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Abstract

The survival rate for pancreatic ductal adenocarcinoma (PDAC) remains low. More therapeutic 

options to treat this disease are needed, for the current standard of care is ineffective. Using an 

animal model of aggressive PDAC (Kras/p48TGFβRIIKO), we discovered an effect of TGFβ 
signaling in regulation of G-CSF secretion in pancreatic epithelium. Elevated concentrations of G-

CSF in PDAC promoted differentiation of Ly6G+ cells from progenitors, stimulated IL10 secretion 

from myeloid cells, and decreased T-cell proliferation via upregulation of Arg, iNOS, VEGF, IL6, 

IL1b from CD11b+ cells. Deletion of csf3 in PDAC cells or use of a G-CSF blocking antibody 

decreased tumor growth. Anti G-CSF treatment in combination with the DNA synthesis inhibitor 

gemcitabine reduced tumor size, increased the number of infiltrating T cells, and decreased the 

number of Ly6G+ cells more effectively than gemcitabine alone. Human Analysis of human 

datasets from The Cancer Genome Atlas and tissue microarrays (TMAs) correlated with 

observations from our mouse model experiments, especially in patients with grade I, stage II 

disease. We propose that in aggressive PDAC, elevated G-CSF contributes to tumor progression 

through promoting increases in infiltration of neutrophil-like cells with high immunosuppressive 

activity. Such a mechanism provides an avenue for a neoadjuvant therapeutic approach for this 

devastating disease.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC), one of the most lethal types of cancers, is 

characterized by stromal expansion with marked fibrosis. We generated pancreatic 

epithelium–specific (p48 = Ptf1a) TGFβ receptor type II (TβRII) knockout mice in the 

context of activated Kras (Kras/p48TβRII-KO) and found that aggressive PDAC develops 

recapitulates the histological features of the human disease (1). These mice have shorter 

tumor latency and survival rates compared to Kras/p48 mice and other models such as Pdx/

Smad4 or Pdx/p53 (KPC) (2,3). Abrogation of TGFβ signaling in Kras/p48 mice elevates 

epithelial STAT3 activity and correlates with decreased survival and advanced tumor stage in 

patients with PDAC. Treatment of mice with a STAT3 inhibitor and gemcitabine enhances 

drug delivery and therapeutic response through stroma remodeling without depletion of 

tumor stromal content (4,5). With STAT3 being a component of inflammatory signaling, the 

influence of the immune system on the development of these tumors could play a role in the 

progression of the disease. As such, these PDAC tissues show expression of CXCL 1, 2, and 

5 chemokines, which are involved in the chemotaxis of myeloid cells (6). Treatment of these 

mice with a CXCR2 inhibitor decreases tumor progression, angiogenesis, and increases 

overall survival (6). In KPC mice, the combination of a CXCR2 inhibitor with a PD1-

blocking antibody improved T-cell infiltration and extended survival (7). From this we can 

conclude that immune cell infiltration plays a role in tumor progression and also impedes 

antitumor immunity. Treatment based on stromal depletion in Kras/p48TβRII-KO mice 

resulted in invasive, undifferentiated tumors with enhanced hypoxia, EMT, and decreased 

animal survival. However, although these mice are not responsive to gemcitabine, anti-

CTLA4 immunotherapy was effective at reducing tumor growth (8). Given the inefficacy of 

current immune modulating therapies, an in-depth understanding of immune interactions as 

well as the stromal context in these models could uncover therapeutic options.

The presence and function of myeloid cells in tumor tissue plays a role in regulation of an 

antitumorigenic immune response as well as drug resistance. Tumors developing in the 

Kras/p48TβRII-KO mice have an increased number of tumor-associated macrophages (TAMs) 

in the tumor tissue and have increased expression of CXCL1, 2, 5, and 16 chemokines, 

which affects the functions of immune cells (1,6). Accumulation of TAMs in pancreatic 

tumor tissue induces chemoresistance by reducing gemcitabine-induced apoptosis via 

upregulation of cytidine deaminase (9). Targeting TAMs and inflammatory monocytes by 

inhibiting either CSF1R or CCR2 decreases the number of tumor-initiating cells and 

improves chemotherapeutic response (10). Similarly, blocking myeloid growth factors such 

as M-CSF (orthotopic model) and GM-CSF (KPC mice) during pancreatic cancer 

development decreases tumor growth and improves responses to T-cell checkpoint 

immunotherapy (3,11). Such evidence supports the idea that tumor-associated macrophages 

represent an impediment towards effective antitumoral immune responses. Alternatively, 

targeted depletion of G-MDSCs by 1A8 Ab in KPC mice can increase intratumoral CD8+ T 
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cells, apoptosis of tumor cells, and remodeling of the tumor stroma (12). In patients, 

pancreatic cancer converts CD14+ blood monocytes to monocyte-like myeloid derived 

suppressor cells (M-MDSC) by activation of the STAT3 pathway. These cells enhance 

stemness and mesenchymal properties of tumor tissue (13,14). Also, more granulocyte-like 

MDSCs (G-MDSCs), with high expression of arginase 1, but not M-MDSC were found in 

human pancreatic tumor tissue vs. circulating peripheral blood (15). As these cells affect T-

cell activity, they could provide an additional layer of T-cell inhibition to be overcome for 

effective antitumorigenic immunity to occur. Given the ineffectiveness of checkpoint 

inhibitors in PDAC clinical trials, finding therapeutics to overcome these additional hurdles 

is imperative.

In the present study, we investigated the immune response during aggressive PDAC 

development. In Kras/p48 mice with abrogated TGFβ signaling (TβRII deletion), we 

determine that different subpopulations of immune cells influence tumor progression. We 

analyzed mechanisms involved in increasing the number of Ly6G+ cells and mechanisms 

regulating their immunosuppressive functions. By using csf3 shRNA and blocking antibody 

to G-CSF (anti–G-CSF), we demonstrate a positive therapeutic effect of blocking G-CSF in 

combination with gemcitabine. Analysis of human TCGA data sets and TMAs helped us to 

identify a group of patients with similar changes as we found in the mouse model.

Materials and Methods

Cell lines and mice

All studies were performed on Kras/p48 and Kras/p48TGFbRII-KO mice which were 

established and maintained as described (1,6). p48-Cre mice were used to delete TGFβ 
receptor II in the pancreatic epithelium and crossed with the KrasG12D mice to promote 

tumorigenesis. These mice have pure BALB/c backgrounds and have spontaneous tumor 

formation in the pancreas by 3-4–weeks-old. For additional experiments 8-10 week-old 

female C57BL/6 and BALB/c mice were purchased from Harlan Inc. (Indianapolis, IN).

Kras/p48 and Kras/p48TGFbRII-KO pancreatic tumor cell lines were derived from primary 

tumors of Kras/p48 and Kras/p48TGFbRII-KO mice, respectively, established and cultured in 

DMEM/10% FBS as previously described (1,6). These tumor cells were implanted to the 

pancreas (2.5×105/25 ul of collagen gel) or s.c. injected (5×105/100ul of PBS). For 

experiments using MDSCs (CD11b+Gr1+), 4T1 tumor cells (5×105/100ul of PBS) were s.c. 

injected to naïve BALB/c mice. The spleen of these mice was isolated on the 4th week after 

tumor injection for future MDSC isolation by magnetic microbeads (Miltenyi Biotec, San 

Diego, CA) (16). 4T1 breast cancer cell line (CRL-2539) was obtained from ATCC 

(Manassas, VA) and maintained following standard protocol. To examine the effect of 

neutralizing G-CSF on tumor growth, mice were i.p. injected with anti–G-CSF (R&D 

Systems, Inc., Minneapolis, MN) twice/week, 10-50 ug/mouse as previously described (17). 

Gemcitabine (EMD Millipore, Billerica, MA) was injected i.p. twice/week in 50 mg/kg (6). 

For CD4 and CD8 depletion experiment, CD4 Ab (clone GK1.5), CD8 Ab (clone 2.43), and 

a rat IgG2b isotype control (clone LTF-2), were purchased from BioXCell (West Lebanon, 

NH). Mice were injected i.p. once/week with 100 ug of Ab. The studies were approved by 

IACUC at Vanderbilt University Medical Center.
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Flow Cytometry Analysis

To prepare single-cell suspensions, extracted tumors were chopped into small pieces, 

incubated in Dulbecco's modified Eagle's medium (DMEM) with 1 mg/ml collagenase P 

(Roche) for 30 min at 37°C, and then passed through a 70 μm cell strainer. After treatment 

with FcR Blocking Reagent (Miltenyi Biotec Inc., Auburn, CA), tumor single-cell 

suspensions (106 cells/ml) were labeled with specific antibody for 20 minutes on ice. All 

antibodies were obtained from Biolegend (San Diego, CA). The cells were analyzed on 

LSRII flow cytometry (Becton Dickinson) and the data were analyzed with FlowJo software. 

Nonviable cells were excluded by using DAPI. Cell sorting was performed on FACSAriaIII.

Magnetic Cell Separation

Tumor-infiltrating myeloid cells (CD11b+) and MDSCs (CD11b+Gr1+) were magnetically 

separated from tumor tissue of pancreas or spleen of tumor bearing mouse using CD11b or 

Gr1 magnetic microbeads following application protocols of the manufacturer (Miltenyi 

Biotec Inc., San Diego, CA).

Bone marrow isolation and differentiation

Bone marrow cells were harvested from the femurs of wild type mice. Hematopoietic 

progenitor cells (Lin−) were isolated using lineage cell depletion kit and LS columns from 

Miltenyi Biotec Inc. (San Diego, CA) according to the manufacturer's instructions. 

Hematopoietic progenitor cells were cultured on 24-well plates at 5 × 104 cells/mL 

concentration in RPMI medium containing 10% FBS, 20 mM HEPES, 50 μM 2-

mercaptoethanol, 1× antibiotic-antimycotic solution (Sigma, St. Louis, MO) and 

supplemented with 25% conditioned media from pancreas carcinoma cells. For generation of 

dendritic cells (for MLR and IL10 studies), whole bone-marrow cells were cultured on 24-

well plates at 5 × 105 cells/well concentration in RPMI medium containing 10% FBS, 20 

mM Hepes, 50 μM 2-mercaptoethanol, 1× antibiotic-antimycotic solution (Sigma, St. Louis, 

MO) and supplemented with granulocyte-macrophage colony stimulating factor (GM-CSF; 

20 ng/mL) and IL4 (10 ng/ml; both from R&D systems, Inc., Minneapolis, MN) for 5-6 days 

under humidified atmosphere of air/CO2 (19:1)at 37° C as previously described (18).

Functional T-cell assays

Dendritic cells were differentiated as described above. T cells from naïve BALB/c mice 

were isolated using R&D Systems Mouse T-cell Enrichment columns, according to the 

manufacturer's protocol. T cells were plated at 105 cells per well in 96 wells plate. Each well 

contained 100,000 T cells, 10,000 DCs, and various numbers of CD11b cells. Cells were 

incubated for 72 hours. 3[H]-thymidine was then added at 1μCi per 200uL of cells per well 

for an additional 18 hours followed by cell harvesting and radioactivity count using a liquid 

scintillation counter.

For non-specific T-cell stimulation, T cells from naïve BALB/c mice were isolated using 

R&D Systems Mouse T-cell Enrichment columns, according to the manufacturer's protocol, 

and mixed with CD3/CD28 Dynabeads (Invitrogen) according to the manufacturer's protocol 

and different number of CD11b+ cells. Cells were incubated for 72 hours. 3[H]-thymidine 
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was then added at 1μCi per 200μL of cells per well for an additional 18 hours followed by 

cell harvesting and radioactivity count using a liquid scintillation counter.

Quantitative RT-PCR

Total RNA was extracted from sorted or cultured cells using an RNeasy Mini Kit (QIAGEN 

Inc., Valencia, CA). cDNA was synthesized using Invitrogen Superscript First-strand 

synthesis system for RT-PCR (Invitrogen Inc., Carlsbad, CA). Primers specific for IL4, 

IL10, IL6, IL2, IFNγ, TNFα, FoxP3, IL17a, Arg, iNOS, VEGF, MMP2, MMP9, G-CSF 

were used and relative gene expression was determined using ABI PRISM 7900HT 

Sequence Detection System (PE Applied Biosystems, Foster City, CA). The comparative 

threshold cycle method was used to calculate gene expression normalized to β-actin as a 

gene reference. Primer sequences are available upon request.

Tissue Microarray of Pancreatic Tissues

A tissue microarray (TMA) was purchased from US Biomax (Rockville, MD) and contained 

10 normal pancreases, 11 chronic pancreatitis, 42 PDAC and 20 adjacent normal pancreas 

tissues. TMA slides were concurrently evaluated by Leica Biosystems software and by 

pathologist (C.S.) (4). Nuclear and cytoplasmic staining were scored as follows: the staining 

index was considered as the sum of the intensity score (0, no staining; 1+, weak; 2+, 

moderate; 3+, strong) and the distribution score (0, no staining; 1+, staining of <33% of 

cells; 2+, between 33% and 66% of cells; and 3+, staining of >66% of cells). Staining 

indices were classified as follows: 3+ or higher, strong staining; 1+ to 2+, weak staining; and 

0, negative staining. CD15 and G-CSF were scored as positive if any detectable cytoplasmic 

staining was present.

ELISA and protein array

Cytokine levels in conditioned media of tumor cells, dendritic cells and shRNA transformed 

tumor cells were measured using the Mouse G-CSF and IL10 ELISA kits (R&D Systems, 

Minneapolis, MN) following the manufacturer's protocol. Proteome Profiler Mouse XL 

Cytokine Array with 111 different cytokine antibodies (R&D System) was used to measure 

proteins in conditioned media isolated CD11b cells from pancreas tumor tissue following the 

manufacturer's protocol.

Histology, IHC

Tissues were embedded directly in an optimal cutting temperature compound without 

fixation or placement in 10% formalin overnight, and then embedded in paraffin and 

sectioned at 5 μm. Sections were dewaxed in xylene and rehydrated in successive ethanol 

baths. For Immunohistochemistry (IHC), the MOM kit was used (Vector). Ki67, CD3, 

CD31, F4/80 and CD3 staining were performed in Translational Pathology Shared 

Resources (Vanderbilt University, Nashville). IHC sections were photographed using the 

AXIO Scope A1 ZEISS microscope and AxioVision 4.8 software. Human TMA slides were 

stained according manufacture protocol for CD15 (Abcam) and G-CSF (Abcam) and then 

were scanned by using Leica SCN400 Slide Scanner with 40× objective. Quantification of 
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IHC was performed using NIH ImageJ (http://rsbweb.nih.gov/ij/docs/examples/stained-

sections/index.html) as previously described (19).

ShRNA Knockdown

Prepackaged lentiviral transduction particles containing verified MISSION shRNA 

constructs targeting the coding domain sequence of G-CSF and MISSION Non-Target 

shRNA Control Transduction Particles in pLKO.1-puro plasmid vectors were purchased 

from Sigma-Aldrich, UK. Cells were seeded at a density of 1 × 103 per well in a sterile 96-

well plate and incubated for 24 hours before addition of 2 multiplicity of infection of 

lentiviral particles. Cells were maintained in 2 μg/mL puromycin media. Knockdown levels 

were confirmed by ELISA.

Statistical Analysis

Data were presented as mean ± SEM. Multiple comparisons between treatment groups and 

control untreated group were performed using one-way ANOVA followed by Dunnett's 

procedure for multiplicity adjustment. Two-group comparison was performed using two-

sample t tests. Correlation analyses for the gene expression between the signatures of 

interest were performed using data representing 185 patients from TCGA data sets. The 

gene expression was normalized across all arrays. Gene symbols were assigned using the 

manufacturer-provided annotation, but the analysis was performed at probe level. The 

association between RFS and Smad4 was analyzed using the univariate Cox proportional 

hazard regression model. When an interaction was identified, a Kaplan-Meier survival curve 

was created for the “high versus low” of the Smad4 gene expression by dichotoming all the 

samples among the subtype (Fig. 4). All tests were two-tailed.

Results

Tumor development correlates with excess G-CSF

Fibroblast function and mechanical properties influence Kras/p48TβRII-KO tumor 

progression (1,6,8). We sought to examine changes in immune infiltration and function 

during PDAC development, thus we performed flow cytometry analysis of pancreas tumor 

tissue from Kras/p48TβRII-KO animals in comparison with tissue from Kras/p48 mice. We 

observed an increase in the number of immune cells (CD45+) in pancreatic tissue of 

Kras/p48TβRII-KO vs. Kras/p48 and vs. normal tissue (Fig. 1A). After analyzing different 

subpopulations of immune cells, we found more CD11b+Gr1+ cells in pancreatic tissue, 

spleen, and bone marrow (Fig. 1B, C). There is a significant increase number of 

CD11b+Gr1+ cells in spleen of Kras/p48TβRII-KO mice vs. Kras/p48 and vs. control mice (P 
< 0.05) and also in Kras/p48 mice vs. control mice (P < 0.05). In the bone marrow, we found 

more of these cells only in Kras/p48TβRII-KO mice (P < 0.05). As Gr1 Ab recognizes both 

Ly6C and Ly6G proteins on the cell surface, we carried out additional flow cytometry 

analysis of the Gr1+ population of cells. We discovered an increased number of 

CD11b+Gr1high cells which represent Ly6G+ cells (neutrophils, G-MDSC). However, there 

was not an increase in Ly6C+ cells (Fig. 1D). Pancreatic carcinoma cell lines with deleted 

TβRII isolated from mice of mixed genetic background (C57BL/6, 129) have excess 

CXCL1/2/5/16, VCAM, and G-CSF (6). We validated these findings in our model using 
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ELISA to measure levels of G-CSF in tissue and established carcinoma cell lines isolated 

from BALB/c animals. We observed increased G-CSF protein in tissue of Kras/p48TβRII-KO 

mice as well as in conditioned media from cultured pancreas carcinoma cell lines (Fig. 1E). 

To determine the functionality of this altered cytokine profile in promoting the 

differentiation of Ly6G+ cells, we supplemented progenitors (Lin- cells) derived from bone 

marrow with tumor-cell conditioned media during their differentiation. After 5 days of 

treatment, we found more myeloid (CD11b+) and Ly6G+ cells (Fig. 1F) if the differentiation 

was supplemented with Kras/p48TβRII-KO tumor-cell conditioned media than if the 

differentiation was supplemented with Kras/p48 cell conditioned media. Thus, TGFβ may 

regulate G-CSF in pancreas epithelium leading to accumulation of Ly6G+ cells during tumor 

progression.

G-CSF upregulates immunosuppressive functions of myeloid cells

Ly6Ghigh cells isolated from tumors can be neutrophils or T-cell suppressive G-MDSCs (20). 

To analyze the functions of these infiltrating immune cells in PDAC tissue, we FACS-sorted 

various immune cell populations from tumor tissue to determine cellular function (Fig. 2A). 

qPCR analysis of sorted T cells (CD3+) showed shifts in gene expression toward a Th2 

response through an increase in IL4, IL10, and IL6 expression (Fig. 2B). Markers of a Th1 

response (IFNγ), Tregs (Foxp3) and Th17 (IL17) were not changed, but IL2 was 

downregulated (Fig. 2B). Analysis of sorted Ly6G+ cells showed increases in genes 

corresponding to M2-like/pro-tumorigenic responses – increased gene expression of iNOS, 

Arg, IL6, IL10, VEGF, and MMP9; however expression of MMP2 was decreased (Fig. 2C). 

Gene expression changes in Ly6C+ population of cells and Ly6C–Ly6G– (MF, DC) were 

similar to Ly6G+ cells.

G-CSF was increased in pancreas tumor tissue and cultured pancreas carcinoma cell lines 

(Fig. 1). Increased tissue stiffness in Kras/p48TβRII-KO mice can also elevate amounts of G-

CSF (21). We sought to address the functional role for G-CSF in activity of Ly6G+ cells. 

First, we used a model for enrichment and isolation of MDSCs (CD11b+Gr1+) – we 

implanted the 4T1 tumor-cell line into BALB/c mice and isolated Gr1+ cells from spleen of 

these tumor-bearing mice. Isolated MDSCs were incubated with conditioned media 

collected from either Kras/p48 or Kras/p48TβRII-KO pancreas carcinoma cells. Secreted 

factors Arg, iNOS, IL6 and VEGF were upregulated from the tumor cells when incubated 

with the G-CSF rich carcinoma cell conditioned media (Fig. 2C). However, no differences in 

IL10, MMP2, and MMP9 expression were found. Second, using the same source of MDSCs 

we incubated them with various concentration of G-CSF and found similar changes in Arg, 

iNOS, IL10, MMP2, MMP9 and VEGF expression (Fig. 2C). These data highlighted the 

potential influence of IL10, as G-CSF regulates Th1/Th2 cells and influences the alternative 

polarization of macrophages through upregulation of IL10 (22). We performed analysis of 

myeloid cell secretion of IL10 in response to conditioned media from carcinoma cells. To do 

this, we differentiated dendritic cells from bone marrow progenitors and incubated them 

with conditioned media collected from pancreatic carcinoma cell lines. We found that 

carcinoma cells by themselves do not produce IL10 (Supplementary Fig. S1A). However, 

conditioned medium from Kras/p48TβRII-KO cell line stimulated secretion of IL10 from 

myeloid cells. This effect is primarily caused by G-CSF, as adding anti–G-CSF to the 

Pickup et al. Page 7

Cancer Immunol Res. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



medium blocked upregulation of IL10 (Supplementary Fig. S1A). No effect on stimulation 

of IL10 secretion was observed using conditioned media from Kras/p48 carcinoma cell 

lines.

To analyze the ability of myeloid cells from PDAC tissue to modulate T-cell proliferation, 

we stimulated T-cell proliferation with CD3/CD28 beads and mixed them with CD11b+ cells 

isolated from Kras/p48TβRII-KO and Kras/p48 tumors with and without blocking G-CSF Ab. 

Additionally, we stimulated T-cell proliferation with dendritic cells from a different mouse 

background (allogeneic MLR) and mixed in CD11b+ cells from the same tumors 

(Supplementary Fig. S1B). We discovered that myeloid cells (CD11b+) from Kras/

p48TβRII-KO PDAC tissue were better suppressors T-cells proliferation than CD11b+ cells 

isolated from Kras/p48 mice (Fig. 2D) that were dependent on G-CSF. We conclude that 

increased immunosuppressive function of myeloid cells in our PDAC in model was caused 

by G-CSF stimulation.

Inhibition of G-CSF suppress pancreatic tumor growth

Anti-G-CSF treatments decrease tumor growth of orthotopic lymphoma and lung cancer 

models (23). Anti-GM-CSF limits tumor growth in KPC mice (3), a model of spontaneous 

PDA in which expression of oncogenic KrasG12D and mutant p53R172H is targeted to the 

pancreas by Cre recombinase under the control of the pancreas-specific promoter Pdx-1. 
Moreover, inhibition of macrophage accumulation in tumor tissue by inhibition of CSF1R 

and CCR2 decreases tumor-initiating cells and improves chemotherapeutic responses in 

PAN02, KCM and Kras-INK pancreas tumor models (10). We subcutaneously (s.c.) 

implanted Kras/p48 and Kras/p48TβRII-KO pancreas carcinoma cell lines and treated mice 

with anti–G-CSF (Fig. 3A). After 4 weeks of anti–G-CSF treatment the average Kras/

p48TβRII-KO tumor weight from mice receiving blocking Ab were decreased compared to 

mice receiving control IgG Ab injections (Fig. 3B). Tumor size of Kras/p48 vs. Kras/

p48TβRII-KO was lower, which correlates with our data from Kras/p48TβRII-KO mice with 

spontaneous formation of pancreatic tumors (1,6). This model showed no effect of G-CSF 

blocking Ab on tumor weight of Kras/p48 tumors. Corresponding with the tumor weight 

data, the number of CD11b+Ly6G+ cells was decreased In Kras/p48TβRII-KO mice. No 

differences were observed in Kras/p48 animals (Fig. 3E, D). IHC analysis of tumor tissue 

showed no differences in CD3 staining but less proliferation (Ki-67) and angiogenesis 

(CD31) in Kras/p48TβRII-KO mice with anti–G-CSF treatment compared to control group 

(Fig. 3C). Because of the magnitude of changes in tumor growth observed in the Kras/

p48TβRII-KO compared to growth in the Kras/p48 mice and no differences in anti–G-CSF Ab 

treatment, we decided to perform the next experiments using only the Kras/p48TβRII-KO cell 

line. We found no difference in blocking effect of anti–G-CSF in the s.c. model or the 

orthotopic transplantation model (Supplementary Fig. S2A, B). Due to the stress placed on 

the mice during the orthotopic transplants as well as the immune response observed from the 

tissue manipulation, our subsequent experiments used only the s.c. tumor model.

G-CSF can be secreted by many types of cells, including myeloid cells, fibroblasts, and 

endothelial cells. To determine how important epithelial G-CSF secretion is, we used shRNA 

to target G-CSF in Kras/p48TGFβRIIKO cell lines (Supplementary Fig. S2C). Three weeks 

Pickup et al. Page 8

Cancer Immunol Res. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



after tumor cells were s.c. injected, we found that the tumor weight was decreased in mice 

with G-CSF knockdown tumors (Fig. 3F). Using flow cytometry analysis of G-CSF–KO 

tumor tissue, we found Ly6G+Ly6Clow cells number were reduced by approximately 84% 

compared to control tumors (Fig. 3G). To determine if G-CSF knockdown also altered 

myeloid cell functions, we isolated CD11b+ cells from the implanted tumor tissue and 

measured concentrations of secreted proteins. We found that myeloid cells isolated from 

tumor tissue with knockdown of G-CSF produced less pro-tumorigenic proteins such as 

CXCL1 (KC), CXCL5 (LIX), MMP9, MPO, and CCL5 (RANTES) (Fig. 3H). IHC analysis 

showed more F4/80+ cells and more T cells (CD3+) in G-CSF knockdown tumor tissue (Fig. 

3I). Based on in vitro immunosuppressive function of G-MDSC cells isolated from Kras/

p48TβRII-KO mice indicated above (Fig. 2) we sought to establish the role of T cells during 

Kras/p48TβRII-KO tumor progression. We s.c. implanted Kras/p48TβRII-KO shRNA control 

and shRNA G-SCF pancreatic carcinoma cell lines into mice with depleted CD4 and CD8 

cells (Fig. 3J, Supplementary Fig. S2D). We discovered that depletion of T cells reverted the 

growth inhibition effect in shRNA G-CSF cell lines demonstrating the immunosuppressive 

role of G-CSF in establishing a pro-tumorigenic microenvironment which promotes tumor 

progression.

Typical treatment of pancreatic cancer involves gemcitabine (24), even though this and other 

chemotherapies are not very effective and myeloid cells can mediate gemcitabine resistance 

(9). We sought to determine whether neoadjuvant myeloid depletion using anti–G-CSF 

would enhance the efficacy of gemcitabine. Thus, we subcutaneously implanted Kras/

p48TGFβRIIKO cell lines and let the tumors grow for one week (Fig. 3K). A week after 

implantation, we began treatment with anti–G-CSF Ab and/or gemcitabine twice/week for 

the next 2 weeks. Mice were sacrificed 3 weeks after implantation. Tumor growth with 

gemcitabine alone or gemcitabine in combination with anti–G-CSF was decreased when 

compared to untreated mice. Tumor weight decreased more in mice receiving gemcitabine 

and anti–G-CSF than in mice receiving chemotherapy alone. Treatment with only anti–G-

CSF did not affect tumor growth or tumor weight. From this we conclude that G-CSF 

inhibition during pancreatic tumor growth not only decreases the number of granulocytes 

and converts TAMs to an M1-like (antitumorigenic) type, but also increases effectiveness of 

chemotherapy.

G-CSF in human pancreatic cancers

To determine the relevance of these findings to human pancreatic cancer, we analyzed 

publicly available TCGA gene-expression profiles of pancreatic cancer tissues with clinical 

data related to metastasis, tumor stage and tumor grade over a 10-year period. As our model 

of PDAC showed that TGFβ signaling abrogation in pancreatic epithelial cells resulted in 

immune modulation, we sought to correlate expression of Smad4, a key gene of TGFβ 
signaling, with patient survival. We found that survival is decreased with low expression of 

Smad4 (Fig. 4A). Although no differences were found in patients with low vs. high 

metastasis, expression of Smad4 lowered as tumor stage and grade increased (Fig. 4B). 

Next, we used a TMA of human pancreatic tissue with 208 tissue cores (US Biomax, Inc) to 

determine differences in neutrophil infiltration. TMAs were stained for CD15, a marker of 

neutrophils, and for G-CSF (Fig. 4C). TMA IHC slides were validated by Leica software in 
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parallel with a pathologist. We found that tumor tissue has a high number of CD15+ cells 

when compared to normal tissue, chronic pancreatitis (CP), or adjacent normal tissue 

(ANT). Segregating tumors by stage and grade, we found that tumors with grade 2 and 3 or 

stage II and III have the highest number of CD15+ cells (Fig. 4D). In the analysis of G-CSF, 

we found a lower level of this protein in tumor tissue compared to normal, CP, or ANT 

likely due to more fibrosis in tumor tissue and less epithelial cells which secrete G-CSF. 

However, epithelial scoring showed more G-CSF in tumor epithelium than in normal tissue 

(Fig. 4E). Analysis of different stages and grades showed us that tumors with grade 3, stage 

II have more G-CSF (Fig. 4F). Correlation analysis between CD15 and G-CSF was only in 

grade 1 tumors (r = 0.75, P = 0.0002, α = 0.05) and stage II tumors (r = 0.36, P = 0.049, α = 

0.05) (Supplementary Fig. S3). These findings indicate that in human pancreatic tumors, as 

well as in mouse models, decreased TGFβ signaling was associated with increases in the 

number of neutrophils (CD15+ cells) and level of G-CSF in malignant pancreatic epithelium.

Our data suggest that downregulation of TGFβ signaling in human pancreatic cancer 

(usually through inactivating mutations in Smad4) is associated with decreased survival of 

patients and with increased G-CSF levels with accompanying increased number of CD15 

cells which, based on our mouse model, have tumor-promoting properties. Collectively, our 

findings indicate a strategy for targeting pancreatic tumor growth by blocking G-CSF 

protein, especially in patients with grade 1/stage II tumors.

Discussion

Transforming growth factor-beta (TGFβ) signaling promotes PDAC progression, as 

indicated by the fact that Smad4, which encodes a signal mediator downstream from TGFβ, 

is deleted or mutated in 55% of patients (25) and low expression predicts poor patient 

survival (Fig. 4a). We generated an animal model of aggressive ductal carcinoma by deleting 

TGFβ receptor II (TβRII) in the pancreatic epithelium (p48) along with a KrasG12D 

mutation (1). These mice developed well-differentiated PDAC with 100% penetrance and a 

median survival of 59 d. The clinical and histopathological manifestations of the combined 

KrasG12D and deletion of TβRII in mice recapitulated human PDAC. Using the same mouse 

model in comparison with KPC mice, it was found that the loss of TGFβ signaling engages a 

positive feedback loop whereby epithelial STAT3 signaling modulates pancreatic cancer 

malignancy by increasing matricellular fibrosis and tissue tension (8). In PDAC patient 

biopsies, higher matricellular protein deposition and increased activated Stat3 is associated 

with SMAD4 mutation and shorter survival (5). Deletion of TβRII in pancreatic epithelium 

is associated with increased expression of CXCL1/5/16 chemokines, which in turn induce 

CTGF expression from CXCR2+ pancreatic stromal fibroblasts. Using a CXCR2 inhibitor 

reduces tumor progression in the Kras/p48TGFβRIIKO model (6). With such a robust change 

in inflammatory signaling and the efficacy of immune modulating CXCR2 treatments, using 

this model we could dissect the mechanisms by which tumors circumvent antitumoral 

immunity and develop strategies to combat them. Pancreatic cancer is associated with 

desmoplasia, which is a negative prognostic factor for patients (8). In Kras/p48TβRII-KO 

mice, depletion of fibroblasts in the context of pancreatic cancer led to invasive, 

undifferentiated tumors with diminished survival (6). Taken together, these data support the 

concept that alterations in TGFB signaling may be used as a determinant for differential 
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therapeutic options. Given the stromal response observed in these models, targeting the 

altered cytokine profile resulting from attenuation of the signaling pathway could be 

efficacious.

STAT3 is the main transcription factor regulating the expansion of MDSCs (CD11b+Gr1+) 

in tumor tissue (26). Ablation of STAT3 expression in conditional STAT3 knockout mice or 

selective STAT3 inhibitors reduces the expansion of MDSCs and increases T-cell responses 

in tumor-bearing mice (26). Tumor-induced STAT3 activation in MDSCs enhances stemness 

and mesenchymal properties in human pancreatic cancer (13). MDSCs consist of two 

subsets of CD11b+Ly6G+Ly6Clow granulocytic and CD11b+Ly6G-Ly6Chigh monocytic cells. 

Almost all tumors demonstrate expansion of the granulocytic subset of MDSCs (27). In our 

study, we also found an increased number of granulocytic (Ly6G+) MDSCs in pancreatic 

tissue (Fig. 1) in parallel with increased secretion of G-CSF from the pancreatic epithelium 

with deleted TβRII when compared with cells with intact TGFβ signaling. In vitro studies 

demonstrated the ability of conditioned media from Kras/p48TGFβRIIKO carcinoma cells to 

increase differentiation of CD11b+ cells, especially the Ly6G+ subset. These cells in 

pancreatic tumors have increased expression of immune-suppressive genes and they 

suppress T-cell proliferation in vitro and elicit a polarized response toward pro-tumorigenic 

Th2 cells (Fig. 2). We found that secreted G-CSF from pancreatic epithelial cells upregulates 

secretion of IL10 from myeloid cells. This protein is an immunosuppressive cytokine with 

the ability to switch responsive myeloid cells from M1 to M2 and Th cells from Th1 to Th2 

(28,29). Thus, the data presented here and by others suggests that inhibition of STAT3 

signaling should be revisited, with patients identified as those who have abrogated TGFβ 
signaling and high levels of infiltrating myeloid cells. New treatments targeting MDSC 

differentiation through G-CSF could be utilized.

In the KPC mouse tumor model, (3) excess GM-CSF drives development of CD11b+Gr1+ 

cells with T-cell suppressive properties, but it is unknown what subset of MDSCs is 

responsible for these effects, how blocking of GM-CSF might affect standard chemotherapy, 

or how GM-CSF correlates with stage and grade of human tumors. Inhibition of GM-CSF 

decreases tumor growth and the number of CD11b+Gr1+ cells, and increases the number of 

cytotoxic CD8+ T cells (3,30). Targeted deletion of granulocytic MDSC in PDAC increased 

intratumoral accumulation of activated CD8+ T cells and apoptosis of tumor epithelial cells 

and also remodeling of the tumor stroma (12). However, suppression not only of Gr1+ cells 

but also monocytes and macrophages have positive antitumorigenic effects on pancreatic 

cancer. Targeting TAMs and monocytes by inhibiting CSF1R (M-CSF receptor) or CCR2 

(CCL2/MCP-1 receptor) decreased a number of tumor-infiltrating cells in pancreatic tumors 

(14). These treatments also improve chemotherapeutic efficacy. CSF1R blockade also 

upregulates T-cells checkpoint proteins PDL1 and CTLA4 and treatment together with 

PDL1/CTLA4 antagonist reduces tumor growth (11). Blocking CSF1R also increases 

sensitivity of tumor cells to gemcitabine through elimination of cytidine deaminase that is 

secreted by TAMs, which causes resistance of tumor cells to chemotherapy (9). In our 

studies, we found that knockdown of G-CSF in pancreatic carcinoma cells reduced tumor 

growth in parallel with decreased number of Ly6G+ cells and increased number of T cells 

and antitumorigenic M1-like macrophages (F4/80+) based on protein array data. 

Combination treatment of gemcitabine with blocking G-CSF was more efficient in 
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decreasing tumor growth compared to gemcitabine alone (Fig. 4). From this we conclude 

that anti–G-CSF provides an alternative means of neoadjuvantly increasing the efficacy of 

conventional chemotherapeutic interventions.

Patients with PDAC exhibit elevated level of MDSCs (CD33+HLA-DR-) upon progression 

of disease compared to healthy donors or patients with stable disease (31). MDSCs can be a 

marker of chemotherapy failure in pancreatic cancer patients (32). Circulating and tumor-

infiltrating granulocytic (Lin-HLA-DR-CD33+CD15+), but not monocytic (Lin-HLA-

DR-CD33+CD14+) MDSCs were detected in pancreatic cancer patients when compared to 

healthy donors and patients with chronic pancreatitis (15), which correlates with our mouse 

tumor model. Chemotherapy-derived inflammation accelerates the accumulation of MDSCs 

in human pancreatic cancer and blocking GM-CSF may benefit PDAC patients by 

downregulation of the immunosuppressive properties of MDSCs (20). PDAC is the fourth 

most common cause of cancer in North America and activating KRAS mutation and Smad4 

loss occur in approximately 90% and 55% of PDAC, respectively. The combination of 

KRAS oncogene and TGFβ signaling alteration (via loss of Smad4) promotes malignant 

transformation of human pancreatic epithelial cells and metastasis (33). Our analysis of 

TCGA datasets showed no differences in Smad4 expression in patients with or without 

metastasis, but Smad4 is downregulated during tumor progression Smad4 mutation or loss 

associates with an increased number of CD15+ cells and G-CSF levels through attenuating 

TGFβ signaling as we discovered in our mouse model, especially in patients with Grade 1/

Stage II tumor based on TMA analysis. Our data identify a cohort of patients most likely to 

benefit from anti–G-CSF treatment.

In summary, our results demonstrated that aggressive pancreatic adenocarcinoma tumors 

with deletion of TβRII in pancreatic epithelium had elevated expression of G-CSF. This 

resulted in an increase in the number of infiltrating CD11b+Ly6ClowLy6Ghigh cells into the 

tumor tissue. Also, G-CSF upregulated immunosuppressive genes such as iNOS, Arg, IL6, 

IL10, MMP9, and VEGF. These myeloid cells had an increased ability to suppress T-cell 

proliferation and as a result decreased the antitumor immune response (Fig. 4). Our studies 

provide insights into the development of aggressive ductal adenocarcinoma. Mutations in 

genes encoding TGFβ signaling molecules during PDAC development are very common, but 

manipulation of the TGFβ pathway during tumor progression remains controversial due to 

the dual roles of TGFβ on tumor progression. As G-CSF has protumorigenic effects on 

pancreatic cancer, the targeting of this cytokine could be considered when it is associated 

with mutations in TGFβ signaling components in patients with Grade 1/Stage II pancreatic 

cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expansion of Ly6G+ cells in aggressive PDAC
A, Flow cytometry analysis of CD45+ cells in normal, Kras/p48, and KRas/p48TGFβRII-KO 

tissue and percent to DAPI- live cells quantification. Plots are gated as DAPI-. 10 mice per 

group were analyzed.* P < 0.05. B, IHC for Gr1 (RB6-8C5) of normal pancreas, pancreas 

isolated from Kras/p48 mice and Kras/p48TGFβRII-KO mice at 5-6 weeks of age. C, 
representative flow cytometry plots of CD11b+Gr1+ cells in pancreatic tissue, spleen and 

bone marrow from normal, Kras/p48, and KRas/p48TGFβRII-KO mice. Plots are gated as 

CD45+DAPI-. 10 mice per group were analyzed. D, quantitative data of Gr1-high (solid line) 
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and Gr1-low (dotted line) cells in tumor tissue showed on panel C, top. * P < 0.05, ** P < 

0.01. 10 mice per group were analyzed. E, ELISA data of G-CSF levels in pancreatic tissue 

(left) and basal secretion in cultured cell lines (right). Data corresponds to the mean ± SEM 

of three individual mice from two experiments. Pancreatic cell lines from Kras/p48 mice and 

Kras/p48TGFβRII-KO mice were cultured in 6 wells plate in 3 ml of DMEM/10% FBS for 24 

hr and level of G-CSF was measured in conditioned media. n = 3. * P < 0.05, ** P < 0.01. F, 
flow cytometry analysis of CD11b+ cells and Ly6G vs. Ly6C cells (gated as CD11b+) after 

differentiation of bone marrow progenitors (Lin- cells) for 5 days in presence of 25% 

conditioned media from Kras/p48 and Kras/p48TGFβRII-KO pancreatic carcinoma cell lines. 

Data correspond to the mean ± SEM of three individual mice from two experiments. * P < 

0.05.
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Figure 2. Functions of myeloid cells
A, Cell sorting strategy. B, T-cell (CD3+) gene expression profile. Cells were sorted as 

shown in (A), top row: gene expression for Th2 cytokines presented as ΔΔCt normalized to 

Gapdh. Bottom row: gene expression for Th1 cytokines presented as ΔΔCt normalized to 

Gapdh. Data correspond to the mean ± SEM of three individual mice from two experiments. 

* P < 0.01. C, Gene expression analysis of pro-tumorigenic cytokines previously identified 

as cytokine mediators of MDSC immune suppression. top row: Gene expression measured 

by qPCR on sorted Ly6G; middle row: Gene expression analysis of Gr1+ cells, from the 
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spleen of 4T1 tumor bearing mice, treated with conditioned media from Kras/p48 (open 

bars) or from Kras/p48TGFβRII-KO (closed bars) carcinoma cells. bottom row: Gene 

expression analysis of Gr1+ cells, from the spleen of 4T1 tumor-bearing mice, treated with 

G-CSF, 20 ng/ml for 6 hr. Data correspond to the mean ± SEM of three individual mice from 

two experiments. ** P < 0.05, * P < 0.01. D, T cells (CD3+) were isolated by negative 

selection from spleen of naïve BALB/c mice, mixed with CD11b cells isolated from 

pancreatic tissue by using CD11b magnetic microbeads (Miltenyi Biotec, San Diego, CA), 

anti–G-CSF was used in concentration 40 ng/ml. Data correspond to the mean ± SEM of 

three individual mice. * P < 0.05.
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Figure 3. Anti-G-CSF treatment
A, B, Schematic of treatment with either control (open bars) or anti G-CSF (10 ug/mouse, 

MAB414; closed bars) and KRas/p48TGFβRII-KO or Kras/p48, tumor weight 4 weeks after 

s.c. injection of cells (5×105), n = 5. C, IHC for Ki-67, CD3, and CD31 of tumor tissue 

isolated from mice treated IgG (control group, left column) and mice treated with anti G-

CSF (right column) 4 weeks after tumor injection. D, Representative flow cytometry plots of 

tumor infiltrated immune cells. Cells are gated as CD45+. F, representative photograph of 

tumor tissue isolated from mice 3 weeks after s.c. injection of shRNA control (clone 1) and 
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shRNA G-CSF (clone 1) carcinoma cells (left) and tumor weight (right), n = 5. G, 
Representative flow cytometry plots of Ly6G/Ly6C analysis of CD45+CD11b+ cells from 

tumor tissue shown in F. H, Cytokine array data analysis. CD11b+ cells were isolated from 

tumor tissue showed on F for collection of conditioned media. Data shows fold changes in 

shRNA G-CSF tumors vs. shRNA control. Graph shows only proteins with statistically 

significant changes from total 111 proteins (see details in Material and Methods section), n = 

3. I, IHC for F4/80 and CD3 of tumors shown in F. J, Weight of tumor tissue isolated from 

mice 4 weeks after s.c. injection of shRNA control (clone 2) and shRNA G-CSF (clone 5) 

carcinoma cells treated in parallel with IgG control (open bars) or depletion due to use of 

CD4 and CD8 antibody (closed bars). K, Scheme of mice treatment with gemcitabine 

(GEM) and anti G-CSF. Tumor tissue isolated from mice 3 weeks after s.c. injection of 

Kras/p48TGFβRII-KO carcinoma cell line and treatment during last 2 weeks (left) and tumor 

weight (right), n = 5. Scale bars indicate 100 um.
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Figure 4. Increased number of CD15+ cells and expression of G-CSF correlates with Grade 1/
Stage II in human pancreatic cancer
A, B, TCGA data set analysis of pancreatic cancer patient survival for Smad4 High and low 

expressing patients and analysis of Smad4 expression segregated by metastatic incidence, 

tumor grade, and tumor stage. C, Representative tissue section from TMA stained for CD15 

and G-CSF by IHC. D, CD15 and F, G-CSF analysis of TMA staining grouped by grade and 

tumor stage. Normal, n = 17; tumor, n = 76; grade 1, n = 17; grade 2, n = 28; grade 3, n = 
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31; stage I, n = 43; stage II, n = 30; stage III, n = 12; stage IV, n = 4. E, Epithelial scoring of 

G-CSF in TMA used for C, D, F. Scale bars indicate 100 um.
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Figure 5. Schematic summarizing data and working hypotheses
The following numbers refer to the number in the schematic. 1, Tgfbr2KO pancreatic 

epithelial cells secrete abundant CXCL1/CXCL5 due to lack of TGFβ suppression of 

chemokine expression (6). 2, The CXCL chemokines recruit to the tumor microenvironment 

myeloid cells (CD11b+). 3, In parallel with chemokines carcinoma cells secrete increased 

level of G-CSF. 4, G-CSF promotes differentiation of myeloid cells to Ly6G+ cells, 

upregulates immunosuppressive genes such as Arg, iNOS, VEGF and upregulate secretion 

of IL10 making (5) myeloid cells that are immunosuppressive with pro-tumorigenic 

properties. 6, The net result is enhanced tumor growth and decrease survival.
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