteome of the proteins
that are secreted in each cell condition. We identi�ed 489 phosphoproteins in the KPC cell line, 543 in the
stellate cells, and 512 in the co-culture condition. Among the proteins, there were 250 phosphorylated
proteins that were unique to the co-culture condition, 34 in the stellate PSCs and 130 in the KPC cell line.
Venn distributions of proteins and phosphoproteins identi�ed from this study indicate the variability and
uniqueness of the EVome detected within the proteome and phosphoproteome datasets [Figure 1 (v-vi)].
The complete list of identi�cations from the proteomics and phosphoproteomics analyses are shown in
Supplementary File S1.

Statistical analysis of the data was performed to identify variability among replicates to assess proteome
data quality by comparing the relative protein quanti�cation among the three biological replicates in each
group. Identi�cations among the different triplicates of proteins [Figure 2(i)] presented as multiscatter
plots with Pearson correlation values of 0.7 to 1, suggest a good correlation between data obtained from
the KPC, PSC, and CoC (Co-culture) experimental conditions. Similarly, correlation values of 0.6-1 were
observed among the triplicates of conditions when phosphoproteins were analyzed [Figure 2(ii)]. PCA
plots of the LC-MS data demonstrated that the triplicates were closely clustered among the proteins
[Figure 2(iii)] and phosphoproteins [Figure 2(iv)] as observed by the separation trends between the
different conditions. To investigate trends among the candidate proteins and phosphoproteins identi�ed
in the study, an unsupervised hierarchical clustering was done. The replicates clustered with each other
indicating good reproducibility within each condition. Additionally, we identi�ed four clusters among the
proteins indicative of different total protein expression trends [Figure 2(v)]. A more complex trend was
observed among the phosphoproteins with �ve clusters [Figure 2(vi)]. Parallel coordinate plots for protein
clusters identi�ed in the study are shown in [Supplementary Fig. 1(i)]. Parallel coordinate plots follow the
expected trend across clusters, indicative of signature expression patterns within the proteins identi�ed.
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No observable trends were observed in the parallel coordinate plots for identi�ed phosphoproteins and
hence they were excluded for target selection [Supplementary Fig. 1(ii)]. Among the different clusters,
Cluster 1 included several molecules that were downregulated in KPC EVs and were overexpressed in CoC
and in PSCs. While in cluster 2, the majority of the molecules showed a trend of being overexpressed in
the CoC EVs but not in the KPCs and PSCs. Cluster 3 identi�ed the majority of proteins that were
overexpressed in PSC and downregulated in KPC and CoC EVomes and �nally, cluster 4 showed multiple
molecules that were downregulated in CoC, in comparison to other conditions. The list of proteins that
were identi�ed and used in the downstream analyses along with cluster classi�cation is shown in
Supplementary File S2.

3.4 Gene Ontology (GO) analysis of the EVome identi�es
novel signaling elements
GO analysis of the proteins identi�ed from KPC cells showed that they are mostly enriched for signaling
receptor and protein binding molecular functions (actin, growth factor and enzyme); cellular response to
organic substances, cytokines, and anatomical structure morphogenesis and development biological
processes that are primarily extracellular, cell surface or ECM in their cellular component localizations.
Extravesicular proteins from the stellate cells enrich for ECM structural molecules or involved in protein
binding molecular functions (SMAD, growth factor, PDGF, and IGF). Common enriched biological
processes include skin development, cell and biological adhesion, cellular response to stimulus, and
collagen �bril organization. Most proteins were localized to a part of the ECM component or involved in
collagen and �brillar trimerization. It was interesting to note that 540 proteins identi�ed from the co-
culture condition enriched for biological processes that were a cellular response to an organic or chemical
stimulus among other response pathways, biological functions involving SMAD, growth factor or PDGF
binding for conferring tensile strength to the ECM. Similarity in cellular localization of proteins were
observed in KPC and PSCs. Unique proteins identi�ed in each group were subjected to Reactome
analyses to get a better idea about the pathways that could be regulated. Signi�cant pathways enriched
in the KPC cells were association of TriC/CCT chaperonins, which target proteins during biosynthesis and
related formation of tubulin folding intermediates, pre-folding mediated transfer of substrate to CCT/Tric,
and proteins co-operating with β folding G-protein complexes. Top Reactome pathways enriched for the
65 unique proteins identi�ed in the PSCs were pathways regulating striated muscle contraction, ARMS-
mediated activation, defective PGM1, Factor XII, and SERPING1 casing hereditary angioedema, and in
collagen degradation among others. The 267 unique proteins identi�ed only in the co-culture conditions
enriched for pathways regulating the assembly of collagen �brils and other multimeric structures and
involved in addition to being involved in post-translational protein phosphorylation, collagen biogenesis
and degradation and ECM reorganization. The proteome that was identi�ed in the three conditions are
unique and contribute to distinct ECM remodeling capabilities. The detailed lists of all pathways enriched
in the GO and Reactome analyses are provided in Supplementary Files S3 and S4.

A Reactome analysis of the unique phosphoproteins identi�ed in the KPC condition enriched for
pathways that modulate heparin and heparan sulphate (HS-GAG) degradation and, interestingly, proteins
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that regulate DNA synthesis on the laggings strand that are involved in Gap �lling DNA repair or
mismatch repair. Phosphoproteins identi�ed in the stellate cells enriched for G2M/M DNA replication
checkpoints and for proteins regulating amino acid transport across the plasma membrane and involved
in Rhobtb1/2 GTPase cycle regulation. The 250 unique proteins identi�ed in the co-culture condition were
enriched for proteins that modulate post translational phosphorylation, and proteins regulating the
Rhobtb GTPase cycle among other pathways. It is interesting to note that the phosphoproteins identi�ed
in all three conditions happen to modulate cell signaling and the GTPase cycle in pancreatic cancer, and
regulate eukaryotic translation and initiation complexes, indicative of a much more speci�c role of the
phosphoproteome. A list of the pathways enriched in all Reactome analyses is provided in
Supplementary File S4.

3.5 EVs modulate the Pre-Metastatic Niche (PMN) to
enhance metastatic burden in the liver
An experimental model of orthotopic splenic injection of KPC cells was used to determine whether there is
an increase in the metastasis to the liver. Naïve 6–8 week old C57BL6 mice were retro-orbitally injected
with 5µg of EVs to “educate” [24] and generate a PMN in the liver. EVs from KPC, PSC, and the CoC
conditions were injected into mice for a period of 25 days. An additional condition was also included in
the experiment that consisted of KPC and PSC derived EVs mixed in a 1:9 ratio to examine if a pool of
individual cellular EVs can mimic CoC conditions. This would provide information on whether EVs
secreted by in vitro conditions separately were su�cient to induce an increase in tumor metastasis or a
unique population of EVs was being generated that could modulate metastasis only when the cells
interact with each other. After the education period, KPC cells were orthotopically implanted into the
spleen of the mice and the tumors were allowed to develop for a period of 3 weeks, following which the
mice were sacri�ced. Tumor weights of the liver were compared with control mice. A schematic of the
experimental design in shown in Fig. 3 (i). In comparison to wild-type mice, the treated mice all showed a
substantial increase in the weight of the livers but did not show any signi�cant difference within the
different groups [Figure 3 (ii)]. The experiment was repeated several times with no statistically signi�cant
observation between groups injected with EVs from KPCs, stellate cells, or the co-culture conditions. A
distribution of liver weight is shown in Fig. 3 (iii), indicating no signi�cant trend or change.

3.6 EVs induce early microbiome changes in a mouse
model of metastasis
To investigate early changes in the gut microbiome of mice that were educated with EVs from different
experimental conditions, fecal pellets were collected from mice at the end of two weeks of education.
Fecal samples were collected from �ve mice in each group and DNA was isolated and subjected to
microbiome enrichment and analysis. To investigate the differences between microbial communities
from the different experimental conditions, β diversity was measured using weighted UniFrac distances
and visualized with principal-coordinate analysis (PCoA) plots [Figure 4 (i)]. We observed that the
different groups clustered apart, indicating unique bacterial enrichment in each of the experimental
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groups and providing additional evidence that the EVs from different groups have a unique in�uence on
the microbiome. Statistical analysis demonstrated that the distinct groups i.e., PBS, KPC, PSC, and CoC
are signi�cantly different from each other. The differences are statistically signi�cant, with a measured q
value of < 0.05 for all groups. When the intra-sample differences (α diversity) were measured by Faith’s
phylogenetic diversity, the co-culture microbiome diversity level was signi�cantly lower than that of the
other microbiomes (P < 0.05) [Figure 4 (ii)]. There were no statistically signi�cant differences between the
other groups. It is interesting to note EVs from each of the culture conditions, are selectively poised to
induce changes in the mouse microbiome. LefSe (Linear Discriminant Analysis (LDA) analysis was
additionally performed between the experimental samples to determine the bacterial taxa that were
differentially enriched upon education with different types of EVs. Compared to the PBS control
injections, bacteria from family coriobacteriaceae, genus Adlercreutzia, were enriched under PSC EV
education. In the group educated with EVs from KPC cells, bacteria from the phylum Tenericutes, family
Mogibacteriaceae, genus Adlercreutzia, were highly abundant, and bacteria from phylum Firmicutes,
genus coprococcus, were more abundant in co-culture educated samples [Figure 4 (iii)]. Representative
bar plots and heat maps of relative abundances at the phylum level are shown in Figs. 4 (iv and v).
Consistent with the analysis, phylum Tenericutes (orange bar) were more abundant in KPC condition.
Similarly, phylum Firmicutes being the most abundant than other groups con�rmed that it was enriched
under co-culture condition.

3.7 Immunohistochemical validation of biomarkers
identi�es novel early biomarkers in pancreatic cancer
We investigated the contribution of EVs either from cancer cells or stellate cells in isolation and �nally in
a co-culture condition. The co-culture condition would be identical to in vivo models of PDAC where
cancer cells interact with stromal cells to generate desmoplastic reaction and cancer progression. The
strategy was to investigate if early changes observed in the EV population of cells could help predict and
identify novel markers of TME remodeling. Thus, we picked protein candidates that are overexpressed in
the co-culture conditions but are relatively low or downregulated in the KPC and normal stellate
conditions alone. This could be attributed to molecules that are speci�cally modulated when cancer cells
interact with stromal cells. The Cluster with most such molecules was Cluster 2 from the proteins list in
Supplementary File S6. A heatmap of protein markers speci�cally observed in Cluster 2 is shown in
Supplementary Fig. 2. We identi�ed several markers that have been previously reported in literature to be
involved in TME remodeling, such as Fibronectin, Cxcl2, Cxcl1, and Ccl7. A hybrid TMA was generated
using mouse and human normal and diseased pancreas, metastases, KPC GEMM mice organs at
different stages, subcutaneous and orthotopic models of pancreatic cancer and tumors and metastases
from the EV education experiment described earlier. The hybrid TMA was generated after review from an
expert pathologist, and it was arrayed in a format such that there were multiple representations across
the slide. Due to the limitations imposed by the availability of antibodies that were reactive to both mouse
and human samples, the following biomarkers Kif5b, Sfrp2, Loxl2, and Mmp3 were selected for
validation. Representative images of tissue sections from mouse and human normal and diseased
pancreas were stained by a histological stain Masson’s Trichrome to verify histomorphological
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differences. Additional staining on subsequent sections for Kif5b, Sfrp2, Loxl2 and Mmp3 was conducted
to investigate differences in staining patterns in normal and diseased mouse and human tissue (Fig. 5).

3.7.1 Lysyl Oxidase Homolog 2 (Loxl2)
The LOXL family is composed of 5 protein isoforms (LOX and LOXL1-4) that are synthesized as inactive
protoenzymes into the extracellular environment and subsequently cleaved into their active form [43],
however, our analysis was only focused on the Loxl2 isoform.

Loxl2 showed strong expression in the normal pancreatic acini while expression was low in pancreatic
ducts and negative in stroma. Staining in the diseased pancreas sections showed moderate expression in
the murine tumor and stroma, while the human pancreas showed low to moderate expression in the
tumor and low expression in the stroma (Figs. 5 and 6). Hepatocytes and pneumocytes stained weakly or
were negative for Loxl2 expression. Lung, liver and axillary metastases showed higher expression of
Loxl2 in the tumor cells. While no stroma was visible around the lung and axillary metastases, the stroma
in the liver mets showed weak staining. Loxl2 expression is also high in metastases observed in mice and
human samples. Moreover, it is strongly indicative of the diseased stroma to have been in�uenced by the
cancer cells to secrete EV, which could possibly increase the level of expression in the adjacent stroma
(Fig. 7). As for the KPC GEMM mice at different time points, the tumor stained strongly at 25 days, 3, and
7 months, indicating that Loxl2 was expressed early in the KPC models, thereby establishing it as an
excellent marker for early diagnosis of PDAC in mice (Supplementary Fig. 3). It is also interesting to note
that there were distinct differences in the stromal staining where in the same section with diseased and
adjacent normal tissue, the stroma around the neoplasia stained strongly for the marker while that
around the adjacent normal did not, indicative of highly speci�c stromal effect in both mouse and human
samples (Fig. 7). This indicates that the expression is an outcome of direct exposure of cancer cells to
the stroma and is a much-minimized local effect. In terms of consistency in staining across the samples,
the staining patterns were not consistent in most cases thereby limiting its utility as a suitable marker for
further diagnostic purposes. Circulating and dissociated tumor cells isolated from KPC GEMM mice that
were grown subcutaneously were strongly positive for Loxl2 indicating that the cancer cells in circulation
also have high expression of the protein (Supplementary Fig. 4).

3.7.2 Kinesin-1 Heavy chain (Kif5b)
The KIF1B gene codes for kinesin family member 1B, which is part of the kinesin family of proteins. In
neurons, these proteins are responsible for transporting small, sac-like structures called synaptic vesicles
whereas in other cell types, these proteins carry the mitochondria. Interestingly, not much is known
regarding its expression in the normal or diseased pancreas in either mouse or human samples.

Normal pancreatic acini and ducts stained strongly for Kif5b while the stroma in normal mice or human
samples stained weakly (Figs. 5 and 6). Hepatocytes did not or weakly stained while the hepatic ducts
showed high expression. The lung alveoli and bronchi also showed overexpression in normal conditions.
In the murine pancreas, the protein was highly expressed in both tumor and stroma, while in the human
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pancreas, the protein expression was low to high in the tumor and low to negative in the stroma (Figs. 5
and 6). Lung, liver, and axillary metastases showed strong positivity in the tumor cells while the stroma in
liver mets was weakly stained (Fig. 7). As for the KPC GEMM mice at different ages, the tumor and
stroma were strongly positive for expression of Kif5b at 25 days, 3, and 7 months. As observed earlier
with Loxl2, Kif5b staining in cancer cells and immediate stroma showed a strong positivity while in the
normal pancreas, the acini were strongly positive but adjacent stroma was weakly positive for protein
expression (Fig. 6). Strong staining was also observed in CTCs and DTCs cultured subcutaneously that
were isolated from KPC GEMM mice indicative of it, possibly being a cancer cell secreted factor. Kif5b
staining was highly consistent across sample types both for mouse and human and was assayed to be
the strongest staining marker among all the markers assayed in our study. Thus, there is a distinct
possibility that Kif5b could potentially be a viable and novel marker worthy of being investigated in
pancreatic cancer.

3.7.3 Matrix Metalloprotease 3 (Mmp3)
Matrix Metallopeptidase 3, or MMP3, is a protein coding gene; MMP3 protein is identi�ed in exosomes
derived from mesenchymal stem cells [44] and is expressed in human bronchoalveolar �uid as well as
plasma [45]. Proteins belonging to the MMP family are involved in the breakdown of the extracellular
matrix in embryonic development, reproduction, tissue remodeling, as well as in metastasis.

On evaluation of staining on the hybrid TMA, normal pancreatic acini stained strongly while pancreatic
duct weakly stained, and the stroma was negative for Mmp3. Hepatic ducts stained strongly while the
hepatocytes were weak or negative for Mmp3. In the lung, alveoli stained weakly while the bronchi were
strongly positive for the protein. Mmp3 had low expression in both tumor and stroma in murine and
human pancreas (Figs. 5 and 6). Low expression was observed in the lung, liver, and axillary metastases
as well (Fig. 7). The KPC GEMMs at different ages also showed weak staining. Interestingly, the only
trend that was signi�cantly consistent was the strong stromal staining in diseased pancreas; even though
acini had strong staining in the normal pancreas, the surrounding stroma was negative for Mmp3
(Supplementary Fig. 3). Mmp3 staining was comparatively weak with respect to all the stains except in
the distant metastases (Fig. 7). The pattern of diseased stroma staining more positively than stroma
surrounding normal acini was also observed in the hybrid TMAs for both mouse and human tissue
(Fig. 6). Weak staining was also observed in both the DTC and CTC subcutaneous implants
(Supplementary Fig. 4). To summarize, our results indicate that the Mmp3 was a weakly staining marker,
and the staining pattern was not consistent across samples thereby limiting its diagnostic value as a
marker for pancreatic cancer.

3.7.4 Secreted Frizzled-related protein 2 (Sfrp2)
Soluble frizzled-related proteins, functioning as modulators of Wnt signaling, have major roles to play in
regulating the cell growth and differentiation in speci�c cell types. Speci�cally, Sfrp2 has a role to play in
the retinal development and for myogenesis.
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Normal mouse and human pancreatic acini and ducts stained strongly for Sfrp2 while the stroma was
negative. Normal murine hepatocytes and hepatic ducts were also strongly positive, while the human
hepatocytes and hepatic ducts stained weakly. Normal lung alveoli and bronchi stained strongly as well.
In the pancreas, the murine tumor and stroma stained strongly while the human tumor staining was
variable with weak staining pattern in stromal cells (Figs. 5 and 6). All lung, liver, and axillary metastases
were strongly positive in the tumor cells while only stromal cells observed in the liver mets were strongly
positive (Fig. 7). In the different ages of KPC GEMM mice, the tumor and stroma strained strongly in the
early juvenile mice (Supplementary Fig. 3). The pattern of diseased stroma staining more positively than
stroma surrounding the normal acini was also observed in the hybrid TMAs for both mouse and human
tissue (Fig. 6). Strong positive staining was also observed in the CTC and DTCs as well (Supplementary
Fig. 4). As with Kif5b, Sfrp2 showed a similar consistent staining pattern across different tissues in both
the mouse and humans. Thus, our study shows its utility as a strongly staining marker which could be
used for further diagnostic purposes.

4. Discussion
Our study is a unique attempt at identifying and investigating the role of early EV- related biomarkers that
can be quickly adapted for use in the detection of early stage pancreatic cancer, a disease that is
notorious for its propenisty to metastasize quickly with barely any symptoms in the initial stages.

EVs or exosomes have been identi�ed as promising candidates for the identi�cation of biomarkers given
their robustness in circulation and in being resistant to degradation. Translating in vitro �ndings to
preclinical studies and eventually for validation into the clinic has a high failure rate. For our studies, we
adopted a novel strategy of developing a mouse-human hybrid TMA that can be easily used to test
biological signi�cance of biomarkers. The TMA was developed by taking different developmental stages
of tumors in the KPC GEMM mouse model. Additionally, it included cancers and adjacent normal tissue
as well. Clinical normal and diseased tissues were also cored onto the TMA. Bi-species reactive
antibodies were used to investigate the presence of Loxl2, Mmp3, Kif5b and Sfrp2.

Lysyl oxidase related protein-1 (LOR-1) (currently termed LOXL2) promotes tumor �brosis and tumor
invasiveness by invading blood vessels, nerves, and muscles adjacent to tumors [46]. High
concentrations of LOXL2 signi�cantly correlated with increased tumor malignancy and cells of LOXL2-
expressing tumors are surrounded by high concentrations of dense collagen �bers and contained many
�brotic foci. Additionally, LOXL2 has gained attention due to its critical role in tumor progression and
metastatic potential in pancreatic cancer [47]. The protein mediates the crosstalk of cancer cells [48, 49]
and �broblasts [50, 51], driving EMT [52–56], and regulating ECM remodeling and crosslinking [57, 58].
Inhibition of expression reduces tumor volume and metastasis in PDAC pre-clinical trials [57]. Thus,
LOXL2 seems to be the key communicator between tumor cells and the tumor microenvironment and is
known to mediate ECM remodeling and CAF activation [59]. MMPs are involved in not only cancer
initiation and progression, but also functional promotion of angiogenesis, invasion, metastasis, and
avoidance of immune surveillance. MMPs are primarily produced by stromal cells in response to
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paracrine cytokine signaling in the tumor environment. While analyzing the expression of MMP3
molecules in a large panel of human pancreatic adenocarcinomas, evidence of the involvement of this
pathway in all stages of pancreatic cancer progression. Further evidence that pancreatic acinar cell
MMP3 interacts with KRAS to initiate pre-malignant alterations in the surrounding stroma was found
using transgenic mouse models. Selective MMP-activation occurs in the CAM secretome even when
cultured cells have no exposure to cancer cells. Hence, this shows the possibility a cell-autonomous
mechanism where CAMs, with increased selective MMP activation and production, can contribute to the
remodeling of the cancer microenvironment [60]. SFRP2 secreted from aged �broblasts augment
angiogenesis and metastasis of melanoma cells contributing to tumor progression [61]. Secreted plasma
levels of SFPP2 is a non-invasive tool for the detection of gastric cancer and is a valuable serum tumor
marker [62]. It has been a �broblast-secreted marker and in colorectal cancer, Sox2-dependent CAF
population secrete Sfrp2 and inactivation of Sox2 or Sfrp1/2 in CAFs impairs the induction of migration
and invasion of colon cancer cells, including their tumorigenicity in vivo [63]. In pancreatic cancer, SFRP2
cell-free DNA promoter hypermethylation in plasma is a biomarker for pancreatic adenocarcinoma [64]. In
addition, the hypermethylation and aberrant expression of frizzled-related protein genes are common in
pancreatic cancer and have been shown to be involved in pancreatic carcinogenesis[65]. TET1 protein
binds to SFPR2 and inhibits canonical and non-canonical Wnt signaling pathways; this process prevents
EMT transition in pancreatic tumors [66]. All biomarkers showed similar patterns of staining across
mouse and human samples. Cancer cells strongly expressed these proteins in both primary and distant
metastases. It is di�cult to validate the presence of the protein in human samples in an age dependent
manner due to lack of clinical samples. In KPC GEMM mice, the expression of Kif5b, Sfrp2, and Loxl2
was high in mice as old as 35 days. Mmp3 however, stained weakly, thereby forcing us to disregard it as
a putative early biomarker. Thus, our study provides compelling evidence for the utility of Sfrp2 and Kif5b
as putative markers for early pancreatic cancer diagnosis.

Additionally, our experimental �ndings suggest that the secreted EVs contain several hundred signaling
moieties that can modulate the TME. Studies by several groups have shown that exosomes secreted
from cancer cells can modulate the pre metastatic niche and in�uence tumor metastases in a liver
metastasis animal model of pancreatic cancer [24]. If TME remodulation is different, we hypothesized
that the rate of metastases would also be different. To test this assertion, we injected EVs that were
puri�ed from different experimental conditions such as those obtained from KPC cells, stellate cells and
the cancer cells and stellate cells cultured together. There was no signi�cant change in the liver weights
or increase in the levels of metastasis in comparison to the control. This could partly be explained by our
experimental setup. Short exposure times of 24 hours would not induce potent changes in the proteome
to increase metastasis in the co-culture condition. However, the experimental limitation is that in vitro,
cancer cells soon outnumber stellate cells even though they are nine-fold more abundant. Cancer cells are
more aggressive and have rapid doubling times in comparison to stellate cells. The TME is composed of
multiple cell types and other acellular factors such as cytokines and chemokines. By including additional
cell types in the co-culture condition, we could have seen a more aggressive metastatic phenotype
resulting in signi�cant increase in liver metastasis. The development of an aggressive PMN was not
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visible. It was imperative to investigate if the EVs that were injected into the mice could in�uence any
biological activity. Several studies [67–70] have shown that there is a distinct pancreatic microbiome
which could decisively in�uence the development of pancreatic cancer. To investigate this phenomenon,
fecal pellets were collected from mice who were injected with PBS control or with EVs from KPC, PSC and
co-culture conditions two weeks after education. The microbiome was analyzed and we observed
signi�cant changes in the α and β-diversity pro�les within two weeks. Each of the experimental
conditions induced changes in the microbial �ora. Compared to the PBS control injections, EVs from
stellate cells, speci�cally induce changes in the populations of bacteria from the family
coriobacteriaceae, genus Adlercreutzia. While, EVs from the cancer cells modulate levels of bacteria from
the phylum Tenericutes, family Mogibacteriaceae, genus Adlercreutzia. There was a signi�cant
enrichment of bacteria fro the phylum Firmicutes, genus coprococcus, when mice were educated with EVs
from the co-culture educated samples These �ndings provide ample evidence for the potent bioactivity of
EVs to induce changes in the murine microbiome.

The most important �nding in our study is the very local effect in the stroma. In both mouse and human
tissue, the stroma adjacent to the tumor showed high expression of the protein while in adjacent normal
tissue, though acinii show elevated levels of the protein, the surrounding tissues however, do not show
expression of these biomarkers. Earlier studies have shown that there are different populations of
�broblasts within the stroma indicative of the heterogeneity [71–74]. Perhaps, these distinct
subpopulations of cells respond differently to the secretion of proteins in the immediate vicinity.
Additional studies are needed to characterize these stromal differences in pancreatic cancer. Thus, we
propose that there are distinct cell populations in the immediate TME that are modulated when EVs are
secreted from cancer cells in both the primary and metastatic site allowing for selective gene regulation.
Additionally, since we see the expression of proteins except Mmp3 in very early stages of the KPC
pancreatic cancer development, one could hypothsize that these factors could profuce a local effect �rst
and distant effect later. However, our studies indicate that both Kif5b and Sfrp2 seem to be good robust
candidates for early detection of pancreatic cancer.

The major limitation of the immunohistochemical approch is the availability of effective single
antibodies that are reactive to both the mouse and human tissues. In our study, most markers that were
selected for validation were discarded as they were mono species reactive. This situation can be easily
remedied by using other non-antibody based strategies such as using nanobodies, DARPins, monobodies
or a�bodies or MALDI-based visualization techniques. Overall, the goal of our study was to identify early
cancer-stromal speci�c changes in our study system and identify the biomarker that would be useful in
identifying these early stage interactions between cancer cells- TME for PDAC detection. We have
provides a novel mechanistic insight into the ways by which the EVs potentiate changes in the gut
microbiome in our mice studies thereby shifting the microbiome towards a more ‘cancerous’ phenotype.

5. Conclusions
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In summary, our research provides a framework for identifying early EV biomarkers in pancreatic cancer
using a multi-omics approach. Early EV education in mice can induce changes in the microbiome that
could later in�uence metastases. Rapid analysis of protein candidates from the EVome assayed on
mouse-human hybrid TMAs helped in identifying the potentially novel role of Kif5b and Sfrp2 as
promising protein candidate biomarkers for the detection of early onset of pancreatic cancer. Lastly, our
study, also provides evidence for the the role of the EVome in directly in�uencing and modulating the gut
microbiome in murine models of PDAC.
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Figure 1

Transmission electron microscopy of EVs isolated from (i) KPC Cells, (ii) PSC Cells and (iii) EVs isolated
from KPC and PSC co-culture conditions. All magni�cations are shown at 300000X while the scale bar is
at 200 nm. (iv) Flow cytometric characterization of Cd63, Cd81, Cd9 EV surface biomarkers and Hsp70
protein in PancO2 cell line and EVs isolated from KPC, PSC and Co-culture conditions. Distribution of
overlap of proteins and phosphoprotein identi�cations from the KPC, PSC and CoC conditions.
Distribution is represented as a Venn diagram of (v) proteins and (vi) phosphoproteins.
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Figure 2

Multiscatter plots of (i) proteins and (ii) phosphoproteins identi�ed from mass spectrometric analyses of
the EVome representing correlation between data points obtained from the different experimental groups
and biological triplicates among the KPC, PSC and CoC (Co-Culture) conditions. Principal component
analyses plot of the (iii) proteins and (iv) phosphoproteins identi�ed to show similarity between samples.
Unsupervised hierarchical clustering of (v) proteins and (vi) phosphoproteins identi�ed by mass
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spectrometry in the triplicate samples of EVs analyzed by mass spectrometry. Distribution of protein
expression patterns is classi�ed into clusters with proteins showing similar behavior clustering together.

Figure 3

(i) Liver sizes in different groups after 21 days post implantation. (ii) Plot of liver weights in each group
with X-axis showing the groups and Y-axis representing liver weights in grams. 
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Figure 4

(i) Principal coordinate analysis (PCA) plot of weighted UniFrac distances (metric of β diversity) with
q<0.01 among all four groups (ii) Faith’s phylogenetic diversity (metric of α diversity) at sequencing depth
of 19200; * represents p<0.05; ns represents not signi�cant (iii) LefSe (Linear Discriminant Analysis Effect
Size) analysis of bacterial samples among samples KPC Vs PBS control, PSC Vs PBS Control, and CoC
(Co-culture) Vs PBS control. The top discriminative bacterial taxa identi�ed between the represented
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conditions is shown. (iv) Phylum level bacterial composition in the different experimental conditions.
Samples include PBS, KPC, CoC and PSC conditions. N= 5 samples were considered for the analysis. (v)
Heatmap of OTU abundance at the phylum level.

Figure 5

Representative cores of mouse and human normal and diseased pancreas from the hybrid TMA. The
same sections across different TMAs are shown stained for histomorphological stain. Masson’s
Trichrome, followed by staining for protein marker Kif5b, Sfrp2, Loxl2, and Mmp3. All imaged are at a
magni�cation of 2.68X.
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Figure 6

Representative images of mouse and human benign and tumor pancreas at 40X magni�cation. Stained
for Kif55, Sfrp2, Loxl2, and Mmp3. Differential expression of the proteins in stroma and tumor are
assessed.
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Figure 7

Assessment of biomarker staining in distant liver metastases in mouse and human tumor samples.
Histological control Masson’s Trichrome stain and histological staining for markers validated in this
study: Kif5b, Sfrp2, Loxl2, and Mmp3. Image magni�cations are at 20X.  
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