
Microenvironment and Immunology

ISG15 Is a Critical Microenvironmental Factor for Pancreatic
Cancer Stem Cells

Bruno Sainz Jr1,2, Beatriz Martín2, Marianthi Tatari1, Christopher Heeschen1,3, and Susana Guerra2

Abstract
Cancer stem cells (CSC) are thought to play a major role in the development and metastatic progression of

pancreatic ductal adenocarcinoma (PDAC), one of the deadliest solid tumors. Likewise, the tumor microenvi-
ronment contributes critical support in this setting, including from tumor stromal cells and tumor-associated
macrophages (TAM) that contribute structural and paracrine-mediated supports, respectively. Here, we show
that TAMs secrete the IFN-stimulated factor ISG15, which enhances CSC phenotypes in PDAC in vitro and in vivo.
ISG15 was preferentially and highly expressed by TAM present in primary PDAC tumors resected from patients.
ISG15 was secreted by macrophages in response to secretion of IFNb by CSC, thereby reinforcing CSC self-
renewal, invasive capacity, and tumorigenic potential. Overall, our work demonstrates that ISG15 is a previously
unrecognized support factor for CSC in the PDAC microenvironment with a key role in pathogenesis and
progression. Cancer Res; 74(24); 7309–20. �2014 AACR.

Introduction
The importance of the stroma in promoting cancer initia-

tion and solid tumor growth has been increasingly recognized
during recent years (1–3). Specifically, we have come to under-
stand that apart from providing structural support for tumor
development, the tumor-associated microenvironment of
many solid tumors provides cues to a subpopulation of
tumor-initiating cells, also known as cancer stem cells (CSC),
which regulates their self-renewal and tumorigenic and met-
astatic potential (4). This is certainly the case for pancreatic
adenocarcinoma (PDAC), which consists of a heterogeneous
population of tumor cells including (i) CSCs (5, 6), (ii) more
differentiated cancer cells, and (iii) an extremely high propor-
tion of desmoplastic stromal tissue and immune cells, which
accounts for up to 90% of the tumor mass (7). Within the
stroma-rich PDAC tumor microenvironment, pancreatic stel-
late cells (PSC) have been extensively studied and recent
reports from our laboratory and other have shown that
tumor-associated PSCs can create a protumor paracrine niche

for PDAC CSCs via Nodal/Activin A secretion (2, 4). Recent but
less conclusive evidence also suggests that inflammatory cells,
such as tumor-associated macrophages (TAM; refs. 1, 8), may
also play critical roles in the development and progression of
numerous tumors, such as PDAC, and the immunomodulatory
factors they secrete may also be paracrine-mediated.

IFN-stimulated gene (ISG) 15 is a 165-amino acid (17-kDa)
protein that is induced by type I IFN treatment (9). Since its
discovery in 1979 (10), ISG15 has been extensively studied as an
anti-viral protein (11–13), but we now appreciate that ISG15
has many other functions, including ISGylation, a ubiquitin-
like modification process whereby ISG15 can be covalently
linked to cytoplasmic and nuclear proteins (14). Like ubiquitin,
ISG15 coupling to target proteins involves the ISG15-specific
E1-like activating enzyme (UbE1L), the conjugating E2 enzyme,
and the ligating E3 enzymes (15, 16).While the consequences of
ISGylation of host proteins have been elucidated for only a
small set of cellular proteins (e.g., cyclin D1, Filamin B, PML-
RARa), it is believed that the biologic effects of ISGylation are
dynamic and cell-type/tissue-specific (17). For example, while
some reports suggest that like ubiquitylation, ISGylation may
function in protein turnover (18), it may also play a previously
unrecognized role in protein stability (17). The latter has been
explored in systems of bladder, oral, prostate, and breast
cancers, where high levels of ISG15 and its conjugates have
been detected, suggesting a link between ISG15 and tumori-
genesis (19–24). For example, Kiessling and colleagues have
shown that in prostate cancer, overexpression of UbE1L
increased androgen receptor levels in an ISG15-dependent
manner, implying that ISGylation promotes androgen receptor
overexpression in cancer cells. In breast cancer, Burks and
colleagues have shown that ISG15 stabilizes oncogenic K-ras
protein by inhibiting its targeted degradation via lysosomes.
Therefore, intracellular ISGylation may very well play an
important and previously underappreciated role in cancer.

1StemCells and Cancer Group, Molecular Pathology Programme, Spanish
National Cancer Research Centre (CNIO), Madrid, Spain. 2Department of
Preventive Medicine, Public Health and Microbiology, Universidad
Aut�onoma, Madrid, Spain. 3Barts Cancer Institute, Queen Mary University
of London, London, United Kingdom.

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

Corresponding Authors: Bruno Sainz Jr, Department of Preventive Med-
icine and Public Health, Universidad Aut�onoma de Madrid, Madrid
E-28029, Spain. Phone: 34-91-497-3385; Fax: 34-91-497-5353; E-mail:
bruno.sainz@uam.es; and Dr. Susana Guerra, Department of Preventive
Medicine and Public Health, Universidad Aut�onoma de Madrid, Madrid
E-28029, Spain. Phone: 34-91-497-5440; Fax: 34-91-497-5353; E-mail:
susana.guerra@uam.es

doi: 10.1158/0008-5472.CAN-14-1354

�2014 American Association for Cancer Research.

Cancer
Research

www.aacrjournals.org 7309

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/24/7309/2715401/7309.pdf by guest on 19 M

ay 2023



Apart from its intracellular protein-conjugating functions,
ISG15 can also be secreted from cells as free ISG15 where it can
act as a cytokine or chemokine stimulating the production of
type II IFN, enhancing natural killer cell activity and prolifer-
ation or functioning as a strong neutrophil chemoattractant
(25, 26). Thus, free ISG15 has strong immunomodulatory
properties; however, the biologic role of free ISG15 has been
understudied and themechanisms promoting its liberation are
poorly understood. Surprisingly, here we show that ISG15 is
present in PDAC tumors, it is expressed and secreted by TAMs
in response to IFNb produced by PDAC cells and, in turn, acts
on PDACCSCs enhancing their inherent "stem-like" properties,
including self-renewal and tumorigenicity. Thus, our data
suggest a previously unrecognized role for ISG15 (i.e., free
ISG15) in the context of pancreatic cancer and highlights a
potentially new target for therapeutic intervention.

Materials and Methods
Primary pancreatic cancer cells and macrophages

The use of human material was approved by the local ethics
committee of each respective hospital or university, and writ-
ten informed consent was obtained from all patients. Primary
tumors were processed and cultured in vitro as previously
detailed (5) and are referred to herein as "Panc-xxx." Murine
PDAC cells were established from tumors extracted from
K-rasþ/LSL-G12D;Trp53LSL-R172H;PDX1-Cre mice (27) at
20 to 24 weeks of age.

Human blood was obtained from healthy donors with
informed consent and in accordance with national regulations
for the use of human samples in research. Macrophages were
established as previously described (28) and polarized using
60 ng/mL granulocyte macrophage colony-stimulating factor
(GM-CSF; M1) or M-CSF (M2; ref. 29). Murine monocytes were
isolated from mechanically disrupted spleens and polarized
using 10 ng/mL of IFNg (PeproTech) and lipopolysaccharide
(LPS; Sigma; M1) or 10 ng/mL IL4 (M2; PeproTech). Human
pancreatic ductal epithelial (HPDE) cells have been previously
described (30).

Human PDAC tissue microarrays and RNA samples
Human tissue microarrays (TMA) containing a total of 42

tumors were constructed. RNA from 30 flash-frozen primary
human PDAC tumors was isolated by the guanidine thiocya-
nate method using standard protocols (31).

Mice
NU-Foxn1nu nude mice (Charles Rivers), ISG15þ/þ and

ISG15�/� mice (Klaus-Peter Knobeloch; Universit€ats Klini-
kum, Freiburg, Germany) were housed according to institu-
tional guidelines and all experiments were approved by the
Animal Experimental Ethics Committee of the Instituto de
Salud Carlos III (Madrid, Spain).

Flow cytometry
Primary human macrophage cultures were resuspended in

Sorting Buffer before analysis with a FACS Canto II instrument
(BD). Primary and secondary antibodies and dilutions used are
listed in Supplementary Table S1.

In vivo tumorigenicity assay
Primary first-generation sphere-derived pancreatic cells

were resuspended in 50 mL of Matrigel (BD) and subcutane-
ously injected into indicatedmice alone or with equal numbers
of nonpolarized, M1- or M2-polarized, or CSC conditioned
media (CM)-primed primary macrophages. Tumor size was
monitored weekly over the course of 6 to 10 weeks.

ELISAs
IFNb in the supernatant of PDAC cultures was quantified

using a commercially available ELISA (PBL Assay Science) as
per themanufacturer's instructions. Free ISG15 was quantified
using an in-house sandwich ELISA as detailed in Supplemen-
tary Materials and Methods.

Immunohistochemistry and immunofluorescence
Formalin-fixed, paraffin-embedded (FFPE) blocks were seri-

ally sectioned and immunohistochemical (IHC) or immun-
fluorescent (IF) analyses performed using standard protocols.
Primary antibodies, secondary antibodies, and dilutions used
are detailed in Supplementary Table S1.

RNA preparation and RT-qPCR
Total RNA was isolated by the guanidine thiocyanate meth-

od using standard protocols (31). cDNA synthesis was per-
formed using the QuantiTect Reverse Transcription Kit (Qia-
gen), followed by SYBR green RTqPCR (Applied Biosystems).
Primers used are listed in Supplementary Table S2.

Sphere formation assay
Pancreatic cancer spheres were generated as previously

described (4).

Wound-healing assay
Confluent cultures of primary cancer cells were scratched

using a 200 mL pipette tip after overnight starvation. Cells were
then incubated at 37�C with indicated treatments.

Statistical analyses
Results for continuous variables are presented as means �

SEM unless stated otherwise. Treatment groups were com-
pared with the independent samples t test. Pairwise multiple
comparisons were performed with the one-way ANOVA (2-
sided) with Bonferroni adjustment. P < 0.05 was considered
statistically significant. All analyseswere performed using SPSS
17.0 (SPSS Inc.).

Additional experimental procedures and details can be
found in the Supplementary Materials and Methods.

Results
Macrophages promote PDAC CSC self-renewal,
migration, and tumorigenesis

Apart from neutrophils, infiltrating macrophages represent
one of themajor immune cell types present in the high stroma-
rich PDAC tumormicroenvironment (Supplementary Fig. S1A;
ref. 32). Thus, as it has been shown in other solid tumors that
CSC properties can be promoted by microenvironmental
factors (33, 34), we aimed to test whethermacrophage-secreted
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factors could also enhance PDAC CSC phenotypes. Because
macrophages are not static, but rather are highly plastic and
can be differentially polarized into classically "activated"/"M1"
macrophages or "alternatively activated," "M2" or "protumori-
genic" macrophages (reviewed in ref. 35), we therefore tested
the effects of both M1 and M2 macrophages on PDAC CSCs.
First, the self-renewal capacity of 2 different primary PDAC
cultures was assessed by culturing Panc354 and Panc185 cells
in anchorage-independent conditions and in the presence of
control media or CM from M1-polarized or M2-polarized
monocyte-derived macrophages. First- and second-generation
sphere formation increased when cells were cultured in the
presence of macrophage CM by about 1.5- to 2-fold, with the
greatest increase observed when PDAC cells were cultured
with CM from M2-polarized macrophages (Fig. 1A). In addi-
tion, we also observed an increase in the expression of the
pluripotency-associated genes Klf4, Sox2, and Nanog, modula-
tion of EMT-associated genes E-cadherin, Zeb-1, and vimentin
(Fig. 1B), enhancement of the migratory capacity of PDAC
cells when cocultured with CM from M2-polarized macro-
phages (Fig. 1C), and activation of pErk1/2, a mediator of
prosurvival and proproliferation pathways, in treated sphere
cultures (Fig. 1D).
Macrophages can also respond to cues from cancer cells and

differentiate toward a pro-tumorigenic "M2" phenotype in
response to tumor microenvironmental stimuli such as CSF1,
IL4, IL13, TGFb1, or IL10 (36). Therefore, we additionally
treated macrophages with CM harvested from PDAC spheres,
which are enriched in CSCs (Supplementary Fig. S1B) and
factors such as TGFb1, Nodal, and ActivinA (4). Using CD163 as
a macrophage M2marker (35), we observed that macrophages
treated with CSC CM adopted a CD163 expression pattern
similar to that of macrophages polarized with M-CSF to an
M2 phenotype (Fig. 1E). Likewise, media removed from these
CSC-primed macrophages were also able to enhance PDAC
sphere formation, promote the expression of pluripotency-
associated genes, and increase PDAC cell migration similar to
CM from non–CSC-primed MCSF-treated M2-polarized
macrophages (Fig. 1A and B and data not shown).
Finally, we injected 5� 105 primary PDAC cells alone or with

equal numbers of M1-polarized, M2-polarized, or CSC CM-
primed primary human macrophages and assessed tumor
growth over 8 weeks. Consistent with the aformentioned in
vitro data, tumor growth was significantly accelerated when
PDAC cells were coinjected with M2 macrophages or with
macrophages prestimulated (i.e., "primed") with media from
CSC spheres (Fig. 1F and Supplementary Fig. S2). Thus, the sum
of these data would suggest that an intricate and intimate
crosstalk exists between CSCs and macrophages, where CSCs
promote the polarization of macrophages toward an M2-like
phenotype, which can then, in turn, promote the "stemness"
and tumorgenicity of CSCs.

Macrophages increase the expression and secretion of
ISG15 when cocultured with PDAC CSCs
We next cocultured monocyte-derived macrophages with

and without primary PDAC cells in Transwell. Seventy-two
hours after coculture, RNA was extracted from macrophages

and microarray analyses were performed. Genes (n ¼ 3,084)
were significantly upregulated and 3,431 genes downregulated
[false discovery rate (FDR) < 0.05] compared with control
cultures. Of the top 25 upregulated genes (FDR < 10�4, |logFC|
> 2), the majority of genes belonged to the family of ISG
(Fig. 2A). Of the 19 ISGs detected, we focused on ISG15 as a
gene of potential interest as it encodes for a protein that can
function intracellularly to modify cytoplasmic and nuclear
proteins, it can also be secreted from activated cells as free
ISG15, and ISG15 has been shown to play a putative role in
other solid tumors such as bladder, oral, prostate, and breast
cancers (19–24). We confirmed the microarray results by RT-
qPCR and Western blot analysis. Specifically, in monocyte-
derived macrophage cultures treated with PDAC CSC sphere
CM, we observed a strong increase in ISG15mRNA and protein
levels (conjugated andmonomeric) comparedwith nontreated
control macrophage cultures (Fig. 2B and C).

We also observed an increase in the ISG15 deconjugating
enzyme USP18 (Fig. 2A and B), which functions to remove
ISG15 from its conjugates, thus increasing the overall amount
of monomeric ISG15 (37). We hypothesized that the increased
amount of monomeric ISG15 present in macrophages treated
with PDAC CSC-conditioned sphere media (Fig. 2C) would
result in increased secretion of free ISG15. In accordance with
this hypothesis, we observed an increase in free ISG15 in the
supernatant of treated macrophages compared with non-
treated controls (Fig. 2D). M2-polarized macrophages alone
secretedmore ISG15 thanM1-polarizedmacrophages, and free
ISG15 levels could be further and significantly enhanced
by first priming macrophages with conditioned sphere media
from two different primary cultures of PDAC CSC spheres
(Fig. 2D).

These results strongly suggested that PDAC CSC condi-
tioned sphere medium must contain type I IFNs, a potent
stimulus of ISG15 expression (9). Because it has been shown
that K-ras–transformed breast cancer tumors overexpress
IFNb (38), we next determined whether PDAC CSCs also
produce/secrete IFNb and whether it is biologically active
using an ELISA for IFNb and a vesicular stomatitis virus
(VSV)–based antiviral assay, respectively. Both assays con-
firmed that PDAC CSCs (e.g., spheres) secrete IFNb (Fig.
2E), it is biologically active (Fig. 2F) and it is the likely causative
factor for the ISG15 activation observed in monocyte-derived
macrophages.

To study the effect ofmacrophage-derived free ISG15 release
on PDAC cells, we analyzed intracellular ISG15 levels (conju-
gated and nonconjugated) in adherent PDAC cultures and in
CSC sphere cultures left untreated or treated with CM from 48-
hour CSC-primed control, M1- or M2-polarized macrophages.
Independent of treatment, intracellular monomeric and extra-
cellular free ISG15 levels were significantly higher in CSC-
enriched sphere-derived cultures compared with adherent
cultures, which contain more differentiated cancer cells
(Fig. 2G and H). Moreover, following treatment with M2-
polarized macrophage CM, we observed a specific increase in
intracellular ISGylation levels and a corresponding decrease in
the nonconjugated form of ISG15, indicating that the high
levels of free ISG15 released by M2 macrophages (Fig. 2D)
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Figure 1. Crosstalk between macrophages and PDAC CSCs. A–D, single-cell suspensions of primary PDAC cultures Panc185 and Panc354 were
cultured with control media, CM from M1-polarized macrophages (Mf), M2-polarized Mf or Mf primed with PDAC CSC CM. A, quantification of the
number of first- and second-generation spheres/mL 7 days after sphere initiation. B, RT-qPCR analysis of pluripotency-associated genes in
sphere-derived PDAC cells. C, migratory capacity of GFP-labeled PDAC cells assessed in a standard wound-healing assay. Representative
micrographs of wound size 12 hours after wound induction (left). Average migration was calculated by measuring the size of the wound at three
locations (n ¼ 3 wounds per cell/treatment; right). D, Western blot analysis of pErk1/2, total Erk1/2, and tubulin. C, flow cytometric analysis of
cell surface CD163 expression in indicated macrophage cultures. F, summary of in vivo tumor take and growth of 5 � 105 subcutaneously
injected PDAC cells alone or with M1-polarized, M2-polarized, or CSC-primed human Mf. Data are an average of two independent experiments with
n ¼ 5 mice/group/experiment. �, P < 0.05; ��, P < 0.01.
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Figure2. Expressionand regulationof ISG15 inmacrophages andPDACCSCs.A, heatmapof top 25genes upregulated anddownregulated (FDR< 10�4, |logFC|
> 2) in primary human macrophages cocultured with Panc185 (1), Panc354 (2), or Panc215 (3) for 48 hours. B–D, primary human macrophages were cultured
with CM from the indicated PDAC CSC cultures. B, RT-qPCR analysis of ISG15, USP18, and RIG-I mRNA levels. C, Western blot analysis of ISG15
(conjugated and monomeric). D, quantification of free ISG15. Unpolarized and polarized macrophages (M1 and M2) were untreated or primed for 72 hours with
PDAC CSC CM. Media was harvested 24 and 48 hours following priming/washing and free ISG15 was measured by ELISA. E, quantification of IFNb in
supernatants of PDAC adherent and sphere cultures by ELISA. Supernatant from the human immortalized pancreatic ductal cell line HPDE was included as a
comparative basal control. F, plaque assay analysis of VSV-infected Vero cells left either untreated or pretreated with either IFNa (1,000 U/mL, 16 hours) or with
supernatants from three primary PDAC cultures. G and H, PDAC cells were left untreated or treated with CM from 48-hour CSC-primed control (Ctl), M1- orM2-
polarized macrophages. G, Western blot analysis of ISG15 (conjugated and monomeric). H, quantification of free ISG15. �, P < 0.05; ��, P < 0.01; ���, P < 0.001.
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act on PDAC CSCs, further enhancing the conjugation of
monomeric ISG15 to target proteins (Fig. 2G). However, unlike
macrophages, we did not observe differences in the levels of
free ISG15 in the supernatant of PDAC cultures following
treatment (Fig. 2H). Interestingly, the levels of the deconjugat-
ing enzyme USP18 were low to undetectable in PDAC cultures
as determined by RT-qPCR analysis (data not shown), provid-
ing a possible explanation as to why these cells secrete little
free ISG15, even after stimulation.

Primary PDAC tumors express ISG15
To assess whether ISG15 could represent an important

mediator of cancer development, we first studied the relation-
ship between ISG15 expression and cancer survival at the
genomic level. Using various publically available microarray
datasets from PrognoScan (http://www.abren.net/PrognoS-
can/), a database for meta-analysis of the prognostic value of
genes (39), we found that across several tumor entities, higher
expression of ISG15 was predictive of significantly lower
overall survival (Fig. 3A and B). Because no PDAC datasets
are publically available, we evaluated the expression of ISG15
by RT-qPCR in bulk PDAC tumor samples obtained from
30 surgical resections and by IHC analysis using PDAC tissue
microarrays. Compared with 4 normal pancreas controls,
overexpression of ISG15 mRNA was observed in the majority
of PDAC samples evaluated (Fig. 3C). Regarding its expression
at the protein level, we observed that ISG15 was expressed in
about 95% of all the tumors analyzed; however, distinct differ-
ences were observed with respect to the level and type of cells
expressing ISG15 (Fig. 3D). For example, while ISG15 expres-
sion was detected in neoplastic cells of about 17% of tumors,
ISG15 was predominantly expressed by immune cells (e.g.,
TAMs) in the stroma of PDAC tumors (Fig. 3D and E, Supple-
mentary Figs. S3, S4, and S5A). This was not the case for other
tumors such as breast cancer and prostate cancer, in which
tumor cells express the majority of ISG15 (Supplementary
Fig. S5B and S5C).

ISG15 promotes CSC phenotypes
Because macrophages can secrete free ISG15 and as mac-

rophage CMenhances the "stemness" of PDACCSCs (Fig. 1), we
reasoned that ISG15 might be a pro-CSC factor secreted by
macrophages in response to cues from PDACCSCs (e.g., IFNb).
To test this hypothesis, PDAC cultures were treated with
recombinant ISG15 (rISG15). The first-generation sphere-
forming capacity of CSCs from 3 primary PDAC cultures
increased with rISG15 treatment compared with control-trea-
ted cultures (Fig. 4A), and the effect was more pronounced
during serial passaging, which further enriches for CSCs (4).
The increase in sphere formation also correlated with an
overall increase in the expression of pluripotency-associated
genes in Panc354 spheres treated with rISG15 during serial
passaging compared with untreated cultures (Fig. 4B). In
addition, rISG15 treatment also increased themigratory capac-
ity of sphere-derived cells in a standardwound-healing assay as
shown in Fig. 4C. Finally, similar to what we observed with M2
macrophage CM (Figs. 1D and 2G), rISG15 treatment of CSCs
also increased the level of intracellular ISGylation (Fig. 4D) and

the phosphorylation of the prosurvival protein Erk1/2 (Fig. 4E).
Taken together, these data strongly suggest that ISG15
alone can potentiate the "stemness" of CSCs and thus, macro-
phages likely potentiate CSCs, in part, via an ISG15-mediated
mechanism.

To further validate our findings, we took advantage of mice
with a genetic inactivation of the ISG15 gene. Using murine
monocyte-derived macrophages, isolated from ISG15-knock-
outmice, we show that comparedwith ISG15þ/þM2-polarized
macrophages, the conditioned medium from ISG15�/� M2-
polarized macrophage cultures did not similarly enhance
murine PDAC sphere formation (Fig. 5A), the expression of
stemness genes (Fig. 5B), their migratory capacity in a wound-
healing assay (Supplementary Fig. S6), or the phosphorylation
of Erk1/2 (Fig. 5D). Likewise, when ISG15�/� macrophages
were coinjectedwithmurine PDACcells in vivo, we observed an
intermediate tumor growth phenotype compared with murine
PDAC cells injected with wild-type macrophages. Importantly,
when primary murine PDAC cells were pretreated with rISG15
before coinjection with ISG15�/� macrophages, a phenotype
similar to that seen with ISG15þ/þmacrophages was achieved
(Fig. 5E), indicating that the lack of secreted ISG15 is respon-
sible for the impaired ability of ISG15�/� cells to promote
PDAC tumor growth in vivo.

While these data strongly suggested that a driving factor
responsible for PDAC tumorigenesis is ISG15, we next per-
formed a limiting dilution cell transplantation assay to more
rigorously determine the effect of ISG15 on the frequency of
CSC-initiated tumor formation in vivo. Specifically, primary
syngeneic murine PDAC cells were transplanted into recipient
wild-type and ISG15�/� mice at increasing doses and tumor
formation was determined 8 weeks postinjection. While
tumors efficiently formed in wild-type mice at dilutions of
105 (8 of 8), 104 (6 of 8), and 103 (5 of 6) cells, tumor formation
and growth in ISG15�/� mice were significantly impaired
(Fig. 5E and F), and the frequency of CSC-initiated tumori-
genesis in ISG15�/� mice was significantly lower than in wild-
type mice (CSC frequency: 1/51,360 vs. 1/3,769, respectively;
P ¼ 0.0001; Fig. 5E, Table).

Discussion
TAMs, also known as M2, "alternatively activated" or "pro-

tumorigenic" macrophages (reviewed in ref. 35), are the major
cell type of the inflammatory infiltrates present in PDAC
tumors (32, 40) and are believed to promote tumorigenesis,
matrix remodeling, and metastasis (36, 41, 42). In accordance
with the latter, we observed that compared with M1 macro-
phages, M2macrophages were able to promote the self-renew-
al capacity, modulate the expression of pluripotency- and
EMT-associated genes, increase the migratory potential, and
enhance the tumorigenic capacity of PDAC CSC in a contact-
independent manner. It is important to note, however, that we
cannot discard the fact that human PDAC cells injected into
nude mice may have activated murine macrophages to secrete
protumor factors. Thus, the effects observed with human
PDAC cells in nudemicemay have cross-species contributions.

At the cellular level, primary humanmacrophages that were
treated with CM from PDAC CSC cultures acquired M2-like
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Figure 3. ISG15 expression in cancer tissue. A, representative data sets for different tumors containedwithin the PrognoScan, a database for meta-analysis of
theprognostic valueof genes,where high ISG15expression significantly (P<0.05) correlateswith poor overall survival. Ln(HRHigh/HRLow)¼HR.Valuesgreater
than zero indicate that high gene expression correlateswith poor overall survival. B, Kaplan–Meier plot for dataset jacob-00182-MSK. Survival curves for high
(red) and low (blue) ISG15 expression groups dichotomized at the optimal cutoff point. Dotted lines, 95% confidence intervals for each group. C, RT-qPCR
analysis of ISG15 mRNA levels in a panel of resected human primary PDAC tumors. The line indicates the median ISG15 mRNA expression levels across
normal pancreas (NP) controls. D, ISG15 expression profile in tumors from about 50 primary patient samples. ISG15 expressions in the stroma, neoplastic
cells, or bothwere assessed and their distributions graphed. E, representativemicrographs of ISG15-stained tissues from a TMA containing normal, PanIN (I-
III), PDAC, metastases, and pancreatitis cores. Scale bars, 200 mm and 50 mm.

ISG15 and Pancreatic Cancer

www.aacrjournals.org Cancer Res; 74(24) December 15, 2014 7315

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/24/7309/2715401/7309.pdf by guest on 19 M

ay 2023



properties at the level of cell morphology (data not shown) and
expression of M2 cell surface markers, such as CD163, and
media from these cultures enhanced the "stem-like" properties
of PDAC CSCs similar to that of M2 macrophages. Thus, our
data confirm that macrophages, specifically "M2/alternatively
activated" macrophages, can significantly modulate the prop-
erties of PDAC CSCs via secreted factors, and PDAC CSCs can
promote the polarization of macrophages toward an M2
phenotype. It is worth noting that the PDAC tumor microen-
vironment is composed of many other cell types, including T
cells, neutrophils, and PSCs, which can also positively influence
the "stemness" of PDACCSCs as well as TAMs. Thus, the effects
we observe in vitro are likely an underrepresentation of the
cross-talk that exists within the more complex multicellular
tumor niche in vivo.

While macrophages can secrete many prostimulatory fac-
tors, we indentified by microarray analysis that ISG15 and its
deconjugating enzyme USP18 were highly upregulated in
macrophages cocultured with PDAC CCSs. This apparent
overexpression was not all that surprising as Kras-transformed
tumors have been shown to overexpress IFNb (38), a strong
inducer of ISG15, and our IFNbELISA andVSVanti-viral assays
both confirmed that PDAC cells produce soluble and biolog-
ically active IFNb. Interestingly, a growing body of evidence
over the past few years has shown a link between ISG15 and
tumorigenesis for several solid tumors (19–24). The general
conclusion from these studies is that ISG15 is overexpressed in
many tumor cell lines and ISGylation is important for malig-
nant transformation; however, the mechanism(s) by which
ISG15 exerts its protumor effects and whether ISG15 functions
the same in all solid cancer entities is still unknown. In linewith
these studies, our retrospective analysis of existing cancer

microarray datasets with clinical outcome data confirms that
for many solid tumors there exists a significant correlation
between high ISG15 expression and poor overall survival,
further strengthening the notion that ISG15 is indeed protu-
morigenic. While we do observe ISG15 expression in primary
PDAC cultures (data not shown) and in neoplastic cells of
patient-derived tumors, TAMs within the tumor stroma
express significantly more ISG15 than other tumor-resident
cells. Evenmore important, we observed that ISG15 is liberated
from macrophages and its secretion increases when macro-
phages are polarized to a protumor "M2" state or primed with
CM from PDAC CSCs CM. Thus, for PDAC, the source of
intratumoral ISG15 is the tumor microenvironment (i.e.,
TAMs).

Supporting a protumor role for ISG15, we were able to
increase the self-renewal capacity, expression of pluripo-
tency-associated genes, and the activation of the p44/42MAPK
(ERK1/2) signaling in PDAC CSCs from 3 different primary
patient-derived cultures using rISG15. We also observed a
significant increase in the migration of PDAC cultures when
treated with rISG15. ISG15 overexpression in breast cancer cell
lines has also been linked to an EMT phenotype. Burks and
colleagues, have shown that silencing ISG15 expression in the
breast cancer cell line MDA-MB-231 reduced the migratory
capacity of these cells compared with cells infected with an
shRNA control lentivirus (24). Because TAMs are believed to
contribute to EMT in solid tumors (43), promoting CSCs
dissemination and metastasis, it is tempting to speculate that
free ISG15 secreted from TAMs may play an important role in
this process in PDAC.

Our model depicted in Fig. 6 illustrates how ISG15 is
regulated within the PDAC tumor. Macrophages with the

Figure 4. Recombinant ISG15
enhances CSC phenotypes. A,
Panc 185, 215, and 354 cells were
cultured as spheres in anchorage-
independent conditions with
control media or media
supplemented with 100 ng/mL of
rISG15 and sphere numbers were
determined 7 days later. B, RT-
qPCR analysis of pluripotency-
associated genes in serially
passaged Panc354 spheres. C,
scratchwoundassayofPDACcells
after stimulation with 100 ng/mL of
rISG15. Quantification of wound
size 12 hours after wound
induction. D, Western blot analysis
of ISG15-conjugated proteins and
tubulin in sphere-derived PDAC
cells after stimulation with 100
ng/mL of rISG15. E, Western blot
analysis of pErk1/2, total Erk1/2,
and tubulin in sphere-derived
PDAC cells after stimulation with
100 ng/mL of rISG15. �, P < 0.05.
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Figure 5. ISG15 is necessary for PDAC tumor take and growth in vivo. A andB, single-cell suspensions of primarymurine PDACcells were culturedwith control
media or CM fromM2-polarized ISG15þ/þ or ISG15�/�murine macrophages. A, quantification of the number of spheres/mL 7 days after sphere initiation. B,
RT-qPCR analysis of pluripotency-associated genes in sphere-derived PDAC cells. C, Western blot analysis of pErk1/2, total Erk1/2, and tubulin in sphere-
derived PDAC cells after stimulation with control media or CM from M2-polarized ISG15þ/þ or ISG15�/� murine macrophages. D, summary of in vivo tumor
growth of 5 � 105 subcutaneously injected murine PDAC cells (unprimed or primed with 100 ng/mL of rISG15) alone or with M2-polarized ISG15þ/þ

macrophages or M2-polarized ISG15�/� macrophages in nude mice (left). Representative images of tumors formed (right). Data are an average of two
independent experiments with n ¼ 5 mice/group/experiment. *, P < 0.05. E and F, PDAC tumor growth in ISG15þ/þ wild-type and ISG15�/� mice. E,
representative imagesof tumors formed8weeks after injectionwith limiting dilutions of syngeneicmurinePDACcells. Summary table of in vivo tumor take and
growth (bottom).CSC frequencies determinedusing the extreme limiting dilution analysis algorithm (http://bioinf.wehi.edu.au/software/elda/index.html; right,
95% CI). F, summary of tumor weights. Data are an average of two independent experiments with n ¼ 5 mice/group/experiment. �, P < 0.05.
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tumor microenvironment are polarized toward an M2 protu-
mor phenotype via tumor cell secreted factors (e.g., TGFb1).
TAMs can then respond to other tumor microenvironmental
stimuli, such as IFNb, promoting the upregulation of ISG15 and
USP18 mRNA and the subsequent secretion of free ISG15. Free
ISG15 can then act on PDAC CSCs, enhancing their stem-like
properties, including self-renewal and tumorigenicity. While
our data support this putative model, 3 questions remain
unanswered: (i) what receptor does free ISG15 bind to, (ii)
how does free ISG15 exert its effects on PDAC CSC, and (iii) are
the protumor effects of free ISG15 independent of intracellular
ISGylation or are they interconnected? Unfortunately, the
receptor for ISG15 is currently unknown. It is believed that
free ISG15 acts via binding to a cell surface receptor rather than
passive diffusion into the cell; however, until a receptor is
discovered, this question remains a black box. Regarding how
ISG15 exerts its effect(s), in this studywe show for the first time
that rISG15 can activate p44/42 MAPK (ERK1/2) signaling, a
pathway that has been shown to be important for cancer cells.
Appreciating that other pathways may also be modulated by
ISG15, we are currently investigating whether the AKT–PI3K
and mTOR/S6K pathways, both of which have been shown to
be important in PDAC (44, 45), are also affected by free ISG15.
Along these lines, previous work from our laboratory has
shown a direct link between AKT signaling and ISG15 in
macrophages (11). We have reported that ISG15 plays an
important role in the regulation of macrophage functions as
ISG15�/�macrophages display reduced activation, phagocytic
capacity, and programmed cell death activation in response to
vaccinia virus infection. This phenotype is independent of
cytokine production and secretion but correlates with
impaired activation of the protein kinase AKT in ISG15/�

macrophages (11). Thus, as AKT signaling is very important
for ISG15-mediated downstream effects in macrophages, it
may very well also play an important role in ISG15-mediated
enhancement of PDAC CSCs. In the end, understanding the
pathways activated by free ISG15 should yield new insights into

PDAC cell biology and possibly identify new targets that could
be therapeutically inhibited.

Finally, we cannot currently separate the fact that intracel-
lular ISGylation is likely also an active and important process in
PDACcells. The purpose of our studywas to investigate the role
of TAM-secreted factors on PDAC CSC features, and thus we
primarily focused on the effects of free ISG15 on PDAC CSCs,
rather than the role of intracellular ISG15 and ISGylated
products. Our data do, however, suggest that macrophages
increase intracellular ISGylation in PDAC CSCs via secreted
free ISG15. Thus, apart from activation of p44/42 MAPK
(ERK1/2) signaling in PDAC CSCs, it may very well be that
another important mechanism of action of TAM-derived free
ISG15 is to potentiate the conjugation of intracellular ISG15 to
its target host proteins in PDAC CSCs, a process that has been
shown to be beneficial for cancer cells of other tumor entities
(22–24), but that has not been shown or studied to date in
PDAC.

Finally, using ISG15-knockout mice, we show that the
tumorigenic potential of murine PDAC cells coinjected with
ISG15�/� macrophages was reduced compared with murine
PDAC cells coinjected with wild-type ISG15þ/þ macrophages.
Assuming the later to be related to the fact that macrophages
from ISG15�/� mice neither express nor secrete ISG15, we
attempted to rescue the tumorigenic potential ofmurine PDAC
cells coinjected with ISG15�/� macrophages by first pretreat-
ing these cells with recombinant ISG15. The result was a near-
complete rescue, providing a plausible explanation for the
reduced tumor growth observed when murine PDAC cells
were injected with ISG15�/� macrophages compared with
ISG15þ/þ macrophages. It is important to point out that
ISG15�/� macrophages were still able to potentiate PDAC
CSCs, but to a significantly lesser degree compared with
wild-type ISG15þ/þmacrophages. This is not all that surprising
as ISG15�/� macrophages may still secrete other protumor
factors that could still enhance the stem-like and tumorigenic
potential of PDAC cells even in the absence of ISG15. Even in

Figure 6. Model of ISG15
potentiating effects in the tumor
bulk. A, infiltrating M1
macrophages are polarized toward
an M2 protumor phenotype via
tumor cell secreted factors such as
TGFb1. B, IFNb secreted by PDAC
cancer cells and PSCs induces the
upregulation of ISG15 and USP18
mRNA in TAMs. C, free ISG15 is
secreted from TAMs in response to
IFNb stimulation. D, free ISG15 can
act on PDAC CSCs, enhancing
their stem-like properties,
including the upregulation of
ISGylated proteins, pErk1/2,
migration, and tumorigenicity.
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our syngeneic experiments, we observed that murine PDAC
CSCswere still able to form tumors in ISG15�/�mice, although
smaller and with significantly less efficiency. Thus, while ISG15
is certainly important, it is likely not the only CSC-promoting
factor secreted by macrophages and the tumor stroma; how-
ever, we did not test all CSC-specific phenotypes, such as
metastasis, which may rely more on ISG15 than self-renewal
or primary tumor initiation. Nonetheless, to the best of our
knowledge, this is the first report showing that macrophages
can secrete high levels of free ISG15 when polarized toward an
M2 phenotype and PDAC CSCs can further potentiate its
secretion, which in turn activates PDAC CSC stem-like prop-
erties. In summary, our study underscores the importance of
the tumor microenvironment in CSC-mediated tumor biology
and provides proof of principle that the stem-like nature of
PDAC CSCs is strongly influenced by TAMs and their secreted
factors, such as free ISG15. Thus, these findings not only
advance our understanding of the role TAMs play in PDAC
tumorigenesis, but they should also prove useful for future
applications in cancer therapy, particularly those focused on
targeting the tumor stroma.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: B. Sainz Jr, C. Heeschen, S. Guerra

Development of methodology: B. Sainz Jr, B. Martín, M. Tatari, S. Guerra
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): B. Sainz Jr, S. Guerra
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): B. Sainz Jr, C. Heeschen, S. Guerra
Writing, review, and/or revision of themanuscript: B. Sainz Jr, C. Heeschen,
S. Guerra
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): M. Tatari
Study supervision: B. Sainz Jr, C. Heeschen, S. Guerra

Acknowledgments
The authors thank the UAM Animal facility for help with all of the in vivo

experiments, Raquel Pajares for IHC assistance, and Daniela Cerezo for helpful
discussions. They are grateful to those collaborators listed in Materials and
Methods for kindly providing important reagents.

Grant Support
This work was supported by grants from the Spanish Ministry of Health

FIS2011-00127, Bayer Group Grants4Grants (ID 2013-08-0982) and UAM-Banco
de Santander to S. Guerra and ERC Advanced Investigator Grant (Pa-CSC
233460), the European Community's Seventh Framework Programme (FP7/
2007-2013) under grant agreement no. 256974 (EPC-TM-NET) and no. 602783
(CAM-PaC), the Subdirecci�on General de Evaluaci�on y Fomento de la
Investigaci�on, Fondo de Investigaci�on Sanitaria (PS09/02129 and PI12/02643)
and the Programa Nacional de Internacionalizaci�on de la IþD, Subprogramma:
FCCI 2009 (PLE2009-0105; both Ministerio de Economía y Competitividad,
Spain) to C. Heeschen.

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received May 7, 2014; revised August 11, 2014; accepted September 29, 2014;
published OnlineFirst November 3, 2014.

References
1. DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, Madden

SF, et al. Leukocyte complexity predicts breast cancer survival and
functionally regulates response to chemotherapy. Cancer Discov
2011;1:54–67.

2. Lonardo E, Frias-Aldeguer J, Hermann PC, Heeschen C. Pancreatic
stellate cells form a niche for cancer stem cells and promote their self-
renewal and invasiveness. Cell Cycle 2012;11:1282–90.

3. Pollard JW. Trophic macrophages in development and disease. Nat
Rev Immunol 2009;9:259–70.

4. Lonardo E, Hermann PC, Mueller MT, Huber S, Balic A, Miranda-
Lorenzo I, et al. Nodal/Activin signaling drives self-renewal and tumor-
igenicity of pancreatic cancer stem cells and provides a target for
combined drug therapy. Cell Stem Cell 2011;9:433–46.

5. Mueller MT, Hermann PC, Witthauer J, Rubio-Viqueira B, Leicht SF,
Huber S, et al. Combined targeted treatment to eliminate tumorigenic
cancer stem cells in human pancreatic cancer. Gastroenterology
2009;137:1102–13.

6. Hermann PC, Huber SL, Herrler T, Aicher A, Ellwart JW, Guba M, et al.
Distinct populations of cancer stem cells determine tumor growth and
metastatic activity in human pancreatic cancer. Cell Stem Cell
2007;1:313–23.

7. Hidalgo M. New insights into pancreatic cancer biology. Ann Oncol
2012;23:x135–8.

8. Qian BZ, Pollard JW. Macrophage diversity enhances tumor progres-
sion and metastasis. Cell 2010;141:39–51.

9. Reich N, Evans B, Levy D, Fahey D, Knight E Jr, Darnell JE Jr.
Interferon-induced transcription of a gene encoding a 15-kDa protein
depends on an upstream enhancer element. Proc Natl Acad Sci U S A
1987;84:6394–8.

10. Farrell PJ, Broeze RJ, Lengyel P. Accumulation of an mRNA and
protein in interferon-treated Ehrlich ascites tumour cells. Nature
1979;279:523–5.

11. Yanguez E, Garcia-Culebras A, Frau A, Llompart C, Knobeloch KP,
Gutierrez-Erlandsson S, et al. ISG15 regulates peritoneal macro-

phages functionality against viral infection. PLoS Pathog 2013;9:
e1003632.

12. Eduardo-Correia B, Martinez-Romero C, Garcia-Sastre A, Guerra S.
ISG15 is counteracted by vaccinia virus E3 protein and controls the
proinflammatory response against viral infection. J Virol 2014;88:
2312–8.

13. Morales DJ, Lenschow DJ. The antiviral activities of ISG15. J Mol Biol
2013;425:4995–5008.

14. Loeb KR, Haas AL. The interferon-inducible 15-kDa ubiquitin homolog
conjugates to intracellular proteins. J Biol Chem 1992;267:7806–13.

15. YuanW, KrugRM. Influenza B virus NS1 protein inhibits conjugation of
the interferon (IFN)-induced ubiquitin-like ISG15 protein. EMBO J
2001;20:362–71.

16. Pickart CM. Mechanisms underlying ubiquitination. Annu Rev Bio-
chem 2001;70:503–33.

17. Zhang D, Zhang DE. Interferon-stimulated gene 15 and the protein
ISGylation system. J Interferon Cytokine Res 2011;31:119–30.

18. Liu M, Li XL, Hassel BA. Proteasomes modulate conjugation to the
ubiquitin-like protein, ISG15. J Biol Chem 2003;278:1594–602.

19. Andersen JB,AaboeM,BordenEC,GoloubevaOG,HasselBA,Orntoft
TF. Stage-associated overexpression of the ubiquitin-like protein,
ISG15, in bladder cancer. Br J Cancer 2006;94:1465–71.

20. Bektas N, Noetzel E, Veeck J, Press MF, Kristiansen G, Naami A, et al.
The ubiquitin-like molecule interferon-stimulated gene 15 (ISG15) is a
potential prognostic marker in human breast cancer. Breast Cancer
Res 2008;10:R58.

21. Chi LM, Lee CW, Chang KP, Hao SP, Lee HM, Liang Y, et al. Enhanced
interferon signaling pathway in oral cancer revealed by quantitative
proteome analysis ofmicrodissected specimens using 16O/18O label-
ing and integrated two-dimensional LC-ESI-MALDI tandem MS. Mol
Cell Proteomics 2009;8:1453–74.

22. Satake H, Tamura K, Furihata M, Anchi T, Sakoda H, Kawada C, et al.
The ubiquitin-like molecule interferon-stimulated gene 15 is overex-
pressed in human prostate cancer. Oncol Rep 2010;23:11–6.

www.aacrjournals.org Cancer Res; 74(24) December 15, 2014 7319

ISG15 and Pancreatic Cancer

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/24/7309/2715401/7309.pdf by guest on 19 M

ay 2023



23. Kiessling A, Hogrefe C, Erb S, Bobach C, Fuessel S, Wessjohann L,
et al. Expression, regulation and function of the ISGylation system in
prostate cancer. Oncogene 2009;28:2606–20.

24. Burks J, Reed RE, Desai SD. ISGylation governs the oncogenic
function of Ki-Ras in breast cancer. Oncogene 2014;33:794–803.

25. Bogunovic D, Boisson-Dupuis S, Casanova JL. ISG15: leading a
double life as a secreted molecule. Exp Mol Med 2013;45:e18.

26. D'Cunha J, Knight E Jr., Haas AL, Truitt RL, Borden EC. Immunoreg-
ulatory properties of ISG15, an interferon-induced cytokine. Proc Natl
Acad Sci U S A 1996;93:211–5.

27. Hingorani SR, Wang L, Multani AS, Combs C, Deramaudt TB, Hruban
RH, et al. Trp53R172H and KrasG12D cooperate to promote chro-
mosomal instability and widely metastatic pancreatic ductal adeno-
carcinoma in mice. Cancer Cell 2005;7:469–83.

28. ChaoMP, Alizadeh AA, TangC,Myklebust JH, VargheseB, Gill S, et al.
Anti-CD47 antibody synergizes with rituximab to promote phagocy-
tosis and eradicate non-Hodgkin lymphoma. Cell 2010;142:699–713.

29. Sierra-Filardi E, Puig-Kroger A, Blanco FJ, Nieto C, Bragado R,
Palomero MI, et al. Activin A skews macrophage polarization
by promoting a proinflammatory phenotype and inhibiting the acqui-
sition of anti-inflammatory macrophage markers. Blood 2011;117:
5092–101.

30. Liu N, Furukawa T, Kobari M, Tsao MS. Comparative phenotypic
studies of duct epithelial cell lines derived from normal human pan-
creas and pancreatic carcinoma. Am J Pathol 1998;153:263–9.

31. Chomczynski P, Sacchi N. Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal Bio-
chem 1987;162:156–9.

32. Kurahara H, Shinchi H, Mataki Y, Maemura K, Noma H, Kubo F, et al.
Significance of M2-polarized tumor-associated macrophage in pan-
creatic cancer. J Surg Res 2011;167:e211–9.

33. Liu S, Ginestier C, Ou SJ, Clouthier SG, Patel SH, Monville F, et al.
Breast cancer stem cells are regulated by mesenchymal stem cells
through cytokine networks. Cancer Res 2011;71:614–24.

34. Acharyya S, Oskarsson T, Vanharanta S, Malladi S, Kim J, Morris PG,
et al. A CXCL1 paracrine network links cancer chemoresistance and
metastasis. Cell 2012;150:165–78.

35. Biswas SK, Mantovani A. Macrophage plasticity and interaction with
lymphocyte subsets: cancer as a paradigm. Nat Immunol 2010;
11:889–96.

36. Sica A, Schioppa T, Mantovani A, Allavena P. Tumour-associated
macrophagesare adistinctM2polarisedpopulationpromoting tumour
progression: potential targets of anti-cancer therapy. Eur J Cancer
2006;42:717–27.

37. Liu LQ, Ilaria R Jr, Kingsley PD, Iwama A, van Etten RA, Palis J, et al. A
novel ubiquitin-specific protease,UBP43, cloned from leukemia fusion
protein AML1-ETO-expressing mice, functions in hematopoietic cell
differentiation. Mol Cell Biol 1999;19:3029–38.

38. Tsai YC, Pestka S, Wang LH, Runnels LW, Wan S, Lyu YL, et al.
Interferon-beta signaling contributes to Ras transformation. PLoSOne
2011;6:e24291.

39. Mizuno H, Kitada K, Nakai K, Sarai A. PrognoScan: a new database for
meta-analysis of the prognostic value of genes. BMC Med Genomics
2009;2:18.

40. Balkwill F, Mantovani A. Inflammation and cancer: back to Virchow?
Lancet 2001;357:539–45.

41. Allavena P, Sica A, Solinas G, Porta C, Mantovani A. The inflammatory
micro-environment in tumor progression: the role of tumor-associated
macrophages. Crit Rev Oncol Hematol 2008;66:1–9.

42. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage
polarization: tumor-associated macrophages as a paradigm for polar-
ized M2 mononuclear phagocytes. Trends Immunol 2002;23:
549–55.

43. Bonde AK, Tischler V, Kumar S, Soltermann A, Schwendener RA.
Intratumoral macrophages contribute to epithelial-mesenchymal tran-
sition in solid tumors. BMC Cancer 2012;12:35.

44. Hermann PC, Trabulo SM, Sainz B Jr, Balic A, Garcia E, Hahn SA, et al.
Multimodal treatment eliminates cancer stem cells and leads to long-
term survival in primary human pancreatic cancer tissue xenografts.
PLoS One 2013;8:e66371.

45. Singh BN, Kumar D, Shankar S, Srivastava RK. Rottlerin induces
autophagy which leads to apoptotic cell death through inhibition of
PI3K/Akt/mTOR pathway in human pancreatic cancer stem cells.
Biochem Pharmacol 2012;84:1154–63.

Cancer Res; 74(24) December 15, 2014 Cancer Research7320

Sainz et al.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/24/7309/2715401/7309.pdf by guest on 19 M

ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


