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Abstract

Background & Aims—The role of radiation therapy in the treatment of patients with pancreatic 

ductal adenocarcinoma (PDA) is controversial. Randomized controlled trials investigating the 

efficacy of radiation therapy in patients with locally advanced unresectable PDA have reported 

mixed results, with effects ranging from modest benefit to worse outcome, compared with control 

therapies. We investigated whether radiation causes inflammatory cells to acquire an immune-

suppressive phenotype that limits the therapeutic effects of radiation on invasive PDAs and 

accelerates progression of pre-invasive foci.

Methods—We investigated the effects of radiation in p48Cre;LSL-KrasG12D (KC) and 

p48Cre;LSLKrasG12D;LSL-Trp53R172H (KPC) mice, as well as in C57BL/6 mice with orthotopic 

tumors grown from FC1242 cells derived from KPC mice. Some mice were given neutralizing 
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antibodies against macrophage colony stimulating factor 1 (CSF1 or MCSF) or F4/80. Pancreata 

were exposed to doses of radiation ranging from 2–12 Gy and analyzed by flow cytometry.

Results—Pancreata of KC mice exposed to radiation had a higher frequency of advanced 

pancreatic intraepithelial lesions and more foci of invasive cancer than pancreata of unexposed 

mice (controls); radiation reduced survival time by more than 6 months. A greater proportion of 

macrophages from invasive and pre-invasive pancreatic tumors had an immune-suppressive, M2-

like phenotype, compared with control mice. Pancreata from mice exposed to radiation had fewer 

CD8+ T cells than controls and greater numbers of CD4+ T cells of T-helper 2 and T-regulatory 

cell phenotypes. Adoptive transfer of T cells from irradiated PDA to tumors of control mice 

accelerated tumor growth. Radiation induced production of MCSF by PDA cells. An antibody 

against MCSF prevented radiation from altering the phenotype of macrophages in tumors, 

increasing the anti-tumor T-cell response and slowing tumor growth.

Conclusions—Radiation exposure causes macrophages in PDAs of mice to acquire an immune-

suppressive phenotype and reduce T-cell mediated anti-tumor responses. Agents that block MCSF 

prevent this effect, allowing radiation to have increased efficacy in slowing tumor growth.
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Introduction

Pancreatic ductal adenocarcinoma (PDA) is the 4th leading cause of cancer-related death in 

the US with cure rates of only 1–2%1. Complete resection remains the only potentially 

curative option for PDA, but only ~15% of patients present with resectable disease. Further 

surgery ultimately only cures ~10% of resected patients2. Most patients with PDA present 

with locally advanced disease which is deemed unresectable on account of tumor 

encroachment on the portal vein or mesenteric vessels3. These patients are typically treated 

with either chemotherapy alone or chemotherapy combined with radiation therapy (RT)4.

RT induces cancer cell death by either directly causing DNA damage or creating free 

radicals within tumor cells which can in turn damage the host DNA. However, the survival 

benefit gained from adding RT in patients with locally advanced PDA remains controversial 

despite five randomized clinical trials published to date5–9. An early Phase III study showed 

no benefit to adding RT to 5-FU-based chemotherapy alone, although this study has been 

criticized due to the use of outdated RT planning methods and a small sample size9–11. The 

first Gastrointestinal Tract Cancer Group (GITSG) trial showed a small benefit to 

chemotherapy + RT compared with RT alone, but this study lacked a chemotherapy only 

arm5. The second GITSG study demonstrated a significantly increased median survival of 10 

months (1-year survival 41%) in the chemotherapy + RT group compared to 8 months (1-

year survival 19%) in the chemotherapy only group7. The ECOG 4201 study similarly 

reported a median survival of 11.0 months for patients receiving RT + concurrent 

gemcitabine versus 9.2 months for the gemcitabine only group9. However, the FFCD/SFRO 

study actually demonstrated a significantly decreased median survival of 8.6 months (2-year 

survival 32%) in the chemotherapy + RT group compared to 13 months (2-year survival 
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53%) in the chemotherapy only group8. Collectively, these data suggest that whereas there 

may be clinical efficacy to RT at selected doses, fractionations, or chemotherapy 

combinations, the benefits are modest and select regimens may even have the potential to 

induce worse outcomes in locally advanced PDA patients. Moreover, the optimal treatment 

paradigm has yet to be defined.

Histologic analyses of both human and mouse models of PDA reveal that foci of invasive 

tumor are almost invariably surrounded by dysplastic PanIN lesions. Notably, PanIN lesions 

are ubiquitous in most persons over aged 50, even in the absence of invasive PDA12. Further, 

unlike most adenocarcinomas whose volume is comprised primarily of transformed 

epithelial cells, PDA is composed largely of fibro-inflammatory elements interspersed with 

islands of neoplastic epithelium13, 14. Specific peri-pancreatic leukocytic subsets, depending 

on their terminal differentiation phenotype, can have divergent effects on oncogenesis by 

either combating cancer growth via antigen-restricted tumoricidal immune responses, or by 

promoting tumor progression via induction of immune suppression. For example, cytotoxic 

CD8+ T cells and Th1-polarized CD4+ T cells mediate tumor protection in murine models of 

PDA and are associated with prolonged survival in human disease15–17. Accordingly, PDA-

infiltrating T cells have specificity for tumor antigen18. However, negating cytotoxic CD8+ 

anti-tumor responses by tumor-infiltrating myeloid-derived suppressor cells accelerates PDA 

development and promotes liver metastases in advanced disease19, 20. Similarly, 

CD204+MHCIIlow M2-polarized macrophages have tumor-promoting effects in PDA by 

releasing immune-suppressive cytokines and inducing Th2 and Treg differentiation of CD4+ 

T cells21. Consistent with these reports, we found that antigen-restricted Th2-polarized 

CD4+ T cells promote malignant progression in mice with pre-invasive PDA18. Intra-

tumoral CD4+ Th2 cell infiltrates and FoxP3+ Tregs are also associated with reduced 

survival in human PDA15–17. Collectively, these data suggest that manipulating the cellular 

differentiation of macrophages or CD4+ T cells can affect the rate of PDA growth.

Current clinical trials studying RT in PDA are investigating the effects of intensifying 

radiation regimens, optimizing combinations with systemic agents, and improving patient 

selection. However, an opportunity exists in murine modeling to investigate mechanisms of 

treatment resistance to enhance therapeutic efficacy of RT. We postulated that despite the 

direct tumoricidal effects of RT on malignant epithelial cells, its clinical efficacy in PDA is 

limited by promotion of innate and adaptive immune suppression which can have the dual 

effects of (i) accelerating progression of invasive carcinoma and (ii) promoting oncogenic 

transformation in pre-invasive foci of disease. Consequently, we predicted that limiting these 

collateral inflammation-based pro-tumorigenic effects would enhance the efficacy of RT in 

pre-clinical models and human disease.

Materials and Methods

Animals and Tumor Models

C57BL/6 (H-2Kb) mice were purchased from Jackson (Bar Harbor, ME). p48Cre;LSL-

KrasG12D (KC; gift of Dafna Bar-Sagi, NYU) mice, which develop pancreatic neoplasia 

endogenously by expressing one mutant Kras allele in the pancreas were generated by 

crossing LSL-KrasG12D mice with p48Cre mice, which express Cre recombinase from a 
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pancreatic progenitor-specific promoter22. p48Cre;LSL-KrasG12D;LSL-Trp53R172H (KPC; 

gift of Mark Philips, NYU) mice additionally express mutant p5323. For orthotopic tumor 

challenge, mice were administered FC1242 cells derived from pancreata of KPC mice (gift 

of David Tuveson, Cold Spring Harbor Laboratory). Cells were suspended in PBS with 

Matrigel (BD Biosciences) at 106 cells/mL and 5×104 cells were administered into the body 

of the pancreas via laparotomy. In selected experiments, a neutralizing mAb targeting M-

CSF (5A1, 8mg/kg) or a neutralizing mAb targeting macrophages (F4/80, 6mg/kg; both Bio 

X Cell) were administered daily beginning one day prior to RT and continuing until two 

days post-radiation. Chronic pancreatitis was induced using a regimen of seven hourly i.p. 

injections of caerulein (50µg/kg; Sigma-Aldrich) thrice weekly for four weeks as 

described24. Serum Amylase and Lipase levels were determined using kits (Sigma-Aldrich). 

For serum cytokine analysis, a cytometric bead array was used according to the 

manufacturer’s protocol (BD Biosciences). All procedures were approved by the NYU 

School of Medicine IACUC.

RT of murine PDA

In our orthotopic PDA model, one day prior to RT (day 18) animals underwent a mini-

laparotomy with fiducial placement surrounding the tumor to mark the target area for RT 

(Premium Surgiclip, Covidien). For RT planning, a cone beam CT scan using the Small 

Animal Radiation Research Platform (SARRP, Xstrahl) was employed. Images were 

transferred into Slicer V3 software. Tumor-directed RT was performed using a 10x10mm 

collimator. In our endogenous tumor models, fiducials were placed in the peri-pancreatic 

adipose tissue in 6 week-old KC mice or 1 month-old KPC mice. RT was targeted in a 

similar manner. Pancreata were radiated at doses ranging from 2–12 Gy. In our fractioned 

RT experiments, mice were treated with 3 doses of 6 Gy at 48 hour intervals. In our Chemo-

RT experiments, orthotopic tumor-bearing mice were treated with a signle dose of 

Gemcitabine (100 mg/kg, i.p.) one day prior to hypofractionated RT (12 Gy).

Cellular isolation & flow cytometry

Pancreata were harvested immediately after mouse sacrifice and placed in RPMI1640 with 1 

mg/mL Collagenase IV (Worthington Biochemical) and 1 U/mL DNAse I (Promega). After 

mincing with scissors, tissues were incubated at 37°C for 30 minutes with gentle shaking. 

Specimens were filtered and then centrifuged at 350g for 5 minutes. Cell pellets were 

resuspended in PBS with 1% FBS. After blocking FcγRIII/II (αCD16/CD32, eBioscience), 

cell labeling was performed by incubating 106 cells with 1 µg of fluorescently conjugated 

antibodies directed against CD45 (30-F11), MHC II (M5/114.15.2), CD11b (M1/70), F4/80 

(BM8), Gr1 (RB6-8C5), CD204 (2F8), CD206 (C068C2), PD-L1 (10F.9G2), CSFR1 

(AFS98), CD40 (3/23), CD3 (17A2), CD4 (RM4-5), CD8 (53-6.7), FoxP3 (150D), CD25 

(PC61), CD44 (IM7), IL-10 (JES5-16E3), and TNF-α (MP6-XT22; all Biolegend). 

Intracellular cytokine staining was performed using the BD FixPerm Kit (BD Biosciences). 

Flow cytometry was performed on the LSR-II (BD Biosciences). Data were analyzed using 

FlowJo software.
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Western blotting

For protein extraction, 15–30 mg of tissue were homogenized in 150–300µL tissue lysis 

buffer, incubated for 30 minutes on ice, centrifuged at 14,000g for 15 minutes, followed by 

supernatant collection. Total protein was quantified using the BioRad DC Protein Assay 

(BioRad). Western blotting was performed as per our previously described protocols with 

minor modifications25. Briefly, 10 % Bis-Tris polyacrylamide gels (NuPage, Invitrogen) 

were equiloaded with 10–30µg of protein, electrophoresed at 200 V, and electrotransferred to 

PVDF membranes. After blocking with 5% BSA, membranes were probed with primary 

antibodies to β-actin (Abcam), NF-κB/p65, p-NF-κB/p65, Erk1/2, p-Erk1/2, STAT3, and p-

STAT3 (all Cell Signaling). Blots were developed by ECL (Thermo Scientific).

Histology & Immunohistochemistry (IHC)

For histological analysis, pancreatic specimens were fixed and embedded with paraffin, and 

stained with Trichrome or H&E. The fraction of fibrotic area was calculated based on 

Trichrome staining using a computerized grid as previously described25. The fraction and 

number of ducts containing ADMs, all grades of PanIN lesions or invasive carcinoma was 

morphologically determined by examining a minimum of 10 HPFs/slide by a blinded 

pathologist. ADMs were defined morphologically as acinar complexes having a circular 

morphology with a central lumen but lacking columnar architecture. PanINs were graded 

according to established criteria26. Briefly, In PanIN I ducts, the normal cuboidal pancreatic 

epithelial cells transition to columnar architecture (PanIN Ia) and gain polyploid 

morphology (PanIN Ib). PanIN II lesions are associated with additional nuclear 

abnormalities such as loss of polarity. PanIN III lesions, or in-situ carcinoma, show 

cribriforming, budding off of cells, and luminal necrosis with marked cytological 

abnormalities, without invasion beyond the basement membrane. Loci of frank carcinoma 

were identified by invasion beyond the basement membrane. The percentage of ducts in 

pancreata of KC mice containing normal morphology, ADM, graded PanIN lesions was 

determined as a fraction of all ducts on a given slide. In select experiments the total number 

of invasive foci per longitudinal section of paraffin-embedded pancreas was recorded. Each 

pancreas was examined a 2 levels of depth by H&E. IHC was performed using antibodies 

directed against Amylase, α-SMA, CD45 (all polyclonal), F480 (CI:A3-1), CD68 (KP1) and 

Arg1 (EPR6671(B); all Abcam), CK19 (TROMA-III; DSHB, University of Iowa), CD4 

(RM4-5; BD Bioscience), and M-CSF (polyclonal; Novus).

mRNA Analysis

Total RNA was extracted using the RNEasy Mini Kit (Qiagen) and converted to cDNA using 

the RT2 First Strand Kit (Qiagen). qPCR was performed using the RT2 SYBR Green qPCR 

mastermix (Qiagen) on the MX3005P (Stratagene). For Csf1 analysis, pre-designed primers 

were purchased from Qiagen. Expression levels were normalized to β-actin. For Nanostring 

assays, the Mouse Immunology panel was employed and data analyzed using the nCounter 

System (Nanostring).
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T cell adoptive transfer experiments and PDA-macrophage co-culture assays

For T cell adoptive transfer experiments, CD3+ T cells from RT (12 Gy) or sham-treated 

orthotopic tumors were FACS-sorted (SY3200, Sony) and co-injected subcutaneously into 

mice in a 1:10 ratio with KPC-derived tumor cells (1×106) or Pan02 cells (5×106; gift of 

Daniel Meruelo, NYU). For PDA-macrophage co-culture assays, KPC-derived tumor cells 

(5×104) were irradiated at 12 Gy. One hour later, FACS-sorted macrophages were added to 

the cancer cells (2:1 ratio). After 48 hours, macrophages were harvested and analyzed by 

flow cytometry.

In vitro T cell activation assays

For T cell activation assays, mouse CD3+ T cells (5×104) were plated in 96 well plates 

coated with anti-CD3 (145-2C11, 10µg/ml) and anti-CD28 (37.51; 10µg/ml, both Biolegend) 

either alone or with macrophages (5:1 ratio) harvested from RT- or sham-treated orthotopic 

tumors. After 72 hours, T cells were harvested and analyzed for expression of TNF-α by 

flow cytometry.

Statistical Analysis

Data is presented as mean +/− standard error. Survival was measured according to the 

Kaplan-Meier method. Statistical significance was determined by the Student’s t test and the 

log-rank test using GraphPad Prism. P-values <0.05 were considered significant.

Results

Hypofractionated RT accelerates the progression of pancreatic dysplasia to invasive 
carcinoma

To test the effects of RT on modulating tumorigenesis, 6 week old KC mice which exhibit 

scattered early PanIN lesion (Figure S1a) were administered pancreas-directed RT (12Gy) 

and analyzed for tumor progression 8 weeks later. Pancreata of RT-treated mice displayed 

accelerated tumorigenesis as evidenced by a higher frequency of advanced PanIN lesions as 

well as numerous foci of invasive cancer (Figure 1a). RT-treated pancreata also exhibited a 

concomitant dense fibro-inflammatory desmoplasia with higher staining for Collagen 

(Figure 1b) and α-SMA (Figure 1c), indicative of stellate cell activation. Further, RT-treated 

mice demonstrated a ~8 month reduction in median survival (Figure 1d). Dose response 

experiments revealed that 2Gy had a negligible effect on tumor progression whereas doses 

of 6Gy or higher were progressively oncogenic (Figure S1b, c). RT did not induce higher 

NF-κB or MAP kinase signaling in PDA (Figure 1e). Consistent with the lack of induction 

of pro-inflammatory signaling, RT did not influence disease phenotype in WT pancreata in 

the setting of caerulein-induced chronic pancreatitis nor did it alter pancreatic architecture in 

WT mice after PBS administration (Figure S2).

RT induces an immune-suppressive macrophage phenotype

We hypothesized that RT accelerates oncogenic changes in pre-invasive pancreata by 

inducing tumor-promoting inflammation. However, consistent with the absence of higher 

inflammatory signaling in RT-treated KC mice, we found that the immune infiltrate in 
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control and RT-treated KC animals was similar at 8 weeks post-treatment (Figure S3). 

Therefore, we postulated that critical changes were occurring in the pre-malignant pancreas 

in the early aftermath of RT. Consistent with this hypothesis, the number of intra-pancreatic 

CD45+ pan-leukocytes increased markedly by 3 days after RT (Figure 2a). Similarly, RT was 

associated with increased early infiltration of F4/80+ tumor-associated macrophages (TAMs) 

and Arg1+ leukocytes (Figure 2a). To assess the phenotype of TAMs in RT-treated pancreata, 

we performed mRNA analysis. RT induced a reduction in iNos, Irf5, and H2eb1 expression 

but upregulation in Arg1, consistent with M2-like macrophage differentiation (Figure 2b). 

Further, RT increased STAT3 phosphorylation (Figure 2c), diminished MHCII expression in 

TAMs (Figure 2d), and increased TAM expression of CD206, PD-L1, and CSFR1, but 

modestly diminished CD40 expression (Figure 2e). Collectively, these data suggest that RT 

reprograms PDA-infiltrating TAMs toward an M2-like phenotype. However, in departure 

from the classical M2 description, TNF-α was sharply upregulated in TAMs after RT (Figure 

2f).

RT treatment of invasive PDA increases infiltration of M2-polarized TAMs

To determine whether RT similarly induces M2 reprogramming of macrophage populations 

in invasive PDA, we performed RT on mice bearing KPC-derived orthotopic pancreatic 

tumors before assessing TAM phenotype on day 3. Unlike pre-invasive lesions, RT 

predictably but modestly reduced the growth rate and induced tumor necrosis in invasive 

PDA (Figure 3a). However, similar to pre-invasive PDA, tumor infiltration by TAMs was 

substantially increased after RT treatment (Figure 3b). Further, TAMs exhibited similar M2 

reprogramming as evidenced by reduced MHC II expression but higher CD204 and CD206 

expression (Figure 3b). Arg1+ cell infiltration was also increased after RT (Figure 3c). 

Administration of fractionated RT or Gemcitabine-based Chemo-RT similarly induced M2 

reprogramming of TAMs (Figure S4a, b). To investigate whether RT induction of a M2-

polarized TAM phenotype in PDA is affected by the extent of transformation, we treated 

KPC mice with RT and directly compared MHC II expression in TAMs between invasive 

and pre-invasive regions of pancreata. We found that whereas MHCII expression was 

diminished in PDA-infiltrating TAMs in all locations, it was reduced to a significantly 

greater extent in pre-invasive areas (Figure 3d).

We postulated that irradiated PDA cells secrete factors which promote the distinct M2-like 

differentiation of macrophages seen in our tumor models. To test this, we co-cultured naïve 

splenic macrophages in vitro with irradiated or sham-treated KPC-derived tumor cells. 

Irradiated tumor cells induced an increased MHCIIlowCD204highTNF-α+ macrophage 

phenotype suggesting that irradiated PDA cells can directly promote the distinct TAM 

phenotype associated with RT therapy in PDA (Figure 3e, f).

RT-induced M-CSF expression from tumor cells drives TAM infiltration and M2-deviation

Since M-CSF can expand macrophage populations and drive M2 differentiation27, we 

postulated that RT upregulates M-CSF expression in PDA cells. We found a ~5-fold increase 

in M-CSF expression in PDA after RT treatment by PCR in KPC orthotopic tumors (Figure 

4a). Immunohistochemical analysis confirmed elevated M-CSF expression in transformed 

pancreatic ductal cells on day 3 after RT in KC pancreata (Figure 4b). M-CSF was not 
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residually elevated at 8 weeks after treatment (not shown). Moreover, M-CSF blockade 

reduced TAM infiltration in RT-treated PDA and reversed their M2 reprogramming (Figure 

4c). We predicted that M-CSF blockade would enhance the anti-tumor efficacy of RT in 

PDA. To test this, cohorts of mice bearing orthotopic KPC-derived tumor were treated with a 

neutralizing α-M-CSF mAb or isotype control coincident with RT administration. Again, RT 

alone had only modest effects on slowing tumor growth. Similarly, α-M-CSF administration 

alone was ineffectual. However, RT + α-M-CSF treatment offered marked tumor protection 

(Figure 4d). Similarly, macrophage neutralization coincident with RT using an α-F4/80 mAb 

also significantly enhanced the radiation effect (Figure 4e). To determine whether M-CSF 

blockade could mitigate the RT-induced accelerated oncogenesis in pre-invasive foci of 

PDA, we administered α-M-CSF treatment for 3 days surrounding RT treatment of 6 week-

old KC mice and scarified animals 2 months later. Consistent with the beneficial effects of 

concomitant α-M-CSF therapy in RT treatment of invasive PDA, M-CSF inhibition 

mitigated RT-induced disease progression in pre-invasive carcinoma (Figure S5).

T cells from irradiated PDA promote tumor growth

Since M2-polarized macrophages can induce T cell anergy, we postulated that the 

mechanism for the accelerated tumorigenesis in RT-treated KC pancreata was related to 

ineffectual adaptive immunity. We interrogated T cell phenotype in pancreata of KC mice 3 

days after RT- or sham-treatment. The fraction of CD3+ T cells within the TME was 

significantly decreased in RT-treated pancreata (Figure 5a). Moreover, the CD4:CD8 ratio 

and the total number of CD4+ T cells increased with RT (Figure 5a, b). CD4+ T cells have 

recently been reported to promote pancreatic tumorigenesis and we, and others, specifically 

implicated Th2 cells and Tregs15, 17, 18. We found that the immune-suppressive Th2 cytokine 

IL-10 was upregulated in pancreas-infiltrating CD4+ T cells after RT (Figure 5c). Treatment 

with fractionated doses of RT also resulted in increased CD4+ T cell expression of IL-10 

(not shown). Further, whereas CD4+CD25+FoxP3+ Tregs were rare in control KC pancreata, 

RT recruited a higher fraction of Tregs (Figure 5d) with increased IL-10 expression (Figure 

5e). Additionally, examination of the tumor-infiltrating CD8+ T cell fraction revealed 

significantly less activated cytotoxic T cells in the RT-treated cohort (Figure 5f). 

Collectively, these data suggest that RT results in immune suppressive T cell reprogramming 

in pre-invasive PDA. To directly test whether RT-entrained TAMs in PDA delimit T cell 

activation, we co-cultured αCD3/αCD28-stimulated splenic T cells with TAMs harvested 

from sham- or RT-treated PDA. Consistent with our in vivo data, RT-entrained macrophages 

diminished T cell expression of TNF-α. Moreover, the inhibitory effects were reversed by in 
vivo M-CSF blockade in the RT-treated group (Figure S6).

To investigate whether adaptive immune suppression was also associated with irradiation of 

invasive PDA, we again performed RT in orthotopic KPC-derived tumors and assayed T cell 

phenotype 3 days later. In parallel with the findings in our pre-invasive model, RT reduced 

the fraction of tumor-infiltrating CD3+ T cells, increased the CD4:CD8 ratio, and recruited a 

substantially increased fraction of Tregs (Figure 6a). To determine whether the immune 

suppressive T cell phenotype was contingent on the M2-polarized macrophage population 

induced by RT, we again inhibited macrophage recruitment and M2-polarization using α-M-

CSF. Concurrent blockade of M-CSF with RT reversed the diminished intra-pancreatic pan-
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T cell infiltration and upregulation of Tregs associated with RT administration (Figure 6b, 

c).

To determine whether the T cell phenotype resulting from RT of PDA tumors is sufficient to 

promote oncogenic progression in vivo, we performed T cell adoptive transfer coincident 

with tumor implantation. WT mice were administered Pan02 tumor cells alone, Pan02 cells 

+ T cells harvested from sham-treated KPC-derived tumors, or Pan02 cells + T cells 

harvested from RT-treated KPC-derived tumors. Remarkably, T cells derived from irradiated 

PDA accelerated tumor growth implying that tumor-infiltrating T cells in RT-treated PDA 

promote pancreatic tumor growth (Figure 6d). Similar tumor-promoting effects were 

observed when transferring T cells harvested from RT-treated orthotopic KPC tumors to 

other orthotopically implanted KPC tumor (Figure 6e). However, concurrent αM-CSF 

treatment of donor mice at the time of RT reversed the tumor-promoting effects of RT-

entrained PDA-infiltrating T cells. α-M-CSF therapy alone did not enhance the tumor-

protective properties T cells in absence of RT (Figure 6e). These data confirm that PDA-

infiltrating T cells induced by RT-reprogramed macrophages promote oncogenic 

progression. Moreover, therapeutic inhibition of macrophage reprogramming has the 

potential to prevent the generation of tumor-promoting T cell populations and increase the 

therapeutic efficacy of RT in PDA.

Discussion

The effects of radiotherapy on the immunology of PDA have not been intensively studied. 

However, work in other cancers has suggested that radiation should be considered an 

immune adjuvant as evidenced by RT-induced enhancement of both innate and adaptive 

immunity. For example, the immunogenicity of dendritic cells (DC) is reportedly improved 

by radiation-induced necrotic tumor cell release of HMGB1 which ligates TLR4 and TLR9 

on DC thereby promoting their cellular maturation and enhancing their antigen processing 

capabilities28. Another consequence of radiation-induced necrotic cell death is the 

translocation of calreticulin (CRT) from the endoplasmic reticulum to the plasma membrane 

which facilitates assembly of MHC I-peptide complexes29. CRT also enhances DC cross 

presentation of antigens to cytotoxic T lymphocytes30. In addition to upregulating the 

antigen-presentation machinery in DC, radiation can reportedly enhance immunogenicity by 

inducing the release of tumor antigens, upregulating the expression of T-cell co-activating 

ligands, and sensitizing tumor cells to antigen-independent cell death via the Fas receptor31. 

Radiation is further thought to augment diverse aspects of T cell immunity via adenosine 

triphosphate release from apoptotic cells which induces secretion of IL-1β32. A consequence 

of this cascade is Th1 polarization of antigen-restricted CD4+ T cell responses and activation 

of γδ T cells33. Additionally, tumoricidal γδ T cells can be further activated by irradiation via 

NKG2D receptor recognition of stress-ligand expressing cancer cells34.

Despite sufficient evidence for immunogenic influences of radiation in extra-pancreatic 

malignancies, our data suggests that RT in PDA leads to pronounced immune-suppression 

within the TME via expansion of immune suppressive TAMs resulting in T-cell anergy. In 

extra-pancreatic disease, radiation-induced vascular damage with subsequent release of 

HIF-1α and SDF-1 results in the recruitment of macrophages to the TME via CXCR4 

Seifert et al. Page 9

Gastroenterology. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ligation35, 36. By contrast, we show that in PDA, RT-induced M-CSF expression is a primary 

mechanism which drives TAM infiltration. This also results in preferential M2 polarization, 

including diminished MHC II expression, up-regulation of Arg1, and high expression of 

macrophage scavenger receptor 1 (MSR1; CD204) and the mannose receptor (CD206). 

Increased expression of the enzyme Arginase 1 can deplete L-arginine which is vital for 

proper T cell function37, 38. More importantly, our experiments suggest that RT-recruited 

macrophages substantially influence the profile of tumor infiltrating lymphocytes in PDA, 

shifting the balance in favor of IL-10 producing Th2 cells and Tregs, and decreasing the 

CD8:CD4 T cell ratio. Collectively, our post-RT immune-phenotyping analyses suggest a 

predominance of tumor-promoting CD4+ T cell subsets within the TME after RT-induced 

immune reprogramming, as well as an anergic phenotype in the remaining CD8+ effector T 

cells. Moreover, our T cell adoptive transfer experiments imply that the principal tumor-

promoting effect of RT may relate to the accumulation of Tregs given the observation that 

RT-entrained T cells harvested from orthotopic KPC tumors can even promote accelerated 

growth of Pan02 tumors, suggesting lack of antigen specificity.

Radiation-induced recruitment of M2-polarized TAMs appears to be dependent on the 

precise experimental model employed. Deng et al. recently found a decrease in the number 

of myeloid cells in the TUBO mammary carcinoma and MC38 colon carcinoma models 3 

days after a combined treatment of a single RT fraction (12 Gy) and immunotherapy39. Klug 

et al reported that doses of RT of ≤ 2 Gy actually polarized TAMs toward an M1 phenotype 

with increased production of iNOS40. This observation is consistent with data from 

experiments using lower doses of RT on peritoneal macrophages in vitro41. However, data 

from a diversity of other tumor models suggest that radiation can drive infiltration of M2-

polarized TAMs35, 42, 43. It is notable that RT effects on TAM recruitment and M2-

polarization were only observed at early time points after RT but absent at 8 weeks 

suggesting that the inflammatory stimulus for TAM recruitment and programming may 

dissipate at later time points. Indeed, we found that by M-CSF expression reduced to 

baseline levels by 8 weeks post-RT.

The incapacitating effects of TAMs on adaptive anti-tumor immunity in the context of 

radiation treatment of PDA become more salient in light of the consequences of macrophage 

inhibition. M-CSF or F4/80 neutralization in combination with RT increased the radiation 

effect on tumor control as evidenced by a ~2-fold diminished tumor volume compared with 

either treatment alone. Furthermore, α-M-CSF treatment reduced TAM infiltration, lowered 

their expression of CD204 and CD206 but increased MHC-II, and resulted in immunogenic 

reprogramming of CD4+ and CD8+ T-cells suggesting that M2-deviated TAMs are 

orchestrators of T-cell anergy after irradiation of PDA. Our findings are in consort with a 

very recent report in murine breast cancer models where macrophage depletion significantly 

delayed tumor regrowth following radiotherapy44. Notably, despite lowering TAM 

infiltration, αM-CSF alone does not have tumor-protective effects in vivo when not 

combined with RT. This is likely related to the fact that at baseline, in absence of RT, TAMs 

are not overwhelmingly M2-polarized in PDA.

Besides directing CD4+ T cell differentiation toward a Th2 or Treg phenotype, tumor-

infiltrating myeloid cells can induce apoptosis or exhaustion in tumor-specific CTLs via PD-
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L1–PD1 ligation45. We show that RT induces upregulation of PD-L1 in PDA-infiltrating 

TAMs, which is potentially another mode of immune suppression that can account for radio-

resistance in PDA. Indeed, Twyman-Saint Victor et al. reported that RT alone has only 

modest efficacy in PDA cell lines implanted in the flank, but combination therapy with PD-1 

and CTLA4 inhibition offers impressive tumor protection46. Similarly, in models of 

colorectal and breast cancer, RT has been shown to upregulate PD-L1 on myeloid cells, 

whereas the efficacy of radiation is synergistically enhanced when combined with blockade 

of the PD-L1-PD1 axis39. These reports highlight a fundamental and seemingly paradoxical 

principal of immunotherapy: accentuating immune suppression by RT-induced upregulation 

of PD-L1 can enhance the therapeutic efficacy of immunotherapeutics targeting PD-L1 or 

PD1. Similarly, our data imply that whereas α-M-CSF or α-F4/80 immunotherapies have 

only modest efficacy in absence of RT, they each impressively diminished tumor growth 

when combined with RT. Hence, RT may enhance the therapeutic efficacy of 

immunotherapy not only via the mechanisms discussed above, but also through modulation 

of the immune contexture of the TME which provides targets for immunotherapeutic 

manipulation. Altogether, our data imply that M-CSF blockade should be tested in clinical 

trials as an adjuvant to enhance the efficacy of RT in patients with locally advanced 

unresectable PDA.
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Figure 1. RT accelerates the rate of pancreatic oncogenesis in the context of pre-invasive disease
(a) KC mice underwent pancreas-directed RT or sham treatment at 6 weeks of life and 

pancreata were assayed 8 weeks later (n=10/group). Pancreas sections were examined by 

H&E and the fractions of normal ducts, acinoductal metasplasia (ADM), PanIN I-III lesions, 

and invasive cancer were quantified. (b) Fibrosis was quantified using Trichrome staining. 

(c) Pancreatic stellate cell activation was determined by α-SMA staining. (d) KC mice 

underwent pancreas-directed RT (n=22) or sham treatment (n=29) at 6 weeks of life. 

Kaplan-Meier survival analysis was performed. (e) Activation of NF-κB and MAP kinase 

siganling in RT-treated and control pancreata was determined by western blotting. 

Representative data and summary of triplicates are shown (*p<0.05, ***p<0.001).

Seifert et al. Page 14

Gastroenterology. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. RT increases TAM infiltration and induces M2-polarization in pre-invasive PDA
(a) KC mice underwent pancreas-directed RT or sham treatment at 6 weeks of life and 

pancreata were assayed 3 days later (n=10/group). IHC on paraffin-embedded pancreatic 

sections was performed using mAbs directed against CD45+-pan leukocytes, F480+ cells, 

and Arg1+ cells. Cellular infiltrates were quantified by examining 10 HPFs per slide. (b) 
mRNA levels of iNos, Irf5, H2Eb1, and Arg1 were tested in RT- or sham-treated pancreata 

by nanostring assay. (c) STAT3 phosphorylation was evaluated by western blotting. (d) 
Gr1−F4/80+ cells in sham- and RT-treated pancreata from KC mice were gated and tested for 
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co-expression of CD11b and MHCII. The fraction of Gr1−F4/80+CD11b+ TAMs expressing 

MHCII was quantified. (e) Gr1−F4/80+CD11b+ TAMs from sham or RT-treated KC 

pancreata were gated by flow cytometry and tested for expression of CD206, PD-L1, 

CSFR1, and CD40. Representative histogram overlays are shown. MFIs are indicated for 

each respective treatment group. (f) TNF-α expression was determined in 

Gr1−F4/80+CD11b+ TAMs from sham- and RT-treated pancreata. Flow cytometry 

experiments were performed using 3-5 mice per arm and reproduced more than 5 times 

(*p<0.05, ***p<0.001, ****p<0.001).
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Figure 3. RT increases infiltration of TAMs and induces M2-like polarization in invasive PDA
(a) WT mice were orthotopically implanted with KPC-derived tumors and cohorts were 

treated with tumor-focused RT or sham-treated at 18 days. Pancreatic tumors were harvested 

on day 21. Representative gross pictures of tumors and quantitative data on tumor volume 

and weight are shown (n=15/cohort). Representative H&E stained images are shown and 

necrotic areas bracketed. (b) The fraction of Gr1−F4/80+CD11b+ TAMs among CD45+ 

leukocytes in the tumor microenvironment was determined by flow cytometry. TAMs were 

then gated and tested for expression of MHC II, CD204, and CD206. Representative contour 
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plots and summary data are shown. (c) Arg1+ cellular infiltration in sham- and RT-treated 

KPC-derived orthotopic tumors was determined by IHC. (d) MHCII expression was tested 

in TAMs from disparate areas of RT-treated KPC mice by separately examining areas with 

invasive carcinoma or pre-invasive lesions. The percent decrease in MHCII expression in 

TAMs after RT treatment was calculated for invasive and pre-invasive lesions, respectively 

(n=3). (e) Splenic macrophages were co-cultured with sham-treated or irradiated (20 Gy) 

KPC-derived tumor cells (2:1 ratio) in quadruplicate. After 48 hours of co-culture, 

macrophages were harvested and analyzed for expression of MHC II, (f) CD204, and TNF-

α. In vitro experiments were repeated at least 3 times with similar results (*p<0.05, 

**p<0.01, ***p<0.001).
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Figure 4. M-CSF blockade mitigates the M2 macrophage reprogramming associated with RT 
and enhances the efficacy of therapy
(a) qPCR for CSF1 was performed on RT- and sham-treated orthotopic PDA tumors on day 

3 after RT (n=3/group). (b) IHC for M-CSF was performed on day 3 in pancreata of 

irradiated and sham-treated KC mice (n=3/group). (c, d) WT mice were orthotopically 

implanted with KPC-derived tumors and cohorts were treated with tumor-focused RT or 

sham-treated at 18 days. Select cohorts were additionally treated with a neutralizing α-M-

CSF mAb. Mice were sacrificed on day 21 and tested for the fraction of tumor-infiltrating 
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Gr1−F480+CD11b+ TAMs. Further, TAMs were then gated and tested for MHCII, CD204, 

and CD206 expression. (d) Representative photographs of PDA tumors, average tumor 

weights, and tumor volumes are shown (n=12/group). (e) WT mice were orthotopically 

implanted with KPC-derived tumors and cohorts were treated with tumor-focused RT or 

sham-treated as above. Select cohorts were additionally treated with a neutralizing α-F4/80 

mAb. Representative photographs of PDA tumors, average tumor weights, and tumor 

volumes are shown (n=9/group; *p<0.05, ***p<0.001).
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Figure 5. RT induces an immune suppressive T cell profile in PDA
(a) KC mice underwent pancreas-directed RT or sham-treatment at 6 weeks of life and 

pancreata were assayed 3 days later (n=10/group). The percentage of CD3+ T cells within 

the inflammatory TME and the CD4:CD8 T cell ratio were determined by flow cytometry. 

(b) The total number of pancreas-infiltrating CD4+ T cells was assessed by IHC in both the 

RT- and sham-treated cohorts. (c) IL-10 expression on pan-CD4+ T cells was determined by 

intracellular cytokine staining (ICC). (d) Treg differentiation was determined by co-

expression of CD25 and FoxP3 in CD4+ T cells. (e) IL-10 expression in Tregs was assayed 

by ICC. (f) CD8+ T cells were tested for expression of CD44 in sham-versus RT-treated 

pancreata of KC mice (*p<0.05, **p<0.01).
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Figure 6. RT programs tumor-infiltrating T cells in invasive PDA into tumor promoting entities 
in an M-CSF dependent manner
(a) Sham- or RT-treated orthotopic KPC-derived tumors were assayed on day 3 after 

treatment for the fraction of tumor-infiltrating CD3+ T cells, the CD4:CD8 T cell ratio, and 

the fraction of tumor-infiltrating Tregs. (b) Select cohorts of sham- or RT-treated orthotopic 

KPC-derived tumors were additionally treated with a neutralizing α-M-CSF mAb and tested 

for the fraction of tumor-infiltrating CD3+ T cells and (c) CD4+CD25+FoxP3+ Tregs on day 

3 after treatment (n=10/group; *p<0.05, **p<0.01). (d) WT mice were administered a 
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subcutaneous injection of Pan02-derived tumor + PBS, Pan02 cells + T cells harvested from 

day 21 sham-treated orthotopic KPC-derived PDA (10:1 ratio), or Pan02 cells + T cells 

harvested from RT-treated PDA. Animals were sacrificed on day 35 and subcutaneous 

tumors harvested. Representative images of tumors from each treatment cohort, average 

tumor weight, and tumor volume are shown (n=5/cohort). (e) WT mice were administered a 

subcutaneous injection of KPC-derived tumor cells + PBS, KPC cells + T cells harvested 

from sham-treated KPC-derived PDA (10:1 ratio), KPC cells + T cells harvested from αM-

CSF-treated PDA, KPC cells + T cells harvested from RT-treated PDA, or KPC cells + T 

cells harvested from αM-CSF + RT-treated PDA. Animals were sacrificed at day 17 and 

subcutaneous tumors were weighed (n=5/cohort; *p<0.05).
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