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Abstract

Tissue infiltration and elevated peripheral circulation of granulocytic myeloid-derived cells is 

associated with poor outcomes in prostate cancer (PCa) and other malignancies. Although 

myeloid-derived cells have the ability to suppress T-cell function, little is known about the direct 

impact of these innate cells on prostate tumor growth. Here it is reported that granulocytic 

myeloid-derived suppressor cells (MDSCs) are the predominant tumor infiltrating cells in PCa 

xenografts established in athymic nude mice. MDSCs significantly increased in number in the 

peripheral circulation as a function of xenograft growth and were successfully depleted in vivo by 

Gr-1 antibody treatment. Importantly, MDSC depletion significantly decreased xenograft growth. 

We hypothesized that granulocytic MDSCs might exert their pro-tumorigenic actions in part 

through neutrophil elastase (ELA2/NE), a serine protease released upon granulocyte activation. 

Indeed, it was determined that NE is expressed by infiltrating immune cells and is enzymatically 

active in PCa xenografts and in prostate tumors of prostate-specific Pten-null mice. Importantly, 

treatment with sivelestat, a small-molecule inhibitor specific for NE, significantly decreased 

xenograft growth, recapitulating the phenotype of Gr-1 MDSC depletion. Mechanistically, NE 

activated mitogen-activated protein kinase (MAPK) signaling and induced MAPK-dependent 

transcription of the proliferative gene cFOS in PCa cells. Functionally, NE stimulated 

proliferation, migration, and invasion of PCa cells in vitro. Immunohistochemistry (IHC) on 

human PCa clinical biopsies revealed co-expression of NE and infiltrating CD33+ MDSCs.
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Introduction

Inflammation is important to consider when studying prostate cancer microenvironment, for 

both prognostic and therapeutic purposes (1). Chronic inflammation in initially benign tissue 

confers an increased risk of subsequent cancer diagnosis, and elevated pro-inflammatory 

cytokines are associated with shorter times to castration resistance and lower overall survival 

(2–4). Establishing peripheral blood biomarkers of inflammation as prognostic indicators in 

cancer has become particularly attractive. For instance, elevated indexes of systemic 

inflammation such as the Neutrophil to Lymphocyte ratio (NLR) and the modified Glasgow 

Prognostic Score consistently predict decreased survival in localized and advanced prostate 

cancer (5, 6). Interestingly, patients who convert from high NLR to low NLR over the course 

of treatment have significantly improved survival compared to those who maintain high 

NLR status (7). In fact, granulocytic infiltrates are predictive of poor survival in nearly all 

examined human malignancies, as demonstrated by a large-scale transcriptomic analysis of 

∼18,000 human tumors (8). In accordance with this finding, gene expression profiling of 

peripheral blood mononuclear cells (PBMCs) isolated from advanced castration-resistant 

prostate cancer patients reveals that the majority of up-regulated genes conferring poor 

prognosis are associated with gene signatures of granulocytes (9, 10).

One of the most significantly up-regulated genes identified in these studies is ELANE, 

which encodes neutrophil elastase (NE) (9, 10). The pro-tumorigenic role of NE has been 

established in lung, breast, and colon cancers, among others (11–14). Global deletion of NE 

in genetic mouse models of breast and lung cancer notably reduces the number and size of 

tumors (11, 12, 14). NE may contribute to tumor growth by directly increasing proliferation, 

migration, and invasion of cancer cells or by inducing angiogenesis within the 

microenvironment; it may also contribute to tumorigenesis by inactivating tumor 

suppressors, thereby disinhibiting growth (11, 15–18). Moreover, NE is one of the main 

mediators of neutrophil extracellular trap (NET) formation (19). NETs are externalized 

protease-laden DNA fibers released upon neutrophil activation in response to infection or 

cancer burden (20). NETs play an important role in cancer pathology, promoting primary 

tumor growth and development of a metastatic niche (21–23). In the context of prostate 

cancer, tumor-derived cytokines like IL8 have been shown to attract myeloid-derived 

suppressor cells (MDSCs) and elicit extrusion of NETs within the tumor microenvironment 

(24). Beyond this, the functional role of NETs and their associated proteases such as NE has 

not been addressed in prostate cancer.

In humans, distinguishing neutrophils from granulocytic MDSCs is challenging (25). Like 

neutrophils, these granulocytic myeloid-derived cells expand in the periphery of tumor 

bearing mice and patients with a variety of cancers, including prostate cancer (4, 26–28). In 

fact, increased tumor infiltration of CD33+ MDSCs is correlated with human prostate cancer 

progression and diminished overall survival (26, 29). Not only are MDSCs markers of 
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aggressive cancer, they also appear to actively promote tumor progression. Studies 

demonstrate a functional role for MDSCs in various cancers, as their depletion with Gr-1 

antibodies or other methods generally improves outcomes in mouse models of cancer (25). 

In prostate cancer, MDSC depletion with Gr-1 antibodies or interruption of lesion 

recruitment with CXCR2 and CSF1R inhibitors reduces tumor size and slows disease 

progression in probasin-driven Pten-null prostate cancer mouse models (26, 29, 30). 

Dissection of the pro-tumoral mechanisms of MDSCs has predominantly focused on their 

immunosuppressive effects on T-cell function (thought to derive primarily from monocytic 

MDSCs) rather than their direct effects on cancer cell growth, migration, and invasion (28). 

However, transcriptomic analysis of MDSCs isolated from tumor-bearing animals reveals 

significant enrichment in NE compared to non-tumor controls (31, 32). Given the 

aforementioned pro-tumorigenic potential of NE, these observations suggest a potentially 

important role for granulocytic MDSCs, neutrophils, and NE in regulating tumor 

progression.

Here we investigated the role of granulocytic MDSCs and NE in facilitating prostate cancer 

xenograft growth in athymic mice. Our findings demonstrate that NE facilitates the pro-

tumor role of granulocytic MDSCs in the absence of T-cell suppression. Our studies further 

demonstrate that NE can directly stimulate human prostate cancer cell proliferation, 

migration and invasion in-vitro, in part by activating the MAPK pathway. Together, our 

results provide a rationale for exploiting elevated NLR and granulocytic MDSCs levels, as 

well as NE expression, in prostate cancer patients not only as biomarkers of disease burden, 

but also as potential targets of therapeutic intervention.

Materials and Methods

Cell Culture

PC3 (authenticated by ATCC upon purchase) and C4-2 (from Ganesh Raj, UTSW) cells 

were cultured in RPMI-1640 media (Gibco) with 10% fetal bovine serum (FBS; Seradigm) 

and 1% penicillin-streptomycin (P-S; Gibco). Cells were maintained at 37°C, 95% air, and 

5% CO2. Experiments were performed with cells below passage 25. Mycoplasm testing was 

not performed.

Animal studies

Experiments were performed in accordance with the guidelines for the Care and Use of 

Laboratory Animals and approved by the University Committee on Animal Resources at the 

University of Rochester. For Gr-1 depletion, 6–8 week old male athymic nude mice (J:NU 

007850, Jackson Laboratories) were subcutaneously injected with 3×106 PC3 cells in 0.1mL 

PBS. When tumors became palpable (approximately three weeks), mice were randomized 

into Gr-1 depletion and isotype control groups. Gr-1 depletion was performed by 

intraperitoneal (IP) injection of 200µg rat anti-mouse Ly6G/Ly6C (Gr-1) antibody (clone 

RB6-8C5, catalog#BE0075, BioXCell) three times/week. Isotype controls received 200µg 

rat IgG2b (clone LTF-2, catalog#BE0090, BioXCell) via IP injection three times/week. 

Xenograft size was calculated using the formula: LxW2x0.5. For NE inhibition, 6–8 week 

old male athymic nude mice were subcutaneously injected with 3×106 PC3 cells in 0.1mL 
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PBS or 5×106 C4-2 cells in 0.1mL of a 1:1 mixture of Matrigel (Corning) and PBS. When 

tumors became palpable (approximately three weeks for PC3, four weeks for C4-2), mice 

were randomized into sivelestat or vehicle groups. Sivelestat (Tocris) was administered via 

IP injection at 5mg/kg (in 4% DMSO 0.1mL PBS) daily, and 4% DMSO 0.1mL PBS was 

used as vehicle control.

Experimental work with the prostate-specific Pten-null mouse model was approved by the 

Roswell Park IACUC. Tumorigenesis in the PbCre4/Pten/fl model is driven by Pten loss 

specific to the prostatic epithelium (30), a very common alteration in human prostate cancer. 

This deletion was carried out in C57BL/6N mice. Tumors are histologically characterized 

primarily as high-grade prostatic intraepithelial neoplasia (HG-PIN, sometimes called 

mPIN3/4). Tumor volume was monitored using our 3D ultrasound imaging protocol (33) to 

only examine NE activity in mice bearing tumors of 300–500 mm3. For the ex-vivo 
fluorescent imaging, the entire GU bloc was dissected out, the bladder was removed, and the 

prostate was visually verified. The region of interest that was quantified included the entire 

prostate tumor plus normal tissue (ventral, dorsal, lateral, anterior lobes). The tumor volume 

(300–500mm3) made up ∼80%-90% of the total volume of the tissue examined in the region 

of interest.

Flow cytometry

Blood was collected from retro-orbital sinuses at indicated times to monitor efficacy of Gr-1 

depletion. White blood cells were separated with 1-Step Polymorphs solution (Accurate 

Chemical). Residual red blood cells were lysed with ACK buffer (150mM NH4Cl, 10mM 

KHCO3, 1mM Na2EDTA, pH 7.2), and neutralized with FACS media (2% FBS, 2.5mM 

EDTA in PBS). Live cells were counted on a hemocytometer based on trypan blue 

exclusion. Cells were blocked with 50µg/mL rat anti-mouse CD16/CD32 Fc 

(catalog#BE008, BioXCell) and stained with rat anti-mouse CD11b-APC/Cy7 (1:100, 

catalog#101226, Biolegend), rat anti-mouse Ly6C-PE (1:100, catalog#12-5932-82, 

eBioscience), rat-anti-mouse Ly6G-Biotin (1:100, catalog#127604, Biolegend). 

Streptavidin-FITC (1:200, catalog#554060, BD Biosciences) was used to reveal biotinylated 

antibody. All dilutions and washes were carried out in FACS media. Propidium iodide 

(Sigma-Aldrich) used at 0.1µg/mL to exclude dead cells from analysis. Cells were collected 

on a LSRII flow cytometer (BD Biosciences) and analyzed with FlowJo 10.1r7 software. 

Gr-1 depletion in peripheral blood was verified using an automated 5-part differential cell 

counter (VetScan HM5; Abaxis). For flow cytometry on xenografts, xenografts were 

digested in 0.1% dispase (Worthington) in FACS media for 30 minutes at 37°C and 

mechanically dissociated. The following primary antibodies were used: rat-anti-mouse 

CD45-APC/Cy7 (1:50, catalog#103115, Biolegend), rat-anti-mouse CD11b-APC (1:100, 

catalog#101212, Biolegend), rat anti-mouse Ly6C-PE, rat-anti-mouse Ly6G-Biotin.

Immunohistochemistry

5µm xenograft sections were de-paraffinized with xylene and rehydrated in graded ethanol/

water. Heat-mediated antigen retrieval was performed in 0.01M Citrate pH 6 at 95°C. Rabbit 

anti-mouse/human neutrophil elastase (catalog#ab68672, Abcam) was diluted 1:200 in 

antibody diluent (Thermo Scientific) and incubated overnight at 4°C. Biotinylated goat anti-
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rabbit IgG (cat#BA-1000, Vector Laboratories) was diluted 1:200 in blocking serum (1.5% 

normal goat serum in PBS), and immunoreactivity detected using the Vectastain Elite ABC 

and DAB peroxidase substrate kits (Vector Laboratories). Immunohistochemistry for NE and 

CD33 on human prostate tissue microarrays was performed on an automated platform 

(Ventana Discovery XT) using rabbit anti-mouse/human neutrophil elastase (1:75) and 

mouse anti-human CD33 (1:50, catalog#133M-15, Sigma-Aldrich) primary antibodies. 

Primary antibodies were detected with either anti-mouse/rabbit HRP-DAB or anti-mouse/

rabbit HRP-FITC/Rhodamine. Chromogenic sections were counterstained with hematoxylin 

and mounted using Cytoseal 60 (Thermo Scientific).

Immunofluorescence

Paraffin-embedded sections were processed as described above. Antigen unmasking was 

performed using Target Retrieval Solution 10× (Dako). Primary antibodies used were: 

biotin-conjugated rat anti-mouse Ly6B.2 (1:50, catalog#MCA771G, BioRad), goat anti-

mouse PCNA (1:50, catalog#sc-9857, Santa Cruz), and rabbit anti-human ki67 (1:200, 

catalog#ab66155, Abcam). Primary antibodies were detected with Streptavidin Alex Fluor 

488 (1:200, catalog#511223, Invitrogen), donkey anti-rat Alexa Fluor 488 (1:200, 

catalog#A21208, Invitrogen), donkey anti-goat Alexa Fluor 568 (1:200, catalog#A11057, 

LifeTech), and goat anti-rabbit Texas Red (1:200, catalog#TI-1000, Vector Laboratories). 

Whole-mount immunofluorescence for xenograft infiltrating Gr-1 cells was performed using 

rat anti-mouse Gr-1 antibody conjugated to Alexa Fluor 488 (catalog#108417, Biolegend), 

as previously described (34). In short, a small piece (∼15mg) of tumor was stained and 

placed between microscopy grade coverslips using a home-built device prior to imaging. 

Therefore, it provides a flattened representation of the immune cells within the entire piece 

of tumor.

NE imaging

Two weeks prior to xenograft imaging, mice were placed on an alfalfa-free diet, 2016 Teklad 

global 16% protein (Envigo). Mice received 4 nmols of Neutrophil Elastase 680 FAST 

(Perkin Elmer) probe in 0.1mL PBS via tail-vein injection and imaged 16 hours later using 

the in-vivo imaging system IVIS Spectrum (Perkin Elmer). Images were processed using 

Living Image 3.2 software (Perkin Elmer). Activity measurements were performed on 

excised tumors using fluorescent microscopy and intensity was analyzed using ImageJ v1.48 

software.

Westerns

PC3 and C4-2 cells were plated at 2×105 cells per well in 6-well plates in complete media 

(10% FBS, 1% P-S, RPMI-1640). After 48 hours, cells were placed in serum-free, 1% P-S, 

RPMI-1640 for 16 hours and stimulated with indicated concentrations of NE (cat#IHNE, 

Innovative Research) for 15 minutes. For NE inhibitor studies, sivelestat was incubated 

directly with NE at indicated concentrations for 30 minutes prior to addition to the cells. 

Cells were lysed in RIPA (Pierce) supplemented with 1× Halt protease and phosphatase 

inhibitor cocktail (Thermo Scientific). Samples were processed for gel electrophoresis and 

Western blotted with rabbit anti-phospho-Erk1/2 (1:1000, catalog#9101, Cell Signaling) and 
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rabbit anti-total-Erk1/2 (1:1000, catalog#9102, Cell Signaling) as previously described (35). 

Band densitometry was performed using ImageJ v1.48 software.

Quantitative PCR

C4-2 cells were plated at 2×105 cells per well in 6-well plates and serum starved for 16 

hours before stimulation with 2.5µg/mL NE for 6 hours. Pre-treatments were performed as 

indicated with 2µM of sivelestat or 50nM of PD0325901 (Selleckchem). RNA was extracted 

using the E.Z.N.A. kit (Omega). Quantitative PCR (qPCR) was performed using the TaqMan 

RNA-to-Ct™ 1-Step Kit (Applied Biosystems) and TaqMan primers (Applied Biosystems) 

for human FOS (Hs00170630_m1) and GAPDH (Hs03929097_g1). Human FOS mRNA 

was normalized to human GAPDH using the ΔΔCt method. For determination of NE 

expression in xenografts, RNA was extracted using the E.Z.N.A. kit, and qPCR performed 

using TaqMan primers species-specific for human ELANE (Hs00975994_g1), human 

GAPDH (Hs03929097_g1), mouse Elane (Mm00469310_m1), and mouse Gapdh 
(Mm99999915_g1). ELANE and Elane mRNA levels were normalized to GAPDH and 

Gapdh, respectively, using the ΔΔCt method.

Proliferation assay

C4-2 cells were plated at 3×104 cells per well in 24-well plates in complete media and then 

in 1% FBS, 1% P-S, RPMI-1640 for 16 hours before stimulation with 2.5µg/mL NE for 24 

hours. Pre-treatments were performed as indicated with 5µM of sivelestat or 50nM 

PD0325901. Proliferation was assessed using the BrdU Cell Proliferation Assay Kit (Cell 

Signaling) with slight modification. Briefly, 1× 5-bromo-2’-deoxyuridine (BrdU) was added 

directly to cell media and incubated for 2 hours at 37°C. Cells were fixed in 4% 

paraformaldehyde in PBS (Affymetrix) and DNA was denatured with 2N HCl. Cells were 

blocked with 1.5% normal horse serum (Vector Laboratories) in 0.2% Triton X-100 (Fisher 

BioReagents) PBS. Remaining steps were performed according to manufacturer’s 

instructions.

Migration assay

C4-2 and PC3 cells (1×106) were plated in a 10cm dish in complete media and serum 

starved for 20 hours. Cells were seeded at a density of 1.5×105 cells per well in serum-free 

media into the upper chambers of 8µm-pore 24-well transwell permeable supports (Corning) 

and stimulated with 2.5µg/mL NE. Pre-treatments were performed as indicated with 5µM of 

sivelestat or 50nM PD0325901. Complete media was used in the bottom chamber, and cells 

were allowed to migrate for 24 hours. Unmigrated cells were removed from the inner side of 

the upper chamber. Migrated cells were fixed in 4% PFA in PBS and stained with 0.2% 

crystal violet (Sigma-Aldrich). Membranes were washed with H2O and counted in 5 random 

fields. Number of migrated cells was quantified with ImageJ v1.48 software.

Invasion assay

C4-2 and PC3 cells were plated as described for the migration assay and seeded at a density 

of 2×105 cells per well in serum-free media into the upper chamber of BioCoat Matrigel 

Lerman et al. Page 6

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



8µm-pore 24-well transwell permeable supports (Corning). Treatments, processing, and 

analysis were carried out as described for the migration assay.

Statistical analysis

Data are presented as mean ± standard error of the mean (SEM). Comparison between two 

groups was performed using two-tailed t-test, unless otherwise indicated. Comparison 

between more than two groups was performed using one-way ANOVA with appropriate 

post-hoc testing. All statistical analyses were performed using GraphPad Prism 7.0 software, 

and significance defined as p<0.05.

Results

Circulating granulocytic MDSCs expand during human prostate cancer xenograft growth

To study the role of myeloid-derived cells in prostate cancer growth, we used 

immunodeficient athymic nude mice lacking functional adaptive immunity. The 

immunologic parameters of the specific athymic mouse strain (J:NU 007850) used in our 

experiments have been thoroughly characterized by the Jackson Laboratory. Since T-cells 

comprise on average only 0.09% of all immune cells in these male athymic mice, we were 

able to essentially eliminate potential contributions of MDSCs to T-cell suppression and 

focus on their direct effects on tumor cell growth and survival.

We established subcutaneous prostate cancer xenografts using the most aggressive human 

cell line that we could find – PC3 cells. We allowed tumors to grow for approximately three 

weeks. We subsequently randomized the mice into two treatment groups: MDSC-depletion 

using Gr-1 antibody and control using IgG isotype antibody. On day 5 and 27 after treatment 

initiation, we assessed the number of circulating myeloid cells in peripheral blood by flow 

cytometry using CD11b, Ly6G, and Ly6C surface expression. Gating on CD11b, we 

observed that the granulocytic MDSC (Ly6G+/Ly6C+) population significantly expanded in 

the isotype-control treated mice as a function of tumor growth (Fig 1A, left). Accordingly, 

quantification of the Ly6G+/Ly6C+ population in peripheral blood revealed a doubling on 

day 27 compared to day 5 in the isotype-control group (Fig 1B). This Ly6G+/Ly6C+ 

population was significantly reduced with Gr-1 antibody treatment as early as day 5 and 

remained low on day 27 (Fig 1A & B), indicating successful depletion throughout treatment. 

Because Gr-1 antibody potentially blocks the epitope recognized by anti-Ly6G, we 

confirmed our flow cytometry results using automated cell counting for polymorphonuclear 

(PMN) cells as well as manual verification on blood smears (Fig 1C & D).

We next assessed tumor infiltrating immune cells in naïve, untreated PC3 tumors. Using 

whole-mount immunofluorescence for Gr-1, we observed MDSCs heterogenously 

infiltrating the PC3 tumor parenchyma (Fig 1E), confirming their abundance within the 

microenvironment. Dispersal of tumors followed by flow cytometry gated on CD45, CD11b, 

Ly6G, and Ly6C surface expression revealed that the majority of immune cells within 

prostate cancer tumors were CD11b+ myeloid cells (Fig 1F). Furthermore, most of these 

myeloid cells were granulocytic rather than monocytic (Fig 1G), indicating that granulocytic 

myeloid cells are the predominant innate cell population in our prostate cancer model.
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Depletion of MDSCs suppresses human prostate cancer xenograft growth

We next evaluated the effect of Gr-1 antibody-mediated MDSC depletion within PC3 tumors 

using flow cytometry. Again, we observed a large population of Ly6G+/Ly6C+ granulocytic 

MDSCs in the isotype control tumors that was eliminated by Gr-1 antibody treatment at day 

27 (Fig 2A & B). Given that anti-Gr-1 can potentially block Ly6G and Ly6C epitopes, we 

decided to use an antibody against Ly6B2 alloantigen to detect tumor infiltrating myeloid 

cells. Immunofluorescence staining of tumor sections showed a significant reduction in 

Ly6B+ cells in the Gr-1 antibody mice compared to isotype control, confirming depletion 

was efficient in the target tissue (Fig 2C & D). Importantly, depletion of MDSCs 

significantly reduced xenograft growth almost immediately and for several weeks, with a 

significant diminution of final tumor weight (Fig 2E & F). By flow cytometry, immune cells 

(CD45+) comprised on average 7.14% (0.89% SEM) of the final isotype control tumors and 

4.01% (0.98% SEM) of the final Gr-1 depleted tumors (p = 0.033). Immune infiltrate 

depletion therefore would account for only a very small change in tumor volume, whereas 

we observed ∼50% overall tumor size reduction; thus, the tumor mass was smaller primarily 

due to fewer tumor cells. Accordingly, we observed a reduction in proliferative Ki67 

staining in the Gr-1 depleted tumors compared to isotype controls (Supplementary Fig 1 A 

& B). These results indicate that peripheral expansion and local infiltration of MDSCs have 

a pro-tumor effect even in the absence of adaptive immunity suppression.

Infiltrating immune cells produce active neutrophil elastase in the tumor microenvironment

Given that granulocytic MDSCs and neutrophils produce copious amounts of NE, and 

because NE is implicated in tumor growth in other cancers, we assessed whether NE was 

present and active in mouse models of prostate cancer using a bio-activatable optical probe 

consisting of two fluorophores linked to a peptide substrate specific to NE. The fluorophores 

are quenched in the intact probe but emit fluorescence upon cleavage. PC3 and C4-2 human 

prostate cancer xenografts demonstrated significant in-vivo (Fig 3A & B) signals, indicating 

that NE is highly active within these tumors. Immunohistochemistry for NE confirmed its 

expression in PC3 xenografts (Fig 3C, high power image in Supplementary Fig 2). Notably, 

human NE mRNA was not expressed by PC3 or C4-2 cells in culture (data not shown), nor 

was human NE mRNA expressed in PC3 or C4-2 xenografts (Fig 3D & E) using human 

specific qPCR primers. In contrast mouse NE was detected in PC3 and C4-2 xenografts 

using mouse specific qPCR primers (Fig 3D & E), supporting its origin exclusively from 

mouse-derived infiltrating immune cells.

Furthermore, we evaluated NE activity ex-vivo in tumors isolated from the Pten-null prostate 

cancer mouse model. Importantly, these mice have an intact immune system (30). As seen in 

the xenograft models in athymic mice, NE activity was significantly up-regulated in Pten-

null prostate tumors compared to strain-matched normal prostates (Fig 3F & G), supporting 

a potential contribution to tumor growth in both immune-deficient and immune-competent 

mouse models of prostate cancer. We next assessed infiltrating immune cells in the Pten-null 

prostate tumors and again observed a significant infiltration of Ly6B+ granulocytic MDSCs, 

which were practically undetectable in normal prostates (Fig 3I). Moreover, the Pten-null 

prostate tumors were proliferative, demonstrated by epithelial positivity for proliferating cell 

nuclear antigen (PCNA), whereas the normal prostates were quiescent (Fig 3I). Notably, the 
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number of circulating granulocytic MDSCs was also elevated in Pten-null mice relative to 

wild-type mice (Fig 3H).

Inhibition of neutrophil elastase activity suppresses human prostate cancer xenograft 
growth

Since NE promotes tumor growth in mouse models of breast, lung, and colon cancer, we 

next evaluated its role in our prostate cancer xenografts. Using a similar experimental 

approach as the depletion experiment, we established subcutaneous PC3 xenografts and 

grew them to 100mm3, at which point we randomized mice into sivelestat (specific NE 

inhibitor) and vehicle treatment groups. Sivelestat significantly reduced xenograft growth 

(Fig 4A) and final tumor weight (Fig 4B), recapitulating the effect of Gr-1 MDSC depletion. 

Ex-vivo quantification of tumor fluorescence after injection of the NE specific optical probe 

was significantly diminished with sivelestat treatment (Fig 4C & D), demonstrating effective 

inhibition in the target tissue.

To demonstrate that modulation of NE enzymatic activity was applicable to a different 

human prostate cancer cell line, and since we had observed NE activity in C4-2 xenografts 

(Fig 3B), we treated C4-2 xenograft bearing mice with sivelestat. We found that sivelestat 

significantly reduced xenograft growth (Fig 4E) and final tumor weight (Fig 4F). We 

similarly verified NE inhibition in C4-2 tumors, as ex-vivo quantification of tumor 

fluorescence was significantly diminished with sivelestat treatment (Fig 4G & H). Our 

findings demonstrate NE activity as a potential therapeutic target, since inhibition suppresses 

xenograft growth of two human prostate cancer cell lines.

Neutrophil elastase promotes proliferation, migration, and invasion of prostate cancer cell 
lines

Next we sought to determine the mechanism by which NE promotes prostate cancer 

progression. NE can activate mitogen-activated protein kinase (MAPK) signaling in some 

cell types, so we examined its ability to induce ERK1/2 phosphorylation in prostate cancer 

cells in-vitro. Indeed, we observed a dose-dependent induction of ERK1/2 phosphorylation 

in PC3 cells, with maximal induction occurring at a dose of 2.5µg/mL (Fig 5A). All 

subsequent experiments were performed using this NE dose. Time course experiments 

revealed maximal induction at 15 minutes of treatment with NE (not shown), suggesting 

rapid activation of the MAPK pathway. NE mediated ERK1/2 activation was dependent on 

enzymatic activity, as sivelestat blocked ERK1/2 phosphorylation (Fig 5B). All subsequent 

in-vitro experiments involving sivelestat were performed with the lowest dose (2µM) tested. 

NE-induced ERK1/2 phosphorylation was significant and abrogated by pre-treatment with 

sivelestat in both PC3 (Fig 5C) and C4-2 cells (Fig 5D), quantified by Western blot band 

densitometry (graphs below).

Next we assessed the functional outcome of NE-induced MAPK activation. An important 

downstream effect of ERK1/2 phosphorylation is induction of gene transcription. cFOS is an 

ERK1/2 dependent proliferative gene, so we measured its transcription in response to NE. 

NE significantly up-regulated cFOS mRNA expression (Fig 5E) in C4-2 cells, and this was 

blocked by pre-treatment with sivelestat or MEK-inhibitor PD0325901 (Fig 5E). NE also 
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significantly stimulated C4-2 cell proliferation, determined by BrdU incorporation, which 

was blocked by pre-treatment with sivelestat (Fig 5F). Notably, treatment with sivelestat 

alone did not significantly reduce proliferation (Fig 5F), suggesting that sivelestat does not 

act directly on the cells. Conversely, treatment with PD0325901 alone significantly reduced 

proliferation (Fig 5F), confirming MAPK as an important proliferative pathway in these 

cells. NE was unable to induce proliferation in the presence of PD0325901 (Fig 5F), 

suggesting that NE-induced C4-2 cell proliferation is dependent on MAPK signaling.

Next we assessed the effects of NE on the migratory and invasive potential of C4-2 and PC3 

prostate cancer cells using transwell assays. NE significantly increased migration (Fig 6A & 

C for C4-2, Fig 6E for PC3) and invasion (Fig 6B & D for C4-2, Fig 6F for PC3), and both 

were blocked by sivelestat. PD0325901 was unable to inhibit NE-induced migration (Fig 6C 

& E), indicating that this is likely a MAPK-independent process. However, PD0325901 

appeared to mitigate NE-induced invasion (Fig 6D & F), suggesting that, unlike migration, 

this process may have a different, potentially MAPK-dependent, mechanism.

CD33+ MDSCs are a source of neutrophil elastase in human prostate cancer

We next looked for expression of CD33+ MDSCs and NE in human prostate cancer samples 

using immunohistochemistry. We detected weak positivity of NE in the stroma, along with 

strong positivity in infiltrating and intra-luminal cells with granulocytic morphology (Fig 

7A). Furthermore, we observed strong positivity in corpora amylacea or prostatic 

concretions (Fig 7A, arrowhead), in agreement with previous work identifying granulocyte-

derived factors in these structures (36). Since activated immune cells release NE, weak 

positivity in the stroma may be extra-cellularly secreted protein. Examining a prostate 

cancer expression dataset generated by Taylor et al (37), we observed strong positive 

correlation between CD33 and ELANE (gene encoding NE) expression (Fig 7B). Examining 

the larger TCGA Provisional dataset, we similarly observed strong positive correlation 

between CD33 and ELANE expression (Supplementary Fig 3A). Importantly, CD33 
expression in this dataset appeared to associate with clinical outcomes; high CD33 
expression predicted significantly reduced recurrence free survival (Fig 7C). High CD33 
expression was also significantly associated higher primary Gleason score (Supplementary 

Fig 3B). Therefore, we hypothesized that CD33 MDSCs, which expand locally and 

systemically in patients with prostate cancer and other malignancies, may produce NE 

within the tumor microenvironment. Accordingly, sequential prostate sections from an HG-

PIN sample from a patient with prostate cancer revealed that CD33+ cells likewise stained 

for NE (Fig 7D). Double immunofluorescence for NE and CD33 in confirmed co-

localization (Fig 7E), with staining both inside and outside of the nucleus (nuclei stained in 

blue). Moreover, immunofluorescence revealed foci of NE positivity within glandular 

prostatic epithelium, suggesting possible internalization of secreted NE within endosomes 

(Fig 7E, middle), consistent with in-vitro studies demonstrating that NE internalization by 

cancer cells leads to enhanced proliferation (11, 38).
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Discussion

The tumor microenvironment strongly influences cancer development, progression, and 

dissemination; thus, better understanding of the complex interactions between tumor cells 

and surrounding reactive stroma shows promise of uncovering new therapies. Recent data 

indicate that myeloid-derived cells increase in number locally and systemically during 

cancer growth in mice and humans, and their expansion is associated with worse disease 

outcomes (25, 28). These cells are often termed myeloid-derived suppressor cells (MDSCs) 

due to their ability to suppress adaptive immune responses. However, in addition to their 

suppressor functions, MDSCs, particularly the granulocytic subtype, exert direct effects on 

tumor cells, enhancing proliferation, migration, and invasion (25, 28). Here we demonstrate 

that granulocytic MDSCs accumulate in PC3 prostate cancer xenografts and expand in 

peripheral blood as a function of tumor growth in athymic mice, in the absence of potential 

suppression of T-cell activation. MDSC depletion after tumors become established results in 

reduced xenograft growth, confirming an important role for these cells in tumor progression. 

Indeed, in a xenograft model using canine Ace-1 prostate cancer cells, MDSCs were 

similarly shown to facilitate tumor growth when co-injected with cancer cells into athymic 

mice (39). Although this study suggested a direct pro-tumorigenic role for MDSCs in the 

absence of adaptive immunity, the number of MDSCs co-injected was arbitrary and likely 

supraphysiological. Moreover, this study did not investigate the dynamics of MDSCs during 

tumor growth or whether depletion has a mitigating impact on tumor burden. Notably, 

inhibition of MDSC recruitment or MDSC depletion reduced tumor growth in Pten-null 

prostate cancer mouse models (26, 27, 29, 30). We confirm that granulocytic MDSCs 

infiltrate Pten-null prostate lesions and localize with proliferative cancer cells. Moreover, 

lesion infiltration is associated with increased peripheral circulation of MDSCs, 

recapitulating the phenomenon seen in human prostate cancer patients. Given these data, we 

believe that MDSC accumulation is a general response to tumorigenesis and not simply an 

effect of xenografting in an immunodeficient host. Indeed, MDSC accumulation and 

recruitment is known to be a tumor-induced phenomenon in response to cancer cell 

expression of cytokines and chemokines like IL-6, IL-8, CSF-1, G-CSF, and GM-CSF (24, 

28). However, we acknowledge that we did not measure MDSC numbers in mock-injected 

mice or in mice injected with non-tumorogenic cells such as RWPE-1.

The attenuating effect of MDSC depletion on Pten-null prostate tumor growth is attributed to 

both improved T-cell function and direct promotion of proliferation and evasion of cellular 

senescence (26, 27, 29, 30). However, since these experiments were performed in immune-

competent mice, the contribution of direct versus indirect effects of MDSCs cannot be 

distinguished. By performing MDSC depletion in athymic mice with human prostate cancer 

xenografts, we not only confirm the importance of MDSCs in promoting tumor progression 

with two different human prostate cancer cell lines, we demonstrate that some MDSC-

mediated effects are independent of T-cell suppression – possibly due to direct tumor 

stimulation.

There are a number of ways that MDSCs can promote cancer cell proliferation, migration, 

and invasion, including secretion of growth factors, pro-angiogenic factors, and proteases. 

Indeed, transcriptomic analyses of MDSCs reveal enrichment for proteases like MMP-9 and 
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NE (31, 32). While MDSC-derived MMP9 is known to mediate growth, angiogenesis, and 

metastasis of many cancers, the role of MDSC-derived NE remains unclear (40). Moreover, 

NE in prostate cancer specifically has not been investigated, despite reports showing that 

lesion infiltration and peripheral expansion of granulocytic cells correlates with worse 

patient outcomes (6, 29). Here we demonstrate that NE is active in prostate cancer 

xenografts in athymic mice, and its activity is elevated in Pten-null prostates compared to 

controls. While its name implies a neutrophil source, NE is actually expressed by a variety 

of cell types, including immune cells (myeloid and lymphoid) and epithelial and 

mesenchymal cells like breast cancer and smooth muscle cells (41, 42). We find that only 

infiltrating cells, not prostate cancer cells, express NE, since ELANE mRNA was only 

detected with mouse specific primers in both PC3 and C4-2 xenografts. We propose that 

CD33+ MDSCs are an important source of NE within the human prostate cancer 

microenvironment, as CD33 and ELANE mRNA expression are strongly correlated in 

human prostate cancer specimens, and immunohistochemistry and immunofluorescence 

suggests cellular co-localization.

The pro-tumor role of NE has been explored in both cancer mouse models and human 

cancer patients. NE protein and activity is significantly elevated in sera of lung and colon 

cancer patients compared to healthy individuals, and correlates with disease progression (13, 

43). Furthermore, NE deletion in lung and breast cancer mouse models results in reduced 

numbers of tumors and smaller tumors, supporting a functional role in tumor development 

and progression (11, 12, 14). Here we demonstrate that NE activity promotes prostate cancer 

xenograft growth of PC3 and C4-2 cell lines, since the NE inhibitor sivelestat exerts tumor 

inhibitory effects. We anticipate that NE inhibition would bear similar results in the Pten-

null prostate cancer model, and detailed pharmacologic and genetic studies are planned to 

directly address this question.

While the efficacy of sivelestat in inhibiting primary growth of colon cancer xenografts in 

athymic mice was recently reported (13), the mechanism of action was not directly linked to 

NE inhibition. Here we find that sivelestat functions by directly impeding NE-induced 

effects. NE may induce cancer cell proliferation via several mechanisms, such as 

internalization of NE leading to degradation of IRS-1 or transactivation of cell surface 

receptors such as EGFR and TLR4 (11, 12, 18). We find that NE activates MAPK signaling 

in prostate cancer cells, which is dependent on enzymatic activity. Given its rapid actions, 

we suspect that NE-induced MAPK activation is likely due to transactivation of receptor 

tyrosine kinases, although further analysis will be necessary to elucidate specific receptors 

involved. NE-induced MAPK signaling is also functionally significant, leading to 

downstream ERK-dependent gene transcription and proliferation. Moreover, NE stimulates 

migration and invasion, both of which are essential for the development of metastases. 

Accordingly, both genetic deletion and pharmacologic inhibition of NE consistently results 

in decreased metastasis formation in-vivo (20).

The pro-metastatic role of NE in mouse models has partially been attributed to its 

involvement in neutrophil extracellular trap (NET) formation, or NETosis. NE is not only an 

essential mediator of NETosis, required for enzymatic histone degradation and chromatin 

decondensation prior to NET extrusion, but is also an integral component of fully formed 
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NETs (19, 20). Therefore, NE may be localized to several different compartments – 

intracellular (granular, and even nuclear) or extracellular, consistent with the staining seen in 

Fig 7 and Supplementary Fig 2. Cancer cells secrete factors that predispose granulocytes to 

undergo NETosis, leading to enhanced primary tumor growth, metastatic initiation and 

colonization, and cancer-associated morbidities like thrombosis and end organ damage (21–

23). Indeed, prostate cancer patients have elevated plasma concentrations of G-CSF and IL8, 

two factors that likely prime circulating and infiltrating granulocytic MDSCs for NETosis 

(24, 27). It is possible that our observed reduction of prostate cancer xenograft growth with 

the NE inhibitor sivelestat is partially due to NETosis impairment in-vivo. However, the 

ability of NE alone to promote proliferation, migration, and invasion of prostate cancer cells 

suggests a discrete role in regulating tumor progression.

Intriguingly, endogenous NE inhibitors, like SERPINB1 and elafin, are ubiquitously 

expressed, and their down-regulation in cancer cells is associated with aggressive 

phenotypes (12, 44, 45). In addition to protease inhibitory functions, these proteins are 

important in anti-microbial, anti-inflammatory, and apoptotic pathways, and in fact can 

diminish NET formation (46, 47). SERPINB1 expression particularly is down-regulated 

early in the development of prostatic intraepithelial neoplasia (PIN) and remains low in 

prostate cancer as compared to normal epithelium (48, 49). This expression pattern is also 

apparent at the protein level, since down-regulation of SERPINB1 in prostate cancer was 

recently shown using a proteomic approach (50). Given these observations, along with our 

results, it is tempting to postulate that down-regulation of SERPINB1 within prostatic 

epithelium during PIN and cancer formation might permit NE to exert proliferative, 

migratory, and invasive effects.

In summary, our findings demonstrate that granulocytic MDSCs directly contribute to 

prostate cancer xenograft growth in athymic mice, in the absence of suppressive effects on 

T-cell function. Intra-tumoral NE may provide a novel mechanistic and potentially targetable 

link between MDSC infiltration and prostate cancer progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications

This report suggests that MDSCs and NE are physiologically important mediators of 

prostate cancer progression, and may serve as potential biomarkers and therapeutic 

targets.
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Figure 1. Granulocytic MDSCs expand in peripheral blood and infiltrate human prostate cancer 
xenografts
A. Peripheral blood MDSCs were assessed by flow cytometry in PC3 xenograft bearing 

nude mice on days 5 and 27 after initiation of isotype or Gr-1 antibody treatment. 

Representative plots of Ly6G vs. Ly6C expression, gated on CD11b+ myeloid cells, are 

shown (n=4/treatment group). B. The number of Ly6G+/Ly6C+ cells in Gr-1 depleted mice 

was compared to isotype controls on days 5 and 27 using one-way ANOVA with Bonferroni 

post-hoc testing (#compares day 5 numbers, p < 0.05, ####compares day 27 numbers, p < 

0.0001). Isotype control and Gr-1 depletion groups on day 27 were compared to day 5 using 
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one-way ANOVA with Bonferroni post-hoc testing (*compares days 5 and 27 control, p < 

0.05, ns = not significant between days 5 and 27 depletion). C. The number of peripheral 

blood granulocytes on day 27 by automated cell counting was compared between isotype 

control and Gr-1 depletion mice using unpaired two-tailed t-test (n=4/treatment group; *p < 

0.05). D. Representative Wright-Giemsa stained peripheral blood smears of isotype control 

and Gr-1 depletion mice on day 27. Arrows are cells with polymorphonuclear morphology. 

E. Whole mount immunofluorescence for Gr-1 in an untreated PC3 xenograft. F. Tumor 

infiltrating MDSCs were assessed by flow cytometry in control PC3 xenografts. 

Representative plot of Ly6G vs. Ly6C expression, gated on the CD11b+ myeloid population, 

is shown. Granulocytic (PMN; Ly6GHigh/Ly6CHigh) and monocytic (MO; Ly6GLow/

Ly6CHigh) populations are indicated. G. The number of granulocytic and monocytic MDSCs 

was compared using paired two-tailed t-test (n=3; **p < 0.01).
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Figure 2. Depletion of MDSCs with Gr-1 antibody suppresses human prostate cancer xenograft 
growth
A. Tumor infiltrating MDSCs were assessed by flow cytometry in PC3 xenograft bearing 

nude mice on day 27 after initiation of isotype or Gr-1 antibody treatment. Representative 

plots of Ly6G versus Ly6C expression, gated on the CD11b+ myeloid population, are shown 

(n=8/treatment group). B. The number of infiltrating granulocytic MDSCs (Ly6GHigh/

Ly6CHigh) was compared between isotype control and Gr-1 depletion tumors, normalized to 

tumor weight, using unpaired two-tailed t-test (n=8; ****p < 0.0001). C. Representative 

immunofluorescence stain for Ly6B+ infiltrating granulocytic MDSCs in isotype control and 
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Gr-1 depletion tumors is shown. D. The number of Ly6B+ cells was compared between 

isotype control and Gr-1 depletion tumors using unpaired two-tailed t-test (n=40/treatment 

group, 5 fields of view/8 tumors; ****p < 0.0001). E. Tumor size (length × width2 × 0.5) 

was measured every 3–4 days and compared between isotype control and Gr-1 depletion 

groups using unpaired two-tailed t-test (n=8 per treatment group; *p < 0.05, **p<0.01). 

Arrows indicate time points when MDSC depletion was assessed in peripheral blood. F. 

Tumor weight was compared between isotype control and Gr-1 depletion groups using 

unpaired two-tailed t-test (n=8 per treatment group; **p=0.01).
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Figure 3. Infiltrating immune cells produce active neutrophil elastase in the prostate cancer 
microenvironment
Intra-tumoral neutrophil elastase activity was measured in-vivo using a NE specific optical 

probe in athymic nude mice bearing PC3 (A) and C4-2 (B) xenografts (n=3 per cell line). 

Representative IVIS images are shown. C. Immunohistochemistry of a representative PC3 

xenograft using anti-NE antibody. Neutrophil elastase mRNA expression was quantified 

using quantitative PCR with human (ELANE) and mouse (Elane) specific primers for PC3 

(D) and C4-2 (E) xenografts. Values were normalized to GAPDH and Gapdh mRNA 

expression, respectively. mRNA expression of mouse derived and human derived NE was 
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compared using paired Wilcoxon signed-rank test (n=23 for PC3 and n=12 for C4-2; 

****p<0.0001, *** p<0.001). F. Intra-prostatic NE activity in the prostatic ROI was 

quantified using ImageJ and compared between Pten-null and WT mice using unpaired two-

tailed t-test (n=4 for each genotype; *p<0.05). G. Intra-prostatic NE activity was measured 

ex-vivo following IV administration of a NE specific optical probe to Pten-null and wild-

type (WT) mice. First panel from a WT mouse that received no probe. Yellow outline 

indicates prostatic region of interest. SV = seminal vesicle. H. Peripheral blood MDSCs 

were assessed using flow cytometry in Pten-null and wild-type (WT) mice. The number of 

Ly6G+/Ly6C+ cells was compared using unpaired two-tailed t-test (n = 3 for each 

genotype). I. Representative immunofluorescence stains for Ly6B+ infiltrating granulocytic 

MDSCs and PCNA positive proliferating epithelium in WT and two different Pten-null 

prostates is shown (n=3 total for each group).
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Figure 4. Inhibition of neutrophil elastase activity suppresses human prostate cancer xenograft 
growth
A. PC3 tumor size (length × width2 × 0.5) was measured every 3–4 days and compared 

between vehicle control and sivelestat groups using unpaired two-tailed t-test. B. PC3 tumor 

weight was compared between vehicle control and sivelestat groups using unpaired two-

tailed t-test (n=4 per treatment group; *p<0.05, **p<0.01). C. PC3 intra-tumoral neutrophil 

elastase activity was measured ex-vivo using an NE specific optical probe. D. PC3 intra-

tumoral NE activity was quantified using ImageJ and compared between vehicle control and 

sivelestat groups using unpaired two-tailed t-test (n=8 for vehicle control, n=6 for sivelestat; 
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****p<0.0001). E. C4-2 tumor size was measured every 3–4 days and compared between 

vehicle control and sivelestat groups using unpaired two-tailed t-test. F. C4-2 tumor weight 

was compared between vehicle control and sivelestat groups using unpaired two-tailed t-test 

(n=5 for control, n=6 for sivelestat; *p<0.05). G. C4-2 intra-tumoral neutrophil elastase 

activity was measured ex-vivo using an NE specific optical probe. H. C4-2 intra-tumoral NE 

activity was quantified using ImageJ and compared between vehicle control and sivelestat 

groups using unpaired two-tailed t-test (n=7 for vehicle control, n=7 for sivelestat; *p<0.05).
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Figure 5. Neutrophil elastase activates MAPK signaling and induces MAPK-dependent gene 
transcription and proliferation in human prostate cancer cells
A. PC3 cells were serum starved and treated with increasing concentrations of NE for 15 

minutes. pERK1/2 and tERK1/2 levels were examined by Western blot. Band densitometry 

of pERK1/2 to tERK1/2 was performed using ImageJ and normalized to untreated (0). B. 

PC3 cells were serum starved and treated with NE (2.5µg/mL) for 15 minutes in the 

presence of increasing concentrations of sivelestat. pERK1/2 and tERK1/2 levels were 

examined by Western blot. PC3 (C) or C4-2 (D) cells were serum starved and treated with 

NE (2.5µg/mL) for 15 minutes in the presence of sivelestat (2µM) or vehicle. pERK1/2 and 
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tERK1/2 levels were examined by Western blot, and band densitometry performed using 

ImageJ and normalized to untreated (UT) samples. Multiple comparisons were performed 

using row matched one-way ANOVA with Dunnett’s post-hoc testing (n=6 for PC3 and n=3 

for C4-2; ***p<0.001, ###p<0.001). E. C4-2 cells were serum starved and treated with NE 

(2.5µg/mL) for 6 hours in the presence of sivelestat (2µM), PD0325901 (50nM), or vehicle. 

cFOS mRNA expression was determined using quantitative PCR and normalized to 

GAPDH. Data were normalized to untreated samples and multiple comparisons were 

performed using row matched one-way ANOVA with Dunnett’s post-hoc testing (n=4; 

****p<0.0001, ##p<0.01, ###p<0.001). F. C4-2 cells were serum starved and treated with 

NE (2.5µg/mL) for 24 hours in the presence of sivelestat (2µM), PD0325901 (50nM), or 

vehicle. Proliferation was examined by BrdU incorporation, and data were plotted as percent 

change in proliferation relative to untreated samples. Multiple comparisons were performed 

using ordinary one-way ANOVA with Bonferroni’s post-hoc testing (n=9; **p<0.01, ns=not 

significant).
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Figure 6. Neutrophil elastase induces migration and invasion in human prostate cancer cells
A. C4-2 cells were serum starved and transferred into the upper chambers of 8um uncoated 

transwells in the presence of NE (2.5 ug/mL), sivelestat (2 uM), PD0325901 (50 nM), or 

vehicle. Cells were allowed to migrate for 24 hours towards a chemotactic gradient of 10% 

FBS. B. C4-2 cells were serum starved and transferred into the upper chambers of 8um 

Matrigel coated transwells in the presence of NE (2.5 ug/mL), sivelestat (2 uM), PD0325901 

(50 nM), or vehicle. Cells were allowed to invade for 24 hours towards a chemotactic 

gradient of 10% FBS. C. Number of migrated C4-2 cells was quantified using ImageJ. 
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Multiple comparisons were performed using row matched one-way ANOVA with 

Bonferroni’s post-hoc testing (n = 4; **** p < 0.0001, ** p < 0.01, ns = not significant). D. 

Number of invaded C4-2 cells was quantified using ImageJ (n = 4; * p < 0.05, ns = not 

significant). E. Number of migrated PC3 cells was quantified using ImageJ (n = 3; **** p < 

0.0001, ** p < 0.01, ns = not significant). F. Number of invaded PC3 cells was quantified 

using ImageJ (n = 3; * p < 0.05, ns = not significant).
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Figure 7. Neutrophil elastase is co-expressed with infiltrating CD33+ MDSCs in human prostates
A. Neutrophil elastase protein expression was determined by immunohistochemistry on 

human prostate cancer microarrays (image representative of n = 3 patients). Arrows indicate 

infiltrating NE positive cells. Arrowhead indicates NE positive glandular deposits. B. 

Human prostate cancer CD33 and ELANE mRNA expression data were obtained from 

Taylor (37) and plotted to examine correlation using two-tailed Pearson correlation analysis. 

C. Kaplan-Meier plots for patients expressing CD33 above (high) and below (low) the 

median CD33 expression threshold from the TCGA Provisional prostate cancer dataset 
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(downloaded from http://cancergenome.nih.gov/) were constructed. Differences in 

recurrence free survival were assessed using the log-rank (Mantel-Cox) test. D. NE and 

CD33 protein expression were determined by immunohistochemistry on consecutive human 

prostate cancer samples (images representative of n = 3 patients). Arrows indicate 

infiltrating cells double positive for NE and CD33. E. NE and CD33 protein co-localization 

in human prostates was confirmed by immunofluorescence.
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