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Abstract

Purpose—Aberrant activation of the NF-xB transcription factors underlies the aggressive
behavior and poor outcome of pancreatic ductal adenocarcinoma (PDAC). However, clinically
effective and safe NF-xB inhibitors are not yet available. Because NF-xB transcription factors can
be activated by the Interleukin-1 Receptor-Associated Kinase (IRAK) downstream of the Toll-like
receptors (TLRs), but has not been explored in PDAC, we sought to investigate the role of IRAK
in the pathobiology of PDAC.

Experimental Design—We examined the phosphorylation status of IRAK4 (p-IRAK4), the
master regulator of TLR signaling, in PDAC cell lines, in surgical samples and commercial tissue
microarray. We then performed functional studies using small molecule IRAK1/4 inhibitor, RNA-
interference and CRISPR/Cas9n techniques to delineate the role of IRAK4 in NF-xB activity,
chemoresistance, cytokine production and growth of PDAC cells /7 vitroand in vivo.

Results—p-IRAK4 staining was detectable in the majority of PDAC lines and about 60% of
human PDAC samples. Presence of p-IRAK4 strongly correlated with phospho-NF-xB/p65
staining in PDAC samples and is predictive of postoperative relapse and poor overall survival.
Inhibition of IRAK4 potently reduced NF-xB activity, anchorage-independent growth,
chemoresistance and secretion of pro-inflammatory cytokines from PDAC cells. Both
pharmacologic suppression and genetic ablation of IRAK4 greatly abolished PDAC growth in
mice and augmented the therapeutic effect of gemcitabine by promoting apoptosis, reducing tumor
cell proliferation and tumor fibrosis.

Conclusions—Our data established IRAK4 as a novel therapeutic target for PDAC treatment.
Development of potent IRAK4 inhibitors is needed for clinical testing.
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INTRODUCTION

To date, the prognosis of pancreatic ductal adenocarcinoma (PDAC) remains dismal with an
overall 5-year-survival rate of about 8%, which has not changed in the last four decades(1,
2). In addition to the universal presence of strong oncogenic events such as activating
mutation of KRas, the constitutive activation of the NF-xB transcription factors is another
major mechanism that drives the aggressive behavior of PDAC(3-6). Understanding how
NF-xB is activated in PDAC is clinically important and has been an area of intense
interest(5). For instance, expression of oncogenic KRas upregulates IL-1a and GSK3a
production to activate the NF-xB pathway in a feedforward manner(7, 8). High miR-301a
level suppresses translation of NF-xB repressing factor protein, thereby activating NF-«xB,
which in turn enhances miR-301a expression to create a positive feedforward loop(9).
However, direct inhibitors of NF-xB or microRNAs have yet to be successful in clinic,
indicating the need to explore other strategies to curb this pathway.

Another element that contributes to the recalcitrant nature of PDAC, in addition to its strong
intrinsic survival signaling, is the uniquely inflamed and immunosuppressive extrinsic
microenvironment, which is believed to hamper cytotoxic T lymphocyte infiltration and drug
delivery(10, 11). In normal tissue, inflammation is triggered by the engagement of the Toll-
like receptors (TLRs), which activate the innate immune response through the NF-xB and
p38/MAPK signaling cascades(12). Several lines of evidence indicate that stimulation of the
TLRs could drive NF-xB activity in PDAC. For instance, ligation of TLR4 enhances the
invasiveness of PDAC cells in an NF-xB-dependent manner(13). In genetically-engineerd
mouse models, ligation of TLR7 or TLR9 accelerates stromal inflammation and progression
of PDAC activation of the NF-xB and MAPK pathways(14, 15). However, the intrinsic role
of TLR signaling in neoplastic PDAC cells and how it affects the extrinsic tumor
microenvironemt have not been thoroughly described.

In this study, we demonstrate for the first time, that the Interleukin-1 Receptor-Associated
Kinase 4 (IRAK4), the master kinase that relays signaling downstream of TLRs(16, 17), is
constitutively activated in PDAC cell lines, patient-derived cell lines and tumor samples.
Activated IRAK4 staining positively correlates with activated NF-xB in human PDAC
samples, and importantly, portends high postoperative relapse and poor patient survival. We
showed that pharmacological blockade or silencing of IRAK4 potently suppressed NF-xB
activity, abolished the tumorigenic potential of human and murine PDAC cells, and greatly
sensitized PDAC cells to various chemotherapeutics /n vivo and /n vitro. Our data lay a solid
foundation for testing IRAK4 inhibitors as a novel class of therapeutic agents for PDAC
treatment.

MATERIAL AND METHODS

(Further details included in supplementary data)

Human PDAC lines AsPC-1, BxPC-3, Capan-1, Capan-2, CFPAC-1, HPAF-II, HPAC, MIA
Paca-2, PANC-1, SW1990, and HPNE cells were purchased from ATCC, which performs
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authentication on its own cell lines. All cells were used for fewer than 6 months after receipt
or resuscitation from cryopreservation. HPDE, MPanc96, Hs766T were kind gifts from Dr.
David Linehan (University of Rochester, NY). KRas-Ink4a cells were a kind gift from Dr.
David DeNardo (Washington University, MO) and were published(18). Patient-derived
PDAC cell lines (PDCLs) Pa0lc, Pa02c and Pal4c were kind gifts from Dr. Channing Der
(University of North Carolina, NC) and published(19, 20).

Cancer-associated fibroblasts (CAFs)

Human CAFs were isolated from the PDAC specimen of a patient who underwent Whipple
procedure and expanded using a published method(21). CAFs were confirmed to be a-
SMA-positive and pan-cytokeratin-negative by immunofluorescence.

Human PDAC samples, tissue microarray and survival analysis

FFPE PDAC and matched adjacent normal pancreatic tissues diagnosed between year 2000
and 2010 were retrieved from the Department of Pathology and Immunology at WUSTL
under IRB-approved protocol (#201404143). All selected patients had documented follow
up to 6 years after surgery. None received neoadjuvant treatment prior to surgery but all
received adjuvant treatment containing either 5-FU or gemcitabine. Pancreatic tissue array
(catalog#PA961B) was purchased from US Biomax.

Immunohistochemistry (IHC) and Immunofluorescence (IF)

IHC were performed using p-IRAK4 (T345S) (A8A8, ABNOVA, 1:200), p-NF-xB/p65
(S536) (Abcam ab86299, 1:200), p-TAK1 (S184/187) (Bioss bs-3439R, 1:200). IHC scores
were determined by the sum of Intensity (0: none, 1: faint, 2: weak, 3: moderate, 4: strong)
and Distribution (0: none, 1:<25%, 2:25-50%, 3:50-75%, 4:>75%) sub-scores. All samples
were scored two times in a blinded manner. Further details provided in supplementary data.

Plasmids and creation of stable cell lines

Stable knockdowns were generated using pSuper-Retro-Puro or neo/GFP plasmids encoding
scramble sequence, or indicated ShRNAs as described(22). Further details included in
supplementary data.

Drugs and reagents

5-FU, gemcitabine and paclitaxel were purchased from the Siteman Cancer Center
Pharmacy. The IRAK1/4 inhibitor, N-(2-Morpholinylethyl)-2-(3-nitrobenzoylamido)-
benzimidazole, was purchased from Sigma (15409). IMD-0354 was purchased from
Selleckchem.

In vitro cell viability assay, synergism analysis and soft agar assay

Viability was assayed using Resazurin colorimetric analysis; synergism studies were
performed as described(23); soft agar assay was performed as described(24). Further details
provided in supplementary data.
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In Vitro CAF Migration/Invasion Assay

CAFs were added to rehydrated 8 um pore, 24-well cell culture inserts (with or without
collagen, BD Bioscience). 200uL of serum-free conditioned media from PANC-1 or
Capan-1 cells were added to lower chambers. After 24 hours, uninvaded CAFs were
removed from the upper chamber and invaded cells were fixed with 4% paraformaldehyde,
stained with toluidine blue overnight and counted under microscope.

Immunoblotting and quantitative real-time PCR

Details provided in supplementary data.

Cytokine Array Analysis

Human Cytokine Antibody Array C3 (cat# AAH-CYT-3) was purchased from Raybio.
Membranes were incubated with serum-free conditioned media collected from 70-80%
confluent Capan-1 cells treated with DMSO or 10uM of IRAK1/4i overnight (about 16
hours) and processed according to manufacturer’s protocol. Identical results were obtained
from a repeat experiment using different sets of Capan-1 conditioned media.

NF-xB reporter assay

NF-xB reporter activity was performed using Dual-Glo® Luciferase Assay System and read
with Synergy H4 Hybrid Multi-Mode Microplate Reader. All experiments were done three
times in triplicate and data represented as means + S.E.M.

Xenograft tumorigenesis assay and in vivo bioluminescence imaging

All animal experiments were conducted according to IACUC protocol (#20130191). Details
provided in supplementary data.

Statistical Analysis

Normal distributions were compared by 2-tailed Student’s t test or ANOVA,; tumor growth
curves were compared using Mann-Whitney U tests; survivals were analyzed using Kaplan-
Meier method and Log-rank test. Statistical analyses were performed with Graphpad Prism
v6.0. P-values <0.05 were considered as statistically significant.

RESULTS

IRAK4 is constitutively phosphorylated in human PDAC cell lines, surgical samples and is
associated with poor prognosis

To explore the intrinsic role of TLR signaling in PDAC, we first investigated the
phosphorylation/activation status of Interleukin-1 Receptor-Associated kinases (IRAK)(25,
26), particularly IRAK1 and IRAK4 in a panel of well-characterized human PDAC lines. We
found IRAK1 to be constitutively phosphorylated in nine, and IRAK4 in eleven, of twelve
lines in the absence of TLR ligand stimulation. In contrast, IRAK4 phosphorylation was
barely detected in both, whereas IRAK1 was weakly phosphorylated in one, of two non-
transformed pancreatic ductal cell lines, HPNE and HPDE (Fig. 1A). Consistent with
published literature, the majority of PDAC lines also showed constitutive phosphorylation of
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NF-xB/p65 and ixB(5, 6). Similarly, p-IRAK4 is detectable in four early-passaged patient-
derived cell lines (PDCLs), along with increased p-NF-xB/p65 and p-ixBa (Supplementary
Fig. S1A).

We next investigated the phosphorylation status of IRAK4 (p-IRAK4) in 103 resected
human PDAC samples by immunohistochemistry using a phospho-antibody that was
previously reported in melanoma(27). We found p-IRAK4 to be present and significantly
stronger in the ductal epithelia of 20 out of 30 (or 66.7%) PDAC samples (Fig. 1B and 1C),
compared to their matched normal panceratic tissues. In all 103 PDAC samples analyzed, p-
IRAK4 expression is present in 58.8% of cases at various intensities and extent in the
neoplastic ductal cells (Fig. 1C), which is significantly higher than normal pancreatic tissue
(p=0.0002). As a control, total IRAK4 protein is detected in both normal pancreatic and
PDAC tissues (Fig. 1B). We next validated this finding using a commercially available
pancreatic tissue microarray, and found p-IRAK4 IHC stainig to be present at various
intensities in 63.5% of PDAC samples, which is comparable to our findings in surgical
samples (Supplementary Fig. S1B and S1C).

To gain an initial insight of whether p-IRAK4 may contribute to NF-xB activaty in PDAC,
we next determined the correlation between the staining intensities of p-IRAK4 and p-NF-
xB/p65. We found complete overlap of p-IRAK4 and p-NF-xB/p65 IHC staining in the
neoplastic epithelia of surgical PDAC samples (Fig. 1D). IHC analysis of 85 PDAC samples
from tissue microarray showed various degrees of p-NF-xB /p65 staining intensities in 87%
of samples (Supplementary Fig. S1B, S1D) and importantly, we noted strong correlation
between the staining intensities of p-IRAK4 and p-NF-xB/p65 (Spearmann R 0.87,
p<0.0001; Fig. 1E). In a genetically-engineered p48-Cre;p53FIoX'WT:| 5| -KRas®12D (or
KPC) mouse model of PDAC, both p-IRAK4 and p-NF-xB/p65 stainings are present at very
low level starting from early Pancreatic Intraepithelial Neoplasia (PanIN-1) and become
increasingly stronger during progression to higher grade PanIN-2, PanIN-3 and PDAC (Fig.
1F), indicating a potential role of IRAK4 and NF-xB activity during PDAC development.

Since p-IRAK4 staining is detectable in the majority but not all PDAC samples, we
determined whether p-IRAK4 staining is associated with prognosis. Remarkably, we found
that patients with positive p-IRAK4 PDAC had significantly higher chance of postsurgical
relapse and worse overall survival despite adjuvant treatment, compared to patients with
negative p-IRAK4 tumors (6-year median relapse-free survival: 12.56 vs. 32.95 months, log-
rank p=0.0122; 6-year median overall survival: not reached vs. 19.05 months, log-rank
p=0.0065). We observed no difference in tumor size, nodal status, tumor grade, age and
gender distribution between p-IRAK4-positive versus -negative tumor (not shown),
establishing IRAK4 activation as an independent prognostic factor in PDAC. Together, our
findings conclude that IRAK4 is frequently activated and associated with aggressive
behaviour of PDAC, and provide a strong rationale to investigate the pathogenic role of
IRAK4 in PDAC.

IRAK1/4 drives NF-xB activity and anchorage-independent growth of PDAC cells

To determine whether IRAK4 contributes to NF-xB activity in PDAC cells, we treated
PDAC lines with a widely-described dual IRAK1/4 inhibitor(28). We found dose-dependent
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suppression of phosphorylated IRAK1, IRAK4, ixBa and NF-xB/p65 in all four PDAC
lines tested (Fig. 2A). Consistently, IRAK1/4i significantly suppressed NF-xB-driven
luciferase activity in five out of six PDAC lines, but not in BxPC-3 which has barely
detectable p-IRAK1 and p-IRAK4 (Fig. 2B). Furthermore, IRAK1/4i dose-dependently
suppressed the anchorage-independent (Al) growth of eight out of ten established PDAC
lines in soft agar, and all three PDCLSs tested, but had no significant suppression on the
viability of HPNE, HPDE and most PDAC cells in monolayer culture except for mild effect
in PANC-1 (Fig. 2C, Supplementary Fig. S2A, S2B, S2C). To exclude the non-specific
effect of IRAK1/4i, ectopic expression of a constitutively active IKKB mutant (S177E/
S181E) rendered IRAK1/4i ineffective in suppressing the NF-xB-driven reporter activity
and Al growth of PANC-1 cells (Fig. 2D, 2E). As a complementary experiment, although the
NF-xB activity of BxPc-3 line is independent of IRAK1/4 inhibition and can be suppressed
by the IKK inhibitor IMD-0354, overexpression of wild-type, but not kinase-dead IRAK4
significantly increased p-NF-xB, Al growth and rendered BxPC-3 cells sensitive to
IRAK1/4i (Fig. 2F and 2G). These results suggest that the NF-xB activity of PDAC is
dependent on IRAK1/4.

To further dissect the individual role of IRAK1 and IRAK4 in NF-xb activation, we
performed shRNA knockdown of IRAK1, IRAKA4, or both in PDAC lines. Stable
knockdown of IRAK1 or IRAK4 by shRNAs, and more so with both, potently inhibits p-
IKKa/p and p-NF-xB in human PDAC lines and a murine PDAC cell line (KRas-1nk4a)
derived from transgenic KRas®12P; Ink4a/Arf~~ mice (Fig. 2H, Suppl. Fig. 2D).
Interestingly, knockdown of IRAK1 had little effect on p-IRAK4 in two PDAC lines tested
(Fig. 2H), suggesting either insufficient IRAK1 knockdown or that IRAK4 is activated
independent of IRAKL in PDAC. Consistent with our findings with IRAK1/4i, knockdown
of IRAK4 or both IRAK1 and IRAK4, and less so of IRAK1, reduce Al growth of human
and murine PDAC lines (Fig. 21, 2J, Supplementary Fig. S2E). In PANC-1 cells, the
suppressive effect of sShIRAK1+4 on Al growth could be rescued with re-introduction of
constitutively-active IKKp mutant (Supplementary Fig. S2F), again supporting the notion
that the IRAKs function predominantly through the IKK-NF-xB cascade in PDAC.
Furthermore, genetic ablation of IRAK4 with CRISPR/Cas9n technique significantly
reduced Al growth of PANC-1 and a PDCL line, Pa01c (Fig. 2K).

We next performed knockdown-rescue experiments to delineate the requirement of kinase
function of IRAK1 and IRAK4 in PDAC cells growth. We found that the decreased soft agar
growth in shIRAK4-transduced Capan-1 and PANC-1 cells could be rescued by re-
introduction of wild-type but not kinase-dead IRAK4 (KK213AA); whereas the suppressive
effect of sShIRAK1 could be rescued with both wild-type and kinase-dead IRAK1 (K239A).
Supporting this finding and consistent with published reports(29-31), the kinase activity of
IRAK4, but not IRAK1, is essential in activing IKKa/p and NF-xb in PANC-1 cells (Fig.
2M). Resonating this observation, we also found that TLR7-induced NF-xB activation in
HEK?293T cells requires the kinase activity of IRAK4, but not IRAK1 (Suppl. Fig. S2G).
Together, our data concluded that IRAK4 kinase activity is essential in driving NF-xb
activity in PDAC and should be explored as a therapeutic target.
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Suppression of IRAK1/4 induces apoptosis and sensitizes pancreatic cancer cells to
chemotherapeutic agents

Activated NF-xB is a major mechanism that underlie chemoresistance in PDAC(5, 6, 32).
Since the IRAK kinases drive NF-xB activity in PDAC cells, we next determined whether
suppression of IRAK1/4 augments the cytotoxic effect of chemotherapeutics. We found that
exposure of Capan-1 and PANC-1 cells to gemcitabine significantly upregulates NF-xB
activity, as reported(32). However, such induction could be stifled by IRAK1/4i (Fig. 3A).
Mechanistically, knockdown of IRAK1 and/or IRAK4 was sufficient to induce PARP
cleavage, an indicator of apoptosis, which was further enhanced by exposure to gemcitabine
(Fig. 3B). The chemo-sensitization effect of shIRAK1+4 could be partially rescued by re-
introduction of constitutively active IKKB mutant (Fig. 3C), again supporting IRAK1/4 as
therapeutic targets upstream of NF-xB. Consistently, PDAC cells stably expressing
shIRAK1 or shIRAK4, and to a much greater extent, both, were significantly more sensitive
to the killing effect of gemcitabine and 5-fluorouracil, two commonly used
chemotherapeutics in PDAC treatment (Fig. 3D), as shown by significant reductions in 1Cgq
of both chemotherapeutic agents compared to scramble cells. (Supplementary Table 1). To
translate these findings, we perform synergism analysis by treating Capan-1, MIA Paca-2
and PANC-1 with combination mixtures of IRAK1/4i plus each chemotherapeutic agent at
constant ratios, as described(23). In all three PDAC lines, we observed various degrees of
synergism between IRAK1/4i and each chemotherapeutic agent (Fig. 3E). Overall, our
findings provide a strong rationale for testing IRAK1/4i plus chemotherapy /n vivo.

IRAK1/4 drives production of inflammatory cytokines and chemokines that drive
migration, invasion and proliferation of cancer-associated fibroblasts (CAFs)

Targeting the desmoplastic tumor microenvironment (TME) is emerging as another attractive
therapeutic strategy in PDAC. The highly inflamed and immunosuppressive TME is widely
believed to be driven by cytokines and chemokines secreted by PDAC cells(7, 11, 33-35).
Because IRAK activation induces cytokine secretion in normal innate immune response, we
speculate that production of inflammatory cytokines/chemokines in PDAC is also regulated
by IRAK. Indeed, the abundance of IL-1a, IL1-B, IL-8, PDGF, GM-CSF, CCL2, CXCL1
and CXCL2 in the conditioned medium of Capan-1 cells was reduced following IRAK1/4i
treatment (Fig. 4A). As controls, secretion of TNF-a, TNF- and EGF were slightly
increased, whereas other factors including TGFp and VEGF were unchanged following
IRAK1/4i treatment. These changes were confirmed by qRT-PCR using Capan-1 cells
treated with IRAK1/4i or transduced with IRAK1 or/and IRAK4 shRNAs (Fig. 4B and 4C).
Interestingly, knockdown of IRAK1 had less pronounced effect on the transcription of these
factors compared to IRAK4- or double-knockdown cells, suggesting IRAK4 as the
predominant driver in cytokine/chemokine production in PDAC (Fig. 4C). As confirmation,
we observed very similar, but not identical, changes in production of these secreted factors
in another PDAC line, PANC-1 (Fig.4B). Notably, the suppressive of shIRAK4 on cytokine/
chemokine production in PANC-1 could be partially reversed by re-introduction of activated
IKKB mutant (Fig. 3D).

Since many of these affected chemokines/cytokines are known to induce desmoplasia, we
next asked whether IRAK1/4 inhibition would impair the ability of PDAC cells to stimulate

Clin Cancer Res. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 8

the growth and behavior of cancer-associated fibroblasts (CAFs) (Fig. 4E). Indeed, condition
media collected from IRAK1, IRAK4 or IRAK1/4 knocked-down Capan-1 and PANC-1
cells were greatly defective in inducing invasion, migration and proliferation of CAFs (Fig.
4F, 4G, and 4H). Based on these results, we speculate that, in addition to curbing the
survival of neoplastic PDAC cells, IRAK1/4 inhibition can attenuate the fibrotic tumor
microenvironment of PDAC and is an attractive therapeutic strategy.

IRAK4 kinase is essential for pancreatic tumorigenesis in vivo

We next tested whether inhibition of IRAK1 and/or IRAK4 can impede PDAC growth /n
vivo. Consistent with our findings in soft agar, knockdown of IRAK1 or IRAK4
significantly thwarted the tumorigenic potential of PANC-1 cells and extended the survival
of tumor-bearing mice (Fig. 5A, 5B). Strikingly, shIRAK1+shIRAK4 or IRAK4-ablated
PANC-1 cells completely lost tumorigenic potential /n7 vivo, although one mouse from each
group died unexpectedly from unknown cause (Fig. 5A, 5B). Consistent with our previous
findings (Fig. 2L), the suppressive effect of shIRAK4 jn vivo could be rescued by re-
expression of wild-type, but not kinase-dead IRAK4 (Fig. 5C). We next confirmed these
findings using another PDAC line, Capan-1 which stably expresses firefly luciferase and
either scramble sShRNA (Group 1) or shIRAK4 (Group 2). We chose to focus on IRAK4
since it is now the target of interest. Treatment was started once tumor establishment was
confirmed by palpation and positive bioluminescence signal. Group 1 mice were randomized
to receive vehicle, gemcitabine, IRAK1/4 inhibitor, or both; whereas Group 2 mice were
treated with vehicle or gemcitabine. In Group 1 mice, combined gemcitabine and IRAK1/4i
significantly impeded tumor growth, although IRAK1/4 inhibitor alone showed modest yet
statistically significant reduction in tumor growth compared to vehicle (Fig. 5E).
Consistently, Capan-1 tumors treated with both gemcitabine and IRAK1/4i, and less so with
IRAK1/4i alone, had significantly lower bioluminescence signals compared to vehicle- or
gemcitabine-treated tumors (Fig. 5E). Notably, mice in all four cohorts showed no sign of
distress or body weight loss during treatment (Supplementary Fig. 3A). Contrary to
scramble tumors, shIRAK4 (Group 2) tumors could be suppressed by gemcitabine alone
(Fig. 5D), resonating previous findings that shIRAK4 sensitizes PDAC cells to gemcitabine
in vitro (Fig. 3D).

Next, to better mimic the native tumor microenvironment and to understand the consequence
of systemic IRAK inhibition in an immunocompetent setting, we resorted to the murine
KRas-Ink4a line which can be grown in syngeneic immuno-competent F\VB/NJ mice(18).
Strikingly, mice orthotopically inoculated with shIRAK1+shIRAK4 KRas-Ink4a cells are
completely healthy and showed no signs of distress for up to 6 months, whereas mice
inoculated with shLacZ KRas-Ink4a cells all died by 40 days from large palpable tumors
(Fig. 5F). On necropsy, none of the ten pancreas inoculated with shIRAK1+shIRAK4 KRas-
Ink4a cells showed any macro- or microscopic trace of tumor growth (not shown). This
striking result again supports a critical role of IRAK in PDAC tumorigenesis. Next, we
treated FVB/NJ mice with either vehicle, gemcitabine, IRAK1/4i, or both, ten days after
orthotopic inoculation with KRas-Ink4a cells. All mice were sacrificed when the vehicle-
treated mice reached moribund status due to large palpable tumor or ascites. We found that
mice treated with both gemcitabine and IRAK1/4i showed significantly reduced pancreatic
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tumor weight, compared to vehicle or gemcitabine-treated cohorts (Fig. 5G). Again, no mice
showed any sign of toxicity or body weight loss during treatment (Supplementary Fig. 3A).
Together, our data supports testing IRAK4 inhibitor in combination with chemotherapy in
PDAC treatment in clinical trial.

IRAK1/4i augments the cytotoxic effect of gemcitabine and suppresses tumor fibrosis

To study the /n vivo effect of IRAK1/4i on PDAC, we analyzed tumors harvested from both
the Capan-1 (Fig. 5D) and KRas-Ink4a (Fig. 5G) experiments. At lower magnifications,
combo-treated tumors showed larger areas of necrosis compared to the other cohorts (Fig.
6A and Supplementary Fig. S3B). By multicolor immunofluorescence, combo-treated
tumors showed significantly less proliferative cells (double Ki-67*, cytokeratin*), higher
apoptotic cells (cleaved-caspase-3*; cytokeratin®) (Fig. 6A and Supplementary Fig. S3B);
and less stromal fibroblasts (by a-SMA area) and fibrosis by trichrome staining (Fig. 6B and
Supplementary Fig. S3B). Importantly, tumors treated with IRAK1/4i showed weaker, but
not loss, of p-IRAK4 and p-TAK1 (a substrate of IRAK4) staining, compared to vehicle- or
gemcitabine-treated tumors (Fig. 6C), indicating on-target effect. However, this observation
also explains why knockdown of IRAK1 and IRAK4, or knockout of IRAK4 were much
more effective in blocking tumorigenesis, underscoring the need to develop more potent
IRAK4 inhibitor for clinical testing in the future.

DISCUSSION

Overcoming the pathogenic NF-xB signaling is an actively-pursued therapeutic strategy in
PDAC(5). In this study we demonstrate that PDAC commonly activates NF-xB through the
innate immune IRAK kinases. Notably, presence of p-IRAK4 is strongly associated with
higher chance of relapse and poor overall prognosis. However, it should be pointed out that
our analysis using surgical PDAC tumors is confined to patients with resectable disease,
which represents only 10-15% of all PDAC cases(2). Patients with advanced or metastatic
disease are routinely diagnosed with fine-needle aspiration, which does not allow for this
kind of histologic study. Nonetheless, 80% of patients who underwent surgical resection
eventually succumb to disease relapse despite adjuvant therapy(2), so identifying the
mechanisms that impact patient survival is crucial for the development of effective adjuvant
regimen to improve patient outcome. Herein, we provide proof-of-principle that suppression
of IRAK4 can greatly cripple the growth of PDAC and augment the effect of chemotherapy
in vitro and in vivo. However, in contrast to the dramatic effect of genetic ablation of
IRAKA4, the relatively modest antitumor effect of IRAK1/4i used in this study underscores
the need to develop more potent IRAK4 inhibitors for clinical testing.

Aside from enhancing the survival of PDAC cells, IRAK4 appears to be a master regulator
of a multitude of cytokines and chemokines including GM-CSF, CCL2, CXCL1, CXCL2,
IL-8, and IL-B, which are all known to modulate the intensely fibrotic and immune-
suppressive tumor microenvironment of PDAC. For instance, PDAC-derived GM-CSF
promotes recruitment of Gr1*CD11b* myeloid cells, which inhibits CD8* T cells(36). The
abundance of CCL2 in the PDAC microenvironment engages CCR2 receptor on tumor-
associated macrophages to suppress CD8* cells and enhances tumor-initiating stem cells(18,
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37). As such, addition of CCR2 inhibitor to chemotherapy FOLFIRINOX achieved an
objective response of 49% in patients with metastatic PDAC(38). Necroptosis-induced
CXCL1 secretion fuels PDAC progression by promoting macrophage-induced immune
suppression(39). In an elegant study by Ling et al(7), expression of oncogenic KRas
activates NF-xB through enhanced secretion of IL-1a. Although we did observe increased
expression of 1L-1a following expression of KRas®Z2P in HPNE and HPDE cells, as
published(7), we failed to detect upregulation of p-IRAK4 compared to vector control cells
(not shown), indicating that the expression of oncogenic KRas, at least in cell culture model,
is insufficient to induce IRAK4 phosphorylation. Therefore, further work using genetically-
engineered mouse models is warranted to clearly establish the signaling interplay between
oncogenic KRasand the IRAK-IKK-NF-xB cascades in PDAC development.

Aside from PDAC, targeting the IRAK1/4 cascade has been shown to be a promising
strategy in other malignancies including DLBCL (29, 40), myelodysplastic syndrome(41), T-
cell ALL(42), melanoma(27), breast cancer(43), and head and neck cancer(44), further
underscoring the urgent need to develop potent IRAK inhibitors for clinical testing. Another
study showed that TAK1 inhibition could augment the effect of chemotherapy in PDAC(45).
Supporting this study, we found that treatment of PDAC lines with TAK1 inhibitor 5Z-7-
oxozeaenol significantly reduced Al growth and p-NF-xB/p65 (not shown), and that
IRAK1/4i significantly reduced p-TAK1 (Fig. 6C and not shown).

How IRAKA4 is activated in PDAC is currently unknown. Since activating mutations of
IRAK4 or MyD88, the adaptor protein upstream of IRAK4, are not reported in PDAC from
analysis of TCGA, COSMIC database and from our own Sanger sequencing of PDAC lines
(not shown); we hypothesize that IRAK4 is activated by engagement of the interleukin
receptors or the TLRs by pathogen- or damage-associated molecular patterns in the tumor
microenvironment. To test this, we are currently conducting loss-of-function analysis of
individual TLRs, as well as IL-1R and IL-18R, in multiple PDAC cells.

In summary, our study provides a strong rationale for targeting IRAK4 as a novel therapeutic
approach in PDAC. We showed that p-IRAK4 is not only a strong prognostic marker for
poor outcomes in PDAC patients, but also a major driver of NF-xB activity and could be
therapeutically exploited to improve chemotherapy response. Our work also suggests the
need to develop and test more potent IRAK4 inhibitors in combination with chemotherapy in
preclinical models. Furthermore, understanding how the IRAKSs are activated in PDAC,
using cell line and genetically-engineered mouse models, will add invaluable knowledge to
the biology of PDAC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Activation of the NF-xB transcription factors is a major mechanism that underlies the
aggressive behavior of pancreatic ductal adenocarcinoma (PDAC). However, effective
and safe inhibitor of the NF-xB is not available, underscoring a need to curb this pathway
by alternative means. We now present the first evidence that activation of the
Interleukin-1 Receptor Associated Kinase 4 (IRAK4) is a major driving mechanism of
NF-xB activity in PDAC. Presence of phospho-IRAK4 staining in PDAC samples is
associated with poor patient prognosis. Pharmacologic inhibition or silencing of IRAK4
significantly thwarted tumorigenic growth of PDAC cells and augmented the killing
effect of chemotherapy. Therefore, our data provide preclinical rationale for the
development of IRAK4 inhibitors as a new class of targeted agent for clinical testing in
combination with chemotherapy, and indicate phospho-IRAK staining as a potential
biomarker for patient selection and pharmacodynamics studies in future clinical trials
involving IRAK4 inhibitor.
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Figure 1. IRAK 4 is constitutively phosphorylated in PDAC cell lines and surgical samples
A, western blots showing phosphorylation status of IRAK1, IRAK4, NF-xB and ixBa in

twelve PDAC lines versus two non-transformed pancreatic ductal lines (HPDE and HPNE).
B, representative IHC images showing p-IRAK4 staining in PDAC surgical samples
(N=103), but not in the adjacent normal pancreatic tissue, of two patients. Total IRAK4
staining is present in both normal and PDAC tissues (scale bar: 200um). C, scatter plot
showing quantification of p-IRAK4 IHC score on matched normal and PDAC samples
(N=30 each), and all PDAC cases (N=103) (ns: not significant). D, representative IHC
images showing overlap of p-IRAK4 and p-NF-xB/p65 staining in PDAC tissues of two
patients. E, correlation analysis of p-IRAK4 and p-NF-xB/p65 IHC intensity of 85 PDAC
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samples from tissue microarray. Shown here is best-fit line with 95% confidence interval. F,
representative H&E and IHC images of the pancreas of KPC mice during progression from
pre-neoplastic PanIN lesions to PDAC. G, Relapse-free survival (RFS) and overall survival
(OS) by Kaplan-Meier analysis of PDAC patients who underwent Whipple resection as
stratified by presence or absence of p-IRAK4 staining (N=73).
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Figure 2. IRAK 4 kinase contributesto NF-xB activity and anchorage-independent (Al) growth

of PDAC cells

A, western blots showing suppression of p-IRAKL, p-IRAK4, p-NF-xB/p65 and p-ixBa in
the indicated PDAC lines following overnight treatment with IRAK1/4 inhibitor at two
different concentrations. B, NF-xB luciferase reporter assay showing dose-dependent
suppression of relative NF-xB activity (Firefly luciferase activity/Renilla) following
overnight treatment of IRAK1/4 inhibitor in six PDAC lines stably expressing NF-xB-driven
firefly luciferase and Renilla; means + S.E.M. C, Al growth of PDAC lines seeded in DMSO
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or two different concentrations of IRAK1/4i for 3—4 weeks. D, relative NF-xB luciferase
reporter activity and E, Al growth of PANC-1 cells stably expressing vector, wild-type
IKK or constitutively active IKKB (S177E, S181E) treated with DMSO or two different
concentrations of IRAK1/4i overnight. F, relative NF-xB reporter activity and G, western
blots showing changes in p-NF-xB/p65 of BxPc-3 cells stably expressing vector, wild-type
IRAK4 or kinase-dead IRAK4 (K213A, K214A) treated with DMSO or two different
concentrations of IRAK1/4i overnight. H, western blots showing changes of p-IKKa/B, p-
NF-xB/p65 and p-IRAK4 following stable knockdown of IRAK1, IRAK4 or both in PDAC
cell lines. I, effect of IRAK1 or/and IRAK4 knockdown on Al growth of the indicated
PDAC lines. J, Al growth of PDAC lines stably expressing scramble shRNA or shiIRAKA4.
K, Al growth of IRAK4-ablated PANC-1 and Pa01c lines generated by CRISPR/Cas9n
technology. L, Al growth of Capan-1 and PANC-1 cells stably expressing scramble shRNA,
shIRAK1 or shIRAK4 followed by rescue with empty vector, wild-type or kinase-dead
IRAKSs. M, western blots showing changes in p-IKKa/p and p-NF-xB/p65 of PANC-1 cells
transduced with shRNA against IRAK1 followed by reexpression of vector, wild-type
IRAK1 or kinase-dead IRAK1(K239A), or sgRNA against IRAK4 followed by reexpression
of vector, wild-type IRAK4 or kinase-dead IRAK4 (K213A,K214A). (*p<0.05, **p<0.01,
***p<0.001 by two-tailed t test).
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Figure 3. IRAK 1/4 inhibition sensitizes PDAC cellsto the cytotoxic effect of chemotherapy in
vitro

A, NF-xB luciferase reporter assay showing suppressive effect of IRAK1/4i in gemcitabine-
induced NF-xB activation in Capan-1 cells. B, western blots showing increased PARP
cleavage following introduction of shIRAK1, shIRAK4 or both, in PDAC lines treated with
DMSO or 10uM of for 48 hours. C, western blots showing partial reversal of gemcitabine-
induced PARP cleavage by re-expression of activated IKKp in shIRAK1+4-expressing
PANC-1 and Pa01c cells. D, Alamar blue assays showing increased sensitivity of shIRAK1,
shIRAK4 or shIRAK1+IRAK4 PDAC cell lines to gemcitabine or 5-Fluorouracil (5-FU).
Each graph represents one of three independent experiments done in triplicates; means +
S.E.M. Change in ICxg is provided in Supplementary Table 1. E, Median effect analysis
showing interaction between IRAK1/4i with chemotherapeutic agents in three different
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PDAC lines analyzed using Compusyn software. Data represents combined means + S.E.M
of three independent experiments each performed in duplicates. Horizontal dotted lines
indicate the boundaries for each interaction classification(23).

Clin Cancer Res. Author manuscript; available in PMC 2018 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zhang et al. Page 21

Bl shIRAK1#1
A Capan-1 B C Capan-1
c . mmshIRAK4#1
DMSO IRAK1/4 Inhibitor 10uM § 10 % %] mmshiraki+4
- oxcinn S 5 53 o-
M-CSE - |CxCL1IL-Ta B X O
| fje) g o
. o B @0 ]
3% 1R DD—IHB 2z £ 51
. . . =5 3]
. “ e L2 e IL-8 s £ 310
° . .. " o X 10 o) ;
) o LR ¥ g’é‘ gé
v ‘e . 5= £ 5154
ie . I;I o 5 18 op
o > I o
PDGF-bb P B EIT I I LIt riag T L LT EZ Rt T 8 9B
A X | [--% =% - - C -
:ldownregulated TP THES! [For %;‘-ﬁgggﬁgffzzéég 5 8 ; z il § § é i
[ upregulated Ll > ;QD. 5 56 == S o §
D PANC-1 E
& 109 mshiRAK4#1
t2 M shIRAK4#1+IKKB(SSEE)
g8
W o
2
% g 000000000000
@ 000000000000
£ o 000000000000
o= . 000000000000
o 0 000000000000
£ u U ‘ $a5sassssses
5% Serum-free 366666856683
2 :.201 B cofiditioned madia Invasion (F)  Migration (G) Viability (H)
w T T T T T T =
=] =8 o~ -
< <= % 3 3 9
4 2 = 0 0 ©
x X O
o (8]
F G Fkk kk H i
k| . S Fkk
— 250+ _ 4009 xx 1.2 1 s
[ °
2 0 2 £ 10
& £ 300 <
g (3] > 0.8
9 150 5 L
2 £ 2004 S 0.6+
S 100- 3 2
2 s T 044
® 100+ ]
= 50- < ©
.g L 0.2 A
F oo o 0.0
shRNA: scrm. 1 4 1+4 scrm. 1 4 1+4 shRNA: scrm. 1 4 1+4 scrm. 1 4 1+4 shRNA: scrm. 1 4 1+4 scrm. 1 4 1+4
PANC-1 Capan-1 PANC-1 Capan-1 PANC-1 Capan-1
conditioned conditioned conditioned conditioned conditioned conditioned
media media media media media media

Figure 4. IRAK 1/4 controls secretion of inflammatory chemokines and cytokines from PDAC
cellsto augment invasion, migration and viability of cancer-associated fibroblasts (CAFs)

A, cytokine array showing altered secretion of chemokines/cytokines in serum-free
conditioned media collected from Capan-1 cells treated with either DMSO or 10uM of
IRAK1/4 inhibitor overnight. Identical results were obtained from a repeat experiment. B,
RT-PCR showing fold changes in mRNA levels of the indicated genes in Capan-1 and
PANC-1 cells treatment with 10uM of IRAK1/4 inhibitor relative to DMSO overnight. C,
RT-PCR showing fold change in mRNA levels of the indicated genes in Capan-1 cells
transfected with ShRNA against IRAK1 or/and IRAKA4, relative to scramble transfected
cells. D, gRT-PCR showing fold change of the indicated genes in PANC-1 cells transfected
with shIRAK4#1 with empty vector or activated IKKB (SSEE) mutant. All gRT-PCR were
done at least twice, each in three biological replicates and three technical triplicates
normalized to GAPDH. Final fold changes were compared to either vehicle- or vector-
treated cells. Data represents means + S.E.M. E, schematics showing experimental design to
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elucidate the effect of conditioned media collected from PDAC cells on a-SMA* CAFs. F,
G, H, transwell collagen invasion, migration and viability by Alamar blue assay of CAFs
cultured in serum-free conditioned media collected from Capan-1 or PANC-1 cells stably
expressing scramble shRNA, shIRAK1, shIRAK4, or both. Data presented as means +
S.E.M. Experiments were done twice in triplicates. (*p<0.05, **p<0.01, ***p<0.001 by
ANOVA).
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Figure 5. Genetic or pharmacologic suppression of |RAK 4 abrogates PDAC tumorigenesis and
augmentsthe therapeutic effect of gemcitabinein vivo

A, growth kinetics and B, Kaplan-Meier curves of PANC-1 cells stably expressing a
scramble shRNA, shIRAK1, shIRAK4 or both, or PANC-1 cells with /RAK4 ablated with
by CRISPR/Cas9n, following subcutaneous inoculation in nude mice. C, growth kinetics of
PANC-1 cells stably expressing the indicated ShRNA and IRAK4 rescue variants following
subcutaneous inoculation in nude mice. D, growth Kinetics of nude mice inoculated
subcutaneously at bilateral flanks with Capan-1/luciferase cells stably expressing scramble
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shRNA (Group 1) or shIRAK4 (Group 2), which were then treated as indicated after tumors
have achieved a volume of 50-100mm3. (N = 5 mice, 10 tumors/cohort). Bioluminescence
imaging (BLI) was performed at 44 days after inoculation when scramble-arm reached
maximum allowed volume. E, box plot showing relative fold change of bioluminescence
readings (final/initial readings), of Capan-1 tumors treated as indicated at day 44. F, Kaplan-
Meier survival of FVB/NJ mice orthotopically inoculated with KRas-Ink4a cells stably
expressing a scramble shRNA or shIRAK1+shIRAK4. G, final average tumor weights +
S.E.M from the pancreas of immunocompetent FVVB/NJ mice orthotopically inoculated with
of KRas-Ink4a cells which were then treated with either DMSO, gemcitabine, IRAK1/4i or
both (N=8/cohort). (* P<0.05, **P<0.01, ***P<0.001 by ANOVA).
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Figure 6. IRAK 1/4i cooperates with gemcitabine in inducing apoptosis, suppressing proliferation

and fibrosis of PDAC tumor in vivo

A, representative H&E and multicolor IF images of Capan-1 tumors treated as indicated.
H&E staining showed large areas of necrosis (N) in tumors treated with both IRAK1/4
inhibitor and gemcitabine. Representative confocal IF images showing proliferation (Ki-67/
red, cytokeratin/green, DAPI/blue) and apoptosis (cleaved-caspase-3/red, cytokeratin/green,
DAPI/blue) of tumors in each treatment group. B, representative images showing changes in

a-SMA* area (CAFs/red, DAPI/blue) and fibrosis (blue) by trichrome staining. C,
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representative IHC images of p-IRAK4 and p-TAK1 (a substrate of IRAK4) showing on-
target effect of IRAK1/4i /n vivo. Quantitative analyses were performed by analyzing
multiple fields (8 tumors/group and 10 random 200X or 400X fields/tumor) using NIS-
Elements software, and presented as means + SEM. (*P<0.05, **P<0.01, ***P<0.001 by
ANOVA,; scale bar: 50um)
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