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Abstract

Granulocytic-macrophage colony-stimulating factor (GM-CSF) is used as an adjuvant in cancer 

vaccine trials and has the potential to enhance antitumor efficacy with immunotherapy; however, 

its immunologic effects are not fully understood. Here, we report results from a phase 1 study of 

neoadjuvant GM-CSF in patients with localized prostate cancer undergoing radical prostatectomy. 

Patients received subcutaneous injections of GM-CSF (250 µg/m2/day) daily for 2 weeks (Cohort 

1; n = 6), 3 weeks (Cohort 2; n = 6), or 4 weeks (Cohort 3; n = 6). Treatment was well tolerated 

with all grade 1 or 2 adverse events. Two patients had a decline in prostate-specific antigen (PSA) 

of more than 50%. GM-CSF treatment increased the numbers of circulating mature myeloid 

dendritic cells, proliferating conventional CD4 T cells, proliferating CD8 T cells, and to a lesser 

magnitude FoxP3+ regulatory CD4 T cells. Although GM-CSF treatment did not augment antigen-

presenting cell localization to the prostate, treatment was associated with recruitment of CD8+ T 

cells to the tumor. These results suggest that systemic GM-CSF can modulate T-cell infiltration in 

the tumor microenvironment.
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Introduction

Prostate cancer remains the most prevalent noncutaneous malignancy and the second leading 

cause of death in men in the United States (1). Although localized prostate cancer is 

potentially curable with definitive surgery or radiation, up to one-third of patients treated 

with curative surgical intent ultimately relapse (2–4). Efforts have been made to study 

neoadjuvant approaches before radical prostatectomy (RP) to improve clinical outcomes (5). 

Neoadjuvant immunotherapy strategies are attractive approaches, because immunotherapy is 

generally well tolerated and may be more effective for patients with less advanced disease 

and lower disease burden (6). Neoadjuvant studies also provide the opportunity to study 

treatment effects within the tumor and its microenvironment.

Many immunotherapeutic strategies focus on the generation of T cell–based antitumor 

immunity, and a subset of these utilize cytokines, whether alone or in combination with 

other therapeutic agents. Granulocyte-macrophage colony-stimulating factor (GM-CSF, 

sargramostim, Sanofi) is a pluripotent cytokine that regulates the differentiation and function 

of granulocytes and macrophages (7), and is an important growth factor and stimulator of 

dendritic cells (DCs) (8). GM-CSF has been widely utilized as a cancer vaccine adjuvant as 

well as in combination with immune checkpoint blocking antibodies to facilitate antigen 

recognition and T-cell expansion (9–12); however, the benefit of GM-CSF remains unclear 

(13–15).

GM-CSF monotherapy has been studied as an immune modulator in several clinical studies 

of advanced refractory or biochemically relapsed prostate cancer (16–18). Significant 

declines in prostate-specific antigen (PSA) were observed in some patients, and sustained 

responses were seen in a small minority of patients. Although the exact mechanism by 

which GM-CSF contributes to control of disease remains unclear, clinical benefit of GM-

CSF is thought to be mediated by enhanced antitumor immunity. In a follow-up analysis, 

GM-CSF was associated with a transient increase in the number of circulating monocytes 

and dendritic cells (18). Although it has not been demonstrated conclusively whether the 

observed changes are clinically significant, they raise the possibility that the positive clinical 

responses observed in some advanced prostate cancer patients reflect the ability of GM-CSF 

to enhance antitumor immunity via a T cell–mediated mechanism.

We have shown that neoadjuvant immunotherapy with sipuleucel-T can enhance the 

recruitment of T cells to the prostate (19). Utilizing a similar approach for analysis, here we 

characterize the systemic and tissue-specific immunological effects in a cohort of prostate 

cancer patients treated with neoadjuvant GM-CSF.
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Materials and Methods

Study design

This was a single-center phase 1 study of neoadjuvant GM-CSF prior to planned radical 

prostatectomy (RP) in patients with localized prostate cancer (NCT00305669). Eligibility 

criteria included appropriate candidacy for RP, adequate complete blood count, and adequate 

renal and hepatic functions. Patients were excluded if they had prior prostate cancer–directed 

therapy (hormonal, radiation, chemotherapy, immunotherapy or other investigational 

therapy), were on systemic steroids, whose tumors had neuroendocrine or small cell 

features, or who had evidence of nodal or distant metastasis. During dose escalation, patients 

received GM-CSF (250 µg/m2/day subcutaneously) on days 1–14 (Cohort 1), days 1–21 

(Cohort 2), or days 1–28 (Cohort 3), with 6 patients in each cohort. A phase 2 dose 

expansion phase at the maximum tolerated dose (MTD) was originally planned; however, 

the study was terminated early due to slow accrual. All patients underwent RP within 5 days 

after the last dose of GM-CSF. Patients who failed to undergo RP within 5 days after the last 

dose of GM-CSF or withdrew from the study were replaced. All patients who received any 

dose of GM-CSF were included in the safety analysis. The study protocol was reviewed and 

approved by the Institutional Review Board at the University of California, San Francisco 

(UCSF) prior to initiation. Signed informed consents were obtained from all patients at the 

time of trial enrollment.

Study endpoints

The co-primary endpoints were safety and tolerability of daily GM-CSF prior to RP, and 

differences in the number of infiltrating CD11c+ and CD68+ antigen-presenting cells (APCs) 

(number/µm2) between RP tissues of study patients and RP tissues from untreated control 

patients, quantified by immunohistochemistry (IHC) and image analysis. Secondary 

endpoints included differences in the number of infiltrating T-cell subsets (CD3+, cytotoxic 

CD3+CD8+, helper CD4+, and regulatory CD4+FOXP3+ T cells) between RP tissues of 

treated patients and untreated controls, quantified by IHC and image analysis; treatment-

associated changes in circulating immune cell subsets measured by flow cytometry of 

peripheral blood mononuclear cells (PBMCs); treatment-associated changes in PSA; 

changes in Gleason scores between pretreatment biopsy and post-treatment RP tissues; and 

surgical outcomes, including surgical complications and estimated blood loss.

Blood and tissue samples

Whole blood was collected via peripheral venipuncture at baseline (all cohorts), day 14 (all 

cohorts), and pre-operatively (day 21 for Cohort 2 and day 28 for Cohort 3). PBMCs were 

isolated from whole blood by ficoll-hypaque density gradient centrifugation. Formalin fixed 

and paraffin embedded (FFPE) specimens from radical prostatectomy specimens were made 

available for the current study. Tissues from twelve patients who underwent RP at UCSF 

without pre-operative therapy, matched to the study patients by the distribution of Cancer of 

the Prostate Risk Assessment (CAPRA) risk scores, were used as controls.
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Flow cytometry

PBMCs were thawed into FACS wash (PBS, 2% BSA) and washed twice with FACS wash. 

Samples were stained with designated panels for 20 minutes at 4°C and washed twice with 

FACS wash. Cells requiring intracellular staining were fixed and permeabilized with BD 

Cytofix/Cytoperm buffer (Cat #554722) according to the manufacturer's protocol. 

Intracellular staining with antibodies was carried out for 30 minutes at 4°C and washed 

twice with FACS wash. Cells were acquired on a LSRII flow cytometer (BD Biosciences) 

and data were analyzed with FlowJo analysis software version 9.7.5 (FlowJo, LLC). DCs 

were gated from both the lymphocyte and myeloid populations in the forward scatter (FSC)-

A by side scatter (SSC)-A plots. Monocytes and granulocytes were gated from the myeloid 

populations in the FSC-A by SSC-A plots. T cells were gated from the lymphocyte gate in 

the FSC-A by SSC-A plots. The absolute counts for each cell type were calculated by 

multiplying (a) the percentage of cells gated with (b) the percentage of the preceding 

subsets, and (c) absolute monocyte count plus absolute lymphocyte count for DCs; absolute 

monocyte count for monocytes and MDSCs; and absolute lymphocyte count for T-cell 

subsets. The absolute monocyte and lymphocyte counts were obtained from the complete 

blood count with differential of respective patients on the day that blood was drawn. The 

sources for fluorochrome-conjugated antibodies to human CD3, CD8, CD14, CD11c, CD25, 

CD45, CD66b, CD69, CD86, CD123, FoxP3, HLA-DR, INOS and Ki-67 are summarized in 

Supplementary Table 1.

Immunohistochemistry

Immunohistochemistry was performed on 5-µm FFPE sections from RP specimens. For 

CD68 single staining, slides were incubated with anti-CD68 mouse monoclonal antibody 

(Dako #M0876, Clone #PG-M1) for 30 to 60 minutes at room temperature, and antigen-

antibody complexes were visualized with the EnVision+ Dual Link System-HRP (Dako 

#K4063). For double stains, slides were first incubated with primary antibody to CD8, 

FoxP3, or CD83 (Supplementary Table 2) for 30 to 60 minutes at room temperature, and 

visualized with horseradish peroxidase (HRP) using DAB+ as chromogen (EnVision G|2 

Doublestain System; Dako #K5361). This was followed by incubation with secondary 

antibody to CD3, CD4, or CD11c (Supplementary Table 2) for 60 minutes, and visualized 

with alkaline phosphatase (AP) using Permanent Red as chromogen (Envision G|2 

Doublstain System; Dako #K5361). Specimens were counterstained with hematoxylin prior 

to analysis. Immune infiltration in RP tissue was evaluated by immunohistochemistry, where 

tissue was designated into three distinct compartments: benign glands, tumor interface, and 

tumor center. Five randomly selected fields from each compartment were captured with 

ImageScope software (Aperio), and automatic cell counts for single- and double-stained 

cells were determined with AxioVision software (Zeiss, Peabody, MA).

Statistical analysis

Statistical analysis was performed with Prism software Version 6.0. Baseline patient 

characteristics were compared among cohorts using the Fisher exact test for categorical 

variables and the Kruskal-Wallis test for continuous variables. Due to the study design, 

peripheral blood immune subsets data was available at baseline and day 14 for all three 
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treated cohorts; day 21 for cohort 2 only; and day 28 for cohort 3 only. Pairwise 

comparisons between each time point were performed by the Wilcoxon matched-pairs 

signed rank test. To analyze differences in tissue immune cell infiltration by tissue 

compartment (benign glands, tumor interface, and tumor center), the Wilcoxon matched-

pairs signed rank test was also used. The Mann-Whitney test was used to perform 

comparisons of tissue immune cell infiltration between the untreated controls and each of 

treated cohorts. Kruskal-Wallis test was implemented to determine whether there was a 

significant difference among the three treated cohorts, and the Wilcoxon matched-pairs 

signed rank test was then used to perform pairwise comparisons between treated cohorts if 

significant. A P value of < 0.05 was considered statistically significant. No multiple testing 

adjustment was performed.

Results

Patients

Between November 16, 2004 and February 15, 2011, 18 patients were enrolled at UCSF. 

Overall, 7 (38.9%) patients had low-risk disease, 8 (44.4%) patients had intermediate-risk 

disease, and 3 (16.7%) patients had high-risk disease (Table 1). Patients were enrolled into 

Cohort 1 (GM-CSF 250µg/m2/day s.c. for 14 days), Cohort 2 (GM-CSF 250µg/m2/day s.c. 

for 21 days) and Cohort 3 (GM-CSF 250µg/m2/day s.c. for 28 days), sequentially. Due to the 

small sample sizes and non-randomized nature of the study, baseline characteristics were not 

completely balanced among the cohorts. Gleason score and NCCN risk group were 

statistically different among the cohorts, largely driven by two patients with Gleason 8 

disease in Cohort 3 (Table 1). All 18 patients underwent radical prostatectomy (RP) within 5 

days of the last GM-CSF injection. Four addition patients who were enrolled were replaced 

due to delayed RP or withdrawal from the study. One patient had acute Grade 2 hypoxemia 

during anesthesia for planned RP related to body habitus; surgery was aborted and the 

patient was taken off of the study. Two patients were removed from the study due to 

asymptomatic leukocytosis between 30–40 ×109/L. One patient withdrew consent in the 

middle of treatment. All enrolled patients who received any dose of GM-CSF were included 

in the safety analysis.

Safety

Adverse events (AEs) determined to be related or possibly related to GM-CSF treatment that 

occurred prior to RP were summarized in all 22 patients. All AEs were Grade 1 or Grade 2 

and transient (Table 2). The most common AEs (> 10% of patients) were injection site 

reaction (81.8%), fatigue (63.6%), bone pain (27.3%), and headache (13.6%). Neoadjuvant 

GM-CSF treatment did not appear to affect operative complications, duration of surgery, or 

estimated blood loss during surgery. Leukocytosis was not considered an AE since GM-CSF 

treatment was anticipated to cause a rise in total white blood cell count.

Clinical correlates

Two patients (11.1%) had a > 50% decline in PSA during neoadjuvant GM-CSF treatment 

(Fig. 1). One patient in Cohort 1 had baseline PSA of 6.4 ng/mL which decreased to 3.09 

ng/mL after 2 weeks of neoadjuvant therapy. A Cohort 3 patient had baseline PSA of 5.1 
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ng/mL which decreased to 3.8 ng/mL after 2 weeks, then further decreased to 2.4 ng/mL 

after 4 weeks of therapy,. One patient (5.6%) in Cohort 1 had a > 50% increase in PSA 

during treatment (Fig. 1), from 4.2 ng/mL to 7.97 ng/mL. Because the baseline PSA values 

for all patients were relatively low (range: 3.03–13.2 ng/mL), the clinical significance of 

these PSA changes are unclear. Overall, no significant downstaging was observed at the time 

of RP. Five patients (27.8%) had downgrading of Gleason scores, and five patients (27.8%) 

had upgrading of Gleason scores at the time of RP compared to pretreatment biopsies 

(Supplementary Fig. 1). All patients had pN0 (n = 11) or pNX (n = 7) disease at the time of 

RP.

Changes in the peripheral APC compartment

The numbers of circulating dendritic cells and monocytes have been reported to increase 

after GM-CSF administration in patients (18). There is also preclinical evidence that high 

doses of GM-CSF may recruit myeloid derived suppressor cells (MDSCs) and impair 

antitumor immunity (20). In this study, PBMCs from study subjects at baseline (before 

treatment), day 14, and at completion of treatment (day 21 for Cohort 2, and day 28 for 

Cohort 3) were stained for APC markers and analyzed by flow cytometry to assess changes 

in immune subsets during treatment.

The HLA-DR+ dendritic cells (DCs) were separated into myeloid (CD11c+CD123−) and 

plasmacytoid (CD11c−CD123+) lineages. CD86 positivity was utilized to identify activated 

and mature dendritic cells. GM-CSF treatment led to a significant decrease in the frequency 

of circulating myeloid and plasmacytoid DCs at day 14 compared to baseline (P = 0.0002 

and P = 0.0151, respectively) (Fig. 2A and B, top left panels). However, the absolute 

number of myeloid and plasmacytoid DCs (Fig. 2A and B, top right panels) and the 

frequencies and numbers of their respective CD86+ subsets (Fig. 2A and B, bottom panels) 

did not significantly decrease. The absolute number of CD86+ myeloid DCs overall 

increased from baseline to day 14 (P = 0.0302), indicating that the decrease in frequency of 

dendritic cells did not adversely impact the number of activated dendritic cells.

The frequency of CD14hiHLADR+CD66b− monocytes overall decreased from baseline to 

day 14 (P = 0.0052); however, the absolute number of these monocytes was not significantly 

changed (Fig. 2C). The frequency and absolute number of monocytic MDSC 

(CD14hiHLADR−CD66b−INOS+) did not change significantly with GM-CSF treatment 

(Fig. 2D).

Changes in the peripheral T-cell compartment

The study hypothesized that GM-CSF induces the uptake and processing of relevant prostate 

cancer antigens by dendritic cells, which in turn crossprime anti-prostate cancer T cells. The 

effects of neoadjuvant treatment with GM-CSF on peripheral T-cell subsets were assessed by 

flow cytometry. PBMCs from trial patients at baseline, day 14, and at completion of 

treatment were stained for T-cell markers, Ki67 as a proliferative marker, and CD69 as an 

activation marker.
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The administration of GM-CSF did not lead to an overall increase in the frequencies or 

numbers of total cytotoxic T cells (CD3+CD8+) (Fig. 3A, left panel), or activated cytotoxic 

T cells (CD3+CD8+CD69+) (Fig. 3A, middle panel). However, the frequency and number 

of proliferative cytotoxic T cells (CD3+CD8+Ki67+) increased after GM-CSF treatment 

between baseline and day 14 (P = 0.0052 and P = 0.0125, respectively) (Fig. 3A, right 
panel). In contrast, the frequencies and numbers of CD3+CD8− helper T cells (P = 0.0002 

and P = 0.0353, respectively) (Fig. 3B, left panel), activated helper T cells 

(CD3+CD8−CD69+) (P < 0.0001 and P = 0.0002, respectively) (Fig. 3B, middle panel), 
and proliferative helper T cells (CD3+CD8−Ki67+) (P < 0.0001 and P <0.0001, respectively) 

(Fig. 3B, right panel) all increased after GM-CSF treatment. Of note, there also appeared to 

be an increase in the frequency and number of regulatory T cells 

(CD3+CD8−CD25+FoxP3+) (P = 0.0182 and P = 0.0103, respectively) (Fig. 3C). Higher 

ratio of activated CD3+CD8− helper T cells to regulatory T cells, as well as proliferative 

CD3+CD8− helper T cells to regulatory T cells were observed from baseline to day 14 (P = 

0.0067 and P = 0.0054, respectively) (Fig. 3D). No significant differences were observed in 

the ratio of activated and proliferative cytotoxic T cells to regulatory T cells (data not 

shown). Most of the observed circulating T-cell changes appeared to be transient; differences 

compared to pre-treatment baseline were most pronounced at day 14.

APC localization in the tumor microenvironment

Untreated control RP and post–GM-CSF RP specimens were stained for the presence of 

CD11c+CD83+ dendritic cells and CD68+ macrophages/monocytes. Representative images 

are shown (Fig. 4A and B, top panels). Overall, there was very little APC infiltration within 

the tumor or its microenvironment, with particularly minimal CD83 staining in both groups. 

No significant quantitative differences were seen in CD11c and CD68 staining between 

untreated control RP and post-GM-CSF RP specimens within the tumor interface or tumor 

(Fig. 4A and B, bottom panels). CD11c staining was observed to be lower in the post-GM-

CSF RP specimens compared to untreated control RP tissues within the benign peri-tumoral 

tissue These findings indicate that systemic GM-CSF did not significantly enhance APC 

localization to the tumor or its microenvironment.

T-cell localization in the tumor microenvironment

RP tissues from untreated controls and study patients treated with GM-CSF were stained for 

CD3+, CD3+CD8+, CD4+, and CD4+FoxP3+ T-cell subsets (Fig. 4C). Immunohistochemical 

specimens were quantified for positive cells in the benign peri-tumoral tissue, at the tumor 

interface, and within the tumor center. Overall, the administration of neoadjuvant GM-CSF 

significantly increased the number of CD3+ cells at the tumor interface, and to a lesser 

degree in the tumor center (Fig. 4D, upper left panel). At the tumor interface, the increase 

in CD3+ cells were comprised of CD3+CD8+ cytotoxic T cells (Fig. 4D, upper right panel, 
p<0.0001); there was also a trend towards increase in conventional CD4+ T cells (Fig. 4D, 

lower left panel, P = 0.0646). In the tumor center, the increase in CD3+ T cells was 

comprised of both CD3+CD8+ cytotoxic T cells (Fig. 4D, upper right panel, P = 0.008) and 

conventional CD4+ T cells (Fig. 4D, lower left panel, P = 0.008). Treatment was also 

associated with an increase in CD4+FoxP3+ regulatory T cells in the tumor center, although 
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to a much lower magnitude than cytotoxic or conventional T cells (Fig. 4D, lower right 
panel, P = 0.0234).

T-cell localization was analyzed by cohort to assess for any differential effects of GM-CSF 

by duration of treatment (Fig. 5). An increase in CD3+CD8+ T-cell infiltration within the 

tumor interface compared to untreated controls was observed in all cohorts (P = 0.0268 for 

Cohort 1; P = 0.0008 for Cohort 2; and P = 0.0008 for Cohort 3) (Fig. 5B, middle panel). 
An increase in CD3+, CD3+CD8+, and CD4+ T-cell infiltration within the tumor center 

compared to untreated controls was significant only in Cohort 3 (P = 0.0320, P = 0.0182, 

and P = 0.0001, respectively) (Fig. 5A–C, right panels). While small in magnitude, the 

increase in CD4+FoxP3+ T-cell infiltration into the tumor interface and center compared to 

untreated controls was statistically significant only in Cohort 3 (P = 0.0415 and P = 0.0020, 

respectively) (Fig. 5D, middle and right panels). When comparing the three treated 

cohorts, differences were observed only in CD4+ T-cell infiltration in the benign peri-

tumoral tissue (P = 0.0010) and tumor interface (P = 0.0176). Specifically, CD4+ T-cell 

infiltration in the benign peri-tumoral tissue and tumor interface was significantly higher in 

Cohort 3 compared to shorter-duration treatment cohorts (Fig. 5C, left and middle panels). 

Taken together, these data suggest that whereas peripheral effects of GM-CSF appeared to 

be transient, longer durations of GM-CSF have differential effects within the tumor 

microenvironment. It should be noted that in addition to treatment duration, differences in 

baseline characteristics among study cohorts may have contributed to these observations 

(Table 1).

Discussion

GM-CSF is a pleotropic cytokine that is FDA-approved for the mobilization of granulocytes 

(7). The role of GM-CSF has expanded to cancer immunotherapeutics in recent years. Tvec, 

an attenuated herpes simplex 1 virus (HSV-1) that expresses GM-CSF, is FDA approved for 

the treatment of metastatic melanoma (21). Sipuleucel-T is an autologous cellular vaccine 

that is FDA approved for the treatment of asymptomatic or minimally symptomatic 

metastatic castration-resistant prostate cancer, which consists of autologous PBMCs cultured 

and activated with a recombinant protein PAP–GM-CSF (22, 23). More recently, GM-CSF 

combined with local radiotherapy was reported to lead to abscopal responses in 26.8% (95% 

CI: 14.2, 42.9) patients with metastatic solid tumors (24). Despite these advances, the benefit 

of GM-CSF remains unclear, in part because of the heterogeneity of different clinical 

studies, and a lack of direct investigation of the role of GM-CSF.

We have previously shown that GM-CSF monotherapy may possess single-agent activity in 

advanced prostate cancer (16–18), and is being used as an adjuvant in multiple 

investigational trials for advanced prostate cancer, including with DNA plasmid vaccines 

(25, 26) and PROSTVAC, a PSA-targeted poxviral vaccine for prostate cancer (27). The 

phase 2 randomized controlled trial of PROSTVAC showed promising results, including 

improvement in overall survival (27). The phase 3 randomized, double-blind study of 

PROSTVAC with or without GM-CSF is ongoing (NCT01322490), and should provide 

insights into the contribution of GM-CSF to PROSTVAC vaccination strategy.
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In this study, we showed that neoadjuvant GM-CSF administration is well tolerated, and 

enhances CD4+ and CD8+ T-cell infiltration but not APC recruitment into the tumor 

microenvironment in prostate cancer patients. In the circulation, systemic GM-CSF 

administration led to transient increases in mature myeloid dendritic cells, activated CD8+ T 

cells, and activated and proliferating CD4+ T cells. These results suggest that APCs activate 

T cells outside of the tumor microenvironment; this may be occurring in the lymphoid 

tissues, but would need to be formally examined. It is also possible that GM-CSF exerts 

qualitative effects on APCs by promoting maturation and antigen presentation efficiency, 

leading to the generation of more effective T-cell responses. To our knowledge, this is the 

first study to demonstrate that systemic administration of GM-CSF leads to an increase in T-

cell infiltration at the tumor site. This study provides a potential immunological mechanism 

to explain the ability of GM-CSF to control prostate cancer in at least a subset of patients in 

prior clinical trials (16–18).

Although we have not further characterized the observed T-cell populations in the current 

study, it is likely that at least some of the infiltrating lymphocytes preferentially home to the 

tumor site after GM-CSF administration, a portion of which are likely to be of an activated 

effector T-cell phenotype. Additional studies are needed to further characterize these T-cell 

populations to conclusively demonstrate if they are tumor-specific, and to determine if they 

are effective for tumor control. Most likely, clinically significant antitumor immunity will 

require both sufficient numbers of infiltrating T cells as well as the “right” activation 

phenotype.

Systemic GM-CSF administration may also impact other immune cell subsets systemically, 

including dendritic cells (18) and immunosuppressive cells such as regulatory T cells (28) 

and myeloid-derived suppressor cells (MDSCs) (20). In this paper, we have shown that the 

number of circulating proliferative CD8+ T cells and regulatory T cells increase following 

GM-CSF, and the overall frequency of myeloid and plasmacytoid DCs decreased following 

GM-CSF. Parallel findings were reported in a phase 1 study of Prostate GVAX, consisting of 

two allogeneic GM-CSF transduced prostate cancer cell lines (LN-CaP and PC3), combined 

with six infusions of escalating doses of ipilimumab, a monoclonal antibody to CTLA-4, in 

patients with metastatic castration-resistant prostate cancer (mCRPC) (29, 30). However, 

given the multiple components in their immunotherapy strategy, it is difficult to attribute the 

observed changes to GM-CSF alone, and the influence of ipilimumab and the allogeneic 

cells cannot be discerned. Regardless, these investigators also made the clinically important 

observation that increases in activated T cells, low frequencies of MDSCs, as well as high 

DC activation, were predictive for improved overall survival (29, 30). We have not yet 

correlated changes in immune cell subsets with clinical outcomes in our patient population. 

Thus, the clinical impact of our observations remains unknown, and will be a focus of future 

studies.

As in our study with neoadjuvant sipuleucel-T (19), all of the patients on this trial underwent 

RP shortly after immunological intervention, as specified by the trial protocol. Thus, the 

kinetics of the T-cell responses after GM-CSF have not been well defined. For example, it is 

not known how rapidly the activated T cells home to and infiltrate the tumor, and how 

durable the observed immunological effects may be. In addition, it is not clear if a memory 
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T-cell response was generated by systemic GM-CSF as given on this trial, given the 

relatively short follow up of these patients and the absence of long-term immunomonitoring.

Despite the study limitations, our data show the potential for enhancing T cell–mediated 

immune effects by systemic GM-CSF administration. These results provide the rationale for 

immunotherapy trials utilizing GM-CSF in combination with other immunologic agents. In 

particular, systemic GM-CSF may help to convert a “non-inflamed” tumor 

microenvironment to an “inflamed” tumor microenvironment comprised of infiltrating T 

cell, leading to more effective tumor control. Future studies should further investigate the 

role of GM-CSF, including varying effects of different dosing schedules. Clinical 

development of combination strategies involving GM-CSF should include a control arm 

lacking GM-CSF, when possible. Careful design of immunomonitoring protocols, both in 

the peripheral and tumor compartments, may help to identify features of the immune 

response that serve as useful biomarkers to predict tumor control and long-term clinical 

outcomes.
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Figure 1. Percent PSA change from baseline by cohort
Cohort 1: GM-CSF, 250 µg/m2/day s.c. for 14 days. Cohort 2: GM-CSF, 250 µg/m2/day s.c. 

for 21 days. Cohort 3: GM-CSF, 250 µg/m2/day s.c. for 28 days. PSA, prostate specific 

antigen.
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Figure 2. Changes in peripheral DC, monocyte, and MDSC subsets
HLADR+CD11c+CD123− myeloid DCs (Panel A), HLADR+CD11c−CD123+ plasmacytoid 

DCs (Panel B), and their respective mature subsets (lower panels) are expressed in terms of 

frequency among gated PBMCs (left panels), and as absolute numbers (right panels). 

CD14hiHLADR+CD66b− monocytes (Panel C) and CD14hiHLADR−CD66b−INOS+ 

monocytic MDSC (Panel D) are shown as frequencies among gated PBMCs (left panels), 

and as absolute counts (right panels). Circle: Cohort 1, Square: Cohort 2, Triangle: Cohort 3. 

* P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 3. Changes in peripheral T-cell subsets
CD3+CD8+ cytotoxic T cells (Panel A), CD3+CD8− helper T cells (Panel B), and 

CD3+CD8−CD25+FoxP3+ regulatory T cells (Panel C) are expressed in terms of frequency 

among gated PBMCs, and as absolute numbers. The ratio of activated and proliferative 

CD3+CD8− helper T cells to regulatory T cells are shown in Panel D. Circle: Cohort 1, 

Square: Cohort 2, Triangle: Cohort 3. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 

0.0001.
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Figure 4. APC infiltration and T-cell infiltration in tissue compartments
CD11c and CD83 immunohistochemical double staining is shown in RP tumor specimens 

obtained from untreated and GM-CSF–treated patients (Panel A upper), with quantitation of 

CD11c+ events (Panel A lower). CD68 immunohistochemical single staining is shown in 

tumor specimens from untreated and GM-CSF–treated patients (Panel B upper), with 

quantitation of CD68+ events (Panel B lower). Immunohistochemical double stains of CD3 

and CD8 (Panel C upper) and CD4 and FoxP3 (Panel C lower) in RP tumor specimens 

obtained from untreated and GM-CSF–treated patients. Quantitation of CD3+ (Panel D 
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upper left), CD3+CD8+ (Panel D upper right), CD4+ (Panel D lower left), and CD4+FoxP3+ 

(Panel D lower right) subsets is shown. Scale bar, 100 µm. * P < 0.05, ** P < 0.01, *** P < 

0.001, **** P < 0.0001.
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Figure 5. Comparison of T-cell infiltration in tissue compartments across treatment cohorts
Frequencies of CD3+ (Panel A), CD3+CD8+ (Panel B), CD4+ (Panel C) and CD4+FoxP3+ 

(Panel D) T-cell subsets are quantitated in benign peri-tumoral tissues (left panels), at the 

tumor interface (middle panels), and within the tumor center (right panels) in untreated 

patients and patients treated with GM-CSF by study cohort. * P < 0.05, ** P < 0.01, *** P < 

0.001.

Wei et al. Page 18

Cancer Immunol Res. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wei et al. Page 19

Ta
b

le
 1

B
as

el
in

e 
de

m
og

ra
ph

ic
s 

an
d 

di
se

as
e 

ch
ar

ac
te

ri
st

ic
s.

C
oh

or
t 

1
(N

=6
)

C
oh

or
t 

2
(N

=6
)

C
oh

or
t 

3
(N

=6
)

To
ta

l
p-

va
lu

e

A
ge

, y
ea

r
0.

15
0

  M
ed

ia
n

60
57

63
60

  R
an

ge
57

–6
6

51
–6

3
53

–6
8

51
–6

8

W
ei

gh
t,

 lb
s

0.
10

3

  M
ed

ia
n

19
6.

2
22

8.
4

18
8.

4
20

2.
3

  R
an

ge
15

9.
7–

22
4.

3
17

8.
5–

26
9.

9
15

1.
2–

22
7.

3
15

1.
2–

26
9.

9

R
ac

e,
 N

o.
 (

%
)

1.
00

0

  C
au

ca
si

an
6 

(1
00

.0
)

6 
(1

00
.0

)
6 

(1
00

.0
)

18
 (

10
0.

0)

E
C

O
G

1.
00

0

  P
S 

=
 0

6 
(1

00
.0

)
6 

(1
00

.0
)

6 
(1

00
.0

)
18

 (
10

0.
0)

G
le

as
on

 s
um

, N
o.

 (
%

)
0.

02
3

  ≤
6

2 
(3

3.
3)

1 
(1

6.
7)

4 
(6

6.
7)

7 
(3

8.
9)

  7
4 

(6
6.

7)
5 

(8
3.

3)
0 

(0
.0

)
9 

(5
0.

0)

  ≥
8

0 
(0

.0
)

0 
(0

.0
)

2 
(3

3.
3)

2 
(1

1.
1)

C
lin

ic
al

 s
ta

ge
, N

o.
 (

%
)

0.
10

0

  T
1c

2 
(3

3.
3)

5 
(8

3.
3)

2 
(3

3.
3)

9 
(5

0.
0)

  T
2a

4 
(6

6.
7)

0 
(0

.0
)

3 
(5

0.
0)

7 
(3

8.
9)

  T
3a

0 
(0

.0
)

1 
(1

6.
7)

1 
(1

6.
7)

2 
(1

1.
1)

P
SA

, n
g/

m
L

0.
46

6

  M
ed

ia
n

5.
7

5.
9

4.
2

5.
0

  R
an

ge
3.

0–
9.

1
3.

6–
13

.2
3.

2–
8.

9
3.

0–
13

.2

L
D

H
, U

/L
0.

92
7

  M
ed

ia
n

15
1

13
9

15
1

15
0

  R
an

ge
12

8–
17

0
12

9–
23

7
95

–1
99

95
–2

37

H
em

og
lo

bi
n,

 g
/d

L
0.

65
4

  M
ed

ia
n

15
.1

15
.4

15
.1

15
.2

  R
an

ge
14

.3
–1

5.
5

14
.7

–1
6.

9
12

.6
–1

5.
9

12
.6

–1
6.

9

A
lk

al
in

e 
ph

os
ph

at
as

e,
 U

/L
0.

54
8

Cancer Immunol Res. Author manuscript; available in PMC 2017 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wei et al. Page 20

C
oh

or
t 

1
(N

=6
)

C
oh

or
t 

2
(N

=6
)

C
oh

or
t 

3
(N

=6
)

To
ta

l
p-

va
lu

e

  M
ed

ia
n

68
65

75
72

  R
an

ge
46

–1
12

47
–8

8
50

–9
7

46
–1

12

N
C

C
N

 r
is

k 
gr

ou
p,

 N
o.

 (
%

)
0.

00
7

  L
ow

2 
(3

3.
3)

1 
(1

6.
7)

4 
(6

6.
7)

7 
(3

8.
9)

  I
nt

er
m

ed
ia

te
4 

(6
6.

7)
4 

(6
6.

7)
0 

(0
.0

)
8 

(4
4.

4)

  H
ig

h
0 

(0
.0

)
1 

(1
6.

7)
2 

(3
3.

3)
3 

(1
6.

7)

A
bb

re
vi

at
io

ns
: E

C
O

G
 =

 E
as

te
rn

 C
oo

pe
ra

tiv
e 

O
nc

ol
og

y 
G

ro
up

; L
D

H
 la

ct
at

e 
de

hy
dr

og
en

as
e;

 P
SA

 =
 p

ro
st

at
e 

sp
ec

if
ic

 a
nt

ig
en

.

Cancer Immunol Res. Author manuscript; available in PMC 2017 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wei et al. Page 21

Table 2
Summary of on-study adverse events

Patients could have had more than one adverse event. No grade ≥3 adverse events were observed.

Adverse events, No. (%) Grade 1 Grade 2 Total

Injection site reaction 17 (77.3) 1 (4.5) 18 (81.8)

Fatigue 13 (59.1) 1 (4.5) 14 (63.6)

Bone pain 5 (22.7) 1 (4.5) 6 (27.3)

Headache 3 (13.6) 0 (0.0) 3 (13.6)

Back pain 2 (9.1) 0 (0.0) 2 (9.1)

Extremity pain 2 (9.1) 0 (0.0) 2 (9.1)

Muscle pain 1 (4.5) 1 (4.5) 2 (9.1)

Diarrhea 1 (4.5) 0 (0.0) 1 (4.5)

Abdominal pain 1 (4.5) 0 (0.0) 1 (4.5)

Fever (non-neutropenic) 1 (4.5) 0 (0.0) 1 (4.5)

Chills 1 (4.5) 0 (0.0) 1 (4.5)

Diaphoresis 1 (4.5) 0 (0.0) 1 (4.5)

Rash 1 (4.5) 0 (0.0) 1 (4.5)

Chest pain 1 (4.5) 0 (0.0) 1 (4.5)

Joint pain 1 (4.5) 0 (0.0) 1 (4.5)

Pruritus 1 (4.5) 0 (0.0) 1 (4.5)

Urinary frequency 1 (4.5) 0 (0.0) 1 (4.5)

Urinary incontinence 1 (4.5) 0 (0.0) 1 (4.5)

Dehydration 1 (4.5) 0 (0.0) 1 (4.5)

Hoarseness 1 (4.5) 0 (0.0) 1 (4.5)
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