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Abstract

Pancreatic ductal adenocarcinoma (PDA) has a poor prognosis due to late detection and resistance 

to conventional therapies. Published studies show that the PDA tumor microenvironment (TME) is 

predominantly infiltrated with immune suppressive cells and signals that if altered, would allow 

effective immunotherapy. However, single-agent checkpoint inhibitors including agents that alter 

immune suppressive signals in other human cancers such as cytotoxic T lymphocyte antigen-4 

(CTLA-4), programmed death 1 (PD-1) and its ligand PD-L1, have failed to demonstrate objective 

responses when given as single agents to PDA patients. We recently reported that inhibition of the 

CTLA-4 pathway when given together with a T cell inducing vaccine gives objective responses in 

metastatic PDA patients. In this study, we evaluated blockade of the PD-1/PD-L1 pathway. We 

found that PD-L1 is weakly expressed at a low frequency in untreated human and murine PDAs 
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but treatment with a GM-CSF secreting PDA vaccine (GVAX) significantly upregulates PD-L1 

membranous expression after treatment of tumor bearing mice. In addition, combination therapy 

with vaccine and PD-1 antibody blockade improved murine survival compared to PD-1 antibody 

monotherapy or GVAX therapy alone. Furthermore, PD-1 blockade increased effector CD8+ T 

lymphocytes and tumor-specific interferon-γ production of CD8+ T cells in the TME. 

Immunosuppressive pathways, including regulatory T cells (Tregs) and CTLA-4 expression on T 

cells were overcome by the addition of vaccine and low dose cyclophosphamide to PD-1 

blockade. Collectively, our study supports combining PD-1 or PD-L1 antibody therapy with a T 

cell inducing agent for PDA treatment.
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Introduction

Pancreatic ductal adenocarcinoma (PDA) is the fourth leading cause of cancer related deaths 

in the United States.1 Over 80% of those diagnosed with PDA are ineligible for curative 

resection with five-year survival less than 5%.2, 3 Current treatment modalities, including 

surgical resection, chemotherapy, and radiation have failed to significantly improve PDA 

survival in the last 30 years, necessitating new, novel treatment modalities.3

Immunotherapy has shown promise against solid tumors such as melanoma, renal cell 

carcinoma (RCC), non-small lung cancer (NSLC) and prostate cancer.4-6 PDA is classically 

considered a non-immunogenic tumor because very few effector T cells infiltrate these 

tumors.7, 8 Although a better survival was seen in surgically resected PDA patients with 

higher levels of CD4 and CD8 tumor infiltrating lymphocytes (TIL) within the tumor 

microenvironment (TME)9, the majority of PDAs contain a strong immunosuppressive 

network which limits the immune system's ability to actively eradicate the disease.10 The 

development of PDA is associated with alterations in its TME from pro-inflammatory to 

tolerogenic, characterized by infiltration of immunosuppressive cells such as regulatory T 

cells (Tregs) and myeloid derived suppressive cells (MDSCs) along with pro-cancerous 

inflammatory signals.7, 11, 12

Program death receptor-1 (PD-1) and one of its major ligands, program death ligand 1 

(PDL1), constitute a major tolerance mechanism.13 PD-L1 (or B7-H1) is expressed by tumor 

cells, antigen presenting cells, B cells, and parenchymal cells. It binds to PD-1 which is 

mainly expressed on activated T cells14, 15 and results in T cell anergy or death thereby 

blunting anti-tumor immune responses and promoting tumor growth.14, 16 The expression of 

PD-1/PD-L1 has been characterized in PDAs.17-22 Despite some reports correlating PD-L1 

expression with a poorer prognosis, the overall knowledge on the role of this pathway in 

PDA is still limited.18 In contrast to clinical trials of anti-PD-1 (αPD-1) and αPD-L1 

antibody treatment in NSCLC, melanoma and RCC where durable tumor regression and 

prolonged stabilization of disease was achieved, when αPD-L1 antibodies were tested in 
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clinical trials in a limited number of metastatic PDA patients, no objective responses were 

seen.23-26

A possible explanation for the therapeutic failure of PD-1 or PD-L1 blockade therapy in 

PDA is the lack of a natural infiltration of effector immune cells in the majority of PDAs. A 

potential strategy to activate effector T cell trafficking into the TME is vaccine-based 

immunotherapy. We previously developed a human whole cell granulocyte macrophage 

colony-stimulating factor (GM-CSF) secreting pancreatic cancer vaccine (GVAX) 

composed of allogeneic PDA tumor cell lines engineered to secrete GM-CSF.27 Phase I and 

II clinical trials of this vaccine demonstrated its safety and its ability to enhance tumor 

antigen (mesothelin)-specific interferon-γ (IFNγ) producing T cells in peripheral 

lymphocytes, which correlated with prolonged survival.27-32 More recently, through a 

clinical trial of GVAX as a neoadjuvant therapy for resectable PDAs, we observed vaccine-

induced tertiary lymphoid aggregates in PDAs surgically resected from the majority of 

patients who received the vaccine therapy two weeks prior to the surgery and also observed 

the infiltration of PD-L1+ cells within these lymphoid aggregates.33

Similar to αPD-1 and αPD-L1, ipilimumab therapy, which is a checkpoint blockade 

antibody against cytotoxic T lymphocyte antigen-4 (CTLA-4) approved by the United States 

Food and Drug Administration (FDA) for the treatment of unresectable melanoma,34, 35 

failed to demonstrate durable and effective anti-tumor activity in metastatic PDA patients as 

a single agent. However, we recently reported that the combination of ipilimumab with PDA 

GVAX demonstrated objective clinical responses that were associated with prolonged 

survival when compared to single agent ipilimumab.31 Notably, immune related adverse 

effects are common and severe with ipilimumab therapy in contrast to those seen with 

PD-1/PD-L1 blockade which are less frequent and more manageable.23, 26, 36 Therefore, we 

explored the potential combination of GVAX with PD-1/PD-L1 blockade therapies in a 

PDA mouse model.

Mechanistically, PD-L1/PD-1 and CTLA-4 function differently in T cell regulation.37 

Although PD-L1 expression can be induced by oncogenic signals, it is mainly activated by 

adaptive immune responses.38 Spranger et al showed that the up-regulation of PD-L1 in the 

TME was dependent on CD8+ T cells and IFN-γ.39 Taube et al demonstrated that 98% of 

PD-L1 expressing melanomas were associated with tumor-infiltrating lymphocytes (TILs) as 

opposed to PD-L1 negative tumors where only 28% of these were associated with TIL 

presence.40 Moreover, PD-L1 expression on the tumor was preferentially seen at the tumor-

TIL interface correlating with the presence of IFNγ.40 These findings suggest that 

upregulation of PD-L1 expression within the TME in response to an endogenous anti-tumor 

immune response subsequently generates an immune checkpoint signal, a process termed 

adaptive resistance.26, 37, 38, 40 Therefore, it is also intriguing to explore whether similar 

mechanisms underlie tolerance to vaccine-based cancer immunotherapy and whether PD-1 

or PD-L1 blockade therapy can overcome this tolerance mechanism.

In this study, we investigated whether PD-L1 mediated adaptive resistance occurs in PDAs 

following vaccine-based immunotherapy in mouse PDAs, and whether αPD-1 or αPD-L1 
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antibody treatment in combination with GVAX can induce a greater anti-tumor immune 

response than either immunotherapy alone.

Materials and Methods

Study subjects and tissue specimens

Tumor tissues for immunohistochemistry staining (IHC) were obtained from specimens 

collected after vaccine exposure and unvaccinated patients who underwent surgery 

concurrently at our institution under IRB approved protocol NA_0007422133, 41. Formalin-

fixed paraffin-embedded tissue blocks were obtained from our pathology archive.

Cell lines and medium

Panc02 is a highly tumorigenic cell line derived from methylcholanthrene treated C57Bl6 

mice.42, 43 Panc02 cells were maintained in DMEM media (Life Technologies, Frederick, 

MD, USA), 10% Fetalclone II (ThermoScientific, Rockville, MD, USA), 1% L-glutamine 

(Life Technologies, Frederick, MD, USA), and 0.5% Penicillin/Streptomycin (Life 

Technologies, Frederick, MD, USA) at 37°C in 10% CO2. B78H1 cells are an MHC class I-

negative variant of B16 melanoma cell line engineered to secrete GM-CSF.43, 44 B78H1 

cells were maintained in RPMI media (Life Technologies, Frederick, MD, USA), 10% 

Fetalclone II, 0.5% L-glutamine, and 1% Penicillin/Streptomycin at 37°C in 5% CO2. 

Immune analysis was performed using CTL medium which consisted of RPMI media, 10% 

fetal bovine serum (Atlas Biologicals, Fort Collins, CO, USA), 1% L-glutamine, 0.5% 

Penicillin/Streptomycin, and 0.1% 2-mercaptoethanol (Life Technologies, Frederick, MD, 

USA).

Human PDA PD-L1 immunohistochemistry

Human PD-L1 IHC staining of paraffin embedded pancreatic tumor specimens was 

performed using the Dako Catalyzed Signal Amplification system as previously described.45 

A PDA was considered to be positive for PD-L1 expression if membranous staining is 

present in more than 5% of the neoplastic cells in the PDA, as previously described.25, 40

PD-L1 murine immunofluorescence staining

After hemispleen injection, murine liver necropsies were performed. Liver tissue (frozen in 

OCT at −80°C) was cryo-cut for slides. At the time of staining, slides were thawed, fixed in 

4% PFA for 5 min and subsequently washed in TBS with 0.1% tween (TBST) for 5 minutes 

three separate times. Slides were then blocked with 10% goat serum in PBS for 30 minutes 

followed by a repeat wash as above. Primary rat anti-mouse B7-H1 antibody (MIH5, 

eBioscience) and rat anti-mouse IgG 2ak (R35-95, BD Pharmingen) at 1:50 dilution was 

added for 60 minutes. Slides were washed as above and secondary goat anti-rat IgG-FITC 

antibody (Southern Biotech) at 1:200 dilution was added for 30 minutes. Slides were washed 

with TBST for 10 minutes three times and mounted with Vectashield Dapi containing kit.
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Mice and in vivo experiments

Six to eight week old C57Bl6 female mice were purchased from Harlan Laboratories 

(Frederick, MD, USA) and maintained in accordance with Institutional Animal Care and 

Use Committee (IACUC) guidelines. Tumor inoculation was performed via hemispleen 

technique on day 0 as previously described.46-48 Briefly, the spleen is eviscerated from the 

anesthetized mouse, clipped and divided in half. One half of the spleen is injected with 

2x106 Panc02 tumor cells. The injected hemispleen is subsequently removed. On day 3, a 

single dose of cyclophosphamide (Cy) (100 mg/kg) was administered intraperitoneally (IP). 

Hamster anti-mouse PD-1 G4 antibodies (100 ug IP), hamster anti-mouse PD-L1 10B5 (100 

ug IP), and hamster IgG control (100 ug IP) (Rockland Immunochemicals Inc, Boyertown, 

PA, USA) was administered on day 3 and twice weekly until death. Murine GVAX vaccine 

was formulated as previously described.43 Vaccine cells were washed in PBS, irradiated at 

50 Gy and administered subcutaneously in three limbs (0.1 mL) on days 4, 7, 14, and 21. 

Mice were monitored three times per week for survival analysis and euthanized by CO2 

inhalation following IACUC approved criteria or at study endpoint of 90 days.

Analysis of Spleen and Liver Infiltrating Lymphocytes

On day 13 following hemispleen injection, murine livers and spleens were collected. Each 

liver was mashed through 100-μm and 40-μm nylon filter and brought to a volume of 25 mL 

CTL medium. Each spleen was mashed through 100-μm nylon filter and brought to a 

volume of 15 mL CTL medium. All suspensions were centrifuged at 1500 rpm for 5 

minutes. Liver cell pellets were suspended in 4 mL of ACK lysis (Quality Biological, 

Gaithersburg, MD, USA) and spleen cell pellets were suspended in 2 mL ACK lysis for 2 

minutes and all were subsequently spun at 1500 rpm for 5 minutes. Liver cell pellets were 

then suspended in 5 mL 80% Percoll (GE Healthcare Life Sciences, USA), overlaid with 5 

mL 40% Percoll and centrifuged at room temperature for 25 min at 3200 rpm, without 

brake. The lymphocyte layer was removed and suspended in 10 mL CTL media.

Cell staining and flow cytometry

Following the isolation of spleen and liver infiltrating lymphocytes from murine livers and 

hemispleens, cells were stained with Live Dead Near-IR Dead Cell kit (Invitrogen), CD3-

APC (Biolegend), CD3-APC-Cy7 (Biolegend), CD8-PeCy7 (Biolegend), CD4-V500 (BD 

Horizon), CD25-BV421 (Biolegend), CTLA4-BV421 (Biolegend) and CD69-FITC (BD 

Pharmingen) for 30 minutes and assayed on an LSR II flow cytometer (BD Biosciences).

Intracellular staining for Foxp3 and flow cytometry

After staining for CD4 and CD25 following the above protocol, isolated liver infiltrating 

lymphocytes and splenocytes were suspended in cold Fix/Perm buffer (eBioscience) and 

incubated for 30 minutes at 4°C. The cells were then washed with Perm Buffer 

(eBioscience) and blocked with mouse Fc antibody (BD Pharmingen) for 15 minutes. Anti-

mouse forkhead box P3 (FoxP3)-AF488 (MF23; BD Pharmingen) antibody was added and 

incubated at 4°C for 30 min. Cells were washed and assayed on an LSR II flow cytometer.
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Intracellular cell staining for IFNγ and flow cytometry

Isolated liver infiltrating lymphocytes and splenocytes were enriched for CD8 cells using 

CD8 negative isolation kits (Life Technologies, Frederick, MD, USA) according to 

manufacturer's protocol. CD3:CD28 stimulation beads (Life Technologies, Frederick, MD, 

USA) were added to isolated CD8+ T cells and incubated for 12 hours at 37°C in 5% CO2 

according manufacturer's protocol. Golgistop (1:1000; BD Biosciences) was added and 

incubated for 5 hours at 37°C in 5% CO2. After removing the beads according to 

manufacturer's protocol and washing the cells twice with flow buffer, cells were stained with 

CD8, CD3 and live dead Near-IR stain according to the above protocol. The cells were then 

washed twice, suspended in cytofix/cytoperm buffer (BD Biosciences), incubated at 4°C for 

30 minutes and then washed with Permwash (BD Biosciences). IFNγ-BV421 (Biolegend) 

antibody was added in Permwash and incubated at 4°C for 20 minutes. Flow cytometry 

assays were completed on an LSR II flow cytometer.

Mouse IFNγ enzyme-linked immunosorbent assay

Isolated liver infiltrating lymphocytes and splenocytes were enriched for CD8 cells using 

CD8 negative isolation kits (Life Technologies, Frederick, MD, USA) according to 

manufacturer's protocol. Irradiated Panc02 tumor cells were added to isolated CD8+ T cells 

at a ratio of 5:1 (2x105 CD8+ T cells with 4x104 Panc02 tumor cells) and incubated for 18 

hours at 37°C. Mouse IFNγ ELISA Ready-SET-Go assay was conducted per manufacturer 

protocol (eBioscience).

Statistical analysis

Statistical analyses for survival were conducted using Kaplan-Meier curves and log-rank test 

for survival. For comparison of cure rates the values were evaluated using chi-square test. 

For comparison of cell number, percentage, and cytokine expression between two groups, 

the mean values were evaluated using unpaired student's t-test. P < 0.05 was considered 

statistically significant.

Results

PD-L1 expression is upregulated following GVAX administration when compared to 
untreated human and mouse PDA tumors

To study the role of PD-L1/PD-1 signaling in regulating anti-tumor immune responses in 

PDA, we first examined PD-L1 expression in the neoplastic cells of surgically resected 

PDA. We performed an updated analysis and examined PDAs resected from 25 patients who 

underwent pancreaticoduodenectomies at our institution. Similar to how the PD-L1 

expression was characterized in melanoma25, 40, a PDA was considered to be positive for 

PD-L1 expression if membranous staining was present in more than 5% of the neoplastic 

cells in the PDA. IHC analysis revealed that approximately 12.5% (3 out of 25 analyzed) of 

resected PDAs from unvaccinated patients were positive for PD-L1 expression based on this 

previously published criteria and, that the intensity of the membranous staining of PD-L1 in 

these PDAs was also weak (Figure 1A). We then examined the PD-L1 membranous 

expression in PDAs from patients who received the GVAX vaccine 2 weeks prior to surgical 
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resection in the aforementioned clinical trial.33 We found an increased intensity of PD-L1 

membranous staining on the epithelial tumor cells of PDAs from these vaccinated patients 

when compared to those from unvaccinated patients. The frequency of PDAs considered 

positive for PD-L1 membranous expression was moderately increased to 25% (10 out of 40 

analyzed) in vaccinated patients and strong PD-L1 positive signals were observed in all the 

vaccine-induced intratumoral tertiary lymphoid aggregates found in the majority (>80%) of 

PDAs from vaccinated patients. 33

To better understand the significance of PD-1/PD-L1 regulation of immune responses within 

the PDA TME, we next tested whether GVAX therapy can also induce the upregulation of 

PD-L1 expression in a preclinical model of metastatic PDA. We used a previously reported 

experimental model of liver metastases in which Panc02 tumor cells are injected directly 

into the spleen. A hemisplenectomy is performed to remove residual tumor cells and to 

allow the establishment of liver metastases where all untreated mice die from the 

development of diffuse liver metastases within 6 weeks (Figure S1).48, 49 Metastasis-

bearing mice were treated with GVAX four and seven days after hemispleen injection and 

harvested the liver two weeks after tumor inoculation to perform immunofluorescence 

staining for PD-L1 expression. Similar to our findings in human PDAs, livers from untreated 

mice receiving no treatment had no evidence of PD-L1 expression whereas livers from 

GVAX-treated mice had significant induction of PDL1 membranous expression (Figure 
1B). The addition of αPD-1 antibody to GVAX therapy did not alter PD-L1 expression in 

murine liver metastases when compared to GVAX monotherapy. Thus, these data 

demonstrate that similar to human PDA following GVAX treatment (Figure 1A), GVAX is 

also able to induce PD-L1 expression in murine PDAs.

Combination therapy with GVAX and PD-1 or PD-L1 blockade improves survival in a PDA 
mouse model

Next, we examined whether blocking PD-L1, or its receptor PD-1, can augment the anti-

tumor activity of GVAX in the PDA hemisplenectomy model. GVAX was administered on 

days 4, 7, 14 and 21 (Figure 2A). A single low dose of Cy was given on day 3 for Treg 

depletion as reported for other GVAX preclinical models.50-52 and hamster anti-mouse 

PD-1, PD-L1 monoclonal antibodies (mAbs) or IgG control were administered on day 3 as 

either monotherapy or in combination with Cy/GVAX.

Although both αPD-1 monotherapy (median OS: 50 days) and Cy/GVAX therapy alone 

(OS: 59 days) improved the survival of mice compared to IgG control treatment (OS: 38.5 

days, p<0.05), Cy/GVAX + αPD-1 combination therapy significantly increased median 

survival compared to αPD-1 monotherapy (OS: 81.5 days vs. 50 days, p=0.05) (Figure 2B). 

A trend toward improved survival was seen with Cy/GVAX + αPD-1 combination therapy 

compared to Cy/GVAX therapy alone (OS: 81.5 days vs. 59 days, p=0.22). Moreover, the 

combination therapy cured a larger percentage of mice (38%) (Figure 2C) when compared 

to Cy/GVAX (12.5%) therapy or αPD-1 monotherapy (22%).

Similar experiments were performed to investigate the Cy/GVAX + αPD-L1 combination 

therapy. This combination cured 30% of mice (Figure 2D and 2E), compared to an 11% 
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cure rate with Cy/GVAX therapy alone. These data suggest that PD-1 or PD-L1 blockade 

therapy enhances the antitumor activity of Cy/GVAX.

GVAX combined with PD-1 blockade increases CD8+ T lymphocytes in PDAs

To define the immune mechanisms by which PD-1 or PD-L1 blockade enhances the 

antitumor activity of Cy/GVAX, we first evaluated the effect of each single immunotherapy 

and combined treatment on the composition of T lymphocytes infiltrating the metastatic 

PDA TME. Tumor-bearing mice were treated with either αPD-1 or IgG control. Cy was 

administrated on day 3 and GVAX was administered twice on days 4 and 7 (Figure 3A). On 

day 13, livers and spleen were harvested for fluorescence-activated cell sorting (FACS) 

analysis of splenocytes and liver infiltrating lymphocytes (TIL).

TIL numbers were increased in the livers of mice treated with Cy/GVAX + αPD-1 

combination therapy where a statistically significant and approximately 60% increase in the 

percentage of CD8+ T cells among lymphocytes infiltrating the TME was seen in mice 

treated by the combination when compared with Cy/GVAX alone (13.4% vs. 8.57%, 

p=0.04) (Figure 3B). By contrast, there was no significant change in CD4+ T cells in the 

TILs of mice treated with combination therapy compared to Cy/GVAX alone (22.6% vs. 

20.9%) (Figure 3C). Interestingly, Cy/GVAX alone significantly increased the absolute 

numbers of CD8+ and CD4+ TILs, but not the percentage of CD8+ and CD4+ T cells among 

TILs, compared to no treatment controls (Figure 3D,E). This result suggests that other 

lymphocyte subtypes, which remain to be explored, were also increased in the TILs 

following the Cy/GVAX treatment. It should be noted that the Cy/GVAX + αPD-1 

combination significantly increases the number of CD8+ TILs per mouse compared to 

αPD-1 alone but not to Cy/GVAX alone, suggesting that addition of αPD-1 to Cy/GVAX 

mainly changes the T cell composition in the TILs. Systemically, mice treated with 

combination therapy had less of an increase in CD8+ T cell composition in their splenocytes 

compared to those treated with the Cy/GVAX alone (36.8% vs. 32.5%, p<0.01) (Figure S2). 

These data suggest that αPD-1 therapy may enhance the antitumor activity of Cy/GVAX by 

selectively increasing the composition of CD8+ T cells in the TME.

Cy/GVAX combined with PD-1 blockade enhances the activation of tumor specific IFNγ 
production in CD8+ T cells within the metastatic PDA TME

To determine whether PD-1 blockade enhances T cell activation in the TME, we examined 

IFNγ production by CD8+ T cells in splenocytes and TIL. There were significantly greater 

numbers of IFNγ producing CD8+ T cells in the spleens of mice treated with Cy/GVAX + 

αPD-1 combination versus Cy/GVAX alone (13.9% vs. 4%, p<0.01) or αPD-1 monotherapy 

(13.9% vs. 1.1%, p<0.001) (Figure 4A). Additionally, the Cy/GVAX + αPD-1 combination 

resulted in a significant increase in the percentage of IFNγ producing CD8+ T cells within 

TIL when compared with αPD-1 monotherapy (27.6% vs. 2.3%, p<0.001) or Cy/GVAX 

alone (27.6% vs. 18.9%, p<0.05) (Figure 4B). The total number of IFNγ producing CD8+ T 

cells in splenocytes (Figure S3A) and in TILs (Figure S3B) were also significantly 

increased with the combinational therapy compared to Cy/GVAX or αPD-1 alone. Similar 

results were observed when αPD-L1 blockade was used instead of αPD-1 blockade (data not 

shown). Although we observed the increase of CD69+CD8+ cells in the TIL from mice 
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treated with Cy/GVAX + αPD-1 combination compared to either monotherapy, we did not 

observe an increase in the percentage of CD69+ activated cells among CD8+ TIL (Figure 
S4). These results suggest that the addition of αPD-1 to Cy/GVAX does not further activate 

CD8+ TIL, but may have increased its IFNγ-mediated cytotoxic activity.

Next, we assessed for tumor specific CD8+ T cell activity both systemically and within the 

TME with the murine IFNγ ELISA analysis by using irradiated autologous tumor cells as a 

target. Compared to IgG controls, neither Cy/GVAX nor αPD-1 alone significantly 

enhanced the tumor-specific IFNγ secretion by CD8+ T cells in splenocytes. In contrast, Cy/

GVAX alone enhanced the tumor-specific IFNγ secretion by CD8+ T cells in the TME when 

compared with αPD-1 alone. Importantly, mice treated by Cy/GVAX + αPD-1 combination 

therapy demonstrated significantly greater IFNγ secretion by CD8+ T cells compared to 

either Cy/GVAX or αPD-1 alone in both splenocytes (Figure 4C) and TIL (Figure 4D) in 

response to Panc02 tumor cells.

Cy/GVAX and αPD-1 combination overcomes Treg, CTLA-4, and PD-1/PD-L1 
immunosuppressive pathways

The effect of PD-1/PD-L1 blockade on immune activation is likely the result of blocking the 

PD-L1/PD-1 immune checkpoint pathway. However, other checkpoint pathways may also 

be involved. Thus, we sought to determine the effect of αPD-1 blockade therapy on Treg 

population and CTLA-4 expression levels in splenocytes and TIL. Anti-PD-1 monotherapy 

significantly increased the percentage of CD4+CD25+Foxp3+ Tregs among TILs (Figure 
5A,B,C) and modestly increased that in splenocytes (Figure S5A) when compared to Cy/

GVAX or IgG alone . The addition of Cy/GVAX to αPD-1 blockade resulted in a decrease 

in the percentage of Treg among CD4+ TILs in comparison to αPD-1 monotherapy. 

Interestingly, increasing total numbers of Tregs within the TME were seen in mice treated 

by αPD-1 alone, Cy/GVAX alone, or Cy/GVAX + αPD-1 combination therapy comparing 

to mice treated by IgG alone (Figure 5D). Although it cannot be excluded that FOXP3 is 

upregulated by PD-1 blockade in effector T cells without acquiring suppressive activity, our 

results suggest another possibility that Cy/GVAX abrogates the effect of PD-1 blockade on 

the percentage of CD4+CD25+Foxp3+ among TILs.

Anti-PD-1 monotherapy significantly decreased CTLA-4+CD4+ and CTLA-4+CD8+ T cells 

in the TME compared with IgG controls. However, Cy/GVAX alone had a greater effect on 

decreasing CTLA4 expression and the addition of Cy/GVAX to αPD-1 blockade therapy 

significantly decreases both CTLA-4+CD4+ and CTLA-4+CD8+ T cells compared to αPD-1 

monotherapy (Figure 5E-I). Notably, the addition of Cy/GVAX to αPD-1 therapy did not 

significantly decrease CTLA-4+ T cells in the spleen (Figure S5B and S5C). Taken 

together, these data suggest that Cy/GVAX and αPD-1 antibodies cooperate to overcome 

multiple immunosuppressive pathways including Tregs, CTLA-4 and PD-L1/PD-1 

signaling.

Discussion

In this study, we showed that PD-L1 expression is upregulated in both human and murine 

PDAs when IFNγ-producing CD8+ T cells infiltrate the TME after Cy/GVAX therapy, 
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supporting for the first time that the process of adaptive resistance can occur in PDA. We 

further demonstrated that PD-1 blockade therapy may overcome this vaccine-induced 

adaptive resistance and enhance vaccine-induced effector T cell response in mouse PDA.

A few published studies reported delayed tumor growth in mouse models of PDA with αPD-

L1 monotherapy; however αPD-L1 single agent therapy did not eradicate tumors that were 

either implanted subcutaneously or orthotopically in the pancreas.18, 53 Our study showed 

some effect of αPD-1 monotherapy in prolonging survival and curing a small percentage of 

metastasis bearing mice. This modest effect of αPD-1 monotherapy in our model may be 

exerted on the PD-L1/PD-1 pathway mediated by PD-L1-expressing monocytes or antigen 

presenting cells that have not yet been examined in our study.54 However, overall survival 

and cure rates were significantly improved when Cy/GVAX was combined with αPD-1/PD-

L1 blockade. We therefore propose that a T cell augmenting agent that increases IFNγ-

expressing T cells in the PDA TME should be given with αPD-1/αPD-L1 blockade to 

achieve a significant clinical response in patients with PDA.

In accordance with our report, previous studies have documented the additive benefit of 

combining vaccine therapy with PD-1 or PD-L1 blockade in other tumor models.55-58 

However, in both CT26 colorectal tumor and ID8 ovarian tumor subcutaneous models, 

αPD-1/αPD-L1 or αCTLA-4 monotherapy appeared to result in significantly more enhanced 

effector T cell immune responses and antitumor activity than αPD-1/αPD-L1 did in the liver 

metastasis model of PDA in our study.56 In addition, we observed that αPD-1/αPD-L1 

monotherapy increased the percentage of Tregs in the lymphocytes infiltrating the tumors 

formed by Panc02 cells whereas others have shown that αPD-1/αPD-L1 monotherapy 

reduces Tregs in tumors formed by CT26 or ID8 cells.56 The differences in treatment 

response are likely attributed to the difference in the tumor types. Both αPD-1/αPD-L1 

monotherapies were associated with objective responses in colorectal and ovarian cancer 

patients, but were not effective in metastatic PDA patients in clinical trials.23, 26 

Additionally, the liver metastasis model is a more physiologically relevant model than 

subcutaneous models since the liver is the most common site of metastasis for PDA and the 

majority of PDA patients have metastatic disease at the time of diagnosis.

Our data show that αPD-1 monotherapy increased the percentage of Tregs in lymphocytes 

infiltrating the TME. We have also observed a similar increase of Tregs in the TME when 

GVAX is given without Cy (data not shown). Moreover, the addition of Cy to GVAX 

therapy has been previously shown to induce the recruitment of high avidity CD8+ T cells 

which was attributed to Treg depletion.59 Previous reports have studied the effectiveness of 

GVAX in the treatment of murine colorectal cancer hepatic metastases and demonstrated 

that Cy in conjunction with CT26 GVAX resulted in transient depletion of Tregs as well as 

expansion of tumor antigen specific T cells.46, 52 Our current study also shows that Cy/

GVAX had a more significant effect in suppressing CTLA-4+ T cells than αPD-1 blockade. 

The addition of Cy/GVAX to αPD-1 therapy abrogates the αPD-1 induced upregulation of 

Tregs and significantly downregulates CTLA-4 expression in CD4+ and CD8+ T cells. We 

did not attempt to distinguish the role of Cy with or without GVAX and the role of GVAX 

with or without Cy, since this was not within the scope of this study. However, we have not 
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observed an enhancement in anti-tumor activity with PD-1/PD-L1 blockade and a single 

intraperitoneal dose of Cy alone, or with GVAX alone (data not shown).

In conclusion, this study is the first to provide evidence of therapy induced adaptive 

resistance with induction of PD-L1 expression in a murine PDA. It supports the addition of 

αPD-1 or αPD-L1 blockade to Cy/GVAX-based immunotherapy to achieve durable tumor 

responses. Adding Cy/GVAX therapy to αPD-1 or αPD-L1 therapy may also overcome 

additional immune checkpoint mechanisms. These findings warrant a direct test of the Cy/

GVAX and PD-1 or PDL1 blockade combination therapy in pancreatic cancer patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pancreatic cancer Cy/GVAX therapy upregulates pancreatic tumor expression of PD-
L1 in human & murine pancreatic ductal adenocarcinoma (PDA)
(A) Representative H&E staining and IHC with αPD-L1 antibody on resected PDA from 

unvaccinated patients and patients who received the Cy/GVAX vaccine therapy two weeks 

prior to surgical resection. (B) Immunofluorescence staining with αPD-L1 antibody and 

FITC conjugated secondary antibody in liver tumors after Panc02 hemispleen injection 

comparing mice treated with Cy/GVAX on day 4 and 7 after tumor inoculation (w/GVAX) 

against mice not receiving GVAX therapy (w/o GVAX) (upper panel). Livers were 

Soares et al. Page 15

J Immunother. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



harvested two weeks after tumor cell inoculation. DAPI staining of nuclei is shown in lower 

panel.
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Figure 2. Combination therapy with Cy/GVAX and PD-1 or PD-L1 blockade improves clinical 
outcomes in a PDA mouse model
(A) Schema of tumor implantation by the hemispleen procedure and treatment with Cy, 

GVAX and αPD-1/αPD-L1 blockade as indicated. C57Bl/6 mice were challenged on day 0 

with 2 x 106 Panc02 tumor cells followed by administration of 100 mg/kg of Cy on day 3 

and irradiated whole-cell vaccine on day 4, 7, 14 and 21. Anti-PD-1, anti-PD-L1 or IgG (5 

mg/kg IP) were administered IP twice weekly until death starting on day 3. (B) Kaplan-

Meier survival curves of mice that were implanted with PDA cells and were treated with 

different combinations of Cy, GVAX and the αPD-1 antibody. The percentages of mice that 

remained disease free at day 90 following tumor implantation and therapy with (C) Cy, 
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GVAX and/or αPD-1 or (D) Cy, GVAX and αPD-L1 are shown. All the p values were 

yielded by comparing GVAX and/or αPD-1/αPD-L1 treatment groups with IgG treated 

group. (E) Kaplan-Meier survival curves of mice that were implanted with Panc02 cells via 

hemispleen technique and treated with different combinations of Cy, GVAX and αPD-L1 

antibody. Data are represented as results obtained from experiments with 8-10 mice per 

group that were repeated at least twice. N.S. not significant.
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Figure 3. Cy/GVAX combined with PD-1 blockade increases CD8+ T cells in PDAs
(A) Schema of immune analysis following tumor implantation by the hemispleen procedure 

and treatment with Cy (100 mg/kg) on day 3, GVAX on day 4, 7 and IgG/αPD-1/αPD-L1 (5 

mg/kg IP) on day 3, 6, 10. Each experimental group consisted of five mice, pooled and 

analyzed individually in triplicates. Percentage of (B) CD8+ and (C) CD4+ tumor infiltrating 

lymphocytes among total lymphocytes in murine livers and total numbers of (D) CD8+ and 

(E) CD4+ tumor infiltrating lymphocytes after Panc02 hemispleen and indicated therapy. 

Data represent mean ± SEM from one representative experiment that was repeated at least 

twice. * p=0.04, TIL tumor-infiltrating lymphocytes.
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Figure 4. Combinatorial treatment increases the percentage of IFNγ secreting CD8+ T cells and 
tumor specific CD8+ T cells in the tumor microenvironment
CD8+ T cells were isolated and purified from spleen and livers on day 13 after hemispleen 

implantation of Panc02 tumor cells. Tumor-bearing mice were treated with Cy, GVAX or 

αPD-1/αPD-L1 therapy as indicated. The percentage of IFNγ+ producing CD8+ T cells 

amongst all CD8+ T cells in (A) splenocytes and (B) tumor infiltrating lymphocytes is 

shown. ELISA assays were performed using autologous irradiated Panc02 tumor cells as 

antigenic targets for CD8+ T cells isolated from (C) spleen and (D) tumor infiltrating 

lymphocytes. Each experimental group consisted of five mice, pooled and analyzed 
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individually in triplicates. Data represent mean ± SEM from one representative experiment 

that was repeated at least twice. *p<0.05, ** p<0,01, *** p< 0.001, TIL tumor-infiltrating 

lymphocytes
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Figure 5. Cy/GVAX therapy with αPD-1 blockade overcomes immunosuppressive pathways
Following hemispleen implantation of Panc02 cells, tumor-bearing mice were treated with 

Cy (100 mg/kg) on day 3, GVAX on day 4, 7 and IgG/αPD-1/αPD-L1 (5 mg/kg IP) on day 

3, 6, 10. Mice were sacrificed on day 13. (A) Fluorescence-activated cell sorting (FACS) 

density plot of CD4+CD25+Foxp3+ Tregs in TILs. (B) Histogram showing the percentage of 

CD4+CD25+Foxp3+ Tregs in CD4+ TILs. (C) Histogram showing the percentage of 

CD4+CD25+Foxp3+ Tregs in all TILs. (D) Histogram showing the total number of 

CD4+CD25+Foxp3+ Tregs infiltrating the tumors. (E) Representative FACS analysis of 

CTLA-4+CD8+ T cells in TILs. (F) Histogram showing the percentage of CTLA-4+CD8+ T 

cells within CD8+ T cells. (G) Histogram showing the percentage of CTLA-4+CD4+ T cells 

within CD4+ T cells. (H) Histogram showing the total number of CTLA-4+CD8+ TILs. (I) 

Histogram showing the total number of CTLA-4+CD4+ TILs. Each experimental group 

consisted of five mice, pooled and analyzed individually in triplicates. Data represent mean 

± SEM from one representative experiment that was repeated at least twice. *p<0.05, 

**p<0.01, ***p<0.001. IgG, hamster IgG; TIL, tumor infiltrating lymphocytes
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