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Abstract

The mechanisms by which the extreme desmoplasia observed in pancreatic tumors develops 

remain unknown and its role in pancreatic cancer progression is unsettled. Chemokines play a key 

role in the recruitment of a wide variety of cell types in health and disease. Transcript and protein 

profile analyses of human and murine cell lines and human tissue specimens revealed a consistent 

elevation in the receptors CCR10 and CXCR6, as well as their respective ligands CCL28 and 

CXCL16. Elevated ligand expression was restricted to tumor cells, while receptors were in both 

epithelial and stromal cells. Consistent with its regulation by inflammatory cytokines, CCL28 and 

CCR10, but not CXCL16 or CXCR6, were upregulated in human pancreatitis tissues. Cytokine 

stimulation of pancreatic cancer cells increased CCL28 secretion in epithelial tumor cells but not 

an immortalized activated human pancreatic stellate cell line (HPSC). Stellate cells exhibited dose 

and receptor dependent chemotaxis in response to CCL28. This functional response was not linked 

to changes in activation status as CCL28 had little impact on alpha smooth muscle actin levels or 

extracellular matrix deposition or alignment. Co-culture assays revealed CCL28-dependent 

chemotaxis of HPSC toward cancer but not normal pancreatic epithelial cells, consistent with 

stromal cells being a functional target for the epithelial-derived chemokine. These data together 

implicate the chemokine CCL28 in the inflammation-mediated recruitment of cancer-associated 

stellate cells into the pancreatic cancer parenchyma.
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Among the top diagnosed malignancies in the United States, pancreatic cancer continues to 

have the poorest five-year survival rate (1). The overwhelming majority of patients have 

unresectable disease beyond the primary site and have limited options for chemotherapy. 

The standard of care for early stage, localized pancreatic cancer involves surgical resection, 

followed by adjuvant chemotherapy and/or radiation. Conventional treatment strategies 

include FOLFIRINOX, a highly toxic 4 drug combination, or a combination of gemcitabine 

and nab-paclitaxel, which has also shown only incremental improvement in survival 

compared to gemcitabine alone (2, 3). However, the number of Food and Drug 

Administration approved options for pancreatic cancer is expanding to nearly a dozen 

various single chemotherapeutic drugs as well as a number of combination therapies (4, 5). 

Unfortunately, while progress has been made towards defining a more effective treatment 

regimen, patient prognosis is only extended in months when compared to the gemcitabine 

alone (6). This has provided the impetus for a plethora of pre-clinical studies over the last 

half-decade exploring novel strategies for treating pancreatic tumors. Based on initial studies 

demonstrating that the stroma is pro-tumorigenic, chemotherapies that target the pancreatic 

tumor stroma had shown initial promise (7, 8). However, more recent studies in animal 

models show that the tumor stroma may restrict pancreas cancer metastasis, suggesting that 

stroma-targeted therapies could exacerbate malignancy (9, 10). Targeting stromal-epithelial 

activity via sonic hedgehog inhibitors in a combination strategy has also led to mixed results 

in early phase human clinical trials, with one trial showing worse outcomes compared to 

gemcitabine alone in metastatic pancreatic cancer, while a more recent trial using a maximal 

dosing strategy showed more promising antitumor activity in advanced solid tumors (11, 

12). Clearly, additional work is needed to decipher the role of stroma, including desmoplasia 

and/or immune components, in the pathogenesis of ductal pancreatic adenocarcinoma.

The mechanisms directing the physical formation of the unique stroma within pancreatic 

tumors continue to be characterized. Sato et al first showed that increased cyclo-oxygenase-2 

expression is shared between pancreatic tumor epithelial cells and fibroblasts (13). Since 

then, several studies have identified signaling factors that modulate pancreatic tumor 

fibroblast activation and survival in conjunction with pancreatic tumorigenesis (14–16). 

Much like the liver, the pancreas retains an organ-specific compartment of fibroblasts known 

as pancreatic stellate cells (PSCs) (17). The cancer-associated fibroblasts that constitute the 

physical majority of the pancreatic tumor are currently hypothesized to be derived from 

several different cell types including quiescent resident PSCs, resident periductal and 

interlobular fibroblasts, mesenchymal bone marrow-derived myofibrocytes or epithelial cells 

that have undergone an epithelial-mesenchymal transition (18). During pancreatic 

inflammation and stress, PSCs can become activated from their quiescent state, lose their 

Vitamin A and lipid stores, and enter a more prolific and increasingly motile state. Once 

activated, PSC are capable of altering or remodeling the extracellular matrix (ECM) within 

the inflamed or damaged pancreas. Proinflammatory signaling cascades known to be altered 
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in activated PSCs include NFκB, JAK/STAT, and PPAR (16). Additionally, activated PSCs 

secrete several factors such as transforming growth factor-β (TGF-β), the chemokine 

CXCL12, and plate-derived growth factor, which may then act on pancreatic tumor 

epithelial cells in a paracrine fashion or upon the activated PSCs themselves in an autocrine 

manner (19–21). These factors are implicated in dysregulated proliferation of the developing 

tumor epithelium and may also facilitate parenchymal invasion. Conversely, key epithelial 

produced factors that facilitate communication with activated PSCs/cancer-associated 

fibroblasts, coordinating stromal remodeling within the unique pancreatic tumor 

microenvironment, remain poorly defined (22).

PSCs play an integral part in re-structuring the physical components of the tumor micro-

environment (21). Implicit in these re-organizing events is the likely migration, recruitment 

and spatial reorganization of PSCs to specific locations within the primary pancreatic tumor 

by malignant epithelial cells. Chemokines are a family of secreted proteins whose precise 

function is to facilitate directional movement of cells in a concentration dependent manner. 

Though chemokines such as CXCL12 have been studied extensively in the context of cell 

death, proliferation, and cancer metastasis (23–27), the role that other chemokines play in 

fibroblast function, recruitment, or tumor ECM re-modeling is comparatively unexplored. 

Herein, after completing a transcript expression screen of the 20 chemokine receptors in 

human pancreatic cancer cell lines, we tested the hypothesis that chemokines play an 

inflammation-driven role in the migration and recruitment of PSCs towards pancreatic tumor 

epithelial cells. We found increased expression of the chemokine ligands CCL28 and 

CXCL16 in human pancreatic cancer cell lines and tissue, relative to normal cells or 

pancreas. Their cognate receptors CCR10 and CXCR6, respectively, were also increased in 

expression. Notably, CCL28 and CXCL16 expression were localized primarily to cancer 

epithelial cells while tumor-associated fibroblasts were characterized by a pronounced 

elevation in receptor expression. Further examination of human tumor specimens revealed 

that CCL28 expression was markedly upregulated during pancreatitis or following 

inflammatory cytokine signaling. CCL28 stimulation of three HPSC lines resulted in 

chemotactic migration as a functional response, without perturbing the activation state of the 

cells. These data support the notion that CCL28 secreted by pancreatic tumor epithelial cells 

direct the chemotactic recruitment of PSCs. Together, these data identify the novel 

involvement of the CCL28-CCR10 chemokine axis in pancreatic tumor epithelial-fibroblast 

interactions.

Materials & Methods

Human tissue samples

De-identified human tissue specimens, including normal pancreas, pancreatitis, and 

pancreatic ductal adenocarcinoma (PDAC) tissue were provided in a blinded fashion by the 

Surgical Oncology Biorepository of the Medical College of Wisconsin (MCW) with 

informed consent and in accordance with protocols approved by the MCW institutional 

review board. Normal pancreas tissue specimens were isolated exclusively from adjacent 

normal tissue discards of organ transplantation or pancreatic operations not involving PDAC 

or other exocrine malignancies. All tissue sections were provided from whole tissue 
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paraffin-embedded blocks, rather than micro-arrays, in order to observe surrounding 

microenvironment pathology. Disease status of those normal, inflamed, and tumor tissues 

was confirmed by a board-certified pathologist.

Immunohistochemistry

Immunohistochemical analysis was performed as previously published (27). Briefly, all 

tissues were fixed, processed, embedded in paraffin, and then cut into 5 micron sections as 

needed by the Children’s Research Institute of the Children’s Hospital of Wisconsin 

histology core. Antigen retrieval was performed by boiling tissue sections in 10 mM Sodium 

Citrate, followed by quenching in hydrogen peroxide, and antibody specific blocking 

solution. Sections were incubated overnight in primary antibody against CXCR6 (Ab 8023 

Abcam, Cambridge UK), CXCL16 (Ab 101404 Abcam), CCR10 (Ab 30718 Abcam), 

CCL28 (MAB7171 R&D Systems, Minneapolis, MN), CK19 (A53-B/A2 Abcam), smooth 

muscle actin (α-SMA, Ab7817 Abcam) and then HRP-conjugated secondary antibody 

[HRP-α-rabbit IgG (NA934) and HRP-α-mouse antibody (NXA931) GE Healthcare Life 

Sciences, Pittsburgh, PA] the next day. Staining was visualized by the DAB chromogen 

(Vector Labs, Burlingame, CA). Histochemical hematoxylin & eosin (H&E), Masson’s 

trichrome, and Movat’s pentachrome staining were performed by the histology core. Image 

acquisition and analysis of immunohistochemical stained tissue sections was completed 

using a Nikon Labphot 2 upright microscope. Intensity was assessed by a qualified 

histopathologist who was blinded to the tissue type (normal, pancreatitis, cancer) and 

antibody target. Epithelial duct and stroma staining intensity was graded 0 = no staining, 1 = 

weak staining, 2 = moderate staining, and 3 = strong staining relative to the epithelial marker 

CK19, or αSMA, the stromal cell marker.

Human and murine pancreatic epithelial cell lines

The human pancreatic carcinoma cells Panc1, MiaPaCa2, Hs766T, Capan1, Capan2, and 

HPAFII were purchased from the American Type Culture Collection (ATCC, Rockville, MD 

USA) and cultured under the recommended conditions and as previously published (27). 

Human pancreatic epithelial nestin-expressing (HPNE), an epithelial-like cell line used as a 

surrogate normal cell line, was purchased from ATCC and cultured as recommended. The 

patient-derived PDAC MCW#1, MCW#3 and MCW#4 cells were de-identified of patient 

identifiers and provided by the Surgical Oncology Biobank. In accordance with an IRB 

approved protocol and our prior publications (27, 28), patient-derived cells were isolated 

following manual and enzymatic digestion from consented patient specimens of primary 

pancreatic ductal adenocarcinomas, serially diluted and cultured in 2D tissue culture dishes 

in DMEM-F12 media containing 10% fetal bovine serum (FBS), penicillin/streptomycin 

(Pen/Strep), 100 U insulin (Sigma-Aldrich Corp, Milwaukee, WI), bovine pituitary extract 

(ThermoFisher Scientific, Carlsbad, CA), epidermal growth factor (ThermoFisher) and 

hydrocortisone (Sigma). Unique cell lines of low passage (< passage 5) were analyzed. 

Patient-derived cells were positive for oncogenic KRas and p53 mutations. Cell lines were 

routinely validated using short tandem repeat sequence analyses of 10 genetic loci, TPOX, 

D5S818, D16S539, 1vWA, TH01, D21S11, CSF1PO, D7S820, AMEL and D13S317, to 

detect misidentified, cross-contaminated, or genetically drifted cells (Promega PowerPlex, 

Madison, WI). The murine pancreatic cancer cell lines FC1199, FC1242, FC1245, and 
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DT10022 were derived from founder KRasLSL.G12D/+-p53R172H/+-PdxCre (KPC) mice on a 

homogenous C57BL/6 background and were kindly provided by Dr. Dannielle Engle and 

Dr. David Tuveson (Cold Spring Harbor Laboratories, NY). All KPC cells were isolated 

using standard enzymatic digestion and maintained in high glucose (4.5 g/L) DMEM with 

10% (v/v) FBS plus pen/strep as recently described (7, 34).

Human pancreatic fibroblast cell lines

The human pancreatic stellate cell line (HPSC) was derived from human PDAC tumor and 

immortalized with hTERT and SV40T plasmids under Neomycin antibiotic selection and 

used to model inflammatory cancer-associated fibroblasts as defined previously (14). The 

HPSC cell line was maintained in high glucose (4.5 g/L) DMEM with 10% (v/v) FBS plus 

pen/strep. Additional stellate cells, HPSC2 and HPSC3 cells, were obtained from fresh 

surgical human PDAC samples, characterized and immortalized with hTERT (29, 30) and 

maintained in high glucose (4.5 g/L) DMEM with 15% (v/v) FBS plus pen/strep.

Reverse transcriptase-polymerase chain reaction

RNA was isolated from cells and tissues using the RNAEasy kit from Qiagen (Germantown, 

MD). All RNA samples were additionally treated with DNAse I to remove any genomic 

DNA contaminant prior to cDNA conversion. Conversion to cDNA was performed by 

priming with random hexamers and using the SuperScript II cDNA synthesis kit 

(ThermoFisher). PCR products were separated by agarose gel electrophoresis and visualized 

by ethidium bromide staining and ultraviolet imaging. Primers for the promoter region of the 

human mannose-binding lectin (MBL) or the mouse natural resistance-associated 

macrophage protein (NRAMP) genes were used to ascertain potential genomic DNA 

contaminant while amplification of the human GAPDH or mouse actin transcript was a 

loading control. Thirty cycles of amplification of chemokine receptors and ligand mRNA 

was done using validated oligonucleotide primer sets listed (Supplemental Table 1) or as 

published previously (23).

Chemotaxis

Migration assays were conducted using 8 µm pore size Transwell inserts (Corning Costar, 

Corning, NY). The insert membrane was coated with Collagen I (15 µg/mL) followed by 

blocking in 2% (w/v) BSA diluted in PBS. HPSC, HPSC2 or HPSC3 cells were grown to 

semi-confluence, serum starved for 2h in the T75 flask prior to seeding, lifted using enzyme-

free buffer (ThermoFisher), washed, and plated (105 cells) into the pretreated inserts. For the 

2-D co-culture assays, 2.5 ×105 Panc1, MiaPaCa2 or HPNE cells were seeded to 24-well 

dishes and serum starved 24h prior to the assay. Stimulation or inhibition of migration was 

mediated via incubation (all treatments were added to the bottom well) with recombinant 

CCL28 (717-VC, R&D Systems) or polyclonal neutralizing antibodies against CCL28 

(AF717, R&D Systems). Chemotactic migration was measured after 4h and quantified from 

representative images taken using fluorescence microscopy after the upper sides of wells 

were swabbed, fixed, and stained with DAPI as done previously (27).
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Enzyme-linked immunosorbent assay (ELISA)

Secreted chemokines were detected using a sandwich ELISA (hCCL28 DuoSet, R&D 

Systems).105 cells were plated overnight in a 48-well plate and the next day culture medium 

switched to serum-free medium. 18h later, the cells were treated with 50 ng/ml interferon-

gamma (IFNγ) for an additional 24h. Supernatants were collected from control and IFNγ-

treated cells and frozen at −80°C prior to protein detection and quantification in accordance 

with the manufacturer’s directions. CCL28 was measured from a minimum of three 

biological replicates, with each sample assayed in triplicate.

Flow cytometry

HPSCs were grown to 90% confluency, lifted with enzyme-free dissociation buffer and 

washed with PBS. Cells were counted and 1×106 cells aliquoted in 1% (w/v) BSA/PBS. 

From here on all manipulations were on ice or at 4°C. Cells were incubated for 1h with 

CCR10 antibody (MAB3478 R&D Systems) or the isotype control (rat IgG, eBiosciences, 

San Diego, CA). Cells were washed with BSA/PBS prior to and immediately after 

incubation with a chicken-anti-rat AlexaFluor 488 secondary antibody (Life Technologies, 

Madison WI). The cells were fixed in 1% (w/v) PFA in PBS and cell immunostaining data 

acquired using a BD-LSRII flow cytometer. Data was analyzed used FlowJo software 

(FLOWJO LLC, Ashland OR).

Extracellular matrix (ECM) production by HPSCs

ECMs were obtained using an established fibroblast-derived ECM production protocol in an 

established in vivo-like 3D culturing system as published (30). Briefly, HSPCs were grown 

to confluency and treated with 50 µg/mL ascorbic acid for 8d. Cells were stimulated daily 

with CCL28 [30 nM], TGF-β ([10 ng/mL]; C+) as a positive control, a TGF-β1R inhibitor 

SB-431542 ([25 µM]; C-), as a negative control, DMSO as a TGF-β / SB-431542 vehicle 

control (V), or left unstimulated (NS). The resultant unextracted 3D cultures were processed 

for phenotypic and quantitative intensity of αSMA characterization and ECM alignment 

analyses as published (29–32).

Indirect immunofluorescence of un-extracted 3D HPSC cultures

ECM-producing HPSC cultures were fixed, permeabilized and processed as published (30). 

Samples were blocked using Odyssey® Blocking Buffer (LI-COR Biosciences, Lincoln, 

NE) containing 1% (v/v) donkey serum then incubated with either rabbit polyclonal anti-

human fibronectin (1∶200) or 1A4 mouse anti-αSMA (1∶300), both from Sigma-Aldrich and 

diluted in blocking buffer. Fluorophore cross-linked secondary antibodies (Jackson 

ImmunoResearch Laboratories Inc.) were incubated at 1∶100 dilution. Samples were 

mounted using Prolong Gold anti-fading reagent from Life Technologies (Carlsbad, CA) and 

scanned using a confocal spinning disk Ultraview (Perkin-Elmer Life Sciences, Boston, 

MA) microscope. Images were acquired with a 60× 1.45 PlanApo TIRF oil immersion 

objective, under identical exposure conditions using Volocity 6.3.0 (Perkin-Elmer Life 

Sciences).
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ECM fiber orientation analysis

Monochromatic images corresponding to fibronectin fiber acquisitions were analyzed via 
ImageJ’s OrientationJ plugin (http://bigwww.epfl.ch/demo/orientation/) as described (30, 

33). Image analysis outputs were normalized by identifying and setting mode angles to 0° 

and correcting angle spreads to fluctuate between −90° and 90°. Angle spreads for each 

experimental condition, corresponding to a minimum of 3 experimental repetitions and 5 

image acquisitions per condition, were plotted and their standard deviations calculated using 

Excel. Percent of ECM fibers oriented between −15° and 15°, to denote fraction of fibers 

distributed near the 0° mode, was determined for each normalized image-obtained data (29–

32).

Statistical analyses

All statistical analyses were performed using GraphPad Prism 6. Paired analyses were 

calculated using a Student’s t-test, a Mann-Whitney, or log-rank test depending on the 

source of the data and assumed distribution. Multiple comparisons between groups were 

analyzed using a one-way ANOVA and either a Dunnett post-hoc analysis to identify pair-

wise differences between experimental and control groups or a Tukey post-hoc analysis to 

identify pair-wise differences between distinct experimental groups. Statistical significance 

was defined as P ≤ 0.05.

Results

Chemokine expression profile in human pancreatic cancer epithelial cells

Our previous studies examining the role of chemokines in pancreatic cancer pathogenesis 

focused on the chemokine CXCL12 and its sole cognate receptor CXCR4 (27, 34). 

However, as chemokines comprise a family of over 50 distinct ligands and 20 separate 

receptors, we next asked if additional chemokines might be involved in pancreatic disease. 

Previous studies looking into chemokine expression in pancreatic cancer have been limited 

to specific ligands or receptors, including CXCR2 and CXCR4 (27, 35, 36). Consequently, 

we profiled the chemokine receptor family in a battery of well-established human pancreatic 

cancer cell lines. Amongst CC-type chemokine receptors, we found the pronounced 

elevation in transcript for the Ccr10 gene in each of the cell lines (Figure 1A). Analysis of 

CXC-type receptors revealed that transcript for the Cxcr6 gene was robustly and uniformly 

expressed in each of the pancreatic cancer cell lines examined (Figure 1B). By contrast, 

none of the other 17 chemokine receptors had a similarly consistent or elevated expression 

pattern. We next investigated the expression of the cognate chemokine ligands for CCR10 

and CXCR6. As shown in Figure 1C, the CCL27 and CCL28 ligands for CCR10 were 

routinely and strongly expressed in human pancreatic cancer cell lines. Notably, CCL27, the 

skin-specific ligand for CCR10 previously implicated in melanoma immune reactions (37), 

had weaker transcript expression compared with CCL28. Consistent with a prior report 

CXCL16, the cognate ligand for CXCR6, was also expressed in each of the pancreatic cell 

lines (Figure 1D) (38).

We then broadened our examination of these two chemokine axes to include patient-derived 

pancreatic cancer cells, and contrasted expression in pancreatic cancer cells against the 
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HPNE cell line isolated from non-malignant pancreas. Just as shown in the established cell 

lines, each of the patient-derived lines expressed transcript for CCL28, CCR10, CXCL16 

and CXCR6 (Figure 1E). Notably, in contrast to the tumor cell lines, the normal epithelial-

like HPNE cell line lacked CCL28 mRNA and had minimal transcript expression for 

CXCL16. Given potential species specific disparities in both chemokine biology and 

pancreatic cancer models, we further extended the analysis to include chemokine expression 

in an array of cell lines derived from an established genetically engineered murine model of 

pancreatic cancer. As shown in Figure 1F, RT-PCR analysis verified the robust and uniform 

transcript expression of CCL28-CCR10 and CXCL16-CXCR6 in mouse KPC pancreatic 

cancer cells.

Differential expression of chemokines in PDAC epithelial and stromal compartments

Using immunohistochemistry techniques coupled with blinded scoring quantification, we 

next analyzed the expression of CCL28-CCR10 and CXCL16-CXCR6 in whole tissue 

blocks from patients with both benign and malignant pancreas. We hypothesized that CCL28 

and CXCL16 would be expressed in a pattern suggestive of a chemokine gradient for 

specific chemotaxis of cells within the tumor microenvironment. Compared to normal 

pancreatic ducts, we found elevated protein levels of CCL28 and CCR10 in PDAC epithelial 

cells (Figure 2A–D). Supplemental studies showed that CXCL16 and CXCR6 protein levels 

were increased in PDAC as well (Supp Fig 1). Parallel tissue sections immuno-stained with 

the ductal marker CK19 confirmed that these proteins were expressed largely within the 

cells of the ductal epithelium. Consistent with our previous observation of CXCR4, there 

was progressive elevation of CCL28-CCR10 (Figure 2C–D) and CXCL16-CXCR6 (Supp 

Fig 1) in precursor Pancreatic Intra-epithelial Neoplasms (PanIN). Interestingly, expression 

of CCR10 and CXCR6, but not their corresponding chemokine ligands, was also noted in 

the stromal compartment of PDAC tumors, as defined by immunostaining cancer-associated 

fibroblasts with an antibody against αSMA. Masson’s Trichrome or Movat’s Pentachrome 

staining of parallel tissue specimens was used to delimit and contrast the tumor stromal 

parenchyma from the epithelial compartment (Figure 2B–D; Supp Fig 1). Quantification of 

ligand and receptor staining intensity by an observer blinded to antibody or tissue stained 

indicated that CK19+ PDAC cancer cells are ligand and receptor positive, CCL28+/

CCR10+, while αSMA+ stroma was ligand null and receptor positive, CCL28-CCR10+ 

(Figure 2D). Taken together, these mRNA and protein profile analyses reveal the consistent 

expression of CCR10 and its ligand CCL28 as a previously unrecognized chemokine 

receptor and chemokine in pancreatic cancer.

CCL28 expression is induced by inflammatory conditions

Chronic inflammation in the pancreas is a critical contributor to the generation of the 

requisite milieu for the formation of PDAC (39). Indeed, one of the common features 

between PDAC and pancreatitis, is the presence of activated stellate cells and the deposition 

of high levels of fibrotic materials (21, 40). We hypothesized that the expression of CXCL16 

and CCL28 chemokine ligands may be triggered during inflammation of the pancreas. We 

performed immunohistochemical analyses on pancreatic tissue sections from patients 

diagnosed with pancreatitis and no clinical or pathological diagnosis of PDAC. Similar to 

prior reports of inflammation in the colon (41), CCL28 and CCR10 expression were 
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elevated in both the stromal and epithelial compartments of pancreatitis tissue (Figure 3A–

C). The increased levels of CCL28 in the stromal compartment in the inflamed, relative to 

the cancer, tissue, likely reflects its expression and production by epithelial or vascular cells 

present in pancreatitis and not in the immune suppressed cancer tissue. However, while 

CXCR6 expression was also elevated in pancreatitis epithelia and stroma, CXCL16 

expression was significantly lower in both tissue compartments (Figure 3A–C). By 

comparison, examination of the chemokine ligand CXCL12 and its receptor CXCR4, 

showed that ductal epithelial cells in this non-malignant tissue expressed the chemokine 

ligand CXCL12, with low levels of its cognate receptor CXCR4. The expression of CXCL12 

and CXCR4 are similar to the levels observed in our prior work profiling normal pancreata, 

and agrees with its classification as a non-inducible chemokine axis refractory to 

inflammatory signaling (27) (Figure 3D–E). These data suggest that pancreatic ductal 

CCL28 expression, in particular, may be driven by an inflammatory process. Cumulatively, 

the histopathological data suggest that the pronounced elevation of CCL28 by cancer cells, 

which is minimal in normal pancreas, creates a potential chemical gradient for stellate cell 

infiltration into the inflamed (pancreatitis), dysplastic (PanIN), and malignant (PDAC) 

tumor.

HPSC chemokine expression and canonical chemotactic signaling

Previous work examining the functional role of the CCL28 chemokine ligand, and its 

receptor CCR10, in cancer have primarily focused on its impact on T-cell mediated disease 

(37, 42). However, PDAC is notable for diminished levels of T infiltrating lymphocytes 

relative to other cancers (43). Despite our observation that pancreatic fibroblasts express 

CCR10, there are no prior reports exploring the functional response of fibroblast cells to 

CCL28. To further test the hypothesis that elevated CCL28 expression in PDAC may be 

mediated by inflammatory signaling, we acquired the HPSC cell line, an activated stellate 

cell line previously isolated from human PDAC tissue and subsequently immortalized (14). 

Using a sandwich ELISA, we measured the level of CCL28 protein produced and secreted 

by an array of PDAC epithelial cell lines and HPSC cells. Three of the four cell lines 

produced basal quantities of CCL28 that could be increased following stimulation with 

IFNγ (Figure 4A). Notably, Capan2 cells produced little, if any, CCL28 prior to IFNγ 
treatment. In marked contrast, HPSC cells did not secrete any detectable CCL28 under either 

basal or inflammatory signaling induced conditions using IFNγ (Figure 4A). Flow 

cytometric analysis established the presence of surface levels of CCR10, the cognate 

receptor for CCL28, on HPSCs (Figure 4B). ELISA and flow cytometric analyses of the 

PDAC epithelial lines and the HPSC cells, respectively, confirmed that, together, the 

expression pattern of CCL28 and CCR10 mirrored the pattern observed in human tissues 

and validates their potential for use in relevant functional analyses. These data suggest tumor 

cells are a key source of CCL28 in the tumor microenvironment.

We next sought to characterize the ability of HPSC cells to functionally respond to CCL28 

stimulation via canonical chemokine signaling. Chemotactic migration typically occurs 

through a Gαi-protein mediated process, as has been shown previously with CCR10 

expressing T cells (44). As predicted, CCL28 directed the dose and receptor dependent 

chemotactic migration of HPSCs (Figure 4C–D). HPSC migration was prevented when 

Roy et al. Page 9

Lab Invest. Author manuscript; available in PMC 2017 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



equal concentrations of ligand were added to top and bottom chambers (Figure 4C) or using 

a ligand neutralizing antibody (Figure 4E, gray bars). CCL28-mediated HPSC migration was 

abrogated using pertussis toxin, a specific inhibitor of Gαi-protein signaling (Figure 4F). 

Live cell counting over 72h showed that the CCL28 chemokine ligand did not stimulate 

significant changes in population growth or death (not shown). Two determine if the effect 

of CCL28 was more broadly applicable to human pancreatic cancer stellate cells, additional 

patient-derived HPSCs were screened for responsiveness to this chemokine. Consistent with 

the HPSC cell line, patient-derived HPSC2 and HPSC3 cell lines similarly expressed CCR10 

(Figure 4G). Further, CCL28 stimulated a comparable level of chemotactic migration in both 

HPSC and HPSC2 cell lines (Figure 4H). Cumulatively, these data are the first to indicate 

that CCL28 stimulated chemotaxis of PDAC-associated stellate cells through canonical 

chemokine receptor signaling.

Activation status of stellate cells is not altered by CCL28 treatment

To determine if CCL28 treatment modified the activation of HPSCs, we evaluated three 

individual PDAC-associated HPSCs (14, 29, 30, 45) for the expression of αSMA and 

production of anisotropic (i.e. aligned) ECM (30–32). Cells were treated with CCL28 or 

TGF-β as a positive control (C+). Treatment with the TGF-βR1 inhibitor SB-431542 (C-), a 

vehicle (V) or cell left untreated, were three negative controls. Representative 

immunofluorescence images, shown in Figure 5A, indicated that each of the three HPSC cell 

lines responded similarly to increasing (C+) and decreasing (C-) TGF-β activity by altering 

αSMA levels. Semi-quantitative image analysis, shown in Figure 5B, verified that αSMA 

levels were significantly elevated following treatment with the TGF-β positive control (C+) 

or were diminished when treated with the SB-431542 negative control (C-). By contrast, 

αSMA levels were largely unchanged in each of the HPSC lines following daily incubation 

with CCL28.

Next, we investigated if CCL28 stimulation had any appreciable effects on ECM production. 

Again, each of the three HPSC lines were plated and analyzed for fibronectin fiber 

alignment via ImageJ analysis. As highlighted in Figure 5C–D, ECMs produced in the 

presence or absence of TGF-β (C+ and V respectively) remain anisotropic (i.e. organized) in 

activated HPSCs, while ECMs are rendered isotropic (i.e. disorganized), or their formation is 

prevented altogether, under TGF-β blockade (C-). In contrast, no significant changes in 

ECM fiber production or organization were noted when the various HPSCs were stimulated 

with CCL28, compared to vehicle controls (Figure 5C–D). Cumulatively, these data 

demonstrate that CCL28 chemokine stimulation of resting HPSCs had little, if any, effect on 

the on the activation state of pancreatic cancer-associated stellate cells.

PDAC epithelial cells attract fibroblasts through CCL28 secretion

Given the CCL28-CCR10 expression profile and our subsequent functional analysis of 

HPSCs, we hypothesized that CCL28 produced by tumors cells (shown in Figure 4A) 

directed the chemotactic migration of CCR10-expressing stellate cells within the pancreatic 

tumor microenvironment. To test this hypothesis, we constructed a 2D co-culture transwell 

assay to model inter-cellular communication within the tumor microenvironment. This 

approach has been successfully used in previous studies to model endothelial-immune cell 
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interactions (46). In this model, PDAC epithelial cells cultured in the bottom chamber were 

stimulated 24h with IFNγ to produce a chemokine “source” gradient. The “recipient” 

HPSCs were then added to the top chamber of the transwell and the number of migrating 

activated fibroblasts enumerated 4h later (Figure 6A). Using this assay, we found that 

HPSCs chemotactically migrated across the membrane insert towards Panc1 cancer cells 

only after those source cells had been stimulated with IFNγ (Figure 6B–C). Notably, HPSC 

migration towards Panc1 cells was completely abolished by neutralizing anti-CCL28 

antibody (Figure 6B–C). Moreover, CCL28-dependent chemotactic migration of HPSCs was 

also observed toward MiaPaCa2 cells as a separate PDAC epithelial source, as shown in 

Figure 6D–E. Lastly, chemotactic migration was specifically toward transformed tumor cells 

such as Panc1 and not HPNE cells, an epithelial-like cell used as a surrogate normal 

exocrine pancreatic epithelium (Figure 6F–G). In total, we have shown that pancreatic 

cancer cells direct pancreatic cancer-associated stellate cell migration through the pathologic 

elevation in CCL28 production.

Discussion

Chemokines comprise a large group of secreted proteins that influence the pathophysiology 

of a variety of disease states. Though chemokines have been extensively studied in several 

inflammatory conditions and cancers (47), there has yet to be an expansive analysis of the 

role that chemokines play in the development of pancreatic cancer and other pancreatic 

diseases. Functional studies of chemokines in pancreatic cancer have primarily been limited 

to the CXCL12-CXCR4 chemokine axis (27, 35). Our study aimed to more broadly 

understand the expression patterns of the chemokine receptor family in pancreatic disease 

and functional roles in pancreatic cancer. Through analysis of both human cell lines and 

patient-derived tissue, we uncovered a chemokine ligand-receptor expression pattern 

suggestive of a novel chemokine gradient involved in the directed migration, as opposed to 

activation, of activated stellate cells and / or mesenchymal stem cells into the pancreatitis 

inflamed and pancreatic cancer microenvironments.

Broadly, our study is the first to implicate a role for the CCL28-CCR10 chemokine axis in 

pancreatic disease. Our initial transcript analysis revealed that the chemokine receptors 

CCR10 and CXCR6, along with their cognate respective chemokine ligands, CCL28 and 

CXCL16, were expressed in 9 human and 4 mouse pancreatic cancer cell lines. The changes 

in expression of CXCL16 and CXCR6 observed in pancreatitis and pancreatic cancer 

specimens mirrored those reported previously (38). Although Wente and colleagues did not 

specifically examine the role of CXCL16 in the stroma, and rather focused on the autocrine 

role of CXCL16 in PDAC epithelial proliferation, we initially focused our analysis on 

CCL28 and CCR10. Subsequent immunohistochemical and fluorescent staining of normal 

pancreata and patient-derived PDAC tissue not only demonstrated the upregulation of both 

sets of chemokine receptors and ligands in diseased epithelium compared to normal ducts, 

but also uncovered differential expression pattern of CCL28 and CCR10 in epithelial and 

stromal compartments with expression of the chemokine restricted to the CK19 positive 

ductal cells. Though prior studies have reported on the role of CCL28 and CCR10 in T cell-

mediated inflammation in colitis, ovarian cancer, and skin cancer and dermal mesenchymal 

stem cell trafficking (37, 41, 42), neither the ligand nor the receptor have previously been 
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implicated in expression studies of fibroblasts. These analyses reveal a potentially 

biologically significant difference in chemokine expression in tumor epithelial cells, as well 

as fibroblasts. In total, these data suggested a potential paracrine role for CCL28 and/or 

CXCL16 within the context of the larger pancreatic tumor microenvironment.

Prior work looking into the specific factors that govern the formation of the pancreatic tumor 

microenvironment have been primarily limited to the study of Hedgehog signaling, which 

stimulates growth and proliferation of fibroblasts (19). Others have shown that the pancreas 

is a repository for quiescent fibroblasts known as stellate cells (17). In either the progression 

to malignancy or under chronic inflammatory conditions, these cells become activated and 

reorganize to facilitate the deposition of fibrotic materials that typify the extreme 

desmoplasia observed in pancreatic tumors. Our analysis of patient-derived pancreatic 

cancer-associated stellate cells demonstrated that CCL28 does not affect levels of activation 

or ECM deposition traits. Moreover, when looking at patient derived non-malignant 

pancreatitis tissue we observed that elevated CCL28 expression occurs in patients with 

chronic inflammation of the pancreas. Elevated levels of CCL28 in the inflamed stromal 

compartment likely reflects its expression by vascular endothelial cells as our culture data 

indicated CCL28 was not increased by IFNγ treatment. This suggested that inflammatory 

conditions are a potential driving factor for CCL28 expression in the tumor 

microenvironment. Indeed, treatment of a panel of cultured PDAC epithelial cell lines and 

HSPCs with the inflammatory cytokine IFNγ confirmed that CCL28 is secreted by epithelia 

cells, but not fibroblasts. These data parallel prior reports regarding the regulation of CCL28 

expression under inflammatory conditions (41, 44). However, others have suggested that 

expression of CCL28 can be induced by tumor hypoxia (42), which is a hallmark of PDAC. 

This is the first report analyzing human pancreatitis tissue that shows elevated levels of the 

chemokine CCL28 specifically by epithelial and stromal cells in the inflamed pancreas. This 

expression pattern suggests that CCL28 may play a role in the evolution of pancreatic tumor 

microenvironment.

Despite the wealth of studies examining the role of fibroblasts in PDAC pathogenesis, 

particularly in the context of tumor proliferation and drug-delivery (7, 8), no previous 

studies have probed the mechanism directing the migration of stellate cells or fibroblasts in 

the tumor. Given that chemotaxis occurs in a biphasic fashion, with lower levels of 

chemokine stimulating migration and higher levels arresting migration, our expression 

analysis of CCL28 suggested the presence of a potential chemotactic gradient within 

pancreatic tumors that permits the migration of fibroblasts towards tumor epithelia. Using 

the already established HPSC cell line as a model for pancreatic tumor fibroblasts (14), we 

first showed that HPSCs mimic the expression pattern of CCL28 and CCR10 observed in 

pancreatic tissue. Thus, these stellate cells produce little, if any chemokine, but robustly 

express functional CCR10 receptor. We then verified that HPSC cells chemotactically 

migrated towards exogenous CCL28 protein in a transwell migration assay. Importantly, 

HPSC cells functionally responded to CCL28 in a G-protein signaling dependent manner. 

The HPSC migration response to CCL28 was independent of change in cell viability. 

Finally, to test the hypothesis that a chemotactic gradient exists between PDAC epithelial 

cells and fibroblasts, we used a 2D co-culture transwell assay and found that HPSC cells 

chemotactically migrated towards pancreatic cancer epithelial cells that had been pretreated 
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with IFNγ. HPSC migration towards PDAC epithelial cells was reversible with a 

neutralizing antibody for the CCL28 protein. In sum, these data support a model wherein 

CCL28 plays a functional role in the recruitment of pancreatic stellate cells in the PDAC 

stroma.

Based upon our results we propose a mechanistic model in which a chemokine gradient 

develops in parallel with pancreatic disease progression (Figure 7). Thus, normal ducts show 

the presence of CCR10, but no CCL28, while quiescent stellate cells are deficient in both 

ligand and receptor (Figure 7A). Through inflammation, stellate cells become activated and 

ductal epithelial cells are stimulated to secrete CCL28, which then permits the stellate cells 

to migrate in a directed fashion towards the epithelia (Figure 7B). In PDAC tumorigenesis, 

this pathologic CCL28 gradient, established by epithelial cancer cells, directs the 

localization of PDAC fibroblasts or mesenchymal stem cells into close proximity and 

facilitates a desmoplastic reaction (Figure 7C). Cumulatively, this provides a novel 

mechanism for the recruitment of fibroblasts into the pancreatic cancer stroma. Further, in a 

tumor microenvironment with relatively few T cells, the model identifies a novel role for 

CCL28, which has yet to be associated with directing chemotaxis of non-immune cells.

Moving forward, these data add to the burgeoning body of literature concerning the 

pancreatic cancer stroma. While our study does not address whether CCL28 is pro- or anti- 

malignant, targeting PDAC-stroma interactions through the CCL28-CCR10 axis may 

provide a novel avenue for modulating the dynamics, as opposed to the activation of, PDAC 

tumor stroma. For example, enhancing tumoral CCL28 may compound the inflammatory 

fibrosis in PDAC patients that is reported to influence PDAC malignancy and metastasis 

(10). The cumulative work in this study identifies CCL28 as a unique tumoral factor that 

helps to regulate dynamics of pancreatic cancer desmoplasia and merits additional 

investigation into the CCL28-CCR10 chemokine axis in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Transcript analysis of the known chemokine receptors
A–B) cDNA was isolated from a panel of human pancreatic cancer cell lines, Panc1, 

MiaPaCa2, Capan2, Capan1, HPAFII, and Hs766t, and screened by RT-PCR for expression 

of CCR (A), CXCR, CX3CR, or XCR (B) family of receptors. C–D) The same panel of 

human cell lines was probed for expression of the known ligands for CCR10 (C) and 

CXCR6 (D). E) RT-PCR analysis of patient-derived pancreatic cells (MCW PDAC cell 

lines) as well as a human pancreatic epithelial nestin-expressing (HPNE) confirmed 

CXCR6-CXCL16 and CCR10-CCL28 transcript expression. F) Pancreatic tumor cells 
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derived from the KPC murine model exhibited varying levels of the ligands and receptors. 

GAPDH and actin were analyzed as loading controls. Regions of the MBL and NRAMP 

genes were assessed as genomic DNA controls. Positive control was RNA from PBMCs.
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Figure 2. CCL28-CCR10 distribution in normal and malignant tissue
A) Normal pancreatic tissue was sectioned and processed for histopathologic analysis for 

CCL28, CCR10 and CK19. The arrowhead denotes the epithelial cell lining. B) Tissue from 

pancreatic tumor was sectioned and processed for immunohistochemical staining with 

antibodies specific for CCL28, CCR10, CK19, α-SMA as well as H&E, Masson’s trichrome 

(3C) or Movat’s pentachrome (5C). ‘T’ denotes the tumor cells and ‘S’ denotes the stromal 

compartments of the tissue section as defined by CK19, α-SMA and trichrome staining. C–
D) Representative stained tissue was scored by an investigator blinded to the tissue or 

antibody source for staining intensity. * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. Tissue 
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staining shown in A and B representative of tissues sections from 14 normal, 12 PanIN, and 

12 PDAC patients, based on clinical diagnosis and examination by a board-certified 

pathologist.
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Figure 3. Immunohistochemical staining and scoring of pancreatitis tissue
A) Sections of pancreatitis tissue were processed for immunostaining of CCR10 and CCL28, 

CXCR6, and CXCL16. B–C). Scoring for the number of ductal (CK19+) or stromal (SMA

+) regions for stain of CXCL16, CXCR6, CCL28 or CCR10. Gray line is the mean staining 

intensity of normal pancreatic tissue shown in Figure 2 and included as a reference. D) 

Parallel tissue sections were processed for immunohistochemistry for CXCL12, CXCR7, 

CXCR4 and CK19. E) Quantitative staining intensity of CXCL12, CXCR7 and CXCR4 in 

CK19+ cells. *** = P ≤ 0.001, **** = P ≤ 0.0001. Tissue staining shown in A and D are 

representative of tissue specimens from 5–9 individual patients clinically and pathologically 

diagnosed with pancreatitis.
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Figure 4. Functional characterization of the CCR10-CCL28 chemokine axis
A) Sandwich ELISA revealed that the panel of tissue culture pancreatic cancer cells secrete 

CCL28 when stimulated with 50 ng/mL IFNγ. Levels of CCL28 were undetectable in 

HPSCs treated with IFNγ. B) Flow cytometric analysis of HPSCs revealed the cell surface 

expression of CCR10 (top panel). The mean fluorescence intensity (MFI) was determined 

for cells stained with the isotype control primary antibody (light gray) and anti-CCR10 

antibody (dark gray). C) CCL28 stimulates chemotaxis. HPSCs were plated in the top well 

of a transwell insert in serum free media. The bottom well contained media (serum free; SF 
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or full growth; FG). Recombinant CCL28 [30 nM] was added to the bottom or top well as 

indicated. After 4h, inserts were swabbed, stained with DAPI and enumerated. D) CCL28-

mediated HPSC migration is dose dependent. HPSCs were plated in the top well of a 

transwell insert. The bottom well contained either full growth media (+; positive control) or 

serum-free media that either lacked stimulant (-; negative control), or increasing 

concentrations of recombinant CCL28. E) HPSC migration is mitigated by an anti-CCL28 

neutralizing antibody. The transwell migration setup as above was modified to include the 

following conditions: no stimulation (NS; negative control), 10 ng/mL TGF-β (positive 

control) or 30 nM recombinant CCL28. Neutralizing antibody to CCL28 was added to the 

bottom well for 30 minutes prior to incubation with the cells. F) CCL28-mediated 

directional migration of HPSCs is through a G-coupled protein receptor pathway. HPSCs 

were pretreated with pertussis toxin (PTX) or vehicle, prior to CCL28 stimulation. G) 
Transcript expression of CCR10 in HPSC cells. RNA was isolated and used as a template for 

RT-PCR analysis using CCR10 or GAPDH as a loading control. H) CCL28 stimulates 

chemotactic migration of patient-derived HSPC2 cells. HPSC2 cells were added to a 

transwell insert and placed in a well containing either serum free medium in the absence 

(NS) or presence of CCL28 (CCL28) or full growth medium (FG) as a positive control (FG). 

* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001.
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Figure 5. CCL28 does not alter activated phenotype of HPSCs
Three independent HPSC lines were treated with 30 nM CCL28, left untreated (NS), treated 

with 10 ng/mL TGF-β (C+), treated with SB-431542 [25 µM], a TGF-β1R inhibitor (C-) or 

treated with vehicle controls (V). A) Representative immunofluorescence images show 

digital intensity “heat maps” of detected αSMA, corresponding to intensity color bar scale. 

Scale bars represent 50 µm. B) Semi-quantitative imaging analysis of the mean integrated 

intensity (Integ Int) of αSMA detection normalized for each HPSC line (HPSC, 2, 3) using 

the vehicle (V) set as 1 arbitrary unit. HPSC: #, P = 0.0179. ***, P ≤ 0.0002. HPSC2: #, P = 
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0.0144; ****, P <0.0001; HPSC3, *****, P < 0.0001. C) Representative images of HPSC-

derived ECMs produced under experimental conditions as in A and analyzed using 

Orientation-J plugin of Image-J software. Color tones were normalized using hue values for 

common mode angle (cyan/green boarded color) visualization as represented on the 

orientation bar. D) Box and whisker plot of mean percent of fibers distributed within 15° 

angles from the mode corresponding to the indicated experimental conditions. HPSC: #, P = 

0.0304; *, P = 0.028; HPSC2: *, P = 0.0117; HPSC3: C + versus Vs, *, P = 0.0101. No 

substantial ECM production was obtained from HPSC3 under TGF-β inhibition and was 

designated as not available (NA).
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Figure 6. Pancreatic tumor cells secrete CCL28 and promote HPSC migration
Schematic representation of the experimental plan (A). Briefly, PDAC epithelial cells were 

seeded to the bottom well of a transwell dish (1) then stimulated with 50 ng/mL IFNγ to 

elicit chemokine secretion. HPSCs were plated onto the top chamber of the transwell insert 

(2) while CCL28 neutralizing antibody was added to the bottom chamber. The insert with 

HPSCs was added (3) and incubated for 4h prior to (4) fixing, DAPI-staining and cell 

counting. Stimulation of Panc1 (B–C) and MiaPaCa2 (D–E) cells by IFNγ resulted in 

directional migration of HPSCs that was inhibited by the neutralizing CCL28 antibody. 
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HPSC migrate towards PDAC tumor cells and not non-transformed epithelial HPNE cells 

(F–G). Representative images (C, E) of 5 independent biological replicates are presented. * 

= P ≤ 0.05. ** = P ≤ 0.01.
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Figure 7. Schematic model depicting the functional role for CCL28-CCR10 chemokine signaling 
between pancreatic cancer cells and activated stellate cells
Normal pancreatic duct epithelial cells and quiescent stromal fibroblasts almost no ligand 

CCL28 (purple circles) and basal levels of the receptor CCR10 (left panel). In inflammation, 

such as in pancreatitis, CCL28 expression is increased by cytokines such as IFNγ, which 

also participate in the activation of stellate cells into cancer-associated fibroblasts. CCL28 

directs the migration of stellate cells toward the epithelium (middle panel). CCL28 produced 

by transformed ductal cells direct the sustained migration of activated stellate cells into the 

remodeling tumor microenvironment (right panel).

Roy et al. Page 28

Lab Invest. Author manuscript; available in PMC 2017 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Materials & Methods
	Human tissue samples
	Immunohistochemistry
	Human and murine pancreatic epithelial cell lines
	Human pancreatic fibroblast cell lines
	Reverse transcriptase-polymerase chain reaction
	Chemotaxis
	Enzyme-linked immunosorbent assay (ELISA)
	Flow cytometry
	Extracellular matrix (ECM) production by HPSCs
	Indirect immunofluorescence of un-extracted 3D HPSC cultures
	ECM fiber orientation analysis
	Statistical analyses

	Results
	Chemokine expression profile in human pancreatic cancer epithelial cells
	Differential expression of chemokines in PDAC epithelial and stromal compartments
	CCL28 expression is induced by inflammatory conditions
	HPSC chemokine expression and canonical chemotactic signaling
	Activation status of stellate cells is not altered by CCL28 treatment
	PDAC epithelial cells attract fibroblasts through CCL28 secretion

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

