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Abstract

Purpose: Constitutive NF-kB activation is identified in about

70% of pancreatic ductal adenocarcinoma (PDAC) cases and is

required foroncogenicKRAS-inducedPDACdevelopment inmouse

models. We sought to determine whether targeting IL-1a pathway

would inhibit NF-kB activity and thus suppress PDAC cell growth.

Experimental Design: We determined whether anakinra, a

human IL-1 receptor (rhIL-1R) antagonist, inhibited NF-kB acti-

vation. Assays for cell proliferation, migration, and invasion were

performed with rhIL-1R antagonist using the human PDAC cell

linesAsPc1, Colo357,MiaPaCa-2, andHPNE/K-rasG12V/p16sh. In

vivo NF-kB activation–dependent tumorigenesis was assayed

using an orthotopic nude mouse model (n ¼ 20, 5 per group)

treated with a combination of gemcitabine and rhIL-1RA.

Results: rhIL-1R antagonist treatment led to a significant

decrease in NF-kB activity. PDAC cells treated with rhIL-1R

antagonist plus gemcitabine reduced proliferation, migration,

and invasion as compared with single gemcitabine treatment. In

nude mice, rhIL-1R antagonist plus gemcitabine significantly

reduced the tumorburden (gemcitabine plus rhIL-1RAvs. control,

P ¼ 0.014).

Conclusions: We found that anakinra, an FDA-approved

drug that inhibits IL-1 receptor (IL-1R), when given with or

without gemcitabine, can reduce tumor growth by inhibiting

IL1a-induced NF-kB activity; this result suggests that it is a

useful therapeutic approach for PDAC. Clin Cancer Res; 22(6);

1432–44. �2015 AACR.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth lead-

ing cause of cancer death in the United States (1, 2). Mutational

activation of KRAS is detected in almost 90% of PDAC cases (2).

Recent studies have shown that mutant KRAS is required not

only for the initiation of PDAC but also for maintaining the

tumorigenic phenotype (3, 4). We previously identified the

KRASG12D-induced constitutive NF-kB in PDAC cells and patient

samples (5, 6). Our recent study demonstrated that NF-kB acti-

vation is required for mutant KRAS to induce PDAC (6).

As targeting mutant RAS proteins directly with small-molecule

inhibitors has so far proved unsuccessful, one of the ideas is to

identify key signaling pathways that function downstream of RAS

and that inhibiting such signaling pathways may lead to tumor

suppression (7, 8). NF-kB represents an important signaling

pathway that is required by mutant KRAS in PDAC development

(6). NF-kB transcription factors are involved in the regulation of

cell proliferation, apoptosis, and inflammatory responses and in

the stimulation of invasion and metastasis to promote multiple

aspects of cancer development and progression (9). Some of the

proinflammatory factors, such as IL-1 and TNFa, are regulated by

NF-kB, also potent inducers of NF-kB, and strongly associated

with most types of PDAC (10). For example, we showed that

oncogenic KRAS activates NF-kB constitutively through the IL-1a

autocrine mechanism in vivo (6), and overexpression of EGFR in

PDAC induced IL-1a expression through AP-1 activity (10).

Autocrine stimulation of IL-1a induced the constitutive activation

of NF-kB (11). Furthermore, a number of chemotherapy agents,

such as gemcitabine, a standard of care for PDAC (12), are able to

activate NF-kB in pancreatic cancer cells and result in chemore-

sistance. Thus, NF-kB has been proposed as a target for PDAC.

NF-kB inhibitionwithnonspecific or specific inhibitors, such as

glucocorticoids, natural products, is an attractive approach to

cancer treatment (13). NEMO (IKKg) or NF-kB essential mod-

ulator (NEMO) is a target that can be blocked by a cell-permeable
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NEMO-binding domain, inhibiting cell growth by downregulat-

ing NF-kB activation and NF-kB–dependent gene expression

(14). Previous studies in our laboratory showed that inhibition

of TAK1 kinase activity decreased the activation of the transcrip-

tion factors NF-kB and AP-1 in vivo and may be a valid method of

reducing the intrinsic chemoresistance of PDAC (15). Taken

together, these studies suggest that NF-kB signaling pathway is

a therapeutic target for inhibiting PDAC growth.

Systematic inhibition of NF-kB may cause severe side effects

(9); thus, how to target NF-kB requires substantially more

research before it is ready to be tested in clinical trials. One

potential approach is to target IL-1 receptor (IL-1R), as it serves

as a mechanistic link to mutant KRAS-induced NF-kB activation.

Therefore, IL-1R antagonist, an FDA-approved drug for certain

autoimmune diseases, may inhibit NF-kB activation by targeting

the IL-1R (16) and may be useful clinically as a treatment for

PDAC (17).

The aim of this study was to identify a novel therapeutic

approach that targets key signaling pathways that function down-

streamof RAS and to determinewhether inhibiting such signaling

pathways may lead to tumor suppression of PDAC cells in

orthotopic xenograft mouse model. We found that rhIL-1RA

significantly reduced the tumorigenesis in PDAC cells and resis-

tance of PDAC to chemotherapeutic agents both in vitro and

in vivo.

Materials and Methods

Cell lines and reagents

The human PDAC cell lines AsPc1 and MiaPaCa-2 were pur-

chased from the American Type Culture Collection. The Colo357

cell line was obtained from the laboratory of Dr. Isaiah J. Fidler.

HPNE cell line was obtained from Dr. James W. Freeman at the

University of Texas Health Science Center at San Antonio (Texas;

ref. 18). Our lab built the HPNE/KRASG12v/P16sh cell line

as previously reported (19). KRAS/P53m/þ cell line was estab-

lished from PDAC found in pancreas of Pdx1-cre/KRASLSL-G12D/

p53LSL-R273H mice. Four low-passage PDX cells were obtained

from Dr. Fleming's lab. All cell lines used in this study were

maintained as monolayer cultures in DMEM (Caisson Labs, Inc.)

that contained L-glutamine and 15 mmol/L HEPES and were

supplemented with 10% heat-inactivated FBS and penicillin

(100 IU/mL) and streptomycin (100 mg/mL) in an atmosphere

of 5% carbon dioxide at 37�C. Anakinra, which was purchased

from SOBI, is an rhIL-1R antagonist that is recommended for

rheumatoid arthritis and cryopyrin-associated periodic syn-

dromes. In general, 10 ng/mL of IL-1a is used to activate NF-kB.

IL-1R antagonist is the most important regulatory molecule for

IL-1a activity, and it is usually produced in a 10- to 100-foldmolar

excess (20). Becauseof the short half-life of IL1Rantagonist,which

is about 4 to 6 hours, we used 1,000-fold molar excess for

complete inhibition in vitro experiments. A total of 1.5 mg/kg

was used in orthotopic xenograft model of PDAC. This dosage is

converted fromhumanusage (100mg/daily), and this conversion

is based on the table in other research (21). Gemcitabine hydro-

chloride was purchased from SIGMA, Inc. N-acetyl-L-cysteine

(NAC) was used to inhibit the ROS (Cell Signaling Technology).

VivoGlo luciferin, in vivo grade (Promega, Inc.), is the potassium

salt of D-luciferin, the firefly luciferase substrate that is capable of

generating light when a suitable model is used. Isoflurane, liquid

for inhalation, ismanufacturedbyBaxterHealthcareCorporation.

Western blot analysis

The cell lysates from all human PDAC cell lines were lysed in

radioimmunoprecipitation assay protein lysis buffer. The nuclear

extracts were prepared according to the method of Andrews and

Faller (22). Briefly, cells are pelleted for 10 seconds and resus-

pended in 400mL cold Buffer A (10mmol/LHEPES-KOH, pH7.9,

at 4�C, 1.5 mmol/L MgCl2, 10 mmol/L KCl, 0.5 mmol/L dithio-

threitol, 0.2 mmol/L PMSF) by mixing with a vorex. The cells are

set on ice for 10 minutes for swelling and then vortexes for

10 seconds, are centrifuged for 10 seconds, and the supernatant

fraction is saved as crude cytoplasm extract. The pellet is resus-

pended in 20 to 100 mL (according to starting number of cells) of

cold Buffer C (10 mmol/L HEPES-KOH, pH 7.9, 25% glycerol,

420 mmol/L NaCl, 1.5 mmol/L MgCl2, 0.2 mmol/L EDTA, 0.5

mmol/L dithiothreitol, 0.2 mmol/L PMSF) and incubated on ice

for 20 minutes for high-salt extraction. Nuclear extracts are

collected and cleared by centrifugation. The SDS-PAGE gel/West-

ern blot analysis were performed according to the method of

Burnette (23) and Towbin and colleagues (24). A total of 30 mg of

protein extracts was loaded to each lane for electrophoresis then

transferred to nylon membranes (Immobilon-P; Millipore) to

detect NF-kB, the phosphorylation of, NF-kB, TAK-1 phosphor-

ylation of, TAK1, cleaved caspase-3, PARP, cyclin D1, and Tab1

(Cell Signaling Technology), IL-1a, ERK phosphorylation, ERK,

caspase-3, and IkBa (Santa Cruz Biotechnology).

PCR analysis

Total RNA was extracted from mouse tail tissue. RNA quality

and quantity were measured using an ND-2000 spectrophotom-

eter (Nanodrop). cDNAwas synthesized using the PrimeScript RT

Master Mix (Bio-Rad). cDNA (20 ng) was subjected to PCR with

SYBR reagents and the IQ5 PCR system (Bio-Rad). The following

primers were used: IL-1a MT primer, forward: 50-CTTGGCCA-

TACTGCAAAGGTCATG-30 and reverse: 50-GAGGTGCTGTTT-

CTGGTCTTCACC-30; and IL1a wild-type (WT) primer, forward:

50-ATTGTGAAAAGCCAGGGATG-30 and reverse: 50-CGTCAGG-

CAGAAGTTTGTCA-30.

Translational Relevance

KRAS mutation is found in almost 90% of pancreatic

cancers. Modeling pancreatic cancer in mice with oncogenic

KRAS recapitulated key features of the pathogenesis of this

disease. Several recent studies have shown that NF-kB activa-

tion is required for oncogenic KRAS-driven pancreatic ductal

adenocarcinoma (PDAC), as NF-kB inhibition led to tumor

suppression. However, systematic inhibition of NF-kB will

also affect function of normal cells, such as T cells, leading to

complications when NF-kB inhibitors are used in treatment.

Our results show that IL1a overexpression functions as a

mechanistic link between constitutive activation of NF-kB and

mutant KRAS in PDAC patients. IL-1a is targeted by an FDA-

approved IL-1 receptor (IL-1R) antagonist as treatment for

autoimmune disorders. On the basis of our findings and the

existence of an IL-1R antagonist, pharmacologically targeting

IL-1a overexpression by blocking IL-1R may improve PDAC

patient survival.

Inhibition of Pancreatic Cancer by RhIL1RA
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MTT assay for measuring proliferation. AsPc1 PDAC cells were

seeded in 96-well plates (3 � 103 cells/well). After 12 hours,

attached cells were treated with different concentrations of gem-

citabine or rhIL-1R antagonist. Drug-treated cells were analyzed

after being incubated for 24, 48, 72, or 96 hours. Next, a 5mg/mL

MTT solution was added to the cultures for an additional 3 to 4

hours. Finally, themedium containingMTTwas aspirated off, and

100 mL of DMSO solution was added. Living cells formed crystals

because of the presence of MTT. The absorbance of crystals

dissolved by DMSO was read at 490 nm by an immunosorbent

instrument.

Flow cytometry assay for measuring apoptosis. AsPc1 PDAC cells

were incubated in 6-well dishes for 48 hours. Cells were washed

twice with cold PBS and then resuspended in 1� binding buffer

(0.1 mol/L Hepes, pH 7.4, 1.4 mol/L NaCl, 25 mmol/L CaCl2)

at a dose of 1 � 106 cells/mL. Next, 100 mL of the solution (1 �

105 cells) was transferred to a 5-mL culture tube, and 5 mL

propidium iodide (BD Pharmingen, Inc.) and 5 mL APC

Annexin V (BD Pharmingen, Inc.) were added. The cells were

gently vortexed and incubated for 15 minutes at 25�C in the

dark. After the tubes had been incubated, 400 mL of 1� binding

buffer was added; the tubes were analyzed by flow cytometry

within 1 hour.

Colony-formation assay. Using 6-well dishes, AsPc1 PDAC cells

were cultured at 500 cells per well. They were then treated with

5 mg, 10 mg, or 20 mg/mL rhIL1RA, with or without 10 mmol/L of

gemcitabine, for 2 weeks. A statistical analysis was performed by

counting the number of colonies that were fixed with formalin

(Sigma)within 30minutes and stainedwith crystal violet (Sigma)

within 1 hour.
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Figure 1.

Blocking the NF-kB–regulated IL-1a

feed-forward loop with rhIL1RA

decreased NF-kB and ERK pathway

expression levels in vitro. A, Western

blot analysis to determine the

expression levels of phosphorylated

P65 and P65 in different human PDAC

proteins (right); the length of the bar

indicates that there was high

expression of phosphorylated P65 in

human PDAC proteins (left). B,

Western blot analysis to determine

the expression of phosphorylated

P65 and P65 in total cell lysates of the

AsPc1 cell line, treated with rhIL1RA

(left). Expressions of phosphorylated

P65 and P65 in the nuclear extract in

an AsPc1 cell line, as assayed by

Western blot analysis (right). C,

Western blot analysis showed the

changes of P65 expression of AsPc1

cell line treated with IL-1a and rhIL-1R

antagonist (left). P65 expression

increased after stimulation with 10

ng/mL IL1 factor. After treatment for

4 hours, the expression of

phosphorylated P65 decreased at

doses of 10 and 20 mg/mL (right). D,

Western blot analysis showed the

changes of phosphorylated ERK

expression of AsPc1 cell line treated

with rhIL1R antagonist (left). The

expression of phosphorylated ERK

decreased with increasing doses of

rhIL-1RA (right).
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Matrigel invasion test.AsPc1 PDACcells in 24-well dishes (1�105

cells/well) were treated with 10 mmol/L of gemcitabine, with or

without 5, 10, or 20 mg/mL of rhIL1R antagonist overnight. The

invasion capability was observed on a Biocoat Matrigel (a soluble

basement membrane) invasion chamber (Fisher Scientific).

Wound-healing assay. AsPc1 PDAC cells were cultured on 6-well

plates (3 � 105 cells/well) until the cells were confluent. The

monolayers were scratched horizontally with a 1-mL pipette tip.

The media were replaced after the dislodged cells were aspirated

and cleaned. The AsPc1 cells were then incubated with 10 mmol/L

of gemcitabine, with or without 5 mg, 10 mg, or 20 mg/mL rhIL-1R

antagonists. The cells were incubated overnight; cell invasion was

observed and images were photographed in each well using a

phase contrast–inverted microscope.

TUNEL assay. Slices of AsPc1 PDAC tissue were stained by the

terminal deoxynucleotidyl transferase–mediated dUTP nick end
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Figure 2.

NF-kBand ERKpathway changes in vitro

after treatment with gemcitabine. A,

Western blot analysis to determine the

expression of phosphorylated P65 and

P65 in total cell lysates of AsPc1 cells

after treatment with gemcitabine (left);

Western blot analysis to determine the

expression of phosphorylated P65 and

P65 in nuclear extracts in the AsPc1 cell

line (right). B, Western blot analysis

showed the changes of IL-1a expression

in AsPc1 treated with gemcitabine (top

left). The bar table showed IL-1a

expression increased after the activated

NF-kB was treated with gemcitabine

(top right); Western blot analysis

showed phosphorylated ERK and ERK

expressions in AsPc1 cells treated with

gemcitabine (bottom left). The bar table

showed gemcitabine increased

phosphorylated ERK and ERK

expressions inAsPc1 cells (bottom right).

C, Western blot analysis showed the

changes of expression of NF-kB in AsPc1

cells (left). The bar table showed rhIL-1R

antagonist decreased the expression of

NF-kB in AsPc1 cells treated with

gemcitabine combined with rhIL-1R

antagonist (right). D, NF-kB pathway

and the cell-cycle effect, as assayed by

Western blot analysis in ASPC1 cells

treated with gemcitabine and rhIL-1RA

(left); expression of ERK, as assayed by

Western blot analysis, in AsPc1 cells

treatedwith gemcitabine combinedwith

rhIL-1RA (right).
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Figure 3.

Apoptosis of AsPc1 cells after blocking the NF-kB–regulated IL-1a feed-forward loop and treatment with gemcitabine in vitro. A, cell growth was assessed by

the MTT assay. The growth of AsPc1 cells treated with rhIL-1RA daily was significant slowly compared with control group (left, � , P¼ 0.002); gemcitabine combined

with rhIL-1RA decreased AsPc1 cell proliferation significantly (right). (Continued on the following page.)
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labeling (TUNEL) assay using the Situ cell death detection Kit

and fluorescein (Roche Diagnostics) to evaluate apoptosis induc-

tion. The number of TUNEL-positive cells was counted and

photographed.

Histologic and immunohistochemical analyses. The PDAC tissues

were excised 1 day after the end of treatment. Formalin-fixed,

paraffin-embedded tissue sections were subjected to immunos-

taining using the streptavidin–peroxidase technique, with diami-

nobenzidine as a chromogen. Hematoxylin and eosin (H&E) and

immunohistochemical analyses were conducted according to

standard procedures. For antigen retrieval, the sections were

subjected to heat in 0.01 mol/L citrated buffer. Sections were

incubated at 4�C overnight with the primary rabbit anti-human

monoclonal antibody anti–NF-kB phos-p65 (Cell Signaling

Technology; 1:100 dilution), the primary mouse anti-human

monoclonal antibody anti–p-ERK (Santa Cruz Technology;

1:150 dilution), or the primary mouse anti-human monoclonal

antibody anti-Ki67 (NeoM; 1:200 dilution). Slides were washed

in Tris-buffered saline buffer and incubated for 30 minutes with

the appropriate horseradish peroxidase–conjugated secondary

antibody before being counterstained with Meyer's hematoxylin

(Peroxidase Detection System; Leica Microsystems, Inc.). To

ensure antibody specificity, consecutive sections were incubated

with isotype-matched control immunoglobulins and no primary

antibody. The expression levels of Ki67, activated p65, and ERK

were detected as nuclear brown staining of varying intensities in

neoplastic cells. The slides were evaluated independently using

light microscopy.

PDAC orthotopic xenograft model. Twenty 4- to 6-week-old male

athymic nudemice (NCI-nu), whichweighed approximately 24.9

to 33.0 g, were purchased from the Animal Production Area of the

National Cancer Institute-Frederick Cancer Research Facility (Fre-

derick, MD). Five 4- to 6-week-old male WTmice were purchased

from The Jackson Laboratory, Inc. An additional 5 male IL-1a�/�

mice were purchased from the Laboratory Animal Research Cen-

ter, Institute of Medical Science, University of Tokyo (Tokyo,

Japan).

All mice were housed and treated in accordance with the

guidelines of The University of Texas MD Anderson Cancer

Center's Animal Care and Use Committee and were maintained

in specific pathogen-free conditions. The facilities were approved

by theAssociation forAssessment andAccreditationof Laboratory

Animal Care; they meet all current regulations and standards of

the US Departments of Agriculture and Health and Human

Services and the NIH.

For the nude mouse orthotopic xenograft model, AsPc1

PDAC cells were harvested in PBS with 20% Matrigel (Fisher

Scientific). Tumor cells (1.0 � 106 cells in 50 mL of PBS) were

then injected subcapsularly into the pancreatic tissue of nude

mice, under the spleen. We used 1-mL syringes and 30-gauge

needles (Hamilton Company) to inject AsPc1 PDAC cells.

Wound clips (Braintree Scientific, Inc.) were used to close the

abdominal incisions and were removed after the incisions had

healed, about 10 days later. For the in vivo studies, 1.5 mg/kg

i.p. rhIL-1R antagonist and 25 mg/kg i.p. gemcitabine, diluted

with PBS, were used to treat the nude mice daily for 4 weeks. All

mice were weighed weekly and observed for tumor growth

during the 4-week treatment. A cryogenically cooled IVIS 100

imaging system was used to detect the orthotopic xenograft

tumor size as emitted photons collected and sent through a

camera to a data acquisition computer running Living Image

Software (Xenogen).

For the genetically engineered mouse orthotopic xenograft

model, KRAS/p53m/þ mouse tumor cells were harvested in PBS

with 20%Matrigel. The injectionmethod was the same as that for

the nude mouse orthotopic xenograft model. After 3 weeks, all

mice were euthanized by carbon dioxide inhalation, and the

tumor tissues were dissected.

Statistical analysis. All statistical analyses were conducted using

SPSS 19.0 software. The significance of the data was determined

using a paired or independent sample t test. For error bars in all

experiments, values represent the mean �SD, as determined by

GraphPad Prism 5 software (GraphPad Software). All statistical

tests were two-sided, and P < 0.05 was considered statistically

significant.

Results

Inhibition of IL-1R activation downregulates NF-kB and IL-1a

autocrine stimulation of PDAC cells

In a panel of nine human PDAC cell lines and two immortal-

ized human pancreatic epithelial cell lines (HPNE and HPNE/

Vec), we observed high levels of phosphorylated p65NF-kB,

indicating that NF-kB is activated in these PDAC cell lines (Fig.

1A). This is consistentwith the electrophoreticmobility shift assay

results from our previous study (6, 25). Our recent study showed

that theNF-kB–regulated IL1a feed-forward loopwas essential for

inducing and sustaining constitutive NF-kB activation in PDAC

cells expressing mutant KRAS (6). To verify whether inhibition of

the IL-1a autocrine stimulation suppressed NF-kB activation, we

treated AsPc1 cells with rhIL-1R antagonist. NF-kB activity was

reduced in cells treated with rhIL-1RA at doses of 5, 10, and 20

mg/mL for 4 hours (Fig. 1B, left) and in the nuclear extract of AsPc1

cells (Fig. 1B, right). Even when stimulated by IL-1a (10 ng/mL),

NF-kB activation in AsPc1 cells was suppressed by rhIL-1RA at

doses of 10 and 20 mg/mL (Fig. 1C). We also treated 4 PDX cell

lines with rhIL-1RA at doses of 5, 10, and 20 mg/mL, and the

phosphorylatedNF-kBwas inhibited by rhIL1RA (Supplementary

Fig. S1). In addition, we found that activation of phosphorylated

ERK was inhibited by rhIL-1RA at 4 hours (Fig. 1D). Taken

(Continued.) Gemcitabine and rhIL-1RA vs. control, �� , P ¼ 0.013. B, cell proliferation was assessed by the colony-formation test. Error bar, cell colony formation

slowed in AsPc1 cells after treatment with rhIL1RA daily compared with in the control (P ¼ 0.001, left). Gemcitabine and rhIL-1RA influenced colony formation

more significantly than did gemcitabine alone (P < 0.001, right). C, flow cytometry analysis of the Annexin V staining assay. The ratio of Q2þQ4 in the AsPc1 cell line

(Ctrl: 2.1%; rhIL-1RA: 1.9%; gemcitabine: 8%; gemþrhIL-1RA: 8.7%); the ratio of Q2þQ4 in the MiaPaca2 cell line (Ctrl: 2.4%; rhIL-1RA: 1.9%; gemcitabine: 14.2%;

GemþrhIL-1RA: 16%); and the ratio of Q2þQ4 in the Colo357 cell line (Ctrl: 2.6%; rhIL-1RA: 5.1%; gemcitabine: 5.6%; GemþrhIL-1RA: 9.3%). rhIL-1RA can be

combined with gemcitabine to increase PDAC cell apoptosis. D, assay of the Matrigel invasion chamber test showed reduced migration and invasion of AsPc1

cells treated with IL1a and rhIL-1RA (top). Assay of the Matrigel invasion chamber test showed reduced migration and invasion of AsPc1 cells treated with

gemcitabine and rhIL-1RA (lower).
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together, these results demonstrate that inhibition of IL1R activity

is able to decrease NF-kB activity and IL-1a expression of PDAC

cells, suggesting that IL-1R is a potential surrogate therapeutic

target for NF-kB.

Gemcitabine induced NF-kB and ERK activity in PDAC cells

To demonstrate whether gemcitabine-activated NF-kB can be

inhibited by rhIL-1RA, we initially treated the AsPc1 cell line with

three different doses of gemcitabine (5, 10, and 20 mmol/L) for 4

hours. We found an increase in phosphorylated NF-kB levels in

the whole-cell and nuclear extracts of gemcitabine-treated AsPc1

cells (Fig. 2A), which is consistent with the previous study that

shows gemcitabine inducesNF-kB activation (26). To confirm the

involvement of ROS in the activation of NF-kB, we detected NF-

kB activation status and found suppression in AsPc1 cells incu-

bated with NAC 1 hour prior to gemcitabine treatment (Supple-

mentary Fig. S2A). In Colo357 and MiaPaCa-2 cells treated with

gemcitabine, NF-kB phosphorylation was also increased (Sup-

plementary Fig. S2B and S2C). Importantly, IL1a was overex-

pressed in a number of these human PDAC cells, such as AsPc1

cells treated with gemcitabine, congruous with the NF-kB–regu-

lated IL-1a feed-forward loop (Fig. 2B, top; ref. 6). We also

observed an increase of ERK phosphorylation, which is inducible

by IL-1 inAsPc1 cells treatedwith gemcitabine for 4hours (Fig. 2B,

bottom). To determine whether rhIL-1RA can inhibit NF-kB

activation to modulate gemcitabine chemoresistance, we treated

AsPc1 PDAC cells with 10 mg/mL rhIL-1R antagonist in combi-

nationwith 10mmol/L of gemcitabine.We found constitutiveNF-

kB activity inhibited by rhIL-1RA, and the gemcitabine-induced

NF-kB activation was substantially reduced in gemcitabine- and

rhIL-1R antagonist–treated group (Fig. 2C). To determine wheth-

er a key IL-1R signaling node, such as TAK1, is involved in

gemcitabine-induced NF-kB activation, we examined activation

status of TAK1 and ERK. The results showed that the activated

or phosphorylated TAK1 was substantially reduced by rhIL1R

antagonist, and the gemcitabine-induced TAK1 activation was

inhibited in rhIL-1R antagonist–treated AsPc1 cells (Fig. 2D). The

expression of Tab1 did not significantly change with and without

gemcitabine and rhIL-1RA (Fig. 2D, left). Furthermore, our results

show that ERK activation was inhibited by rhIL-1R antagonist,
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Figure 4.

Inactivation of the NF-kB-regulated

IL-1a feed-forward loop and

treatment with gemcitabine

decreased tumorigenesis in AsPc1

cells in the orthotopic mouse model.

A, tumor progression timeline with

experimental treatment time points.

Nude mice were treated with

25 mg/kg gemcitabine twice per

week and/or with 1.5 mg/kg rhIL-1RA

daily in total 4-week treatment. B, a

digital gray-scale image of each

mouse was acquired, which was

followed by the acquisition and

overlay of a pseudocolor image that

represented the spatial distribution of

detected photons emerging from

active luciferase in the nude mice at

1, 14, and 28 days after treatment.

C, error bar shows that the

bioluminescence imaging value of

in vivo tumor growthwas significantly

lower in mice treated with

gemcitabine and rhIL-1RA than in the

control and gemcitabine groups

(P ¼ 0.002; P ¼ 0.019). D, there

was no significant weight loss

in 20 athymic mice.
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Figure 5.

Expression of cell proliferation–associated genes and inactivation of the NF-kB–regulated IL1a feed-forward loop. A, immunohistochemical analysis of serial

paraffin-embedded sections fromAsPc1 tumors and normal pancreatic tissues, treated as indicated, were stained with antibodies to Ki67, ERK phosphorylation, and

the active P65 subunit of NF-kB. A TUNEL apoptosis analysis was performed by staining AsPc1 tumors and normal pancreatic tissues. B, representative

micrographs show the histopathologic features by H&E staining. C, the error bars showed that Ki67, phosphorylated Erk, and phosphorylated P65 expressions in the

group treated with gemcitabine and rhIL-1RA were significantly downregulated compared with that in the control and gemcitabine groups. The error bar

showsmore apoptotic cells in AsPc1 tumor tissue treatedwith gemcitabine and rhIL-1RA, as detected by the TUNEL assay, than in the control andgemcitabine groups

(P < 0.001; P ¼ 0.001). D, Western blot analysis showed the expression of phosphorylated P65 and P65 in a total cell lysate of AsPc1 tumor tissue in each

mouse (left). Error bars showed that phosphorylated P65 expression in the group treatedwith gemcitabine and rhIL-1RAwas significantly downregulated compared

with that in the control and gemcitabine groups (P ¼ 0.044; P ¼ 0.048, right).
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but gemcitabine-induced activation of ERK was not reduced in

AsPc1 PDAC cells after treatment with rhIL1R antagonist. The

Colo357, MiaPaCa-2, and HPNE/KRASG12V/p16sh cell lines were

treated with rhIL-1R antagonist (10 mg/mL) for 4 hours to confirm

suppression of phosphorylated NF-kB (Supplementary Fig. S1D–

S1F). These results suggest that the inhibition of IL-1R by rhIL-1RA

not only reduced IL-1a autocrine stimulation-induced NF-kB

activation but also decreased gemcitabine-induced NF-kB

activation.

Inhibition of the NF-kB–regulated IL-1a feed-forward loop

increased chemosensitization of PDAC cells in vitro

To determine whether inhibition of NF-kB activation can

sensitize gemcitabine-induced cell death, we examined the apo-

ptotic response of PDAC cells treated with gemcitabine in the

presence and absence of rhIL-1R antagonist. AsPc1 cells were

treated with rhIL-1R antagonist (10 mg/mL daily), and the viable

cells, as measured by the MTT assay, were significantly decreased

compared with that in the control group (Fig. 3A, left). In colony-

forming assay, the number of colonies that formed in AsPc1 cells

also decreased with increasing doses of rhIL-1R antagonist over

the 15-day treatment (Fig. 3B, left). However, a one-time treat-

ment of rhIL-1R antagonist resulted in no change compared with

the negative and positive control groups, according to the MTT

and colony-formation assays (Supplementary Fig. S3A and S3B).

Thus, daily treatment with rhIL-1R antagonist can enhance gem-

citabine therapeutic effect (Fig. 3A, right).

The combination of gemcitabine and rhIL-1R antagonist also

had a significant effect on colony formation in AsPc1 cells: there

was a significant decrease in the number of colonies in the

combination group (treated daily with rhIL-1R antagonist and

treated once with gemcitabine) than in the gemcitabine group

(Fig. 3B, right). We used flow cytometry analysis to detect apo-

ptosis after adjuvant chemotherapywith gemcitabine and rhIL-1R

antagonist. A single treatment of rhIL-1R antagonist resulted in no

change in AsPc1, MiaPaCa-2, or Colo 357 cell lines (Fig. 3C).

Adjuvant chemotherapywith gemcitabine and rhIL-1R antagonist

was more effective in MiaPaca2 and Colo357 cells: Miacapa2

(ration of Q2: rhIL-1RA, 1.667� 0.120,% vs. Ctrl, 1.900� 0.361,

%, P ¼ 0.5725; gemcitabine, 6.333 � 0.504, % vs. Ctrl, 1.900 �

0.361, %, P ¼ 0.0020; and rhIL-1RA and gemcitabine, 11.200 �

1.002,% vs. gemcitabine, 6.333� 0.504,%, P¼ 0.0123; Fig. 3C);

Colo357 (ration of Q2: rhIL-1RA, 4.533 � 0.2963, % vs. Ctrl,

2.200� 0.231, %, P¼ 0.0034; gemcitabine, 6.100� 1.153, % vs.

Ctrl, 2.200 � 0.231, %, P ¼ 0.0295; rhIL-1RA and gemcitabine,

12.870 � 2.130, % vs. gemcitabine, 6.100 � 1.153, %, P ¼

0.0123; Fig. 3C), but not in AsPc1 cells: AsPc1 (ration of Q2:

rhIL-1RA, 1.733�0.088,%vs.Ctrl, 1.600�0.289,%,P¼0.6815;

gemcitabine, 6.533 � 0.933, % vs. Ctrl, 1.600 � 0.289, %, P ¼

0.0072; and rhIL-1RA and gemcitabine, 7.667 � 0.555, % vs.

gemcitabine, 6.533 � 0.933, %, P ¼ 0.3555; Fig. 3C). The

apoptotic trend was more significant in AsPc1 tumor cells that

had been treated with increasing doses of rhIL-1R antagonist

and gemcitabine than it was in the control group (Supplementary

Fig. S3C).

To verify whether apoptosis was induced by gemcitabine in

AsPc1 cells, expression levels of cleaved caspase-3, a component

of the apoptotic pathway, were determined. The results show that

cleaved caspase-3 was induced by gemcitabine in AsPc1 cells

(Supplementary Fig. S3D, left). When we downregulated the

activity of the NF-kB using 10 mg/mL rhIL-1RA combined with

10 mmol/L of gemcitabine, the expression levels of cleaved cas-

pase-3 were increased in the AsPc1 cell line (Supplementary Fig.

S3D, right). To determine whether the combination treatment

reduces cell invasion and migration in vitro, we conducted Matri-

gel invasion and wound-healing assays. A Matrigel invasion

chamber test showed that increasing doses of rhIL-1R antagonist

could inhibit AsPc1 cell invasion (Fig. 3D, top), and increasing

doses of rhIL-1R antagonist combined with 10 mmol/L of gemci-

tabine resulted inmore inhibition of AsPc1 cell invasion (Fig. 3D,

bottom). The wound-healing test showed that AsPc1 cells had

increasing difficulty merging after increasing doses of rhIL-1R

antagonist; they were, ultimately, unable to merge completely

(Supplementary Fig. S3E). These results suggest that rhIL-1R

antagonist–mediated inhibition of NF-kB activation suppressed

invasion of PDAC cells.

Treatment of PDACwith anakinra aloneor in combinationwith

gemcitabine inhibited tumorigenesis in an orthotopic

xenograft tumor model

To demonstrate whether inhibition of NF-kB activation by

blocking the NF-kB–regulated IL-1a feed-forward loop increased

the efficacy of chemotherapeutic agents in inhibiting PDAC cell

growth in an orthotopic xenograft nude mouse model, 20 mice

were orthotopically injected with AsPc1 human PDAC cells and

randomly assigned to four groups (n ¼ 5 per group). Tumors in

the control group were treated with PBS (100 mL/mouse) for 4

weeks andwere significantly larger than those in the experimental

groups. The orthotopic xenograft PDAC tumor was found in

pancreatic tissue (Supplementary Fig. S4A, yellow arrow), and

the metastatic tumor in the liver tissue was close to pancreatic

tissue (Supplementary Fig. S4A, black arrow). There were no

metastases on the gastric or splenic tissues (Supplementary Fig.

S4A, blue arrow, red arrow). The orthotopic xenograft tumor

showed an absence of normal pancreatic cell morphologic fea-

tures onhistologic analysis (Fig. 5B, b, c andd).However, themice

treated with the combination of rhIL-1R antagonist and gemci-

tabine demonstrated a statistically significant reduction in tumor

size compared with the control group (Fig. 4B and C). The mice

treated with only gemcitabine had smaller tumors than did

the control group, but there was no significant difference with

rhIL-1R antagonist group (Fig. 4B and C). Thus, adjuvant

Figure 6.

A, KRAS/p53
m/þ

tumors were divided from the pancreatic tissue of genetically engineered mice (n ¼ 5 per group) that had been euthanized by carbon

dioxide inhalation after being injected with tumor cells after 3 weeks (left). The tumor weights tested in each group showed that tumor growth was delayed

in IL-1a
�/�

mice compared with WT mice (P ¼ 0.022, right). B, immunohistochemical analysis of serial paraffin-embedded sections from KRAS/p53
m/þ

tumors

and normal pancreatic tissues that had been stained with antibodies to EGFR phosphorylation, ERK phosphorylation, cyclin D1, and Ki67. C, H&E staining

observed under micrographs showed the histopathologic features of normal pancreatic tissue, tumor tissue, and the tumor margin. D, microenvironmental IL-1a is

required for tumor growth. Treatment with rhIL-1RA and gemcitabine decreased tumor growth by downregulating the NF-kB–regulated IL1a feed-forward

loop and the ERK pathway in PDAC.
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chemotherapy with gemcitabine and rhIL-1R antagonist signifi-

cantly inhibited tumor growth compared with that in the control

group (Fig. 4B and C). Nude mice tumor weight (g): Ctrl group:

1.12 g, 1.84 g, 1.22 g, 0.87 g, 0.57 g; gemcitabine group: 0.98 g,

1.03 g, 0.68 g, 0.59 g, 0.3 g; rhILRA group: 1.08 g, 1.14 g, 0.69 g,

0.60 g, 1.02 g; gemcitabine and rhILRA group: 0.53 g, 0.48 g, 0.54

g, 0.32 g, 0.38 g.

Immunohistochemical analyses were carried out to deter-

mine the expressions of Ki67, ERK, and NF-kB. The

P65-activated subunit of NF-kB was downregulated after IL-

1a-activated NF-kB was blocked by rhIL-1R antagonist. The

ERK pathway was also downregulated by rhIL-1R antagonist

(Fig. 5A and C). A Western blot analysis showed that the

expression of phosphorylated P65 in AsPc1 tumor tissue trea-

ted with gemcitabine was significantly higher than that in the

control group (Fig. 5D). The expression level of phosphorylated

P65 in AsPc1 tumor tissue treated with rhIL-1R antagonist and

gemcitabine was significantly reduced compared with the con-

trol and gemcitabine groups (Fig. 5D). Thus, tumor growth was

reduced with low expression of Ki67; a TUNEL assay revealed

that apoptosis was increased (Fig. 5A). Taken together, these

results show that adjuvant chemotherapy with gemcitabine and

rhIL-1R antagonist significantly inhibited PDAC development

in mouse model.

IL-1a in PDAC microenvironment is required for PDAC

development in a genetically engineered mouse model

A genetically engineered mouse model was utilized to

determine the role of IL-1a in the microenvironment and

the dependence of PDAC on IL-1a from the host and the tumor.

IL-1a�/� mice (n ¼ 5), which were orthotopically injected with

KRAS/p53m/þ tumor cells, had significantly lower tumor weights

than did WTmice after 3 weeks (Supplementary Fig. S5A). KRAS/

P53m/þ cell line was established from PDAC found in pancreas of

Pdx1-cre/KRASLSL-G12D/p53LSL-R273H mice, and it is tumorigenic

as shown in Fig. 6A. After KRAS/p53m/þmouse tumor cells (10�

105 cells/mouse) were injected into the pancreatic tissue of WT

mice, the tumors grew more rapidly in comparison with those

grown in IL-1a�/� mice (Fig. 6A). In the absence of IL-1a in the

pancreas of the host, orthotopic xenograft KRAS/p53m/þ mouse

tumors showed decreased expression of phosphorylated EGFR,

phosphorylated ERK, cyclin D1, and Ki67, as determined via

immunohistochemical analyses (Fig. 6B). A pathologic analysis

showed presence of typical morphologic features of orthotopic

PDAC (Fig. 6C). PDAC metastases were observed in liver tissues

(Supplementary Fig. S5B). In this preliminary experiment, para-

crine IL-1a had more effect on tumor growth than did autocrine

IL-1a; therefore, systematic adjuvant treatment with IL-1a recep-

tor inhibitor should be the preferred treatment for blocking the

NFkB and IL-1a activities, thereby downregulating the activated

subunit of NF-kB (Fig. 6D). Our study revealed a potential

approach to inhibit NF-kB activation by targeting IL-1R, as it

serves as amechanistic link tomutant KRAS andmay be clinically

useful for treating PDAC.

Discussion

Recent studies showed that knocking out of IKK2/b, the

kinase required for NF-kB activation, suppressed PDAC devel-

opment (6, 27, 28). We further demonstrated the mechanism

through which KRASG12D induced constitutive NF-kB activation

(6). Briefly, constitutive activation of NF-kB is dependent on

KRASG12D/AP-1–induced IL1a overexpression, which, in turn,

activates NF-kB and its target genes IL-1a and p62 to initiate

IL-1a/p62 feed-forward loops for inducing and sustaining

NF-kB activity (6). This further enhances IL-1a/p62 expression,

leading to inflammation and tumorigenesis. Thus, our findings

suggest NF-kB is a missing mechanistic link between mutant

KRAS, inflammation, and PDAC. Our findings also suggest IL-1a

is a potential therapeutic target for PDAC patients.

To inhibit mutant RAS proteins directly with small-molecule

inhibitors has been tried formore than30 years (7). Thus far, it has

proved unsuccessful. The new ideas are to find key signaling

pathways that function downstream of RAS, and inhibiting such

signaling pathways may lead to PDAC suppression. To test this

approach, we identified that IL1a overexpression is an important

mechanistic link between mutant KRAS and NF-kB activation

and correlated with poor survival in PDAC patients (6, 29). IL-1b

also affects the invasive potential of malignant cells and carcino-

genesis. Because IL-1a is targeted by therapeutic FDA-approved

IL-1R antagonist as drugs for other diseases, such as chronic

inflammation autoimmune disorders, pharmacologically target-

ing IL1a overexpression by blocking IL-1R may improve PDAC

patient survival.

To further define the role of IL-1a overexpression in PDAC

development, we first knocked out IL-1a in Pdx1-KRASLSL-G12D;

p53M/þ mice and found that tumorigenesis is reduced in com-

parisonwith the controlmice expressing IL-1a. The results suggest

that overexpression of IL-1a plays an important role in PDAC

development. To further determine the dependence of PDAC

development on IL-1a from the host tumor environment, we

injected IL-1a-null and WT mice with KRAS/p53m/þ tumor cells.

IL-1a-nullmicewith the PDAC cells had significantly lower tumor

weights than WT mice after 3 weeks (Supplementary Fig. S4A).

After KRAS/p53m/þ mouse tumor cells were injected into the

pancreatic tissue of WT mice, the tumors grew more rapidly in

comparison with those grown in IL-1a�/� mice (Fig. 6A). These

results revealed that PDAC-induced IL-1a expression from the

cells of the microenvironment promotes PDAC development.

Taken together, these results suggest that pharmacologically tar-

geting IL-1a overexpression by blocking IL-1R may inhibit PDAC

development. The rationales for determining the role of stromal/

host derived IL-1a in activation of NF-kB and other pathways are

as follows: in the tumor microenvironment, IL-1 has local effects

on host infiltrating lymphocyte, endothelial, and stromal cells via

a paracrine mechanism that results in production of proangio-

genic and prometastatic mediators. IL-1 stimulated tumor cells

through autocrine and paracrine mechanisms, which, in turn,

activate other signaling pathways, such as NF-kB. IL-1 receptor

also functions as a mechanistic link between mutant KRAS and

NF-kB pathway required for mutant KRAS-induced PDAC. Thus,

IL-1 receptor is an important therapeutic target in a number of

diseases and pathologic conditions, including pancreatic cancer,

rheumatoid arthritis, atherosclerosis, diabetes mellitus type I,

inflammatory bowel disease, and other autoimmune disorders

(30, 31).

To determine a potential pharmacologic approach to target

IL-1a overexpression, we tested an inhibitor for IL-1 receptor, a

human IL-1R antagonist (Anakinra). rhIL-1R antagonist is a

potent receptor inhibitor, resulting in inhibitionofNF-kBactivity.

Cell proliferation, migration, and invasion of PDAC cells treated

with rhIL-1R antagonist and rhIL-1R antagonist with gemcitabine
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were reduced compared with the control cells. We found that

anakinra, an FDA-approved drug for certain autoimmune dis-

eases, inhibits IL-1 receptor, and when given with or without

gemcitabine, can reduce tumor growth by inhibiting IL-1a-

induced NF-kB activity; this result suggests that it is a potential

useful therapeutic approach for PDAC.

In conclusion, Anakinra (rhIL-1R antagonist) is an FDA-

approved drug that inhibits IL1R and canbe used to downregulate

the activation of the NF-kB; combined with gemcitabine, rhIL-1R

antagonist can significantly reduce tumor growth.
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