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Abstract

Tumor-initiating cells (TICs) have been implicated in pancreatic tumor initiation, progression, and 

metastasis. Among different markers that define this cell population within the tumor, the CD133+ 

cancer stem cell (CSC) population has reliably been described in these processes. CD133 

expression has also been shown to functionally promote metastasis through NF-κB activation in 

this population but, the mechanism is unclear. In the current study, overexpression of CD133 

increased expression and secretion of IL-1β (IL1B), which activates an autocrine signaling loop 

that upregulates NF-κB signaling, epithelial-mesenchymal transition (EMT), and cellular invasion. 

This signaling pathway also induces CXCR4 expression, which in turn is instrumental in 

imparting an invasive phenotype to these cells. In addition to the autocrine signaling of the CD133 

secreted IL-1β, the tumor-associated macrophages (TAMs) also produced IL-1β, that further 

activated this pathway in TICs. The functional significance of the TIC marker CD133 has 

remained elusive for a very long time; the current study takes us one step closer to understanding 

how the downstream signaling pathways in these cells regulate the functional properties of tumor-

initiating cells.
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INTRODUCTION

Extensive metastasis is one of the major reasons for poor prognosis of pancreatic cancer, 

which has one of lowest rates of 5-year survival compared with other cancers (1,2). This has 

been attributed to the presence of tumor initiating cells or TIC (3–6). Several markers have 

been identified for pancreatic TICs. Our results have consistently shown that among these 

markers CD133+ cells are responsible for formation of aggressive tumors that undergo 

metastasis (7–9).

We have previously shown that increased metastasis by pancreatic TIC is mediated via 

activation of the NF-κB pathway (8,10). NF-κB one of the major pathways that respond to 

an inflammatory stimulus. It is well established that chronic inflammation is associated with 

tumor development in several different cancer types (11–13). NF-κB activation has also 

been shown to be actively involved in pancreatic cancer development (10,14). In the 

pancreas, chronic inflammation in the form of pancreatitis is known to increase risk of 

pancreatic cancer development in approximately 20% of patients (15,16). Literature shows 

that IL-1 signaling within acute pancreatitis is essential for full propagation of disease and 

absence of functional IL-1 signaling results in attenuation of inflammation, enzyme release, 

edema, and necrosis (17,18).

Interleukins are an important messenger molecule capable of modulating cellular behaviors 

and capable of initiating inflammatory responses. These molecules are actively secreted 

from cells in response to appropriate stimuli, such as tissue damage or infection. Among 

these, IL-1β, specifically, is synthesized in response to a stimulus and induced by NF-κB 

activation. NF-κB is also activated by IL-1 receptor stimulation, creating a feed-forward 

loop between IL-1 and NF-κB signaling (19).

Outside of the cell, secreted IL-1β binds to the IL-1 receptor on the surface of responding 

cells. This triggers signaling downstream of the receptor and the induction of a cascade of 

pro-inflammatory gene expression. Further, expression of matrix metalloproteinases, 

cytokines/chemokines, inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 

(COX-2). On stromal cells, endothelial cells, and leukocytes, IL-1 stimulation induces the 

upregulation of high-affinity adhesion molecules, such as integrins and adhesion molecules, 

promoting infiltration into the tumor from the circulation (20,21).

IL-1 signaling and chronic inflammation produce a tumor-supportive environment for the 

initiation or progression of the neoplastic process. In humans, polymorphisms of 

interleukin-1 have been shown to modulate patient prognosis and survival in breast (22), 

lung (23), prostate (24), and pancreatic cancers (25), as well as, an increased risk for the 

development of cancer (26). High expression levels of IL-1 in human cancers also correlate 

with poor patient prognosis (27).

IL-1 in the tumor microenvironment, either from tumor cells, stromal cells, or immune cells, 

has been shown to aid in tumorigenesis, increase tumor invasiveness, and control the 

immunosuppressive microenvironment in several different cancer types (28–32). Currently, 

the role of IL-1 stimulation and signaling in pancreatic cancer stem cell populations is 

unknown.
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In this current study, we evaluated the role of IL-1 signaling in the CD133 subset of 

pancreatic cancer cells as well as the source of IL-1 secretion in pancreatic cancer. We show 

that IL-1 signaling inhibition has a greater effect on cells with higher CD133 populations 

through several mechanisms. Inhibition of IL-1 signaling attenuates NF-κB activity, 

mesenchymal marker expression, and invasiveness. We further show that this IL1 signaling 

loop in the pancreatic tumor initiating cells can be activated in an autocrine manner (where 

the CD133+ cells secrete the cytokine) as well as in a paracrine fashion by the macrophages 

in the tumor microenvironment.

MATERIALS AND METHODS

Cell culture

MIA PaCa-2 (ATCC) cell line was cultured in DMEM (Hyclone) containing 10% Fetal 

Bovine Serum. S2-013 (a gift from Dr. Masato Yamamoto, University of Minnesota) cells 

were maintained in RPMI 1640 (Hyclone) containing 10% Fetal Bovine Serum. Primary cell 

line derived from tumor of (LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre) spontaneous 

murine model (KPC001) as described in Banerjee, et al(7) and grown in DMEM 

supplemented with 10 % fetal bovine serum and 1% penicillin/streptomycin.

Boyden chamber invasion assay

Boyden chamber invasion inserts (Corning Biocoat) were rehydrated for 2 hours in serum 

free medium at 37°C. Cells were plated in the insert, on top of the Matrigel coated 

membrane in serum free medium. The well contained the 10% FBS containing medium, 

serving as the attractant. After 24 hours, inserts were washed with PBS, the top of the 

membrane was scrubbed with cotton swab to remove any remaining non-invaded cells, fixed 

in methanol, and stained with crystal violet. Membranes were analyzed by microscopy 

(Magnification 20X).

IL-1 stimulation and inhibition

Recombinant IL-1beta ( Sigma Aldrich) stimulation was performed at concentrations 

described. ON-TARGETplus human IL1R1 siRNA-SMARTpool (GE Dharmacon) was 

transfected using HiPerfect transfection reagent according to manufacturer’s guidelines. 

IL-1Ra [Sigma Aldrich (SRP3084)] was reconstituted according to manufacturer’s 

guidelines, and used at 0.2 μg/mL concentration. Anti-hIL1-β-IgG neutralizing antibody was 

obtained from InvivoGen for blocking IL-1β mediated signaling.

NF-κB activity assays

NF-κB activity was determined by both p50 binding ELISA (Thermo Scientific) and Dual-

Luciferase reporter assay (Qiagen). Binding ELISA was performed according to the 

manufacturer’s protocol using whole cell lysates and values were normalized to μg protein 

as determined by protein estimation (Pierce). Dual-Luciferase reporter assay system 

(Promega) results were determined by Synergy2 luminometer (Biotek).

Nomura et al. Page 3

Mol Cancer Res. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Generation of stable cell lines MIA-CD133hi, MIA-CXCR4hi, and shCD133-S2VP10

MIA PaCa-2 (ATCC) and stable MIA-derivatives were maintained in DMEM (Hyclone) 

containing 10% fetal bovine serum. MIA PaCa-2 cells were stably transfected with empty 

vector and CD133 or CXCR4 expression vectors (pReceiver-M02 expression vector) and 

selected by G418 treatment (600 ug/mL) and maintained in 150 ug/mL G418. Selected 

clones were characterized for expression levels by mRNA expression and surface expression 

by flow cytometry analysis (CD133 Ab Miltenyi Biotec, CXCR4 Ab BD. S2-VP10 cells 

were cultured in RPMI 1640 (Hyclone) containing 10% fetal bovine serum. Cells were 

infected by lentivirus and expression of non-silencing (NS) shRNA or CD133 shRNA was 

determined by GFP expression. Stable clones were selected and maintained in Geneticin 

(Invitrogen) and Puromycin (Clontech) for MIA PaCa-2 and S2-VP10 derivatives, 

respectively.

Plasmids and vectors

Human cDNA empty vector plasmid (EX-NEG-M02) and CD133 expression plasmid (EX-

Z0396-M02) were attained from GeneCopoeia. Lentiviral shRNA pGIPZ vectors; NS 

(RHS4348) and αCD133 (V2LHS_71816) were acquired from Thermo Scientific. NF-kB 

activity was inhibited after transfecting cells with pBabe-puro-IKBalphamut suprerepressor 

(a gift from William Hahn [ Addgene plasmid#15291]. In this plasmid, the IκBα is mutated 

at S32A, which keeps NF-κB pathway constitutively repressed (33).

Immunofluorescence staining

Slides were deparaffinized in xylene and hydrated through graded ethanol solutions. Slides 

were steamed with a Reveal Decloaker (Biocare Medical, Concord, CA), blocked in 1% 

BSA/PBS. Antibodies were diluted as per manufacturer’s instructions in 1% BSA/PBS and 

stained overnight (F4/80 Ab Abcam). Slides were washed 3x in PBS. Secondary antibodies 

(Alexafluor) were diluted in 1% BSA/PBS 1:1000 and slides were stained for 1 hour at room 

temperature. Slides were washed 3x in PBS and mounted using Prolong Gold anti-fade with 

DAPI (Molecular Probes). Slides were dried overnight and imaged by confocal microscopy.

Murine macrophage isolation and stimulation

Murine macrophages were elicited and harvested as described by Zhang et al(34). Briefly, 

C57B/6 mice were injected intraperitoneally with 3% brewer thioglycollate to induce an 

inflammatory response. Elicited peritoneal macrophages were harvested by injecting 10 mL 

cold PBS into the peritoneal cavity with a 20G needle and aspirating the fluid. As a positive 

control, macrophages were stimulated with LPS (50 ng/mL).

Statictical Analysis

Values are expressed as the mean ± standard error. All experiments were performed at least 

three times. The significance of the difference between two samples was determined with an 

unpaired Student’s t-test. P-values of less than 0.05 were considered statistically significant
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RESULTS

IL-1β expression and secretion increases with CD133 expression

IL-1 signaling in cancer has been associated with poor prognosis and survival. Its signaling 

activates many pathways important in cancer survival and progression, such as the activation 

of NF-κB. Our previous work demonstrated that the expression of CD133 in pancreatic 

cancer activates NF-κB signaling and induces epithelial-mesenchymal transition, increasing 

the invasiveness of cells (8). This led us to inquire how NF-κB is activated upon the 

expression of the surface marker, CD133. To discern the role of IL-1 autocrine signaling, we 

evaluated IL-1β gene expression in several of the established pancreatic cancer cells lines. 

We have previously shown that these cell lines vary in CD133 expression, which correlates 

with their invasiveness (35). The IL-1β gene expression also compares with the 

aggressiveness of the cells, with Panc-1 and MIA PaCa-2 cell lines with low IL-1β gene 

expression and more aggressive, invasive cell lines, such as the SUIT-2 derived S2-VP10 and 

S2-013 cell lines with higher IL-1β gene expression (Figure 1A). The IL-1β gene expression 

positively correlates with CD133 expression. When separating cells derived from the KPC 

(LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre) tumor based on CD133 surface expression, 

IL-1β gene expression was 6.541 fold higher in the CD133+ population, as compared to the 

CD133− population (Figure 1B).

Our group has shown that CD133 surface expression in pancreatic cancer has a functional 

role in NF-κB activation and metastasis. Additionally, upon over expression of CD133 in 

MIA PaCa-2 there is also a 6.00 fold (± 2.10) upregulation of IL-1β gene expression (Figure 

1C). Overexpression of CD133 increased IL-1β secretion from 26.23 pg/mL (± 9.28) and 

30.72 pg/mL (± 1.59) in MIA and empty vector (EV), respectively, to 186.8 pg/(± 52.6) 

upon the overexpression of CD133 (Figure 1D). To study if IL1 receptors were 

overexpressed in the CD133hi cells, we estimated the expression of IL1R in MIA PaCa-2, 

EV-MIA and CD133hi-MIA. Our results showed that CD133hi-MIA had much higher 

expression of IL1R compared to the others (Supplementary Figure 1).

IL-1β stimulation increases NF-κB activation, EMT, and invasion

As we have previously demonstrated that CD133 expression activates NF-κB signaling, we 

next evaluated if IL-1β stimulation leads to the activation of NF-κB in pancreatic cancer. 

Exogenous stimulation with IL-1β drastically increased NF-κB activation in control cells, 

with a lesser, but still significant increase in cells overexpressing CD133, which are already 

secreting high levels of IL-1β prior to exogenous stimulation (Figure 2A). This increased 

NF-κB activity upon IL-1β stimulation led to an increase in epithelial-mesenchymal 

transition (EMT) related gene expression (Figure 2B). Then to verify that IL-1β is indeed 

responsible for the increased invasiveness we have previously seen upon the overexpression 

of CD133, exogenous IL-1β treatment was used in low and high doses. An increase in 

Boyden chamber invasion was demonstrated in a dose dependent manner (Figure 2C) 

increasing 3.5 fold (10 ng/mL) to 8.7 fold (100 ng/mL), as compared to unstimulated 

control, with representative images of invaded cells (Figure 2D).
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Inhibition of IL-1 signaling, in the presence of CD133, decreases invasion

Next, to verify that IL-1 signaling is responsible for invasiveness in CD133 expressing cells, 

IL1 antagonist (IL-1RA) was used to block the signaling from the IL-1 receptor. Inhibition 

of IL-1 signaling decreased NF-κB p50 binding activity (Figure 3A). In CD133hi-MIA cells, 

p50 binding to the consensus sequence was 5748 RLU/μg protein (± 238.2), but with 

treatment of IL1RA this was less than 10% of control to 314.7 RLU/μg protein (± 21.75). In 

empty vector control cells, the p50 binding in untreated and IL1RA treated cells was not 

significantly different (2440 RLU/μg protein (± 4.881) and 2048 (± 101.4), respectively).

Inhibition of IL-1 signaling also led to decreased gene expression of several EMT related 

markers: SNAI1, ZEB1, VIM, CDH2 (Figure 3B) in cells overexpressing CD133, with little 

effect on control, empty vector cells. IL-1RA treatment of EV-MIA changed SNAI1 0.893 

fold (± 0.021), ZEB1 1.003 fold (± 0.102), VIM 0.985 fold (± 0.132), and CDH2 0.994 fold 

(± 0.038). Whereas in CD133hi-MIA, these genes were significantly decreased: SNAI1 

0.741 fold (± 0.078), ZEB1 0.725 fold (± 0.035), VIM 0.609 fold (± 0.104), and CDH2 

0.419 fold (± 0.178). Subsequently, this led to a reduction in the protein expression of n-

cadherin and vimentin (Figure 3C).

In S2-013 cells, inhibition of IL-1 signaling by silencing of IL1R1 by siRNA as well as 

treatment of IL1R antagonist led to decreased NF-kB activity (Figures 3D and E). IL1R1 

silencing decreased SNAI1 (0.884 fold ± 0.082), SNAI2 (0.442 fold ± 0.013), TWIST1 

(0.370 fold ± 0.178), VIM (0.462 fold ± 0.052), and CDH2 (0.232 fold ± 0.010), as 

compared to control (Figure 3F), with a similar effect upon IL1R antagonist treatment. 

Additionally, upon treatment with exogenous IL-1Ra, Boyden chamber invasion in CD133hi-

MIA cells was decreased significantly (Figure 3G). In the representative invasion chamber 

images (Figure 3H), not only is the number of invaded cells decreased, but also a loss in 

fibroblast-like morphology can be seen with IL-1RA treatment in cells overexpressing 

CD133.

These data suggest that IL-1 stimulation and downstream signaling in cells expressing high 

levels of CD133 has a greater role in EMT induction and invasion, than in cells expressing 

lower levels of CD133.

IL-1 increases invasiveness through upregulating CXCR4 receptor expression

The CD133+CXCR4+ subset has been identified as an extremely aggressive and invasive 

population among pancreatic TIC. We first examined the expression of CXCR4 in various 

pancreatic cancer cell lines and saw a similar correlation; cell lines with higher CD133 

expression also show an increased CXCR4 expression (Figure 4A). Additionally, 

overexpression of CD133 in MIA PaCa-2, Capan1, and S2-VP10 cell lines, resulted in a 

significant increase in CXCR4 gene expression and surface expression (Figure 4B and C, 

respectively). Inhibition of IL-1 signaling by silencing IL1R1 or treatment with the IL-1 

antagonist, CXCR4 gene expression is decreased in S2-VP10, S2-013 and Capan-1 cell lines 

(Figure 4D). Conversely, stimulation of IL-1 signaling by exogenous IL-1β treatment, led to 

a 3.13 fold (± 0.74) increase in CXCR4 gene expression (Figure 4E). Together, these data 

indicate that CD133 expression upregulates CXCR4 expression through IL-1β stimulated 
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IL-1R signaling. We further suppressed IL1 signaling using a blocking antibody for IL1-β 
and studied the expression of CXCR4. Consistent with above, the gene expression of 

CXCR4 was diminished in this condition indicating that IL1 stimulation and signaling was 

required for CXCR4 activation (Supplementary Figure 2A). We next transfected S2VP10 

cells a super-repressor plasmid for NF-κB in which the NF-kB activity is constitutively 

repressed, and checked the CXCR4 gene expression in this. CXCR4 expression was 

significantly downregulated when NF-kB was repressed (Supplementary Figure 2B). To 

study if IL1-b signaling was indeed instrumental in NF-kB transcriptional activity, we 

blocked IL1-b signaling using the Anti-IL1-b antibody and studied the NF-kB 

transcriptional activity using a Dual Luciferase reporter system. Our results showed that 

when IL1-b signaling was blocked by the antibody there was significantly reduced NF-kB 

activity as well (Supllementary Figure 2C.). This confirmed that IL1-β stimulation activated 

NF-κB activity leading to an upregulation of CXCR4 expression in pancreatic cancer TIC.

IL-1 signaling mediated CXCR4 expression increases invasiveness

Simultaneous CD133 and CXCR4 expression in pancreatic cancer has been shown as a 

metastatic subset of pancreatic cancer cells (6). In addition, this study showed a regulatory 

link between CD133 and CXCR4 expression. We therefore next wanted to examine the 

functional consequence of CD133 expression mediated upregulation of CXCR4.

First we examined the importance of CXCR4 expression in cellular invasiveness. We have 

previously shown that CD133+ cells and cells overexpressing CD133 have increased in vitro 
invasion(7,8). We wanted to further examine this in the context of the CXCR4 ligand, SDF1 

(CXCL12), in in vitro invasion. Overexpression of CD133 increased invasion, with a slight 

increase in invasion when SDF1 is used as the attractant. However, upon overexpression of 

CXCR4 (without CD133 expression) in the absence of SDF1, invasiveness is similar to 

vector controls and there is only an increase in invasiveness when SDF1 is used as an 

attractant (Figure 5A) and shown in representative Boyden chamber images (Figure 5B). 

This effect is inhibited in both cells overexpressing CD133 or CXCR4 when CXCR4 is 

silenced by siRNA (Figure 5C). Further, upon silencing of IL1R1 in cell lines with 

endogenously high CD133 and CXCR4, such as S2-013, we also see a decrease in the extent 

of invasion (Figure 5D). These data indicate that CXCR4 mediated invasion requires the 

expression of both CD133 as well as IL-1 stimulation and downstream signaling.

Tumor mediated macrophage secretion of IL-1β stimulates tumor cell IL-1 signaling

As IL-1β is an important inflammatory mediator of the immune regulation, we next 

examined tumor associated macrophages (TAM) as a potential source of IL-1β tumor 

stimulation. We first assessed macrophage infiltration during tumor initiation and 

progression using the LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre model of spontaneous 

pancreatic cancer. F4/80 staining was used for a marker for macrophages in normal 

pancreas, PanIN, and PDAC sections (Figure 6A). Normal pancreas did not show 

macrophage infiltration, whereas PanIN stages displayed 5.5% macrophages, which 

increased to 14.1% of cells within 6-month old mice with fully developed pancreatic tumors 

(Figure 6B). These tumor associated macrophages showed high levels of IL-1β secretion as 

compared to other cytokines (Figure 6C).
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We further looked at the functional effect these populations have on invasiveness in both 

tumor cells and macrophages. Using conditioned medium from KPC cells as an attractant, 

invasion of macrophages increased 2.2 fold as compared to FBS control. Macrophage 

invasion did not increase when using heat killed KPC conditioned medium as an attractant 

(Figure 6D and E). Further, KPC tumor cell invasiveness increased 2.5 fold using 

macrophage conditioned medium as an attractant (Figure 6F and G).

Taken together, these data indicate that infiltrating macrophages could be a paracrine source 

of IL-1β for the stimulation of pancreatic cancer cells and this interaction increases tumor 

cell invasiveness.

DISCUSSION

The connection between chronic inflammation and cancer has been previously well 

established. Inflammatory signaling has been shown to mediate several stages of tumor 

progression, from initiation to metastasis. A dominant mediator of inflammation, 

interleukin-1, has been implicated in pancreatic cancer as an inducer of invasion and 

metastasis (31). This study demonstrates the importance of IL-1 signaling in EMT and 

invasion in cells with high CD133 expression.

It has not yet been shown that the expression of CD133 in pancreatic cancer leads to an 

upregulation of IL-1β expression or secretion, which we observed in several pancreatic 

cancer cell lines (Figure 1C and D). CD133 expression was previously described to increase 

the invasiveness of cells and we therefore wanted to determine if the increased IL-1β 
secretion upon overexpression of CD133 increased invasion. Exogenous IL-1β stimulation 

in MIA PaCa-2 cell lines showed a dose dependent increase in invasion (Figure 1C).

We have previously established that pancreatic cancer stem cells expressing CD133, have 

high levels of NF-κB signaling as compared to the CD133 negative population within the 

tumor (7). This was also observed upon the overexpression of CD133 in pancreatic cancer 

cells with very low endogenous CD133 levels (8). We next determined that IL-1β 
stimulation did increase NF-κB activity, specifically in control cells secreting little IL-1β as 

compared to a lesser increase in CD133 overexpressing cells with a higher secretion of 

IL-1β (Figure 2A).

To verify that IL-1 signaling was indeed responsible for the increased invasiveness upon 

overexpression of CD133, several different ways of IL-1 signaling inhibition were utilized. 

IL-1 receptor antagonist (IL-1Ra) and IL1R1 siRNA silencing were used to block IL-1R 

signaling in cells overexpressing CD133. This led to a decrease in invasion, NF-κB 

activation, and EMT gene expression (Figure 3), demonstrating that IL-1 signaling was 

important for the activation of NF-κB and downstream events in the presence of CD133 

surface expression.

In cells with high populations of CD133 positive cells, IL-1 signaling is also of importance. 

Inhibition of IL-1 signaling had similar effects as seen with inhibition in cells 

overexpressing CD133 (Figure 3). In addition, gene expression of IL-1β significantly 
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correlates with CD133 expression in several human pancreatic cancer cell lines (Figure 1A). 

Exhibiting an important signaling axis for invasion in pancreatic cancer.

IL-1 signaling in pancreatic cancer has not yet been described in the context of cancer stem 

cells or CD133 function in invasion. This study demonstrates the upregulation of gene 

expression and secretion of IL-1β upon the expression of CD133, and the importance of 

IL-1 signaling in CD133 positive cells in the context of EMT induction and invasion.

Clinically, blockade of interleukin signaling and specifically IL-1β signaling is standard care 

in autoimmune disease patients or patients with lymphomas. One specific treatment is the 

endogenous IL-1 receptor antagonist (IL-1Ra), anakinra (KineretTM), which was FDA 

approved for use in rheumatoid arthritis in 2001 (36,37). Recently, Zhuang et al described 

the use of anakinra in an orthotopic, xenograft model of pancreatic cancer in combination 

with gemcitabine treatment(38). Anakinra treatment at a concentration of 1.5 mg/kg i.p. did 

show some efficacy, but not complete regression of the tumors. This indicates the 

importance of IL-1 signaling for tumor growth, however, tumor progression in vivo must 

still be elucidated. Their data, in combination with this study indicates that IL-1 stimulation 

is essential for tumor cell invasion.

Another pathway altered by IL-1 stimulation is the activation of COX2 by IL-1β stimulation, 

which was shown to confer chemoresistance in pancreatic cancer. This study indicates the 

IL-1 signaling has a greater effect on cells expressing CD133 and perhaps this previously 

described mechanism may contribute to the higher chemoresistance characteristics in 

pancreatic cancer stem cells (39).

Our results in this study indicate that IL-1 signaling may be an important mediator of 

epithelial-mesenchymal transition induction and invasiveness in pancreatic cancer stem cells 

and could be a valuable signaling pathway to target for treatment of pancreatic cancer.

Tumor Initiating Cells (TICs) are typically present in hypoxic niches of the tumor. Our 

previous studies have demonstrated that the microenvironment actually plays a role in 

enriching for the CD133+ cells(40). Our current study showed that macrophage infiltration 

into the pancreas increases with tumor progression (Figure 6A). These pancreatic cancer 

associated macrophages secrete a large amount of IL-1β (Figure 6C) in addition to several 

other cytokines, providing a paracrine source of IL-1 stimulation for pancreatic tumor cells 

in the tumor microenvironment.

Since the TICs typically have a high expression of IL1 receptors compared to the non-TICs 

(Supplementary Figure 1A), the paracrine IL1-β activates the NF-κB pathway in these cells 

to a greater extent, thereby resulting in increased invasion and metastasis (Figure 6H). Once 

NF-kB is activated within the cells, a feed-forward loop is triggered in which the autocrine 

IL1-β mediated signaling is activated.

This study demonstrates the important role of tumor and macrophage derived IL-1β 
stimulation in pancreatic cancer. IL-1 signaling is increased in cells with CD133 expression, 

leading to increased NF-kB activity, EMT induction, and invasion. Further, increased 

invasiveness via IL-1β stimulation is mediated by the upregulation of CXCR4 expression. In 
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conclusion, we show the importance of IL-1 in the activation of NF-κB signaling and 

invasion in pancreatic cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications

This study demonstrates the important role of tumor- and macrophage-derived IL-1β 
stimulation in pancreatic cancer. IL-1 signaling is increased in cells with CD133 

expression, leading to increased NF-kB activity, EMT induction, and invasion. Increased 

invasiveness via IL-1β stimulation is mediated by the upregulation of CXCR4 expression. 

The study highlights the importance of IL1-mediated signaling in tumor-initiating cells.
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Figure 1. IL-1β expression and secretion increases with CD133 expression
(a) Positive correlation of CD133 and IL-1β gene expression in several established 

pancreatic cancer cell lines p<0.0001 (linear regression). (b) IL-1β gene expression in the 

CD133− and CD133+ sorted populations of KPC tumor cells * p<0.05 (unpaired t-test). (c) 

Increased IL-1β gene expression upon overexpression of CD133 in MIA PaCa-2 cells 

*p<0.05 as determined by analysis of variance (ANOVA). (d) Increased IL-1β secretion 

upon overexpression of CD133 in MIA PaCa-2 cells *p<0.05 as determined by analysis of 

variance (ANOVA). Each bar is representative of three or more independent experiments; 

error bars are represented in s.e.m.
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Figure 2. IL-1β stimulation increases NF-κB, EMT, and invasion
(a) Exogenous IL-1β stimulation increases NF-κB activity, as seen by p50 DNA binding in 

MIA PaCa-2, empty vector, and CD133 overexpressing cells. (b) Exogenous IL-1β 
stimulation increases EMT gene expression in MIA PaCa-2 cell line. * p<0.05 (unpaired t-

tests). (c) Exogenous IL-1β stimulation increases in vitro Boyden chamber invasion in MIA 

PaCa-2 *p<0.05 as determined by analysis of variance (ANOVA) and (d) representative 

images of invaded cells. Each bar is representative of three or more independent 

experiments; error bars are represented in s.e.m.
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Figure 3. Inhibition of IL-1 signaling, in the presence of CD133, decreases invasion
(a) Blocking IL-1 signaling with IL-1R antagonist decreases NF-κB in cells with high 

CD133 as compared to MIA PaCa-2 * p<0.05 (unpaired t-tests). (b) Gene expression of 

EMT transcription factors and mesenchymal markers upon silencing of IL1R1 in both EV-

MIA and CD133hi-MIA * p<0.05 (unpaired t-tests). (c) Mesenchymal marker expression in 

CD133hi-MIA upon silencing of IL1R1. NF-κB activity upon (d) IL1R1 silencing *p<0.05 

as determined by analysis of variance (ANOVA) and (e) IL-1R antagonist * p<0.05 

(unpaired t-test). (f) Silencing of IL1R decreases EMT gene expression * p<0.05 (unpaired 

t-tests). (g) IL1R antagonist decreases cellular invasiveness * p<0.05 (unpaired t-tests), (h) 

including representative membrane photos. Each bar is representative of three or more 

independent experiments; error bars are represented in s.e.m.
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Figure 4. IL-1 increases invasiveness through upregulating CXCR4 receptor expression
(a) CXCR4 gene expression in several established PDAC cell lines. Increased CXCR4 upon 

CD133 expression of (b) gene expression *p<0.05 as determined by analysis of variance 

(ANOVA) and (c) surface expression by flow cytometry *p<0.05 as determined by analysis 

of variance (ANOVA). (d) Decreased CXCR4 gene expression upon blocking IL1R 

signaling through IL1R1 siRNA and IL1Ra *p<0.05 as determined by analysis of variance 

(ANOVA). (e) Increased CXCR4 expression in MIA PaCa-2 with IL-1β stimulation * 

p<0.05 (unpaired t-test). Each bar is representative of three or more independent 

experiments; error bars are represented in s.e.m.
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Figure 5. IL-1 signaling mediated CXCR4 expression increases invasiveness
(a) Increased invasion with SDF1 stimulation in CD133 and CXCR4 over expressing cell 

lines *p<0.05 as determined by analysis of variance (ANOVA). (b) and representative 

images of invaded cells. (c) Silencing of CXCR4 in CD133 overexpressing cells and 

CXCR4 overexpressing cells with SDF1 gradient *p<0.05 as determined by analysis of 

variance (ANOVA). (d) Silencing IL1R1 in S2-013 cell line decreased invasion in the 

presence of SDF1 gradient *p<0.05 as determined by analysis of variance (ANOVA). Each 

bar is representative of three or more independent experiments; error bars are represented in 

s.e.m.

Nomura et al. Page 18

Mol Cancer Res. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Tumor mediated macrophage secretion of IL-1β stimulated tumor cell IL-1 signaling
(a) Immunofluorescence images of KPC pancreatic cancer progression stained with F4/80. 

(b) Quantification of macrophage infiltration in KPC tumor images *p<0.05 as determined 

by analysis of variance (ANOVA). (c) Cytokine profile from KPC tumor. (d) Increased 

macrophage invasion using conditioned medium from KPC cell line and heat killed 

conditioned medium *p<0.05 as determined by analysis of variance (ANOVA). with (e) 

representative images of invaded macrophages. (f) Increased invasion of KPC cells using 

conditioned medium from macrophages * p<0.05 (unpaired t-test). with (g) representative 

images of invaded KPC cells. Each bar is representative of three or more independent 

experiments; error bars are represented in s.e.m. (h) Schematic diagram demonstrating that 

CD133hi cells have increased IL1R1 levels and thus have increased IL1-b (secreted by 

infiltrating macrophages) mediated paracrine signaling. This results in increased NF-kB 

activity in the CD133 hi cells leading to a feed-forward loop of IL1 signaling in a autocrine 

manner as well as increased expression of CXCR4 and EMT genes.
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