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Abstract30

Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic 31

malignancies. PDAC builds a tumor microenvironment that plays critical roles in tumor 32

progression and metastasis. However, the relationship between chemotherapy and 33

modulation of PDAC-induced tumor microenvironment remains poorly understood. In 34

this study, we report a role of chemotherapy-derived inflammatory response in the 35

enrichment of PDAC microenvironment with immunosuppressive myeloid cells. 36

GM-CSF is a major cytokine associated with oncogenic KRAS in PDAC cells. 37

GM-CSF production was significantly enhanced in various PDAC cell lines or PDAC 38

tumor tissues from patients after treatment with chemotherapy, which induced the 39

differentiation of monocytes into myeloid derived suppressor cells (MDSCs). 40

Furthermore, blockade of GM-CSF with monoclonal antibodies helped to restore T 41

cell proliferation when co-cultured with monocytes stimulated with tumor supernatants. 42

GM-CSF expression was also observed in primary tumors and correlated with poor 43

prognosis in PDAC patients. Together, these results describe a role of GM-CSF in the 44

modification of chemotherapy-treated PDAC microenvironment, and suggest that the 45

targeting of GM-CSF may benefit PDAC patients' refractory to current anticancer 46

regimens by defeating MDSCs-mediated immune escape.47

48
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Introduction49

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive cancer characterized by 50

high mortality and poor prognosis, where in advanced cases the average of life 51

expectancy is less than 1 year (1, 2). A recent study of cancer incidence and mortality 52

has projected PDAC to become the second leading cause of cancer-related death by 53

2030 in the United States (3). In spite of recent progress in treatment strategies, the 54

current protocols of chemotherapy regimens remain insufficient to cure the patients (4, 55

5). Recently, we and other groups have reported a new concept of “Adjuvant surgery” 56

in which PDAC patients are treated with pre-operative chemotherapy, followed by 57

surgical resection which contributes to long term survival for locally advanced cases58

(6, 7). Unfortunately, this procedure can be applied in only a small population of 59

selected patients that were characterized with high outcome of pre-operative 60

chemotherapy (6, 7). Thus, new therapeutic strategies for improving 61

chemotherapeutic response are critically needed to improve the clinical outcomes in62

advanced PDAC, which in turn depend on the deep understanding of changes 63

induced in tumor microenvironment under chemotherapeutic conditions. In this 64

context, it has recently become clear that anti-cancer chemotherapeutic agents can 65

modify the tumor microenvironment, and the therapeutic effects mediated by these 66

agents are considerably dependent on the host immunological reaction (8, 9). 67

Additionally, the complex interaction between tumor cells and other cellular 68
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components of tumor microenvironment such as cancer associated fibroblasts (CAF) 69

and myeloid cells has great impact on invasion, metastasis and acquiring of 70

chemo-resistant phenotypes (10, 11). PDAC microenvironment constitutes of 71

molecular and cellular components with inflammatory features, such as pancreatic 72

stellate cells (PaSC) and immune cells which affect PDAC progress (12, 13). 73

Accumulating evidence has unveiled the role of KRAS oncogene in the formation of 74

desmoplastic and inflammatory microenvironment via the secretion of multiple 75

cytokines and chemokines (14). Thus, the understanding of the interaction between 76

tumor microenvironment and immune cell and cytotoxic therapies is essential for the 77

improvement of PDAC treatment. 78

Myeloid-derived suppressor cells (MDSCs) are heterogeneous populations of 79

immune cells derived from progenitor cells in bone marrow, which accumulate in 80

tumor microenvironment via various pathological mechanisms, and contribute to 81

tumor progression by damping T-cell immunity and promoting angiogenesis (15, 16).82

Cytokines such as colony stimulating factors (e.g. GM-CSF and G-CSF) are key 83

molecules involved in the generation of MDSCs (17, 18). Oncogenic KRAS is the 84

most frequently mutated gene in PDAC and has been shown to be involved in PDAC 85

development and growth (19, 20). Importantly, Oncogenic KRAS is associated with 86

overexpression of GM-CSF which induces MDSCs formation in PDAC 87
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microenvironments, which in turn prompt the development and progression of PDAC 88

in genetically engineered mouse models (21, 22). Moreover, targeted depletion of 89

MDSCs was effective to increase the intra-tumoral accumulation of activated T-cells90

and thus improved the therapeutic efficacies of immunotherapy in murine models of 91

PDAC and other cancers (23). However little is known about the role of MDSCs in 92

human PDAC, especially in clinical therapeutic settings, for example, chemotherapy 93

treated conditions.94

In the present study, we show phenotypic and functional changes of monocytes 95

under chemotherapy-treated human PDAC conditions. Human monocytes 96

differentiated into HLA-DRlow/negative MDSC phenotype when cultured in conditioned 97

medium of human PDAC cells. Moreover, HLA-DRlow/negative cells formation was98

enhanced when human monocytes were cultured in conditioned medium of 99

chemotherapy-treated human PDAC cells. Gene and protein expression of GM-CSF 100

or other inflammatory factors in human PDAC cell lines were upregulated after 101

treatment with anticancer cytotoxic agents such as gemcitabine and Fluorouracil.102

Blockade of GM-CSF in the supernatants of PDAC cell culture with specific 103

monoclonal antibodies resulted in recovery of T cell proliferation when co-cultured 104

with monocytes stimulated with PDAC conditioned medium. Consistent with these 105

results, we found that PDAC tumor tissues in chemotherapy-treated cancer patients106
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recruited more cells which express MDSC markers compared to non-treated group. 107

In conclusion, targeting of PDAC with chemotherapy may activate inflammatory 108

signals that induce the production of multiple sets of cytokines and chemokines in 109

tumor cells. Among these, GM-CSF has emerged as a critical factor that link 110

inflammatory signals with the creation of immunosuppressive microenvironment via 111

the acceleration of monocytes differentiation into MDSCs. Together, our results give a 112

new insight into how chemotherapy may results in counterproductive effects, and 113

highlight the candidate molecules to be targeted in future improvement of PDAC 114

treatment. 115
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Materials and Methods116

Ethics 117

Human PDAC samples were obtained from surgical specimens after obtaining 118

informed consent from all patients. Blood samples were obtained from healthy 119

volunteers and PBMCs were separated using cell separating tube (BD Bioscience). 120

Both procedures were ethically approved by the committees in the Institutional review 121

Board of Hokkaido University Hospital (No. 013-0389, 013-0390). 122

123

Human PDAC tissue samples124

For tissue microarray (TMA), PDAC tissue samples were obtained from 99 resected 125

PDAC in our institute between 1994 and 2005. TMA was constructed as described in 126

our previous report (24). Patients without information about survival or broken and 127

poor samples were omitted from analysis. Total 68 patients were subjected to analysis.128

The characteristics of patients for TMA study are summarized in supplementary table 129

1. Evaluation procedure was performed as previously reported with a little130

modification. The intensity of GM-CSF staining was classified according to a 131

three-level scale: 0 = weak or equivalent staining compared with normal pancreas, 1+132

= strong and partial staining to cytoplasm of cancer cell, 2+ = strong and diffuse133

staining to cytoplasm. Scoring was evaluated by two independent investigators.134
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The 15 patients that were evaluated in the comparison study (figure 5) are overlap 135

cohorts described in our previous report resected in our institute between 2006 and 136

2010 (25). The characteristics of these patients are summarized in supplementary 137

table 2-3. Immunohistochemistry testing and evaluation of myeloid cells were 138

performed according to previous reports (25). Briefly, five areas of most abundant 139

myeloid cells distribution were selected in high-power field (×400). Average counted 140

numbers of areas were compared. All specimens were evaluated by two independent 141

investigators.142

143

Cell lines144

Human PDAC cell lines (Capan-1, Capan-2, PANC-1, MIAPaCa-2, and BxPC-3), 145

human cervical cancer cell line (HeLa) and human leukemia cell line (Jurkat) were 146

purchased from ATCC. PK-45-P and PK-1 were purchased from RIKEN. PCI-43 and 147

PCI-43-P5 were previously established from surgically resected primary carcinoma 148

tissues in our institute (26). All cell lines were cultured in an appropriate medium as 149

indicated by manufactures or references. For conditioned medium used in monocyte 150

culture, Capan-1 and PANC-1 cells were cultured in RPMI 1640 (WAKO) 151

supplemented with 10% fetal bovine serum (Cell Culture Bioscience), 1% 152

penicillin/streptomycin, 10mM HEPES, 1% L-glutamine, 1mM sodium pyruvate, 1% 153
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non-essential amino acids (All from Life technologies), and 50μM 2-mercaptoethanol 154

(WAKO) in accordance with optimizing conditions for monocytes. 155

156

In vitro human monocyte culture 157

To examine the effects of PDAC-derived factors on monocytes differentiation, we 158

established the following in vitro models. For normal condition, the supernatants of 159

PDAC cell culture were harvested when cells became 80% confluent, and passed 160

through 0.2μm filter (Sartourius Stedim Biotech). To mimic clinical pharmacological 161

settings in PDAC patients, gemcitabine (GEM, 1-30μM) or fluorouracil (5-FU, 162

10μg/ml) were applied at concentrations similar to that used in clinic (1-30μM). PDAC 163

cells were pulsed with GEM or 5-FU for 60 minutes followed by wash for 5 times with 164

sterilized PBS and change to fresh media. After 72 hours, supernatants were 165

collected and passed through 0.2μm filter as described above. Human peripheral 166

monocytes were purified from PBMC of healthy donors using CD14 positive selection 167

by magnetic cell sorting systems according to manufacture’ s protocols (Miltenyi 168

Biotech) and cultured in the presence of supernatants prepared from normal PDAC or 169

chemotherapy-treated PDAC cells for 6 days. On day 6, gene expression and protein 170

analysis were evaluated by quantitative RT-PCR or flow cytometry, respectively. In 171

some experiments, cytokines in the supernatants of PDAC cell culture were 172
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neutralized using anti-human GM-CSF (Clone BVD2-23B6; Biolegend, 10μg/ml), 173

anti-human IL-6 (Clone 6708; R&D systems, 2μg/ml), or anti-human IL-8 (Clone 6217; 174

R&D systems, 2μg/ml).175

176

Flow cytometry177

Single cell suspensions were used for flow cytometry analysis after treatment with 178

Human FcR blocker (Miltenyi Biotech) or anti-mouse CD16/32 (BD Biosciences) and 179

staining with appropriate fluorescent antibodies according to manufacturer’s 180

instruction. Fluorescent antibodies used for the staining of human cell surface 181

markers were purchased from BD Biosciences (anti-HLA-DR and anti-CD15), 182

BECKMAN COULTER (anti-CD11b and anti-CD33), Miltenyi Biotec (anti-CD14) or 183

Biolegend (anti-CCR2 and anti-CX3CR1). Fluorescent antibodies used for the 184

staining of mouse cell surface markers were purchased from Biolegend (anti-CD11b 185

and anti-Gr1). Samples were run on FACS canto II (BD Biosciences) and analysed 186

using FlowJo software V7.6.5 187

188

Quantitative RT-PCR189

RNA was extracted from cells using RNeasy Plus Mini Kit (QIAGEN) according to the 190

manufacturer’s protocol, and used for cDNA synthesis (Prime Script RT Master Mix, 191
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TAKARA BIO). cDNA products were used to amplify target genes using Power SYBR 192

Green (Life Technologies) and specific primer (Supplementary Table 3). PCR 193

reactions and data analysis were performed in a StepOne Real-time PCR system 194

(Applied Biosystems), using the comparative CT method and the housekeeping gene 195

GAPDH. Primers used in this study are as follows: 196

GAPDH (Forward: 5'-AACAGCGACACCCACTCCTC-3' Reverse:197

5'-ATACCAGGAAATGAGCTTGACAA-3'), M-CSF (Forward:198

5'-GCCTGCGTCCGAACTTCTA-3' Reverse: 5'-ACTGCTAGGGATGGCTTTGG-3'), 199

GM-CSF (Forward: 5'-ATGATGGCCAGCCACTACAA-3' Reverse:200

5'-CTGGCTCCCAGCAGTCAAAG-3'), IL-6 (Forward: 201

5'-GGCACTGGCAGAAAACAACC-3' Reverse: 5'-GCAAGTCTCCTCATTGAATCC-3), 202

IL-8 (Forward: 5'-CTGCGCCAACACAGAAAATTA-3' Reverse: 203

5'-ATTGCATCTGGCAACCTAC-3'), IL-1B (Forward:204

5'-ATCACTGAACTGCACGTCC-3' Reverse: 5'-GCCCAAGGCCACAGGTATTT-3'), 205

PTCS2 (Forward: 5'-GTTCCACCCGCAGTACAGAA-3' Reverse: 206

5'-AGGGCTTCAGCATAAAGCGT-3'), TNF (Forward:207

5'-CACAGTGAAGTGCTGGCAAC-3' Reverse: 5'-AGGAAGGCCTAAGGTCCACT-3'), 208

VEGF-A (Forward: 5'-CTACCTCCACCATGCCAAGT-3', Reverse: 209

5'-GCAGTAGCTGCGCTGATAGA-3'), CXCL-12 (Forward: 210
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5'-CTACAGATGCCCATGCCGAT-3' Reverse: 5'-CAGCCGGGCTACAATCTGAA-3'), 211

SCF (Forward: 5'-AGCCAGCTCCCTTAGGAATGA-3' Reverse: 212

5'-TGCCCTTGTAAGACTTGGCTG-3'), TGF-B1 (Forward: 213

5'-GGGACTATCCACCTGCAAGA-3' Reverse: 5'-GAACCCGTTGATGTCCACTT-3'), 214

CCL-2 (Forward: 5'-CAGCAAGTGTCCCAAAGAAGCTG-3' Reverse: 215

5'-TGGAATCCTGAACCCACTTCTGC-3'), NOS2 (Forward: 216

5'-TCCAAGGTATCCTGGAGCGA-3' Reverse: 5'-AATGTGGGGCTGTTGGTGAA-3'), 217

ARG1 (Forward: 5'-ATGTTGACGGACTGGACCCATCT-3' Reverse: 218

5'-TGCAACTGCTGTGTTCACTGTTC-3'), IL-10 (Forward: 219

5'-GAGATGCCTTCAGCAGAGTGA-3' Reverse: 220

5'-ACATGCGCCTTGATGTCTGG-3'). Primers specificity was confirmed by peak melt 221

curve before using. All experiments were performed in duplicate for each sample.222

223

Cytokine measurement 224

Cytokines were measured using commercial ELISA kits according to the 225

manufacturer’s instructions. The kits for GM-CSF and IL-8 were purchased from 226

Biolegend. The kit for IL-6 was purchased from R&D systems. All measurements were 227

performed using supernatants from three independent cell cultures.228

229
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Western blotting230

Total cell lysates were prepared using RIPA buffer supplemented with protease 231

inhibitors aprotinin and PMSF. Protein samples were resolved using 10% SDS-PAGE 232

and were then transferred to PVDF membrane (GE Healthcare). Membranes were 233

probed with primary antibodies against target molecules followed by reaction with 234

secondary antibodies conjugated to horseradish peroxidase (HRP) for appropriate 235

incubation time. Antibodies against ERK, p-ERK, AKT and p-AKT were purchased 236

from Cell Signaling; antibodies against β-Actin were purchased from Millipore; 237

secondary antibodies were purchased from Jackson ImmunoResearch. 238

Immunoreactivity was detected by an enhanced chemiluminescence detection system 239

(GE Healthcare). Equal loading of proteins was confirmed with β-Actin.240

241

NF-κB luciferase reporter assay242

Promoter activities of NF-κB in cultured cells were monitored using 243

Ready-To-GlowTM secreted luciferase reporter system (Clontech). Briefly, Capan-1 244

cells were transfected with secreting luciferase reporter plasmid encoding NF-κB 245

using Lipofectamine 2000 (Invitrogen), and stable clones were selected by G418. 246

Stable clones were stimulated with GEM or 5-FU and luciferase activities in the 247

supernatants were detected at the indicated time points. Luciferase activities were 248
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compensated by cell number.249

250

T-cell proliferation assay251

Autologous reactions of monocytes and CD4+ or CD8+ T cells were estimated by 252

3H-thymidine incorporation assay. Briefly, human CD4+ or CD8+ T cells were isolated 253

from PBMC of healthy donors using CD4+ T cell isolation kit and CD8+ T cell isolation 254

kit (Miltenyi Biotec). CD4+ or CD8+ T cells were cultured in the presence of 3μg/ml of 255

anti-CD3 antibody (OKT3; eBioscience) and 1μg/ml of anti-CD28 antibody (CD28.2; 256

Biolegend). Stimulated CD4+ or CD8+ T cells were then co-cultured with monocytes 257

differentiated in the presence of tumor supernatants at the indicated conditions at 258

different T cell / monocyte ratios. 3H-thymidine incorporations were counted after 72 259

hours culture. 260

261

Immunohistochemical staining of formalin fixed paraffin embedded tissues 262

(FFPE)263

Paraffin-embedded specimens were cut into thin slices and mounted on slide glass. 264

Sections were deparaffinized in xylene, and rehydrated in ethanol. Antigen retrieval 265

was performed by boiling for 20 minutes in citrate buffer (pH 6.0) or Tris-EDTA buffer 266

(pH 9.0). Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in 267
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methanol. Nonspecific reactions were blocked with original blocking cocktails; the 268

equal quantity of 10% normal goat serum (Nichirei), Protein-Block Serum-Free 269

Ready-To-Use (DAKO), and antibody diluent with background reducing components 270

(DAKO). Immunohistochemical reactions were carried out using the enzyme polymer 271

methods with Histofine series (Nichirei). Primary antibodies were mounted into slides 272

for 60 minutes at room temperature or overnight at 4℃ followed by 20 minutes 273

incubation with secondary antibodies at room temperature. Antibodies used for FFPE 274

were purchased from LSBio (GM-CSF: LS-C104671 clone), Abcam (CD14: ab49755 275

clone, HLA-DR: EPR3692 clone) and Biolegend (CD66b: G10F5), and used 276

according to the manufacturer’s instructions. The list of primary antibodies with their 277

reactive conditions is listed in supplementary table 4.  Immunohistochemical 278

reactions were visualized with DAB or Fast Red II (Nichirei) followed by 279

counterstaining with hematoxylin and mounted on coverslips.280

Statistical analysis281

Parametric statistics were applied for in vitro data and Student’s t-test was used for 282

comparison between groups. For mouse or human data, non-parametric statistics 283

were applied in which Man-Whitney U test, Fisher’s exact test, or χ2 test were used as 284

appropriate. Overall survival was calculated from the date of operation to the date of 285

last follow-up or date of patient death. The Kaplan-Meier method was used to 286
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estimate overall survival, and survival differences were estimated by the log-rank test.287

Except where indicated, the values were presented as mean ± SEM. P was 288

considered statistically significant when < 0.05. All data were analyzed using StatFlex 289

software v6.0.290
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Results291

Human monocytes differentiate into MDSCs when cultured in the supernatants 292

of PDAC cell culture293

PDAC cells secrete multiple inflammatory cytokines and growth factors. To assess 294

how PDAC cells-derived soluble factors influence human myeloid cells differentiation, 295

we generated in vitro culture models using conditioned medium (CM) from 2 PDAC 296

cell lines: Capan-1 and PANC-1 (Figure 1A). We found that human monocytes formed 297

different morphologies in response to PDAC tumor supernatants. Monocytes 298

differentiated into spindle adherent cells when cultured in normal medium, while 299

monocytes that were differentiated in the presence of Capan-1 or PANC-1300

supernatants formed floating immature cells (Figure 1B). Previous reports suggested 301

that PDAC induces the accumulation of MDSCs in tumor regions in genetically 302

engineered mouse models (21, 22). Monocyte-derived MDSCs (Mo-MDSCs) from 303

cancer patients express the monocyte-macrophage marker CD14 and the common 304

myeloid marker CD33, but lack or show lower expression of mature myeloid markers305

HLA-DR (27). We found that human monocytes expressed CD14 and CD33, while 306

HLA-DR expression was relatively lower in monocytes cultured in the presence of 307

PDAC supernatants compared to normal medium (Figure 1C and 1D). Mo-MDSCs308

suppress T cell immunity via nitric oxide synthase 2 (NOS2) or Arginase 1 (ARG1) (28, 309
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29). Thus, we next evaluated the expression levels of these two enzymes in 310

monocytes induced by PDAC CM. PDAC CM-treated monocytes showed high 311

expression of both NOS2 and ARG1 (Figure 1E). Additionally, we examined the 312

expression of other myeloid lineage markers, and found that PDAC CM-treated 313

monocytes express the common myeloid marker CD11b, chemokine receptor 2 314

(CCR2), but lack the expression of granulocyte or tissue resident macrophage marker 315

CD15 or CX3C chemokine receptor 1 (CX3CR1) (30) (Figure 1F). Together, these 316

data demonstrated that human peripheral monocytes differentiated into mo-MDSCs317

when stimulated with PDAC CM. 318

319

The supernatants of chemotherapy-treated PDAC cells enhance the 320

differentiation of human monocytes into MDSCs 321

Next, we examined if the differentiation patterns of monocytes are altered in 322

chemotherapy-treated PDAC microenvironment. To do so, we established in vitro323

culture model using Capan-1 cell line treated with gemcitabine (GEM) or Fluorouracil 324

(5-FU) (Figure 2A). Interestingly, after 6 days of culture, monocytes showed 325

morphological changes when cultured in the supernatants of chemotherapy-treated 326

PDAC cells, represented by increased diameters (Figure 2B and Supplementary Fig. 327

S1) and formation of cytoplasmic vacuoles that were not observed in monocytes 328
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cultured in normal medium or normal PDAC supernatant (Figure 2C). These 329

monocytes showed high forward and side scatter voltage signals in flowcytometry330

analysis, which was consistent with gross examination (Figure 2D). Additionally, the 331

HLA-DRlow/negative fraction was increased in monocytes differentiated in the 332

supernatants of chemotherapy-treated PDAC cells (Figure 2D, E and Supplementary 333

Fig. S1). These changes are consistent with the phenotype of HLA-DRlow/negative334

immature monocytes that have been previously reported (27). To evaluate the 335

immunosuppressive features of monocytes differentiated in GEM-treated PDAC CM, 336

we analysed expression levels of ARG1, IL-10, TGF-β1 and NOS2. Although no 337

significant changes were observed in the expression of ARG1, IL-10 or TGF-β1 (data 338

not shown), NOS2 expression was significantly increased in monocytes differentiated 339

in GEM-treated PDAC CM (Figure 2F). MDSCs are usually characterized by lack or 340

low expression of HLA-DR, and high expression of NOS2 (28, 31). Accordingly, these 341

data suggest that the supernatants of chemotherapy-treated PDAC cells accelerate 342

the differentiation of monocytes into MDSCs with enhanced molecular patterns.343

344

Treatment with chemotherapy amplifies the expression of GM-CSF and other 345

inflammatory cytokines in PDAC cells via the activation of MAPK signalling 346

pathway and NF-κB transcription347



21

MDSCs are immunosuppressive myeloid cells that contribute to tumor progression 348

and immune evasion. Accumulating evidence has unveiled that GM-CSF and other 349

tumor-derived molecules are necessary for the induction of preferential expansion of 350

MDSCs in tumor microenvironment (33, 34). To identify factors in the supernatants of 351

chemotherapy-treated PDAC cells responsible for monocytes differentiation into 352

MDSCs, we investigated expression profiles of various cytokine and chemokine in353

Capan-1 or PANC-1 cell lines. Following stimulation with GEM or 5-FU, several 354

cytokines and chemokines were upregulated in both cell lines (Figure 3A, B and 355

Supplementary Fig. S2). In particular, the expression of GM-CSF, IL-6 and IL-8 was 356

increased in the supernatants of chemotherapy-treated Capan-1 cells (Figure 3C, 357

Supplementary Fig. S3). In the next experiment, we focused on GM-CSF since both 358

cell lines showed a significant enhancement in GM-CSF production after treatment359

with GEM or 5-FU. In addition, GM-CSF is well known for its role as an essential factor 360

of MDSC proliferation and differentiation in PDAC (22). In oncogenic KRAS-mediated 361

PDAC murine model, GM-CSF is regulated by MAPK or PI3K signalling pathway, two 362

major downstream pathways of KRAS oncogene (21). Thus we next compared the 363

activation status of these two pathways through the evaluation of ERK 364

phosphorylation as an indicator for MAPK pathway, or AKT for PI3K pathway in 365

normal or chemotherapy-treated conditions. We found that GEM treatment enhances 366
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the phosphorylation of ERK (Figure 3D) but not AKT (data not shown) in a 367

time-dependent manner. NF-κB is a major transcription factor which induces the 368

expression of inflammatory cytokines including GM-CSF (35, 36). Thus, we next 369

examined if GEM treatment may induce promoter activities of NF-κB in PDAC cells. In 370

a luciferase assay, we found that NF-κB-luciferase activities were enhanced after 371

chemotherapy treatment (Figure 3E). These data indicate that chemotherapy 372

enhances the production of multiple inflammatory cytokines including GM-CSF by 373

amplifying the activation status of MAPK signalling pathway and NF-κB promoter 374

activities in PDAC cells. 375

376

Neutralization of GM-CSF in the supernatants of chemotherapy-treated PDAC 377

cells blocks monocytes differentiation into MDSCs and help recovery of T cell 378

proliferation 379

The supernatants of chemotherapy-treated PDAC cells were enriched with GM-CSF, 380

and induced morphological and phenotypic changes in monocytes. To further 381

examine the contribution of GM-CSF in these changes, we utilized a specific 382

monoclonal antibody to neutralize GM-CSF in chemotherapy-treated Capan-1 CM. 383

Interestingly, we found that the neutralization of GM-CSF has resulted in decreased 384

forward and side scatter voltage signals as well as HLA-DRlow/negative fractions (Figure 385
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4A), and abolished the formation of cytoplasmic vacuoles that were observed in the 386

case of GEM-treated Capan-1 CM (Figure 4B). These data indicate that GM-CSF is 387

one of the major factors of monocyte differentiation in the supernatants of 388

chemotherapy-treated PDAC cells.389

MDSCs are heterogeneous populations of cells that are defined by their ability to 390

potently suppress T cell response by NOS2-dependent mechanism (31). As described 391

above, the supernatants of chemotherapy-treated PDAC cells were enriched with 392

GM-CSF, and induced high expression of NOS2 in MDSCs differentiated from 393

monocytes. To confirm the immunosuppressive potential of MDSCs generated from 394

monocytes in the presence of PDAC supernatants, we co-cultured these MDSCs with 395

CD4+ or CD8+ T cells and examined T cell aggregation and proliferation after 396

stimulation. Interestingly, MDSCs generated from monocytes by normal Capan-1 CM397

suppressed aggregation and proliferation of stimulated CD4+ or CD8+ T cells, which 398

was further suppressed by MDSCs generated by GEM-treated Capan-1 CM (Figure 399

4C, D and Supplementary Fig. S4). Importantly, the neutralization of GM-CSF in 400

GEM-treated Capan-1 CM was effective to abolish these immunosuppressive 401

functions and contribute to the recovery of T cell function as observed by enhanced 402

aggregation and proliferation (Figure 4C, D and Supplementary Fig. S4). Together, 403

these data highlight the role of GM-CSF in the enhancement of MDSCs formation in 404
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chemotherapy-treated PDAC microenvironment, and suggest that the neutralization 405

of GM-CSF may contribute to block the formation of MDSCs and thus the recovery T 406

cell response. 407

408

GM-CSF is expressed in various human PDAC cell lines and tumor tissues and409

serves as a poor prognostic indicator for PDAC patients 410

To investigate whether GM-CSF expression is a common feature of PDAC cells, we 411

examined the expression of GM-CSF in human samples. Quantitative PCR analysis 412

showed high expression of GM-CSF in all PDAC cell lines with some variations413

(Figure 5A). Next, immunohistochemistry staining was used to examine protein levels 414

of GM-CSF in PDAC tissues of 68 resected primary tumors by tissue microarray.415

PDAC tissues also showed variety in GM-CSF expression (Figure 5B). The intensity 416

of GM-CSF staining was classified as high or low as described in material and 417

methods (Figure 5B and C), and scores were used to generate Kaplan-Meier survival 418

curve. We found that survival rates were significantly lower in patients with high 419

expression of GM-CSF (Figure 5D). These data suggest that GM-CSF, a MDSC 420

inducing cytokine, is generally expressed in human PDAC, and correlate with poor 421

prognosis.422

Finally, to examine the impact of tumor microenvironment on MDSCs differentiation 423
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in human PDAC tissues under chemotherapeutic conditions, we assessed MDSC 424

marker expression in tumor-infiltrating myeloid cells in PDAC patients treated with 425

pre-operative chemotherapy including GEM in our institute (Supplementary table 3). 426

We found that tumor-infiltrating CD14+ cells in PDAC patients treated with 427

pre-operative chemotherapy show no or weak expression of HLA-DR compared to 428

patients without pre-operative chemotherapy treatment (Figure 5E and F). These data 429

indicate that CD14+HLA-DR- cells constitute a dominant fraction in PDAC tissues 430

following chemotherapy. Furthermore, we investigated the expression of CD66b, a 431

marker of granulocytic MDSC (G-MDSC) (38), and found that the frequencies of 432

tumor-infiltrating CD66b+ cells were significantly higher in PDAC patients after 433

chemotherapy treatment (Figure 5G and H). On the other hand, no significant 434

difference was observed in the frequencies of CD68+ macrophages between the two 435

groups (Supplementary Fig. S5). Taken together, these results suggest that 436

chemotherapy treatment accelerates the formation of both Mo-MDSCs and G-MDSCs 437

in human PDAC tissues, in consistent with previous experiments. 438
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Discussion439

Most of PDAC cancer cases are diagnosed at late stages, which make surgical 440

resection of the tumor or the organ difficult if not impossible (39). Chemotherapy has 441

been suggested as a possible strategy for the treatment of PDAC patients; however 442

clinical response mediated by anticancer cytotoxic agents against PDAC is so limited, 443

and it is unlikely that chemotherapy alone will provide durable clinical benefit for the 444

majority of PDAC patients. Thus, new combination protocols are suggested to gain 445

cumulative or synergistic benefit in large population of patients. One good example is 446

the treatment with radical surgery, which was accompanied by favourable clinical 447

outcomes in some clinical cases (6, 7). Moreover, recent progress has been achieved 448

in the protocols of “neoadjuvant chemotherapy” against PDAC (40, 41). These new 449

protocols enable the analysis of molecular and pathological patterns of 450

chemotherapy-treated PDAC. For example, recent pre-operative chemotherapy 451

protocols helped to identify the molecular patterns of T cells, showing increased 452

accumulation in tumor tissues in PDAC or oesophageal cancer patients (25,42,43).453

Additionally, in this study we have reported for the first time the distribution of MDSC 454

markers in PDAC patients after chemotherapy treatment, in which MDSCs were the 455

dominant cells in cancer regions. However, the real therapeutic effects of 456

chemotherapy in PDAC treatment still poorly understood, since a large proportion of 457
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PDAC patients develop chemoresistance and thus cannot receive surgical therapy. 458

Therefore, further studies are critically needed to identify the molecular mechanism of 459

chemoresistance in PDAC. 460

It is now well established that the antitumor activities of chemotherapy considerably 461

rely on the complex interaction between tumor and immune system of the host (9, 44). 462

Moreover, accumulating evidence has unveiled the importance of the interaction 463

between tumor cells and myeloid cells in inducing chemoresistance and metastasis 464

(11, 45). This is also applicable in the case of PDAC, and the deep understanding of 465

this complex interaction in tumor microenvironment is a key concept for the 466

improvement of chemotherapeutic response against PDAC. To understand how 467

PDAC cells influence tumor microenvironment in chemotherapy-treated condition, we 468

first analysed monocyte differentiation patterns using in vitro culture models. When 469

stimulated with the supernatants of chemotherapy-treated PDAC cells, human 470

monocytes differentiated into immunosuppressive cells that resemble MDSCs, 471

showing similar morphology and shared the same molecular markers. Interestingly, 472

the supernatants of chemotherapy-treated PDAC cells were found to be enriched with 473

GM-CSF and other inflammatory factors which induce the differentiation of monocytes 474

into MDSCs. Consistent with this, immunostaining of tumor tissues of PDAC patients 475

treated with chemotherapy has shown enhancement in MDSC markers compared to 476
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normal tissues. Thus, chemotherapy itself may result in counterproductive effects in 477

which the formation of immunosuppressive and tumorigenic myeloid cells is enhanced 478

at the microenvironment of PDAC.479

MDSCs are a heterogeneous population of immature myeloid cells that negatively 480

regulate the anti-tumor immune responses (15). MDSCs also support tumor immune 481

evasion by suppressing T cell immunity, and promote angiogenesis and tumor 482

progression (21, 22, 46). Accumulation of MDSCs has been correlated with tumor 483

progression in patients (39). Additionally, a recent report has suggested that MDSCs 484

contribute to senescence evasion and chemoresistance in tumor (11). In PDAC, 485

MDSCs were found to be induced by MAPK or PI3K pathway-dependent GM-CSF, 486

and significantly correlated with tumor development and prognosis (21, 22). 487

Importantly, we have found that GM-CSF production was dramatically enhanced in 488

several PDAC cell lines as well as tumor tissues in PDAC patients after treatment with 489

chemotherapy, which was accompanied by increased frequencies of MDSCs. One 490

possible mechanism is the activation of MAPK and NF-κB signalling pathway as a 491

consequent of chemotherapy-induced DNA-damage response (DDR) (47). However, 492

detailed mechanism should be elucidated in future studies.493

GM-CSF may play two different roles at the tumor microenvironment of PDAC. First, 494

GM-CSF may help to induce or activate anticancer immune responses through the 495
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priming of immunostimulatory dendritic cells (DC). Based on this concept, GVAX®, a 496

GM-CSF gene-transferred tumor cell vaccine, has been developed for the treatment 497

of advanced PDAC patients, but the clinical outcome was lower than what was 498

expected (48). Alternatively, GM-CSF may induce the formation of MDSC. One 499

possible mechanism of these conflict roles of GM-CSF is the enrichment of PDAC 500

microenvironment with DAMPs (Danger-associated molecular patterns) after 501

chemotherapy treatment. DAMPs are released from tumor cells killed by anticancer 502

cytotoxic agents, and signalling mediated by these DAMPs may be involved in the 503

alteration of cellular differentiation pattern (49, 50), which should be clarified in future 504

studies. 505

Our data indicate that MDSCs were increased after treatment of PDAC with 506

chemotherapy, which was related to enhancement in GM-CSF production. The 507

neutralization of GM-CSF with antibodies was effective to reduce MDSC frequencies, 508

and help the recovery of T cell function (Figure 6). Depletion of MDSCs has been 509

recently suggested for PDAC treatment (23). In this context, the targeting of GM-CSF 510

may constitute an additional option to further improve current protocols of PDAC 511

treatment.512

In conclusion, our data identify a role of chemotherapy-derived inflammatory 513

response, in particular GM-CSF, in the enrichment of PDAC microenvironment with 514
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MDSCs. Here we suggest that the targeting of MDSCs by direct depletion and / or the 515

neutralization of tumor-derived GM-CSF in combination with current therapeutic 516

regimens constitute a promising strategy for the treatment of PDAC patients. 517
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Figure Legend699

Figure.1 Supernatants of human PDAC cell culture induce the differentiation of 700

monocytes into MDSCs 701

(A) A scheme of culture protocol used to study the effects of PDAC-derived factors on 702

monocytes differentiation. Human peripheral CD14+ monocytes were purified from 703

healthy donor and cultured in PDAC CM for 6 days. (B) Representative 704

photomicrographs of monocytes cultured for 6 days in normal medium, Capan-1 CM 705

or PANC-1 CM. Monocytes differentiate into spindle macrophage-like cells when 706

cultured in normal medium, whereas the supernatants of PDAC cells induce 707

monocytes differentiation into circular immature cells. Scale bars: 100μm. (C) Flow 708

cytometry analysis of CD14, CD33 and HLA-DR expression in monocytes cultured in 709

normal medium (control), Capan-1 CM or PANC-1 CM. PDAC CM-treated monocytes 710

were CD14+CD33+HLA-DRlow cells resembling mo-MDSC. (D) HLA-DR expression 711

levels in cultured monocytes at day 6. HLA-DR expressions was significantly 712

decreased when monocytes were cultured in PDAC CM (n=3 donors). (E) Flow 713

cytometry analysis of NOS2 and ARG1 in monocytes cultured in normal medium 714

(control), Capan-1 or PANC-1 CM. Gray histogram: isotype, black line: control 715

medium, gray line: Capan-1 or PANC-1 CM. Capan-1 or PANC-1 CM-treated 716

monocytes show high levels of NOS2 and ARG1 compared to control. (F) Flow 717
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cytometry analysis of CD11b, CD15, CCR2 and CXCR1 expression in monocytes 718

cultured in Capan-1 or PANC-1 CM. Gray histogram: isotype, black line: Capan-1 or 719

PANC-1 CM. PDAC CM-treated monocytes showed expression of CD11b and CCR2 720

but lack the expression of CD15 or CXCR1. Flowcytometry results are shown as 721

representative multiple independent experiments. * P < 0.05; * * P < 0.01. 722

723

Figure.2 Supernatants of chemotherapy-treated PDAC cells induce 724

morphological changes in monocytes with enhanced MDSC markers 725

(A) A scheme of culture protocol used to study the effects of chemotherapy-treated 726

PDAC microenvironment on monocytes differentiation. Capan-1 cells were pulsed 727

with GEM (1μM or 30μM) or 5-FU (10μg/ml) for 1 hour, followed by careful wash with 728

sterilized PBS, and change into fresh medium. Conditioned medium was collected 729

after 72 hour and applied to human peripheral CD14+ monocytes as described above.730

(B) Morphological changes in monocytes cultured in GEM-treated PDAC CM at day 6. 731

These cells were larger in size than monocytes cultured in PBS-treated PDAC CM. 732

Scale pars: 100μm. (C) May Giemsa staining showed unique cytoplasmic vacuoles in 733

monocytes cultured in GEM-treated PDAC CM (red arrows) but not PBS-treated 734

PDAC CM or normal medium. Scale bars: 20μm (D and E) Flowcytometry analysis 735

shows high forward and side scatter voltage signals (upper panel) and increased 736
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frequencies of HLA-DRlow/negative fraction (lower panel) in monocytes cultured in 737

GEM-treated PDAC CM compared to PBS-treated PDAC CM. (n=3 donors). (F) 738

Enhanced expression of NOS2 in monocytes cultured in the supernatants of 739

GEM-treated Capan-1 cells. Data are shown as representative of 2 independent 740

experiments. * P < 0.05; * * P < 0.01.741

742

Figure.3 Chemotherapy treatment amplifies the expression of multiple 743

MDSCs-inducing cytokines in PDAC cells via MAPK pathway-mediated signal 744

(A) and (B) Quantitative RT-PCR analysis for various cytokines and chemokines in 745

PBS or GEM-treated (A) or 5-FU-treated (B) Capan-1 cells after 72 hours of 746

stimulation. Data from PBS-treated cells were set as 1. Data is shown as 747

representative of 3 independent experiments. (C) ELISA measurement of GM-CSF in 748

the supernatants of PBS or chemotherapy-treaded Capan-1 cells after 72 hours of 749

stimulation. GM-CSF production is enhanced after chemotherapy treatment in a 750

dose-dependent manner. Data is shown as representative of 2 independent 751

experiments. (D) Western blotting of p-ERK or total ERK, p-AKT or total AKT, and 752

β-Actin of PBS or GEM-treated Capan-1 cells stimulated for the indicated time. GEM753

enhances the phosphorylation of ERK in a time-dependent manner. Similar results 754

were obtained from multiple independent experiments. (E) A time course of luciferase755
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activity of Nfκb promoter-luciferase reporter plasmid in Capan-1 cells stimulated with 756

GEM (upper panel) or f-FU (lower panel). Data is shown as representative of 2 757

independent experiments. * P < 0.05; * * P < 0.01; *** P < 0.001.758

759

Figure.4 Blockade of GM-CSF contributes to the reversal of morphological and 760

phenotypic changes induced in monocytes by chemotherapy-treated PDAC CM761

(A) Flowcytometry analysis shows decreased forward and side scatter voltage signals 762

(upper panel) and decreased frequencies of HLA-DRlow/negative fraction (lower panel) in 763

monocytes cultured in GEM-treated PDAC CM after depletion of GM-CSF 764

(anti-GM-CSF: 10μg/ml). (B) Microscopic examination and May Giemsa staining 765

showed decrease in cell size (upper panel) and disappearance of cytoplasmic 766

vacuoles (lower panel) that were observed in GEM-treated PDAC CM after treatment 767

with anti-GM-CSF. Scale bars: 100μm for photomicrographs and 20μm for May 768

Giemsa staining. (C) Photomicrographs of T cell aggregate. MDSCs were co-cultured 769

with autologous CD4+ T cells stimulated with anti-CD3/28 for 72 hours at the indicated 770

ratio. Data are shown as representative of two independent experiments. Scale bar: 771

10μm. (D) T cell proliferation assay. MDSCs were co-cultured with autologous CD4+ T 772

cells stimulated with anti-CD3/28 for 72 hours at the indicated ratio, and T cell 773

proliferation was measured by H3 thymidine uptake. Neutralization of GM-CSF in 774
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GEM-treated Capan-1 CM was effective to abolish the immunosuppressive functions 775

and contribute to the recovery of CD4+ T cell function as observed by enhanced 776

aggregation and proliferation. Data are shown as representative of two independent 777

experiments. * P < 0.05; * * P < 0.01; *** P < 0.001.778

779

Figure.5 GM-CSF expression is observed in various PDAC cell lines and tumor 780

tissues of PDAC patients, and related to the enhancement of MDSC markers 781

after treatment with pre-operative chemotherapy782

(A) Quantitative RT-PCR analysis of GM-CSF in various PDAC cell and non-PDAC 783

cell lines. GM-CSF expression was normalized to GAPDH. Data is shown as 784

representative of 3 independent experiments. (B) Immunohistochemistry staining of 785

GM-CSF in PDAC region or normal region of pancreatic tissues from PDAC patients. 786

Scale bar: 100μm. (C) The intensity of GM-CSF staining was classified according to a 787

three-level scale: 0, 1+, 2+ and 71% of patients were GM-CSF high criteria. (D) 788

Kaplan-Meier survival analysis of overall survival in 68 resected PDAC samples. 789

GM-CSF-high population showed significantly lower survival rates. (E) 790

Immunohistochemistry staining of CD14 and HLA-DR in pancreatic tissues of PDAC 791

patients before or after treatment with pre-operative chemotherapy. Scale bar: 100μm.792

(F) Frequencies of CD14+HLA-DR+ (left) and percentage of HLA-DR+ cells to total 793



47

CD14+ cells (middle) and total CD14+ (right) in pancreatic tissues of PDAC patients 794

before or after pre-operative chemotherapy. (G) Immunohistochemistry staining of 795

CD66b in pancreatic tissues of PDAC patients before or after treatment with 796

pre-operative chemotherapy. Scale bar: 100μm. (H) Frequencies of CD66b+ in 797

pancreatic tissues of PDAC patients before or after pre-operative chemotherapy. For 798

F and H, bars indicate the median value and the box encompasses the 25th and 75th799

percentiles. * P < 0.05; * * P < 0.01; *** P < 0.001.800

801

Figure.6 Mechanism of chemotherapy-mediated induction of MDSCs 802

A scheme of mechanism by which chemotherapy induces MDSC formation in PDAC 803

microenvironment is shown. Chemotherapy induces activation of MAPK signal 804

pathway and NF-κB promoter activities leading to enhancement in GM-CSF 805

production which in turn enhance the differentiation of monocytes into MDSCs. 806

Anti-GM-CSF Ab may offer a promising tool to block monocytes differentiation into 807

MDSCs, and thus help the recovery of effective antitumor T cell response.808
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Supplementary Figure Legend809

Supplementary figure.1 5-FU-treated Capan-1 supernatants induce the 810

differentiation of monocytes into MDSCs 811

Flow cytometry analysis of FSC, SSC and HLA-DR expression in monocytes 812

cultured in normal medium (control), 5-FU- treated Capan-1 CM.813

814

Supplementary figure.2 Gemcitabine amplifies the expression of multiple 815

MDSCs-inducing cytokines including GM-CSF in PANC-1 cell line816

Quantitative RT-PCR analysis of various cytokines and chemokines in PBS- or 817

GEM-treated PANC-1 cells after 72 hours of stimulation. Data from PBS-treated cells 818

were set as 1. Data is shown as representative of 3 independent experiments. * P < 819

0.05; * * P < 0.01; *** P < 0.001.820

821

Supplementary figure.3 Gemcitabine amplifies the expression of IL-6 or IL8 in822

Capan-1 cells 823

ELISA measurement of IL-6 and IL-8 in the supernatants of PBS- or GEM-treaded 824

Capan-1 cells after 72 hours of stimulation. Both cytokine productions were enhanced 825

after GEM treatment in a dose-dependent manner. Data is shown as representative of 826

2 independent experiments.827
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828

Supplementary figure.4 Blockade of GM-CSF contributes to the recovery of 829

CD8+ T cells proliferation when cultured with monocytes stimulated with 830

chemotherapy-treated PDAC CM831

(A) Photomicrographs of T cell aggregate. CD8+ T cells stimulated with anti-CD3/28 832

were co-cultured with autologous MDSCs for 72 hours at the indicated ratio. 833

Representative of two independent experiments. Scale bar: 10μm. (B) CD8+ T cell 834

proliferation was measured by H3 thymidine uptake. Neutralization of GM-CSF in 835

GEM-treated Capan-1 CM contribute to the recovery of CD8+ T cell proliferation. Data 836

are shown as representative of two independent experiments. * P < 0.05; * * P < 0.01; 837

*** P < 0.001.838

839

Supplementary figure.5 No significant difference in the frequencies of CD68+840

macrophages in cancer patients after treatment with pre-operative841

chemotherapy842

Frequencies of CD68+ cells in pancreatic tissues of PDAC patients before or after 843

pre-operative chemotherapy.844
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