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ABSTRACT
Immunological strategies to treat pancreatic cancer offer new therapeutic approaches to improve patient
outcomes. Understanding alterations in the immune systems of pancreatic cancer patients will likely lead
to advances in immunotherapy for the disease. We profiled peripheral blood leukocytes from pancreatic
cancer patients (n D 22) and age-matched controls (n D 20) using flow cytometry. Immune profiling of
pancreatic cancer patients identified phenotypic changes in various immune cell populations, including a
population of immunosuppressive monocytes (CD14CHLA-DRlo/neg), which were shown to be increased in
these patients. There was a correlation between the levels of CD14C monocytes and the levels of
CD14CHLA-DRlo/neg monocytes in peripheral blood from pancreatic cancer patients. HLA-DR
downregulation of monocytes was shown to occur through pancreatic cancer-derived exosome
interactions with monocytes. In an in vitro model, exosomes from patient-derived xenograft cell lines and
patient plasma decreased HLA-DR expression on CD14C monocytes. Additionally, tumor-derived
exosomes caused immune suppression in monocytes through altered STAT3 signaling, induction of
arginase expression, and reactive oxygen species. These findings provide novel insights into the
mechanisms that govern immunosuppression in pancreatic cancer. Understanding monocyte–exosome
interactions could lead to novel immunotherapies for this disease.

Abbreviations: cDNA, complement DNA; CM, conditioned media; DC, dendritic cell; EV, extracellular vesicle; HLA,
human leukocyte antigen; MHC, major histocompatibility complex; MFI, mean fluorescence intensity; MV-free,
microvesicle-free; MDSC, myeloid-derived suppressor cell; NAC, N-acetyl cysteine; NK cell, natural killer cell; NO,
nitric oxide; PC, pancreatic cancer; NOS2, nitric oxide synthase; PC-Exo, pancreatic cancer-derived exosomes; PBMC,
peripheral blood mononuclear cell; PBS, phosphate-buffered saline solution; ROS, reactive oxygen species; RT-PCR,
real-time polymerase chain reaction; Tregs, regulatory T cells

KEYWORDS
Exosomes; HLA-DR; immune
profiling;
immunosuppression;
monocytes; pancreatic cancer

Introduction

Pancreatic cancer (PC) is the fourth leading cause of cancer-
related death in the United States and is projected to become the
second leading cause as early as 2030.1 PC has a dismal prognosis
(»5% 5-y survival) mainly because the majority of patients are
diagnosed when the cancer is already at an advanced stage.
Current therapies such as gemcitabine and FOLFIRINOX (5-
flouroacil, leucovorin, oxaliplatin, and irinotecan) have provided
only minimal survival benefits to advanced PC patients.2 Recent
evidence suggests that immunotherapies for PC offer a promising
new approach for improving patient survival2, however under-
standing optimal immunotherapeutic regimens will require com-
prehending the immunological deficits of PC patients.

The immune system’s role in promoting PC has been mostly
described by the interactions of immune cells and cancer cells
in the tumor microenvironment. For example, the tumor

microenvironment has been shown to be responsible for creat-
ing an environment favorable to immune suppression. This can
occur through changes in the function of immune cells, such as
T-helper cells acquiring Th2 phenotypes which prevent the
destruction of tumor cells and macrophages that switch to a
M2 anti-inflammatory tumor-promoting stage.3 In addition, T-
regulatory cells and myeloid-derived suppressor cells (MDSCs)
will block effector immune cell responses.3

The tumor microenvironment is rich in innate and adaptive
immune and stromal cells. Communication between these cells
can occur through direct cell-to-cell contact or the secretion of
cytokines and chemokines acting in either an autocrine or a
paracrine manner.4 However, soluble factors generally act in a
localized manner and therefore do not explain the systemic
effects that are witnessed in the peripheral blood and tissues of
cancer patients. Recently, extracellular vesicles (EVs) have
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emerged as a new delivery method for tumor-derived factors
that can contribute to immune suppression.

EVs have garnered a lot of attention in recent years due to
their relevance in a variety of biological systems. EVs were
found to be important mediators of cell-to-cell communication
because they harbor a variety of biologically active cargo of
which can be transferred to target cells. There are three classes
of EVs: microvesicles (500–2,000 nm in size), apoptotic blebs
(100–1,000 nm), and nanoparticle-sized exosomes (30–
150 nm).5 Interest in exosomes and immunity began in the
1990s when it was observed that B lymphocytes secrete major
histocompatibility complex (MHC) class II enriched exo-
somes.6 The B lymphocyte exosomes had the ability to present
MHC–peptide complexes to T cells, suggesting that they play a
role in mediating adaptive immune responses. Dendritic cells
(DCs) also secrete exosomes containing MHC class I–peptide
complexes, which showed T-cell-mediated antitumor effects.7

These initial observations led to the hypothesis that exosomes
could impact immunity. Our group has previously shown that
pancreatic tumors shed more exosomes than any other EV, and
that these tumor-derived exosomes can mediate b-cell dysfunc-
tion and induce lipolysis in both in vitro and in vivo models of
new-onset diabetes for PC.8,9 This work suggests that tumor-
derived exosomes are mediators of paraneoplastic syndromes
in PC. Therefore, we sought to examine the role of PC-derived
exosomes (PC-Exo) in immunity for PC.

In this study, we investigated the compositional changes in
peripheral blood leukocytes from PC patients to identify the
immune phenotypes that are associated with immunosuppres-
sion and/or disease progression in these patients. As a result of
this comprehensive approach, we identified a population of
immunosuppressive monocytes (CD14CHLA-DRlo/neg) that are
elevated in PC patients. The mechanism for the alterations in
this population of monocytes remains to be clarified. Therefore,
we investigated the role of PC-Exo in the “priming” of these
CD14CHLA-DRlo/neg monocytes. Understanding the immuno-
logical mechanisms that govern immunosuppression in PC
could potentially lead to novel therapeutic opportunities for
inhibiting tumor immune escape.

Results

Immunophenotypic changes in PC patients

We sought to determine the extent of the phenotypic changes
seen in peripheral blood leukocytes after the development of
PC. We assessed immunophenotypes by flow cytometry using
unmanipulated whole-blood samples. The flow cytometry pro-
tocols were designed to encompass all major leukocytes and
additional subphenotypes from T cells, B cells, and myeloid
cells.10 The data comparing the 96 phenotypes of the control
subjects and PC patients are listed in Table S1. Of the 96 phe-
notypes that included T cells, B cells, natural killer (NK) cells,
regulatory T cells (Tregs), granulocytes, and monocytes, we
saw significant differences in 11 of these phenotypes. However,
due to many of the lymphocyte-related phenotypes not being
significantly different between the groups (Fig. S1), we focused
on the myeloid phenotypes that showed the most variation. As
shown in Fig. 1 we looked at granulocyte and monocyte

populations in cells/mL, including Lin-DRC monocytes, circu-
lating DCs, and two types of MDSCs (immature and granulo-
cytic MDSCs). One of the most striking differences we saw in
the myeloid phenotypes was the increase in a population of
immunosuppressive monocytes termed CD14CHLA-DRlo/neg

or monocytic MDSCs. The gating strategy for these monocytes
is shown in Fig. S2. We chose to focus on these cells as this par-
ticular group was specifically elevated in PC, whereas the other
MDSC populations were not.

CD14CHLA-DRlo/neg monocytes are elevated in PC patients

CD14CHLA-DRlo/neg monocytes have been implicated in
tumor-mediated immunosuppression in various cancers. HLA-
DR loss on CD14C monocytes has been shown to be a major
event in tumor-induced immunosuppression.11-18 We have
shown in our results that this population of immunosuppres-
sive monocytes is elevated in PC in terms of the percentage of
total monocytes and in cell count (data not shown) (Fig. 2A,
left panel). Further subdividing the PC patients into locally
advanced (nonresectable) and metastatic disease shows increas-
ing CD14CHLA-DRlo/neg monocytes with advanced disease
progression (Fig. 2A, right panel). CD14C monocytes were fur-
ther stratified into three classes: classical (CD14CCD16¡),
intermediate (CD14CCD16C), and nonclassical
(CD14loCD16C). In all three subsets of monocytes, HLA-DR
expression was significantly decreased (Fig. 2B, left panel). The
intermediate monocyte population had the most significant
decrease in HLA-DR expression; therefore, we further subdi-
vided the values based on the disease staging (locally advanced/
nonresectable vs. metastatic). The severity of HLA-DR loss cor-
responded to advanced disease progression (Fig. 2B, right
panel). Lastly, we investigated the correlation between the
number of monocytes (cells/mL) and the percentage of those
that were CD14CHLA-DRlo/neg cells. The results showed a posi-
tive correlation in PC patients, indicating an overall higher
monocyte (cells/mL) count and therefore a higher percentage of
CD14CHLA-DRlo/neg compared to healthy volunteers (Fig. 2C).
These data indicate that monocytes are very responsive to
tumor-mediated signals through the loss of HLA-DR and the
expansion of cells in circulation.

Exosomes are abundantly secreted in PC and readily enter
monocytes

Although several reports have shown this immunosuppressive
population of monocytes to be elevated in a variety of cancers,
the possible mechanisms for HLA-DR loss have yet to be
addressed. Exosomes have long been implicated in immunity
due to their importance in the communication between
immune cells and cancer cells.19 Additionally, exosomes have
previously been shown to alter the tumor microenvironment
by transferring important cellular cargo, such as cytokines and
growth factors.19 We therefore hypothesized that PC-Exo
downregulate HLA-DR expression on CD14C monocytes.

EVs (microvesicles and exosomes) were isolated from the
peripheral blood of PC patients by differential centrifugation
(see section Patients, Materials, and Methods). The size of the
vesicles was »80 to 100 nm. This range indicates that the
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majority of EVs isolated from patient plasma were exosomes
(Fig. 3A). To determine if monocytes could internalize exo-
somes, CD14C monocytes were isolated from the PBMCs of
healthy volunteers and cultured with PKH67-dyed PANC-1
exosomes. Monocytes internalized the PKH67-dyed exosomes
within hours of co-incubation (Fig. 3B).

PC-Exo can decrease HLA-DR expression on CD14C

monocytes

Having shown that monocytes and exosomes interact, we
sought to determine whether the CM isolated from PANC-1
cells could affect HLA-DR levels on CD14C monocytes. CD14C

monocytes were cultured with or without PANC-1 CM (50%
by volume) in either the presence or absence of growth factor
GM-CSF for 96 h. The inclusion of GM-CSF in culture was
used as a survival factor for monocytes by pushing monocytes
to an immature DC phenotype. The results showed a decrease
in HLA-DR levels on CD14C monocytes in the presence of

PANC-1 CM supplemented with GM-CSF (Fig. S3). This is in
contrast with the results from CD14C monocytes cultured with
only PANC-1 CM, which showed no significant changes in
HLA-DR levels (Fig. S3). These results suggest that in the pres-
ence of GM-CSF, the addition of PANC-1 CM was able to
decrease HLA-DR expression on monocytes.

We sought to test if exosomes secreted in the CM of PANC-
1 and two PC patient-derived cell lines could downregulate
HLA-DR expression on normal CD14C monocytes. Co-incuba-
tion of 50 mg of exosomes isolated from all PC cell lines
decreased DR expression on monocytes compared to mono-
cytes cultured without PC-Exo (Fig. 3C). Additionally, exo-
somes isolated from pooled normal-human plasma were
co-incubated with CD14C monocytes (Fig. 3C). Interestingly,
the results showed no change in HLA-DR expression on mono-
cytes, suggesting that tumor-derived exosomes contain unique
contents that can promote an immunosuppressive environ-
ment. We then sought to determine if exosomes isolated from
the plasma of PC patients in our cohort could decrease the

Figure 1. Comparison of immune phenotypes observed in PC patients. Whole blood from PC patients and healthy volunteers was assessed for several immune pheno-
types. (A) Granulocytes and (B) monocytes were reported as cells/mL. (C) Lin¡DRC cells, Lin¡CD33CHLA-DRC (E), and CD15CCD66bC mononuclear cells (F) were all
reported as percentage of mononuclear cells. (D) Monocytic dendritic cells were reported as percentage of Lin¡HLA-DRC.
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HLA-DR levels on CD14C monocytes. Data were obtained
from 11 PC patients (7 nonmetastatic vs. 4 metastatic). The
results showed that PC patient exosomes had the ability to
downregulate HLA-DR expression levels. Some patient-derived
monocytes showed either an increase in DR expression or no
change (Fig. 3D). These differences could be attributed to vari-
ability in the exosomes from different patients because of the
staging or grade of their tumors, to other health issues of the
patient, or to the heterogeneous population (normal and
tumor-derived) of exosomes in patient-derived blood samples.
Additional testing using more patient samples is needed to con-
firm this observation. Lastly, to ensure that the exosomes were
solely responsible for downregulating HLA-DR levels on
monocytes, the exosome-free media (medium devoid of exo-
somes) from PANC-1, a PC patient-derived cell line, and the
exosome-free plasma from a PC patient were cultured with
CD14C monocytes isolated from healthy donors. The results
showed no effect on the suppression of HLA-DR on the

monocytes (Fig. 3E). Although we found that the CM from
PANC-1 supplemented with GM-CSF could decrease HLA-DR
levels on normal CD14C monocytes, we have shown that the
immunosuppressive effects are due to the exosomes and not
any other secreted factors in the media.

PC-Exo contribute to converting monocytes into
immunosuppressive monocytes

The mechanisms for HLA-DR loss on monocytes have been
investigated for quite some time.20 Arginase metabolism has
been shown to play a key role in controlling T-cell-mediated
responses. It has been reported that myeloid cells suppress
T-cell function by either depleting L-arginine in the presence of
arginase or by inducing nitric oxide synthase (NOS2) that pro-
duces NO.21 To assess the immunosuppressive effects of PC-
Exo on monocytes, we checked reactive oxygen species (ROS)
production using the CellROX� detection assay system. Fifty

Figure 2. CD14CHLA-DRlo/neg monocytes are expanded in PC compared to healthy volunteers. (A) CD14CHLA-DRlo/neg monocytes were quantified from whole blood in PC
and healthy volunteers (CNTRL) (left panel). PC patients were further subdivided into locally advanced (non-metastatic) and metastatic patients (right panel). (B) Monocyte
subpopulations were assessed in control and PC patients. Classical (CD14CCD16¡), intermediate (CD14CCD16C), and non-classical (CD14loCD16C) monocytes were
reported as HLA-DR mean fluorescence intensity (MFI; geometric mean) (left panel). The intermediate monocyte population was further subdivided into monocytes from
locally advanced (non-metastatic) and metastatic PC patients (right panel). (C) We correlated the amount of monocytes (cells/mL) and the amount of CD14CHLA-DRlo/neg

as a percentage of CD14C cells. The left panel refers to the healthy volunteers and the right panel is the PC patients. ��p < 0.001; ���p < 0.0001.

e1252013-4 N. JAVEED ET AL.



micrograms of PC-Exo were incubated with isolated CD14C

from a normal, healthy volunteer. Co-incubation of PC-Exo
showed an increase in ROS production indicated by an increase
in green fluorescence per cell compared to untreated cells
(¡Exo) (Fig. 4A). To block the effect of PC-Exo on increasing
oxidative stress, N-acetyl-cysteine (NAC) was added to the cul-
ture with 50 mg PC-Exo. The results showed a significant
decrease in ROS production, which has been quantified in
Fig. 4B. We next looked at total arginase I expression measured
through qRT-PCR analysis of CD14C monocytes cultured with
50 mg PANC-1 exosomes. The results showed an increase in

arginase I expression in the presence of PC-Exo compared to
the untreated cells (Fig. 4C). STAT signaling has also been
implicated in the generation and proliferation of myeloid
cells.22 We therefore tested whether PC-Exo could activate this
pathway by checking the phosphorylation status of STAT1 and
STAT3. Through western blotting, we showed that both
pSTAT1 and pSTAT3 levels were increased in the presence of
both PANC-1 exosomes and exosomes isolated from PC-
patient plasma. Conversely, exosomes isolated from pooled
healthy-volunteer plasma did not activate pSTAT-1 and only
moderately activated pSTAT-3 (Fig. 4D).

Figure 3. PC-Exo downregulates HLA-DR expression on CD14C monocytes. (A) NanoTracker analysis of the particle size distribution of microparticles that were isolated
from three different PC patient plasma samples from the 22 patient cohort. The graph indicates the concentration (particles/mL) vs. size (nm) with the mode for each sam-
ple indicated at the top of the peak. (B) Confocal microscopy was conducted using CD14C healthy donor monocytes incubated with 10 mL of PKH67-dyed PANC-1 exo-
somes. Images were taken after 24 h. Scale bar, 20 mm. The bottom three panels indicate zoomed images (4.5£). Scale bar, 5 mm. (C) Exosomes were isolated from
PANC-1 (PC Exo1) and two PC patient xenograft cell lines (PC Exo 2 and 3) with normal CD14C monocytes. HLA-DR expression (MFI) was assessed on the monocytes using
flow cytometry after 4 d of incubation. Exosomes isolated from pooled healthy volunteer plasma were used as a control (NL Exo). (D) Exosomes isolated from selected
patients from the 22 patient cohort were co-incubated with CD14C monocytes, and HLA-DR expression was measured in non-metastatic and metastatic patients. (E) Fifty
microgram of exosome-free media from PANC-1 supernatants (1), PC patient-derived xenograft cell line (2), and exosome-free plasma from a PC patient (3) were cultured
with CD14C monocytes for 4 d. The MFI of HLA-DR expression was assessed on the monocytes. �p < 0.05; ��p< 0.001.
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Discussion

We have previously demonstrated that PC-Exo from PC cell
lines and patient samples contain powerful mediators of cell
transformation.8,9 These important cellular cargos can aid in
metabolic alterations that can help facilitate tumor growth.
Exosomes have been strongly implicated in tumor immunity as
mediators of both immune activation and suppression.23 Due
to the complex etiology of PC, the immunological mechanisms
that lead to this disease are not fully understood. In this study,
we measured the immunological cellular components of
peripheral blood to assess the breadth and depth of systemic
alterations in PC patients. From this approach, we identified a
population of immunosuppressive monocytes (CD14CHLA-
DRlo/neg) that is expanded in PC. As a consequence of tumor-
derived exosome-mediated immunesuppression, we provided
evidence of increased ROS production, arginase metabolism,
and STAT3 signaling. Taken together, this model of immune
suppression may serve as a potential biomarker for the early
detection of PC.

The failure of an adequate immune response to cancer cells
is a topic of significant interest. The tumor must escape proper
immune recognition through downregulation of MHC class I
and II molecules24 or through inhibition of the ability for the
MHC to complex with antigenic peptides.25 In addition, inade-
quate immune responses may also depend on altered immune
cells mediated by the tumor. The myeloid cell compartment in
cancer patients is negatively affected due to the influence of the
tumor and surrounding microenvironment.11,26 As a conse-
quence of interacting with tumor cells, monocytes become
highly immunosuppressive and contribute to T-cell inhibition,
reduce antigen-presentation, induced arginase and iNOS pro-
duction, and cause improper maturation of DCs.11,12,16,17 The
functional abnormalities described are thought to be a result of
direct tumor–immune cell interactions or the release of soluble
factors.26,27 However, the localized effects from secreted factors
cannot solely describe what is occurring systemically in the
peripheral blood and tissues. We therefore hypothesized a novel
mechanism through which PC-Exo downregulate HLA-DR on

monocytes. This work provides evidence that direct contact of
CD14C monocytes with PC-Exo has the ability to transform
seemingly normal monocytes into highly immunosuppressive
CD14CHLA-DRlo/neg. The work of Gustafson et al. has shown
that direct monocyte–tumor cell interactions can induce GM-
CSF production in tumor cells and is known to aid in the sur-
vival of monocytes.11 Additionally, it was shown that RCC cells
downregulated HLA-DR expression on monocytes and
increased certain proangiogenic factors such as FGF2 and
IL-1b.11 This work suggests that tumor-infiltrating monocytes
and tumor cells work synergistically to promote tumor progres-
sion, and the consequences of these interactions significantly
affect patient survival. Whether tumor-derived exosomes play a
key mechanistic role in supplying monocytes with the necessary
soluble factors to enhance tumorigenesis is a topic that is being
investigated further by our group.

We have shown that PC-Exo has the ability to downregulate
HLA-DR expression on monocytes. However, what is specifi-
cally contained in PC-Exo that mediates this alteration is still
unknown. In one report, cytokines were shown to contribute to
MDSC production in a murine model of PC.28 Similarly, sev-
eral “proMDSC” cytokines, including IL-1b, IL-4, IL-8, G-CSF,
and VEGF, were elevated in the plasma of PC patients.29 Future
studies will delve into which factors are contained within PC-
Exo that can mediate the immunosuppressive effect seen on
monocytes. Due to the highly dynamic nature of exosomes, it is
possible that multiple factors may be playing functional roles in
the downregulation of HLA-DR on monocytes. This notion
will be further explored in future studies.

We found a correlation between the amount of CD14CHLA-
DRlo/neg monocytes and total circulating monocytes. Based on
the data presented here, we provide evidence of tumor-
mediated immune suppression in which PC-Exo promotes
CD14CHLA-DRlo/neg monocyte survival through several poten-
tial mechanisms which include STAT3 phosphorylation in
addition to downregulating HLA-DR expression. STAT3 is a
known activator of several anti-apoptotic and cell cycle pro-
gressive genes.22 In animal models, STAT3 is a critical factor
for promoting myeloid-mediated tumorigenesis.30 Others have

Figure 4. Mechanism of HLA-DR downregulation on monocytes mediated by PC-Exo. (A) CD14C monocytes were co-incubated with 50 mg of PANC-1 exosomes or exo-
somes that had been treated with NAC for 4 d. Reactive oxygen species (ROS, shown as green) were detected using the Cell ROX� detection assay. Scale bar, 20 mm. The
right panel shows zoomed images (4£). Scale bar, 5 mm. (B) Quantification of ROS (green) in control and treatment groups. (C) mRNA expression of arginase I in CD14C

monocytes after treatment with 50 mg PANC-1 exosomes (CExo) compared to untreated cells (¡Exo). (D) Exosomes isolated from two PC patient plasma samples (PC1
and PC2 Exo) and PANC-1 Exo were co-incubated with monocytes. pSTAT1, pSTAT3, total STAT3, and total STAT1 protein expression levels were assessed compared to
untreated monocytes (¡Exo). ��p < 0.001; ���p < 0.0001.
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shown that STAT3 signaling in monocytes correlated to pro-
gressive disease and poor prognosis in patients with liver can-
cer.31 Cytokines that activate STAT3, such as IL-10, and IL-1b,
have been implicated in the conversion of normal monocytes
to immunosuppressive monocytes.11,32,33 Interestingly, we con-
ducted a 10-plex cytokine analysis on exosomes isolated from
the plasma of healthy volunteers and normal pancreas cell lines
compared to PC patient exosomes and cell lines. Preliminary
results showed an increase in IL-1b in PC-Exo compared to the
controls (data not shown). Our data suggests several potential
mechanisms that govern monocyte reprogramming which
include STAT3 signaling. Future studies will further explore
both STAT3-dependent and STAT3-independent signaling
pathways that contribute to CD14CHLA-DRlo/neg monocyte
survival and the specific mechanisms that govern this process.

Immune modulation strategies are generating increasing inter-
est as new options are becoming available. However, to optimize
the use of these therapies, the relationship between the responses
to different types of immunotherapies and the extent of immune
suppression in cancer patients will need to be further investi-
gated. Here, in addition to characterizing the immunological
alterations in PC patients, we identified an immunosuppressive
population of monocytes that are influenced by direct interac-
tions with tumor-derived exosomes. CD14CHLA-DRlo/neg mono-
cytes have been shown to negatively impact responses to DC
vaccines.20,34,35 In combination with tumor-derived exosomes,
this cell type may serve as prognostic biomarkers and potential
targets for novel therapeutic approaches for PC.

To our knowledge, this is the most comprehensive immune
phenotypic analysis of PC patients to date. We identified a popula-
tion of immunosuppressive monocytes elevated in PC
(CD14CHLA-DRlo/neg). We showed that exosomes potentially
reprogram normal monocytes into immunosuppressive monocytes
through downregulation of HLA-DR, altered STAT3 signaling,
and induction of arginase expression and ROS. Taken together,
these results provide novel mechanistic insight into a highly immu-
nosuppressive environment. This knowledge, in turn, can aid in
the development of future immunotherapeutic approaches for PC.

Patients, materials, and methods

Study subjects

The acquisition of patient samples was conducted by the staff in
the Clinical Research and Patient Registry Core of the Mayo
Clinic Pancreatic Cancer SPORE. The protocol for obtaining
data and biospecimens was approved by the Mayo Clinic Insti-
tutional Review Board. Peripheral blood was collected in
K2EDTA tubes. Samples from 22 PC patients and 20 age-
matched healthy volunteers were identified for this project.
Patient characteristics are listed in Table 1.

Flow cytometry of peripheral blood

Flow cytometric analysis of immunophenotypes was performed
on whole blood from the participants. The methods for proc-
essing samples including protocols, antibodies, gating strate-
gies, and instrument settings were previously outlined by
Gustafson et al.10,11 Minor adjustments were made, such as

CD69 PC7 and CD3 KrO were used instead of CD3PC7 and
CD8C KrO in the T-cell-1 protocol.

CD14C monocyte isolation

Peripheral blood mononuclear cells (PBMCs) were isolated by
density-gradient centrifugation using Histopaque-1077 (Sigma
Aldrich, no. 10771). Per the manufacturer’s protocol, mono-
cytes were isolated from PBMCs by incubation with anti-CD14
immunomagnetic beads (Miltenyi Biotec, no. 130-050-201) and
selection with AutoMACS (Miltenyi Biotec, no. 130-090-273).12

In vitro culture of CD14C monocytes

CD14C monocytes were cultured in six-well plates using DMEM
media supplemented with 1% human AB serum (Corning, no. 35-
060-Cl) and penicillin–streptomycin (Thermo Fisher Scientific, no.
15140122). For experiments using PANC-1-conditioned media
(CM), 50% CM by volume was added to the wells in either the
presence or absence of GM-CSF (2,800 U/mL) (CellGenix, no.
1012–050). In all additional experiments, microvesicle-free (MV-
free) media was made consisting of human AB serum centrifuged
at 100,000g for 1 h which was added to the media. GM-CSF
(2,800 U/mL) and IL-4 (1,000 U/mL) (R&D Systems, no. 204-IL)
were added to the cultured CD14Cmonocytes as survival factors.

Exosome isolation from pancreatic cancer cell lines and
peripheral blood

Exosomes were isolated by differential ultracentrifugation of
conditioned media from PANC-1, primary patient-derived
xenograft cell lines, or peripheral blood taken from PC patients.
The isolation procedure was adapted from Javeed et al.8

Exosome internalization into CD14C monocytes

Exosomes were isolated from PANC-1 CM 72 h post-incuba-
tion with MV-free media as described above. The resulting exo-
somes were dyed with the green fluorescent linker PKH67
(Sigma-Aldrich, no. PKH67GL-1KT) according to the manu-
facturer’s protocol. PKH67-dyed PANC-1 exosomes (10 mL)
were added to isolated CD14C monocytes that were obtained
from a healthy donor. Confocal microscopy images were taken
at 4, 8, and 21 h post-incubation with PC-Exo using a Zeiss
LSM 780 confocal microscope.

Table 1. Pancreatic cancer patient demographics.

Age at pancreas cancer diagnosis Total (N D 22)

Mean (SD) 66.7 (10.6)
Median (range) 65.0 (51.0–87.0)
Gender
Female 10 (45.5%)
Male 12 (54.5%)
Stage of disease
Local (surgically resectable) 2 (8.3%)
Locally advanced (unresectable) 12 (50.0%)
Metastatic 8 (33.3%)
Diabetes status
No diabetes 15 (68.2%)
Diabetes 7 (31.8%)
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NanoTracker analysis of exosomes

Exosomes isolated from the blood plasma of three representa-
tive PC patients were analyzed on a NanoSight NS300. Exoso-
mal fractions were diluted to meet the appropriate particle/
frame concentration, and three 30 s videos were taken for each
sample. The videos were merged and analyzed using Nano-
Sight� software program. The resulting graphs show the parti-
cle size distribution vs. concentration of microparticles
(particles/mL).

Real-time polymerase chain reaction

Isolated CD14C monocytes were plated in six-well plates (8 £
106 cells/well) and treated with or without 50 mg of PANC-1
exosomes for 96 h. Total RNA was isolated using the RNeasy
kit (Qiagen, no. 74106). Complement DNA (cDNA) was
reverse transcribed using 300–500 ng of RNA using an iScript
cDNA Synthesis kit (Bio-Rad, no. 1708891). Real-time poly-
merase chain reaction (RT-PCR) analysis was performed using
the ABI 7500 RT-PCR system. We used the following primers
for arginase I: Forward: 50-TGGAAACTTGCATGGACA-30;
Reverse: 50-CCTGGCACATCGGGAATCTTT-30.

Reactive oxygen species detection in monocytes

CD14C monocytes were cultured in four-well chamber slides
(Thermo Fisher Scientific, no. 12-565-7), and 30 mg of PANC-1
exosomes were incubated with the monocytes for 96 h. The mono-
cytes were treated with the reactive oxygen inhibitor NAC
(10 mM) (Sigma-Aldrich, no. A7250) for 30 min in wells treated
with PANC-1 exosomes or in untreated wells (control). The media
in each well was removed and replaced with media containing
CellROX� Reagent (Thermo Fisher Scientific, no. C10444) at a
final concentration of 5 mM for 30 min at 37�C. The media was
removed and washed with 1X phosphate-buffered saline solution
(PBS), and the cells were fixed with 4% paraformaldehyde for
10 min, washed three times with 1X PBS, and mounted with
DAPI-containing mounting media (Vector Labs, no. H-1200). We
obtained images using a Zeiss LSM 780 confocal microscope. The
green fluorescence per cell was quantified using Zeiss KS400 Image
Analysis software. To analyze each image, the nuclei were counted,
and total green fluorescence for each image was divided by the
nuclei count to obtain green fluorescence per cell.

Western blot analysis

CD14C monocytes were isolated from healthy donors (see proce-
dure above) and plated in six-well plates (6–8 £ 106 cells/well)
with the cytokines previously mentioned. PANC-1 exosomes
(50 mg) were added to the cultures with wells without exosomes
serving as a control. After incubation with the PANC-1 exo-
somes for 96 h, cell lysates were isolated using Tergitol-type NP-
40 (Boston BioProducts, no. BP-119). Lysates were quantified
using a bicinchoninic acid assay (Pierce, no. 23225), and 20 mg
of each sample was analyzed by western blotting according to
standard protocols. Samples were probed with phospho-STAT1,
phospho-STAT3, total STAT1, and total STAT3 (Cell Signaling
Technology, no. 9167S, 9145P, 9172P, 4904P).

Statistical analyses

Categorical variables (e.g., sex, stage of disease, and diabetes
status) were summarized and presented using frequency and
percentage. Continuous variables (e.g., age at diagnosis and 96
immune cell phenotypes) were summarized using means and
standard deviations, and comparisons between PC patients and
healthy volunteers were drawn using the Wilcoxon Rank Sum
test. Scatterplots were used to explore the relationship between
measures of interest (i.e., immune profiling of phenotypes),
and Pearson correlation coefficients were used to quantify the
nature of those relationships. qRT-PCR statistical analysis was
conducted using a paired t-test. All values were normalized
where 1.0 was equivalent to 100%. All statistical analyses were
conducted using GraphPad software (San Diego, CA), and p
values less than 0.05 were considered statistically significant.
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