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Abstract

Metastatic disease remains the leading cause of death due to cancer, yet the mechanism(s) 

of metastasis and its timely detection remain to be elucidated. Neutrophil elastase (NE), a 

serine protease secreted by neutrophils, is a crucial mediator of chronic inflammation and 

tumor progression. In this study, we used the PyMT model (NE+/+ and NE−/−) of breast 

cancer to interrogate the tumor-intrinsic and -extrinsic mechanisms by which NE can promote 

metastasis. Our results showed that genetic ablation of NE significantly reduced lung metastasis 

and improved metastasis-free survival. RNA-sequencing analysis of primary tumors indicated 

differential regulation of tumor-intrinsic actin cytoskeleton signaling pathways by NE. These NE-

regulated pathways are critical for cell-to-cell contact and motility and consistent with the delay 

in metastasis in NE−/− mice. To evaluate whether pharmacological inhibition of NE inhibited 

pulmonary metastasis and phenotypically mimicked PyMT NE−/− mice, we utilized AZD9668, a 

clinically available and specific NE inhibitor. We found AZD9668 treated PyMT-NE+/+ mice 

showed significantly reduced lung metastases, improved recurrence-free, metastasis-free and 

overall survival, and their tumors showed similar molecular alterations as those observed in 
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PyMT-NE−/− tumors. Lastly, we identified a NE-specific signature that predicts recurrence and 

metastasis in breast cancer patients. Collectively, our studies suggest that genetic ablation and 

pharmacological inhibition of NE reduces metastasis and extends survival of mouse models of 

breast cancer, providing rationale to examine NE inhibitors as a treatment strategy for the clinical 

management of metastatic breast cancer patients.
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Introduction

Despite decreases in triple-negative breast cancer (TNBC) death rates in recent years, little 

progress has been made in treating the disease once it metastasizes (1). The development of 

targeted therapies and select screening methods have significantly decreased the relapse rate 

and improved survival outcomes for patients with recurrent disease. Despite these advances, 

20–30% of all TNBC patients die of metastatic disease, with no targeted therapies available 

(2). Hence, there is an unmet need for markers to predict recurrence and more effective 

targeted therapies.

Circulating neutrophils, as determined by the neutrophil-to-lymphocyte ratio (NLR), have 

been associated with worse survival in breast cancer patients (3). Neutrophils have been 

shown to establish pro-metastatic environments in murine models of breast cancer (4,5). 

Recent work has determined that neutrophils directly interact with breast cancer cells by 

secreting leukotrienes that selectively expand a highly tumorigenic subset of metastatic 

breast cancer cells in the lungs (6). These data suggest an important relationship between 

neutrophils and breast cancer metastasis, yet the mechanisms by which neutrophils promote 

metastatic disease remain largely unresolved.

Neutrophil elastase (NE), encoded by the ELANE/Elane gene (human/murine), is a serine 

protease that is expressed primarily by neutrophils. NE is stored in the azurophilic granules 

of neutrophils in homeostatic conditions. During inflammation and neutrophil activation, 

NE aids in the destruction of phagocytosed pathogens (7). In addition, NE can be released 

into the extracellular milieu and degrade extracellular matrix proteins (8). In this setting, 

NE carries out its chief physiological function of pathogen clearance, by enabling leukocyte 

migration and homing and recruitment of other immune cells to the inflammatory site (9–

11). Hence, alteration in NE function can compromise the innate immune response, as seen 

in cases of severe congenital neutropenia, characterized by frameshift mutations in NE (12). 

However, dysregulated NE activity also contributes to a variety of pathological processes, 

including chronic obstructive pulmonary disease (COPD) (13), pulmonary fibrosis (14), 

atherosclerosis (15) and cancer (16). Hence, targeting NE for various pathologies is of 

interest in multiple disease processes.

In cancer, elevated NE levels have been correlated with disease progression in lung, 

colorectal, prostate and breast cancers (17–21). Previously, we have shown that NE can 

directly promote the growth of human breast tumor cells in vitro and murine mammary 
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tumors in vivo (22). Others have demonstrated that NE expression and activity in human 

breast tumors is associated with disease recurrence and metastasis (17). NE activity can be 

as high as three- to five-fold greater in cancer patients compared to those with COPD (23), 

driving inflammation and creating an ideal microenvironment for cancer progression in lung, 

colorectal, gastric and head and neck cancers (24–27). In all these studies, targeting NE 

significantly delayed tumor growth and blocked its pro-tumorigenic properties. Additionally, 

two studies have associated elevated NE levels with poor response to tamoxifen and 

trastuzumab in breast cancer patients (28). Despite being a consistent marker of poor 

outcomes, the NE-mediated mechanism(s) of tumor progression remain unresolved. Early 

studies with murine cancer models in lung, colon and Lewis lung carcinomas have suggested 

that NE could be critical in tumor initiation and growth (20,22,29–31). Being an integral 

component of neutrophil extracellular traps (NETs), NE is required for capturing circulating 

tumor cells and facilitating their seeding at the secondary metastatic site(s) (32,33). 

However, it remains unclear whether FDA-approved NE inhibitors, which are currently 

available for the treatment of COPD, could be effective in suppression of cancer metastasis. 

Based on these findings, we hypothesized that NE promotes breast cancer metastasis and 

could be genetically ablated or pharmacologically targeted to reduce metastatic disease.

In this study, we show NE-mediated effects in the breast tumor microenvironment have 

implications in metastasis. Using the PyMT breast cancer model of metastasis, we 

demonstrate that both the genetic and pharmacological blockade of NE decreases metastasis. 

Further, we show that blockade of NE is most effective following surgical removal of the 

primary tumor. Molecular analyses of NE-proficient and NE-deficient tumors identified a 

NE-modulated gene signature that can be used to predict metastasis in breast cancer patients. 

Collectively, our findings address a major gap in knowledge centered on elucidating the 

roles for NE in metastatic breast cancer and how pharmacological inhibition of NE can lead 

to inhibition of metastasis.

Materials and Methods

Patient samples and NE staining

For analysis of neutrophil elastase (NE) in breast tumors, 242 breast cancer patients with 

stage I-III breast cancer were enrolled in a prospective study between January 2000 and 

June 2010 (Lab00–222), approved by The University of Texas MD Anderson Cancer 

Center Institutional Review Board. Demographic, clinical, and pathologic data collected 

(see Supplementary Table S1) included age, stage at presentation, estrogen receptor (ER), 

progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) status, 

tumor grade and disease status at last follow-up. Paraffin-embedded tissue blocks were 

obtained from each tumor and unstained slides were subjected to immunohistochemical 

(IHC) analysis with NE (monoclonal antibody NP57, DAKO, Agilent Technologies, Santa 

Clara, CA) as a marker for tumor associated neutrophils (TANs). IHC analysis was 

performed as described (22) with the exception that antigen retrieval was omitted for 

NE-IHC because it destroys the epitope recognized by the antibody. Tumor sections were 

blindly scored by two pathologists and positivity was defined as greater than 5 TANs per 

40X high-power field; only NE-positive neutrophils within the tumor area were counted.
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Animal models and survival surgery

FVB/N-Tg (MMTV-PyVT)634Mul/J (PyMT) (RRID:IMSR_JAX:002374) and (FVB/NJ 

RRID:IMSR_JAX:001800) mice were purchased from the Jackson Laboratory (Bar Harbor, 

ME).All animals used in this study have a fully functional immune system, without 

any perturbations to neutrophil function or tumor antigen burden and were housed in 

specific pathogen free (SPF) conditions, per provisions laid by AAALAC (Association 

for Assessment and Accreditation of Laboratory Animal Care) and IACUC (Institutional 

Animal Care and Use Committee) protocols (34,35).The generation of Elane−/− (herein 

referred to as NE−/−), have been previously described (36). The NE−/− mice, originally in 

C57BL/6 (RRID:MGI:2159769) (purchased from Jackson Laboratroies) were backcrossed 

to FVB/N strain of mice for 12 generations to generate the FVB/NJ, NE−/−, which along 

with FVB/NJ, wild-type (WT) were bred and maintained at the MD Anderson Cancer 

Center vivarium. To generate PyMT, NE−/− mice, FVB/NJ (NE−/−) mice were crossed 

with Tg (MMTV-PyVT) 634Mul (PyMT) mice. All animals were housed in a specific 

pathogen-free barrier facility with food and water ad libitum. For the spontaneous PyMT 

tumor models, animals were routinely monitored for tumor incidence starting at 6–8 weeks 

of age and tumor development was assessed by palpation. Routine tumor measurements 

were performed by calipers and the net tumor volume was calculated as (LXW2) *0.5 

mm3. At endpoint, defined as the combined tumor volume (i.e. the sum of volumes of all 

mammary tumors in each mouse) reaching 1000mm3, the total number of tumor-bearing 

mammary glands were evaluated, and tumors were harvested, weighed, and stored for IHC 

and molecular analyses. For orthotopic tumor models, female mice at 12–14 weeks were 

used for mammary tumor implantation. FVB NE+/+ and FVB NE−/− were implanted with 

viable tumor fragments (20–40 mm3) harvested from PyMT NE+/+ and PyMT NE−/− mice, 

respectively. Tumor growth was measured using calipers and the net tumor volume was 

calculated as (LXW2) *0.5 mm3. For survival surgeries, tumors were allowed to grow to a 

size of 400–600mm3 or for 10 days following the start of AZD9668 treatment (described 

below). Thereafter, primary tumors were resected surgically, and animals were allowed to 

recover for 14 days. Mice were then monitored for tumor recurrence and/ or decline of 

health. In case of tumor recurrence, mice were sacrificed if the tumor reached 1000mm3 

in size. At endpoint, lungs were harvested for metastasis evaluation as described below. 

Survival was assessed using Kaplan-Meier curves. Differences in survival between NE+/+ 

and NE−/− were measured using the log rank Mantel-Cox test. To establish experimental 

lung metastasis, 0.5X106 4T1 cells (RRID:CVCL_0125) were injected intravenously (i.v.) 

into the tail vein of 12 week old BALB/c mice. Animals were euthanized 14 days later, 

lungs were perfused with 10% formalin via tracheal instillation and harvested for analysis, 

as described below. All animal studies were approved by the Institutional Animal Care and 

Use Committee (IACUC) at the University of Texas MD Anderson Cancer Center.

Evaluation of lung metastasis

Lungs were harvested from all tumor-bearing mice, fixed overnight in 10% formalin, 

embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E) as 

described previously (37). H&E-stained slides were scanned on the Aperio CS2 slide 

scanner (20X magnification) and subsequently analyzed for the number of metastatic foci 

in the lung sections using the counting tool on the Leica Imagescope v12.3 software. Lung 
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metastatic index (LMI) was calculated by determining the metastatic area/total lung area 

after manual annotation of metastatic tumor and unaffected lung using Leica Imagescope 

v12.3 software. Unpaired t-test with Welch’s correction was used to assess differences as a 

function of NE status.

Fibroblast isolation, sorting and culture

Cancer-associated fibroblasts were isolated from tumors of PyMT NE+/+ and PyMT 

NE−/− mice, following the dissociation of tumor tissues as described (38) with the 

following modifications. Specifically, the single cell suspension (following homogenization 

as described above) was stained with 1:100 dilution of PE-conjugated CD140a(PDGFRα) 

antibody (RRID:AB_2715974) (catalogue number 135905; BioLegend), washed with FACS 

buffer and filtered through 40 μm cell strainers for sorting. CD140a+ve fibroblasts were 

sorted using the Aria II sorter (BD Biosciences) at the North Campus Flow Cytometry 

Core Laboratory of MDACC. Sorted fibroblasts were subsequently cultured on Corning® 

BioCoat® Collagen I-coated Plates (Catalog # 354400, Sigma) using RPMI 1640 media + 

5% FBS. On reaching confluence, fibroblasts were harvested and used for RNA isolation 

and qRT-PCR.

TCGA and METABRIC breast cancer databases

In order to generate a NE-signature from the 12 genes identified in this study, The Cancer 

Genome Atlas (TCGA, https://www.cancer.gov/tcga) Breast Invasive Carcinoma PanCancer 

Atlas 2018 (https://www.cbioportal.org/study/summary?id=brca_tcga_pan_can_atlas_2018) 

and METABRIC (39), were interrogated, consisting of RNA-Seq and clinical data for 1082 

and 1904 breast tissue samples, respectively (40). The data were processed with a modified 

version of CrossHub (41), a tool for the multi-way analysis of TCGA transcriptomic and 

genomic data. Log2 normalized gene expression as well as clinical data for both TCGA 

BRCA and METABRIC were downloaded from cBioPortal (https://www.cbioportal.org/)

(42). For overall and recurrence-recurrence-free survival analyses, the median expression 

was used to define “high” and “low” expression cohorts for each gene and the NE-signature. 

Survival was assessed using Kaplan-Meier curves, and the log-rank test was used to define 

statistical differences.

AZD9668 treatments

AZD9668, whose structure and methods of synthesis were previously described (43), was 

synthesized by WuXi AppTec according to synthesis provided in its published patent from 

AstraZeneca, using the synthesis schema described in example 7 in the patent [(44) https://

patentscope.wipo.int/search/en/detail.jsf?docId=WO2010094964). NMR spectrometry, LC-

MS and HPLC analyses was performed to confirm the purity of and the metabolites profile 

of AZD9668 (Supplementary Data 1). All analyses show that the purity of the compound is 

98–99.8%. For all experiments, AZD9668 was administered at a dose of 100mg/kg, B.I.D., 

by intraperitoneal (I.P.) injection (up to a 100μL injection per animal). The formulation of 

AZD9668 was: 20% DMSO, 60% PEG-400 and 20% water, per injection. Body weight and 

body mass were used to assess toxicity during the course of treatment. In case of signs of 

toxicity or distress, mice were given drug holidays till recovery. At the endpoint, toxicity 
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was assessed by evaluating the complete blood count panel from vehicle and AZD9668 

treated animals.

Statistical analysis

All experiments were performed in triplicates and results were expressed as mean ± standard 

error (SE). Power analysis taking a 1:2 ratio between the NE−/− and NE+/+ animals, was 

used to determine the minimum number of mice to be used in each experiment. Data were 

analyzed using an unpaired t-test with Welch’s correction with a p-value of <0.05 considered 

to be statistically significant. For all survival studies, Kaplan-Meier (KM) curves were 

used to determine differences between cohorts. The log-rank Mantel-Cox test was used to 

indicate statistically significant differences in KM curves.

The detailed procedures for elastin staining and quantification Isolation of immune cells 

(from tumors and peripheral tissues) and fibroblasts from tumors, flow cytometry and 

analysis, RNA sequencing, Reverse Phase Protein Array (RPPA) analysis, human cell 

xenograft studies, qRT-PCR, PK determination of AZD9668 Neutrophil Elastase activity 

are included in the Supplementary Materials and Methods.

Data Availability—The RNA-seq data generated from tumors from PyMT NE+/+ and 

PyMT NE−/− mouse models presented in this study have been deposited at the Gene 

Expression Omnibus repository: Accession numbers GSE217980.

Results

Neutrophil elastase (NE) positive TAN predict recurrence in breast cancer patients

To understand the role of NE in patients with invasive breast cancer, we examined 

the correlation between NE expression in breast tumor samples, patient outcomes and 

clinicopathologic parameters. For this study, we performed immunohistochemical (IHC) 

staining for NE on tumor samples from 242 patients diagnosed with stage I-III breast cancer, 

prospectively collected at The University of Texas MD Anderson Cancer Center (Figures 

1A, 1B). Since NE expression is restricted to neutrophils and neutrophil precursors (45) 

NE positive tumors from patients were also called TAN high (i.e. positive) for all analysis. 

The median follow-up was 6.1 years; receptor status was as follows: 67% ER and/or PR 

positive; 15% HER-2 positive and 18% triple negative (Supplementary Table S1). For 

this patient cohort, full tumor blocks were available, allowing our pathologists to examine 

representative areas of tumor epithelium and include the peritumoral area where tumor-

associated neutrophils (TANs), a major source of NE, often localize (Figure 1A). Positivity 

was defined as greater than 5 TANs per 40X high-power field (HPF) with only NE-positive 

neutrophils within the tumor area being counted. Breast tumors with high levels of TAN 

(TAN high and positive), defined as greater than 15 TANs per high-power field, were present 

in 45 of 242 tumors (19%) and correlated with a significantly poorer recurrence-free survival 

(RFS) compared with those tumors with low levels of TAN [i.e. TAN low (less than 15 per 

40X HPF) or no TAN (TAN negative) (197/242 i.e. 81.4%)] (Figure 1B). High levels of 

TANs were significantly associated with low ER, low PR, TNBC status, high tumor grade, 

and disease recurrence on univariate analysis (Supplementary Table S1). Cox proportional 
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hazards analysis revealed that high levels of TAN were independently prognostic of RFS and 

were associated with a hazard ratio of 2.4 (95% CI, 1.1–5.5) for RFS (Supplementary Table 

S2).

Genetic ablation of NE inhibits breast cancer metastasis and extends survival in the PyMT 
model of breast cancer

To investigate NE involvement in breast cancer metastasis, we used a model that mimics 

the properties of human neutrophils, specifically elevated Elane enzyme activity as observed 

in human cancers (46,47). Mutations in the Elane gene, lead to misfolding of the protein 

and thus loss of enzyme activity. However, these mutations are primarily reported in cases 

of cyclic and severe congenital neutropenia (46). Such enzyme function altering mutations 

in Elane have not been reported in cancer thus far. On the contrary, there is increased 

Elane enzyme activity in tumors, none of which is attributed to Elane mutations (47). The 

autochthonous breast cancer murine model (PyMT), in which the polyoma virus middle 

T antigen is expressed specifically in mammary epithelial cells under the control of the 

mouse mammary tumor virus promoter closely mimics the human breast cancer model 

with comparable neutrophil elastase enzyme activity. Further, this model allowed for both 

genetic ablation and/or pharmacological inhibition of Elane and thus allows for testing the 

therapeutic benefits of no/low human NE enzyme activity in the tumor microenvironment, 

which was used in all our studies.

Female PyMT mice develop mammary gland hyperplasia by 6 weeks of age. The 

hyperplasia progresses through multiple stages of tumor development, mimicking human 

breast cancer (48,49). Mature female PyMT mice accumulate considerable metastatic burden 

in the lungs, which can be assessed by histology at 12 weeks of age. We bred PyMT 

mice (FVB background) with NE−/− mice, also in the FVB background, and subsequently 

monitored them and NE+/+ PyMT controls for breast cancer development and metastasis. 

Evaluation of pulmonary metastasis (the predominant distant site of metastasis (48)) in this 

PyMT model revealed that NE-deficiency significantly reduced the number of metastatic 

foci (range=1–8 foci in PyMT NE−/− mice, N= 14) compared to PyMT NE+/+ mice (range 

= 1–38 foci, N= 27) at 12 weeks of age (Figures 1C–1E). The size and number of metastatic 

foci in the lungs were diminished significantly in NE−/− mice (Fig. 1C–1E). Further, the 

incidence of metastasis was 90% (N=27/30 mice) in the PyMT NE+/+ background as 

compared to 66.6% (N=14/21 mice) in PyMT NE−/− mice (p=0.0389, Chi square analysis). 

Little (less than 2%) to no metastases were observed in other distant organs such as liver 

or bone marrow as previously described (50,51), as confirmed by evaluating the CD45-ve 

cells (putatively metastasized tumor cells) in bone marrows isolated from PyMT mice. 

CD45-ve cells accounted for less that 5% of all live cells, with no statistically significant 

differences between the two genotypes. (Supplementary Figure S1A).To confirm that the 

reduced metastasis was indeed a result of differential NE activity, we stained the lungs of 

both non-tumor-bearing and tumor-bearing mice with elastin, a cleaved substrate of NE (52) 

and thus correlative to NE activity and expression in tumors (53).

Under non-tumor bearing conditions, elastin levels in lung were comparable between FVB 

NE+/+ and FVB NE−/− mice (Supplementary Figure S1B). However, under tumor-bearing 
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conditions, elastin levels were significantly (p=0.02) higher in the lungs of PyMT NE−/− 

mice, suggesting that elastin was cleaved in lungs of PyMT NE+/+ mice (Figures 1F and 

1G).

Lastly, to confirm that the effects of NE knockout are independent of the genetic background 

of the mice, we performed tail vein injections of 4T1 cells in BALB/c NE+/+ and BALB/c 

NE−/− mice. Fourteen days post-injection, we observed that BALB/c NE−/− mice had 

a 50% reduction in lung metastasis (p=0.006) compared to the BALB/c NE+/+ mice 

(Supplementary Figure S1C). Similar to the PyMT model, primary tumor growth was 

unaffected in the 4T1 model (BALB/c background) (Supplementary Figure S1D). No 

inherent differences in the neutrophil composition were observed between FVB NE−/− and 

BALB/c NE−/− mice (Supplementary Figure S1E). These data suggest NE promotes breast 

cancer metastases in the lungs, regardless of genetic background of the mice.

To assess the effect of NE on primary breast tumors, we evaluated whether NE altered 

normal or malignant growth in the mammary glands. We did not detect differences 

in mammary gland development in non-tumor bearing NE+/+ and NE−/− FVB mice, 

as assessed by mammary fat pad filling by the epithelial tree (Supplementary Figure 

S1F), suggesting minimal if any role for NE in normal mammary gland development. 

Additionally, NE did not affect primary tumorigenesis as assessed by the percentage of 

tumor-free mice over time (Supplementary Figure S2A). Mammary tumors were also 

collected from the PyMT NE+/+ and PyMT NE−/− mice at endpoint of 14–16 weeks 

and tumors were measured revealing that both genotypes had comparable tumor burden 

(Supplementary Figure S2B). Further, the number of mammary gland bearing tumors per 

mouse, was not statistically different between the two genotypes and the tumors had similar 

doubling times (Supplementary Figure S2C and S2D), respectively. Collectively, these 

data provide evidence that NE has minimal effect on primary breast tumor development 

and growth. We also examined the histology of the primary tumors in PyMT NE+/+ 

and PyMT NE−/− models. Assessment of hematoxylin and eosin (H&E) stained sections 

of these tumors revealed four major histologies- solid, alveolar/tubular, papillary and 

adenosquamous (54), at similar frequencies between both genotypes (Supplementary Figure 

S2E). Collectively, these data indicate that while NE promotes lung metastasis, it has 

minimal effect on primary breast tumor development and growth.

NE-mediated inhibition of lung metastasis extends recurrence-free survival in the 
orthotopic PyMT model of breast cancer

To assess the impact of NE on lung metastasis, independent of the primary tumor growth, we 

examined if the ablation of NE in a post-surgical setting affected metastasis-free survival. To 

this end, we orthotopically implanted PyMT tumors in the mammary fat pads of FVB NE+/+ 

and FVB NE−/− mice and subsequently performed survival surgery to allow metastatic 

growth in the absence of the primary tumor. Once the tumors reached 400–600 mm3 in 

size (40–50% of the size of the spontaneous tumors at 12 weeks), the primary tumor was 

resected (survival surgery) and mice were followed for tumor recurrence, metastasis, and 

health decline (Figure 2A). Primary tumors were comparable is size between the NE+/+ and 

NE−/− genotypes at resection (Supplementary Figure S2F). The findings demonstrate that 
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tumors in both genotypes required approximately 50 days to attain an average volume within 

the range of 400–600mm3, a critical threshold for conducting survival surgeries. Tumor 

recurrence occurred in 70% of the NE+/+ group post resesection. Strikingly, post survival 

surgery, removal of NE significantly prolonged (by 5-fold) survival of FVB NE−/− mice 

compared to FVB NE+/+ mice (overall survival= 270 days vs 46 days, respectively, Figure 

2B). Moreover, the time to lethal metastatic burden development was significantly shorter in 

FVB NE+/+ mice. Specifically, metastasis related events were significantly delayed in FVB 

NE−/− mice (metastasis-free survival = 345 days) compared to FVB NE+/+ mice, whereby 

day 46, 11 out of the 12 mice succumbed to death due to metastasis (Figure 2C). Further, 

evaluating the extent of metastasis, as measured by lung metastatic index (LMI), showed that 

84% of FVB NE+/+ mice died of LMI >5% (at 46 days), compared to 54% in the FVB 

NE−/− at the one-year mark (Figure 2D). H&E analysis of lung tissue (day 46) showed 

that metastatic tumors in FVB NE+/+ mice were carcinomas that colonized the entire lung 

(i.e. entire normal lung parenchyma). By contrast, metastatic tumors in FVB NE−/− mice 

(day 176) tended to be adenomas that did not colonize all lobes of the lungs (Figure 2E). 

Collectively, these results suggest that ablation of NE activity benefits survival outcomes and 

reduces the severity of metastatic disease following primary tumor resection.

Immune responses in PyMT tumors are NE independent

To understand whether NE altered immune composition in tumors, lungs, or hematopoietic 

organs, we performed immune profiling studies in 12–14 weeks PyMT NE+/+ (n=5) and 

PyMT NE−/− (n=5) mice. Only neutrophil accumulation in mammary tumors was modestly 

mediated in part by NE, as judged by the reduced number of neutrophils found in tumor 

tissue volumes (i.e., counts per mg tissue) in PyMT NE−/− versus PyMT NE+/+ animals 

(Supplementary Figure S3A, Supplementary Tables S3 and S4). All other immune subsets 

were comparable between PyMT NE+/+ versus PyMT NE−/− mice; neutrophil frequencies 

within the CD45+ population and the proportion and absolute number of other immune 

populations analyzed were not affected by NE (Supplementary Figure S3B). Since the 

numbers of immune cells between the two genotypes were unchanged, we examined if 

there are any T cell specific changes between the immune subsets in each genotype. 

T-cells were assessed using a focused T-cell antibody panel consisting of markers such 

as PD-1, Tregs, naïve and memory cells in each of the CD4 and CD8 T-cell population. We 

hypothesized that if T-cells were indeed playing a role in inducing metastasis as a function 

of NE, then in the NE−/− mice, a greater CD8 T-cell accumulation could be associated 

with reduced metastasis. However, the analysis revealed that there were no statistically 

significant differences between the naïve and effector CD4 or that of CD8 T-cells, nor was 

there a significant change in the PD-1 expression or any changes in Tregs between the two 

genotypes (Supplementary Figure S4). Thus, T-cells were comparable between the PyMT 

NE+/+ and PyMT NE−/− mice. Furthermore, no significant NE specific changes [by percent 

or absolute counts] in monocytes or tumor associated macrophage populations were detected 

between the two genotypes (Supplementary Figure S3). Taken together, this data suggests 

that the differential metastasis between PyMT NE+/+ and PyMT NE−/− is unlikely to be 

attributed to tumor inflammatory pathways.
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NE mediates transcriptional alterations in cytoskeletal signaling pathways in PyMT tumors

Given the similarities in the immune milieu of both genotypes, we next examined if there 

were proteomic differences as a function of NE in the clinical setting. The correlation 

between the NE-positive infiltrate and cancer cell signaling pathways was examined by 

subjecting tumor lysates from the 242 patients (from Figure 1) who had fresh frozen tissue 

available for RPPA (Reverse Phase Protein Array) analysis (Supplementary Figure S5A). 

Comparison of breast tumors with high expression for TAN (45/242) and breast tumors 

with low expression for TAN (197/242) using the Mann-Whitney U-test revealed differences 

in the abundance of several signaling intermediates (Supplementary Figure S5B). High 

levels of p90RSK phosphorylated at threonine 359/serine 363 (phosphorylation catalyzed 

by ERK) and Rb phosphorylated at serine 807 were strongly associated with the presence 

of NE-high TAN (Supplementary Figure S5A). However, while both p90RSK -pT359/S363 

and Rb proteins have key roles in cell cycle signaling pathways, neither protein is a direct 

substrate of NE that could enhance metastasis. These results suggest that NE likely may 

have two roles, one through the activation of cell cycle/signaling pathways and the other 

by reprogramming the transcriptional roles of NE in the metastatic setting. To interrogate 

this hypothesis, we examined RNA expression profiles of mammary tumors resected from 

PyMT NE+/+ (n=5) and PyMT NE−/− (n=5) mice (12 weeks of age). Flow cytometry 

analysis of the dissociated tumor tissue showed that epithelial cells comprised more than 

95% of the isolated PyMT tumors in both genotypes (Supplementary S6A) and hence the 

RNA-seq results are primarily representative of mammary tumor (i.e. epithelial) cells. Using 

a cutoff of p-value <0.05 (adjusted p-value 0.34) and absolute fold change of >2.0, RNA-seq 

analysis identified 560 significant differentially expressed genes (DEGs), between the two 

cohorts, as depicted by heatmap of these DEGs per mouse (Fig 3A) and by volcano plot per 

cohort (Fig 3B). The 560 DEGs (166 upregulated and 394 downregulated) were subjected to 

Ingenuity Pathway Analysis (IPA). This revealed multiple pathways that affect cytoskeletal 

signaling in cancer cells, including Actin cytoskeleton signaling, Rho kinase signaling, 

Paxillin signaling and ILK signaling, which were among the top enriched pathways in PyMT 

NE−/− tumors (Figure 3C). Collectively, these pathways contribute to the cell matrisome 

(55). Gene ontology (GO analysis) using the PANTHER database (56) confirmed that 123 

of the 560 DEGs belonged to the matrisome class of proteins (22% of DEGs) (Figure 3D), 

with ECM and cytoskeletal proteins contributing to the majority of the DEGs identified 

within the 123 gene subset. Examination of these 123 genes in the Matrisome database 

(57) (http://matrisomeproject.mit.edu/) further subclassified these genes into secreted factors 

and ECM proteoglycans (Figure 3E), which are critical for cell-to-cell communication and 

motility.

We next validated the 32 key genes within each of the pathways represented in the 123 

gene subset (all in the Matrisome protein class) by qRT-PCR analysis. These experiments 

identified 19 genes (Supplementary Table S5) that were significantly altered in PyMT 

NE+/+ (n=5) as compared to PyMT NE−/− (n=6) tumors (Figure 4A). Of these 19 genes, 

9 genes were significantly upregulated and 3 were significantly downregulated (including 

SERPIN11B, PRTN2 and LEF1) in NE-deficient mice in both the preneoplastic mammary 

glands (Supplementary Figure S6B) and PyMT tumors (Figure 4A), suggesting their NE-

specific role in the tumor microenvironment. Due to the contribution of cancer-associated 
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fibroblasts (CAFs) in the alteration of cellular cytoskeletal proteins, specifically in the 

dissemination and migration of cancer cells (58), we next set out to evaluate if the CAFs 

were a predominant component of the RNA-seq data generated from the tumor tissues. 

To this end, we quantitated the CAF specific CD140+ cells in PyMT NE+/+ and PyMT 

NE−/− tumors by flow cytometry and found that CAFs contributed to only 1% or less of the 

total tumor population (Supplementary Figure S6C). Thus, the RNA-seq signature generated 

from our studies was primarily attributed to tumor cells. Lastly, despite that CAFs were 

only 1% of the total tumor population, we validated their gene signature by isolating CAFs 

from PyMT NE+/+ (n=4) and PyMT NE−/− (n=4) tumors (Figure 4B). These analyses 

revealed significant overexpression of IL33 (5-fold) in CAFs from PyMT NE−/− tumors 

compared to PyMT NE+/+ tumors. IL33 is a known substrate of NE (59), and its cleaved 

forms have recently been shown to be upregulated in metastases-associated fibroblasts in 

mouse models of spontaneous breast cancer metastasis and in patients with breast cancer 

with lung metastasis. qRT-PCR enables the measurement of unprocessed (uncleaved) RNA 

transcripts of IL33 at the molecular level. Consequently, the levels of these unprocessed 

RNA transcripts are expected to increase in NE−/− models, as depicted in Figure 4B.

A NE−/− specific signature predicts for favorable recurrence-free and overall survival in 
breast cancer patients

Based on our findings that NE-deficient mice have significantly longer metastasis-free 

survival (Figure 2), we next hypothesized that the NE specific gene signature, which we 

derived from our mouse models, can be used to predict recurrence-free survival (RFS), 

progression-free survival (PFS) and overall survival (OS) in breast cancer patients. To this 

end, we interrogated the METABRIC (39,40) and the Cancer Genome Atlas (TCGA) (60) 

databases for RNA expression of the 12 genes that we had identified as downregulated 

by NE (Figure 4A) in primary breast tumors. Specifically, we hypothesized that patients 

presenting with higher expression of the 12 NE-downregulated genes are likely to have 

better outcomes, compared to those with lower expression. Using median RNA expression 

as the cut-off, patients were thereafter stratified as “low” and “high” for each gene. We only 

included those patients with either all high or all low expression in each of the 12 genes 

and evaluated RFS and OS (METABRIC), or PFS and OS (TCGA) for the breast cancer 

patient cohorts in each database. An NE-specific gene signature was then generated using 

the genes that showed significant differences in RFS/OS or PFS/OS for individual genes, 

in each database (Supplementary Figure S7). As seen in Figures 4C–4F, 4 of the 12 NE-

downregulated genes predicted outcomes. Specifically, IL33, MYBPC1 and TNNT3 were 

predictors of OS and RFS in the METABRIC dataset, while IL33, MYBPC1 and TRIM63 

were predictors of OS and PFS in the TCGA dataset (Figure 4E, 4F). The outcome data 

for RFS in METABRIC or PFS in TCGA databases revealed that “high” expression cohorts 

experienced a significant survival benefit of 5 and 4 years in METABRIC (p=0.0016) 

and TCGA (p=0.0002), respectively. Similarly, the outcome data for OS in both databases 

revealed that “high” expression cohorts experienced a significant survival benefit of 8.2 and 

1.3 years in METABRIC (p<0.0001) and TCGA (p=0.0019), respectively. The combined 

3-gene signature was a better predictor of both RFS and OS, compared to any gene alone 

in each of the databases (Supplementary Figures S7A–S7D). Collectively, the patient data 

reveal that elevated expression of IL33, MYBPC1 and TNNT3 in METABRIC, and IL33, 
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MYBPC1 and TRIM63 in TCGA, can be used to predict the likelihood of RFS or PFS and 

OS in breast cancer patients, suggesting NE-regulated pathways affect breast cancer survival 

outcomes.

Pharmacologic inactivation of NE inhibits lung metastasis

The striking inhibition of metastasis upon genetic removal of NE in PyMT mice (Fig. 1C 

and D), suggested an opportunity for translation of these findings using an NE inhibitor, 

AZD9668 (61). AZD9668 is an orally active and fully reversible inhibitor of NE (43) 

that has been used in phase I and II clinical trials in patients with chronic obstructive 

pulmonary disease (COPD) (62–64). AZD9668 is well tolerated at single doses up to 150mg 

and multiple doses up to 70mg twice daily in both healthy volunteers as well as those 

patients with COPD, and adverse events were similar for AZD9668 and placebo in these 

clinical trials (62–64). To date, AZD9668 has not been used for the treatment of patients 

diagnosed with cancer. Due to the key roles of NE in breast cancer growth and metastasis 

we hypothesized that AZD9668 would be an effective therapy for inhibiting breast cancer 

metastasis in the autochthonous PyMT-NE+/+ model. We found effective dosing and NE 

inhibition in mice using AZD9668 administration [Intraperitoneal (IP)] at 100mg/kg daily 

(Supplementary Figure S8A). Moreover, AZD9668, but not AZD5069, a reversible inhibitor 

of CXCR2 (the chemokine receptor for NE, also used for the treatment of COPD) (65) 

inhibited NE in cell-free NE activity enzyme assays (Supplementary Figure S8B).

To test whether AZD9668 suppressed pulmonary metastasis, we treated PyMT-NE+/+ mice 

with AZD9668 (100mg/kg, BID, IP) or DMSO (n=11 in each treatment arm). Treatment was 

initiated at 7 weeks of age and was maintained for up to 14 weeks age. Mice were sacrificed 

as tumors reached the maximum allowable tumor burden or a moribund state, at which point 

mammary tumors and lungs were harvested for analysis. Percent tumor-free mice in PyMT 

NE+/+ mice was unaffected by AZD9668 treatment, with comparable tumor incidence as 

function of time noted as in the vehicle-treated mice (Figure 5A). Doubling times of PyMT 

tumors and endpoint tumor burden were also comparable between the vehicle and AZD9668 

treated cohorts (Figures 5B–5C). AZD9668 treatment was also well tolerated, resulting 

in no significant changes in body weight vs. controls (Supplementary Figure S8C). We 

also examined the cellular substrates of AZD9668 by measuring the expression of TSP-1 

(a specific substrate of NE (4,32)) in both PyMT NE+/+ versus PyMT NE−/− mice as 

well as AZD9668 versus vehicle treated FVB NE+/+ mice. As seen in the western blot 

analysis presented in Supplementary Figure S8D, we show that TSP-1 expression is low to 

undetectable in the tumors derived from PyMT NE+/+ mice, but the levels increase in each 

of the tumors derived from PyMT NE−/− mice, showing that in the absence of NE, TSP-1 is 

protected from being degraded. Similarly, when we treated the FVB mice transplanted with 

the PyMT NE+/+ tumors with AZD-9668, TSP-1 protein was protected from degradation 

seen in the vehicle treated tumors (Supplementary Figure S8E).

Strikingly, histological assessment of the lungs revealed reduced metastatic burden in mice 

treated with AZD9668 compared to DMSO-treated controls (Figure 5D). Moreover, the 

number of lung metastatic foci (Figure 5E) were significantly fewer and the percentage 

of tumor area to normal lung parenchyma (Figure 5F) in AZD9668-treated mice were 
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appreciably smaller compared with vehicle-treated mice (0.49+/−0.21% vs. 0.03+/−0.01%, 

p=0.05). These results indicate that the pharmacological inhibition of NE using AZD9668 

treatment significantly inhibits breast cancer pulmonary metastasis in PyMT mouse model 

with similar efficacy as genetic deletion of NE.

Studies in the immune competent PyMT model were confirmed using immune compromised 

xenograft models of human cell lines MDA-MB-231 and MDA-MB-468. In these 

xenograft models, treatment with AZD9668 significantly delayed primary tumor growth 

(Supplementary Figure S9A–B) concomitant with reduced BrDU incorporation, suggesting 

fewer cells in the S-phase of the cell cycle (Supplementary Figures S9C and S9D). 

Quantitation of BrDU staining indicated these differences were statistically significant 

between vehicle and AZD9668 treatment arms (Supplementary Figures S9E–F).

To assess if AZD9668 impacts cytoskeletal signaling in the tumor microenvironment, we 

interrogated expression of the 19 gene signature we identified (Figure 4A). Of these, 13 

genes were significantly altered in AZD9668 treated tumors, including NE-specific genes, 

similar to changes observed the NE-deficient mice (Figure 5G). Moreover, the same four 

NE-downregulated genes (IL33, Mybpc1, Tnnt3 and Trim63) shown to predict favorable 

RFS or PFS and OS in breast cancer patients (Figure 4 C–F) were also expressed at greater 

amounts in the PyMT tumors from AZD9668-treated mice (Figure 5G), in agreement with 

their inhibition by NE. Thus, overall, the NE-specific inhibitor AZD9668 replicates the 

phenotypic and molecular changes observed in PyMT-NE−/− mice.

We next examined the impact of AZD9668 treatment on lung metastasis, independent of 

primary tumor growth. To this end, we assessed if pharmacological inhibition of NE in 

a post-surgical setting affected metastasis-free survival (Figure 6). PyMT NE+/+ tumors 

were orthotopically transplanted into 30 FVB NE+/+ mice and, following 7–10-day recovery 

time from surgery, mice were treated with AZD9668 (100 mg/kg BID, IP) or DMSO for 

10 days, at which point the primary tumors reached 400–600 mm3. The primary tumors 

were resected, and mice were treated for an additional 90 days with either AZD9668 

(100mg/kg, BID, IP) or DMSO. At the end of 90 days, treatments were discontinued, and 

mice were monitored for recurrence and/or death due to metastasis (see the experimental 

flow, Figure 6A). Survival studies showed that AZD9668 treatment of NE+/+ tumors 

effectively mimicked genetic NE-deficiency. Specifically, results revealed that treatment of 

mice with AZD9668 increased time to median OS from 94 days (vehicle/DMSO) to 464 

days (Figure 6B). Similarly, for metastasis-free survival, the endpoint was not achieved 

in the AZD9668 treated mice, while majority of the vehicle/DMSO mice succumbed to 

metastasis by day 91 (Figure 6C). One observation that was distinct between the AZD9668 

treated and NE-deficient mice was that, upon treatment with AZD9668, mice were either 

non-responders (succumbed to metastasis within the first 100 days post survival surgery) or 

were super-responders (only 1–3 events (i.e. deaths) between days 100–400 post survival 

surgery). In the NE-deficient mice, there were no such groups observed, with the majority of 

the mice starting to decline later than 120 days from survival surgery.

We also evaluated RFS (for primary tumor alone) and observed that AZD9668 treated 

mice had fewer primary tumor recurrences compared to vehicle treated mice (RFS= 
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53 days for vehicle/DMSO vs. not achieved for AZD9668) (Figure 6D). Lastly, at the 

molecular level, even 10 days of treatment with AZD9668 resulted in alteration of 

expression of cytoskeletal genes with the levels of all the 19 genes (from Figure 4) 

including the four NE-downregulated biomarker genes (IL33, Mybpc1, Tnnt3 and Trim63) 

increasing following treatment (Figure 6E). Collectively, our studies suggest that treatment 

with AZD9668 mimics NE-deficiency and induces similar transcriptional alterations in 

cytoskeletal signaling within the breast tumor microenvironment.

Discussion

The most common cause of death in breast cancer patients is due to metastasis. Furthermore, 

it is not clear whether the current systemic therapies are eradicating micro-metastasis 

(metastatic disease) or just eliminating local-regional disease and therefore preventing 

metastasis. In this study, we demonstrate that NE promotes pulmonary metastasis in 

the PyMT autochthonous mouse model of breast cancer. This presents a rationale for 

therapeutically inhibiting NE with AZD9668, an NE inhibitor already used in multiple 

clinical trials for various lung diseases (61). Strikingly, AZD9668 significantly repressed 

PyMT lung metastases, suggesting the potential to directly target human pulmonary breast 

cancer metastasis with this agent. Furthermore, based on NE effects on tumor gene 

expression, we generated a NE-related gene signature encompassing 4 genes downregulated 

by NE (IL33, Mybpc1, Trim63 and Tnnt3), which predict outcomes in breast cancer patients 

and may be useful in monitoring response to AZD9668.

Several previous studies have demonstrated that NE significantly impacts tumor progression 

by inhibiting tumor growth and/or preventing tumor development in various mouse models 

of cancer (20,22,29–31). Mechanistically, these growth inhibitory functions of NE can be 

attributed to either NE-mediated activation of mitogenic pathways such as the EGFR-MAPK 

signaling (22) or NE-mediated inhibition of tumor suppressors such as IRS-1, EMILIN1.

In contrast to the pro-tumorigenic roles of NE we describe in our current study, a recent 

report from Cui et al (66) described the apoptotic role of NE, as a mechanism of preventing 

tumorigenesis. While the authors elegantly demonstrate apoptosis using PMN cultures, 

there are several differences between our two studies that have led to different outcomes 

and conclusions: 1) All the PMN cultures in the Cui study were derived from “healthy 

volunteers” and not cancer patients. Thus, the apoptosis phenomenon is not surprising, 

given the inherent nature of neutrophils to recognize and kill any foreign entity (67). PMNs 

from healthy volunteers, in most circumstances, are naïve to cancer cells and have not 

been re-programmed like the neutrophils in the tumor microenvironment. Thus, the primary 

foreign entity or antigen was missing in these studies. 2) Most of the in vitro and in vivo 
studies performed used their PMN cultures in short-term experiments. Reprogramming of 

immune cells in the tumor microenvironment is a gradual process in tumorigenesis (68) 

and hence, the Cui study may only be representative of early anti-tumorigenic properties 

of NE, perhaps even before primary tumors are completely developed. 3) The dose of NE 

used and the mode of delivery in tumors (intratumoral injection) are not physiological or 

clinically achievable. It is likely that at physiological doses of NE, it has pro-tumorigenic 

effect, however at the higher doses, that surpasses physiological levels, that NE shifts to 
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becoming cytotoxic. Hence, the apoptosis responses observed in the Cui paper may not be 

a direct consequence of neutrophils releasing NE when exposed to cancer cells, examines 

short term effects and early stages in tumorigenesis, and not translatable to experimental 

systems at physiological doses of NE that can impact metastasis.

In our study, we observed no differences in tumor incidence or tumor growth between the 

PyMT NE+/+ and PyMT NE−/− transgenic mice (Supplementary Figure S2A, B), and only 

a slight, albeit not statistically significant, increase in growth rate in the transplanted PyMT 

NE−/− tumors compared to PyMT NE+/+ tumors (Supplementary Figure S2F). However, 

NE was consistently critical for lung metastasis and tumor recurrence in our mouse models 

(Figures 1 and 2), demonstrating its role beyond primary tumor growth. Molecular analysis 

of tumors derived from PyMT-NE−/− and PyMT-NE+/+ mice further validated our findings, 

where no significant alterations were found in cell cycle and other tumor proliferation 

pathways (Figure 3). Moreover, the immune milieu between PyMT-NE−/− and PyMT-

NE+/+ tumors was similar (Supplementary Figure S3 and Supplementary Figure S10), 

thus indicating that there are underlying properties intrinsic to the tumor microenvironment 

(TME) that promote metastasis in an NE-sufficient background. Of note, neutrophil 

frequencies within the CD45+ population were not affected by NE (Supplementary Figure 

S3B), suggesting that changes in NE mediated transcriptional reprogramming of the 

primary tumors is not likely mediated by changes in neutrophils. Transcriptomic and IPA 

analysis revealed that cytoskeleton pathways were the main differentially regulated pathways 

between the PyMT-NE−/− and PyMT-NE+/+ tumors (123 DEG’s, 65% up-regulated and 

35% downregulated, Figure 3B). While these genes and pathways identified in our study 

are “protumorigenic” and “prometastatic”, that these pathways are also critical in TME for 

contractility and expansion of tissues. In the context of NE−/−, the hypothesis emerging 

from these analysis is that the absence of NE increases signaling in these pathways to 

promote more contractility, by activating the contractile proteins. This limits motility and 

hence an “up-regulation” of these genes are observed. In fact, qRT-PCR analysis of CAFs 

further indicated that NE-specific substrates such as IL33 could be differentially secreted in 

the TME, thus aiding the differential cytoskeletal composition of the PyMT tumors in the 

NE−/− vs. NE+/+ backgrounds. (Figure 3).

The cellular cytoskeleton, composed primarily of actin and myosins, is known to aid tumor 

progression and metastasis by regulating cell polarity, adhesion, and migration (69,70). NE 

is also one of the most diverse proteolytic enzymes whose roles in both NET (71) and 

TME remodeling have been described in multiple studies (32,72,73), but these roles of NE 

are not restricted to just one mechanism. For example, NE can promote angiogenesis by 

cleaving VEGF and PDGF in esophageal cancers (72). Similarly, NE specific proteolysis of 

proteins such as P-selectin (73), laminin and TSP-1 (32) have been noted in previous reports 

and shown in our study (Supplementary Figures S8D and S8E), each leading to a distinct 

phenotype (e.g. transmigration, tumor growth, tumor cell adhesion etc.) in the corresponding 

mouse models. TSP-1’s function goes beyond being a NE specific substrate as it has been 

implicated in migration and invasion as a function of cyclin D1 expression (74). Hence, 

there is not just one mechanism by which NE can remodel the TME. Our study provides 

the novelty in that we show that the TME remodeling is not restricted to the proteolytic 

or NET functions of NE, but is also seen at the transcriptomic level. The survival surgery 
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data (Figure 2) demonstrates that long-term absence of NE not only delays metastasis, 

but also reduces the grade of recurred tumors. Thus, the transcriptomic reprogramming of 

tumors is a key mechanism that we propose based on the data presented in our study. Our 

data also suggests that NE-deficient tumors have increased cytoskeletal activity compared 

to NE-proficient tumors, which may prevent the NE-mediated “loosening” of the TME 

that enables cancer cells to more readily leave the TME and metastasize. Specifically, the 

genes IL33, Mybpc1, Tnnt3 and Trim63 form an NE-downregulated gene signature that can 

distinguish tumors that are more likely to metastasize. Retrospective analyses of primary 

tumors using the TCGA and METABRIC datasets revealed that the four-NE-downregulated 

gene signature can be used as potential biomarkers to predict recurrence-free or progression-

free survival as well as overall survival (Figure 4).

In addition to identifying an NE-regulated gene signature that can predict breast cancer 

patient outcomes, we also show that pharmacological inhibition of NE (by AZD9668) 

significantly reduces pulmonary metastasis and primary tumor recurrence and improves 

overall and metastasis-free survival in PyMT-NE-sufficient tumors. Our study demonstrates 

the effective use of NE inhibitors in the adjuvant setting i.e. post primary tumor resection. 

We are proposing the use NE inhibitors alongside of standard of care in patients in 

future clinical trials. AZD9668 has been well tolerated in our animal model. Moreover, 

AZD9668 has been shown to be well tolerated in healthy individuals and was found to 

possess favorable pharmacokinetics in phase I clinical trials (62). In phase II clinical trials, 

AZD9668 did not alleviate the symptoms of COPD patients (64) and had limited benefit 

in patients with bronchiectasis and cystic fibrosis (75). However, AZD9668 diminished 

levels of pro-inflammatory biomarkers in the bloodstream and levels of NE-specific elastin 

catabolites, desmosine and isodesmosine in the urine of patients (75) and inhibited patient-

derived neutrophils (76). Oral administration of AZD9668 to rats or mice prevented NE-

induced lung injury and reduced inflammation following exposure to cigarette smoke (76). 

These findings, together with those we present in this report, suggest that AZD9668 may be 

an effective inhibitor of NE in breast cancer.

In summary, we provide evidence that NE is an important factor contributing to the 

pro-metastatic role of neutrophils in breast cancer. Using AZD9668, we show that 

pharmacological inhibition of NE greatly reduces pulmonary metastasis and improves 

overall and metastasis-free survival in the PyMT mouse models of breast cancer. Since 

AZD9668 has already been shown to be safe and tolerable in patients, this finding is highly 

actionable and has the potential to address the unmet clinical need of treating metastasis in 

breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Lack of neutrophil elastase (NE) predicts longer recurrence-free survival in breast 
cancer patients and inhibits breast cancer metastasis in the PyMT model of breast cancer.
(A) Representative 20X photomicrographs of NE IHC staining of invasive breast carcinoma 

(human) with negative (top, left), low (bottom, left) and high (top and bottom, right 

depicting lower and upper limits of high) amounts of tumor associated neutrophils (TANs). 

Scale bar 0.5 mm. (B) Kaplan-Meier plots for Recurrence Free Survival (RFS) in breast 

cancer patients from MDACC (n=242) segregated by expression of NE. (C) Representative 

images in low (1X, left panels) and high (6X, right panels) magnification of H&E-stained 

lung tissue of endpoint (12–14 weeks age) PyMT NE+/+ & PyMT NE−/− mice. Scale 

bar 3mm and 0.5 mm. (D) Total number of metastatic foci in PyMT NE+/+ (N=27) & 

PyMT NE−/− (N=14) mice, at endpoint (12–14 weeks age). (E) Lung metastatic index in 

PyMT NE+/+ (N=27) & PyMT NE−/− (N=14) mice, at endpoint (12–14 weeks age). (F) 

Representative images of elastin-stained lungs in PyMT NE+/+ and PyMT NE−/− mice at 

12 weeks of age. NE mediated cleavage of elastin is quantified for each set of genotypes in 

(G). Scale bar 0.5 mm.
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Figure 2: Knockout of NE extends metastasis-free survival in the PyMT model of breast cancer.
(A) Experimental design for assessing survival in FVB NE+/+ and FVB NE−/− mice, 

bearing orthotopic PyMT tumors. (B) Overall survival and (C) Metastasis-free survival in 

N=12 FVB NE+/+ mice and N=13 FVB NE−/− mice. (D) Lung metastatic index (LMI) 

plotted as a function of time in N=12 FVB NE+/+ mice and N=13 FVB NE−/− mice. Events 

were called using 5% lung metastatic index (LMI) as the cut-off. (E) Representative H&E 

stained lung sections resected from an FVB NE+/+ mouse on day 46 and FVB NE−/− 

mouse on day 176, at endpoint. Scale bar 6mm.
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Figure 3: Differential cytoskeleton signaling can distinguish PyMT NE+/+ and PyMT NE−/− 
tumors.
RNA-seq was performed in endpoint (12–14 weeks) tumors obtained from PyMT NE+/+ 

(N=5) and PyMT NE−/− (N=5) mice. (A) Heat map and (B) Volcano plot shows that 560 

genes (cut-off = p<0.05 and 2-fold change in expression) were differentially expressed genes 

(DEGs) between the two cohorts. The top 32 genes are highlighted in the volcano plot. 

(C) Ingenuity Pathway Analysis (IPA) was performed using the 560 DEGs and pathways 

that were significantly up- or down-regulated are plotted as a function of their Z-score. (D) 

The 560 DEGs were subject to Gene Ontology (GO) analysis and matrisome proteins were 

identified as the most enriched class of proteins in the PyMT NE−/− tumors. The pie-chart 

shows the breakdown of sub-categories of the matrisome proteins identified. (E) Classifying 

the matrisome proteins at the transcriptomic level revealed that the majority of the DEGs 

identified were secreted factors and ECM proteoglycans.
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Figure 4: NE-mediated transcriptomic changes prime cancer cells to metastasize in PyMT 
NE+/+ tumors.
(A) qRT-PCR analysis was performed in a validation set of N=5 PyMT NE+/+ and N=6 

PyMT NE−/− tumors. Of the top 32 genes, a 19-gene signature was identified, confirming 

the RNA-seq data. Significantly altered genes were identified by Student’s t-test for 

pairwise comparisons (* p<0.05, ** p<0.01, ***p<0.001) (B) Tumor associated fibroblasts 

(CD140+ve) were sorted from live PyMT NE+/+ (n=4) and PyMT NE−/− (n=4) tumors. 

CD140+ve fibroblasts were then subject to RNA isolation and qRT-PCR analysis for all 19 

genes. Using the 12 NE regulated genes, (C, D) METABRIC (39,40), and (E, F) TCGA (60) 
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databases were interrogated for recurrence-free survival (RFS) and overall survival (OS) 

(METABRIC) and for progression-free survival (PFS) and OS (TCGA) in breast cancer 

patients. For each gene, the median expression was used as a cutoff to define high and 

low groups. A NE−/− specific gene signature was then generated using the genes that 

showed significant differences in OS and RFS/PFS for individual genes, in each database 

(Supplementary Figure S7). Only those patients with either all high or all low expression for 

each 3-gene signature were evaluated for RFS or PFS and OS. Improved outcome correlated 

with high expression of all genes and was presented as a combined signature for each 

database.
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Figure 5: NE-specific inhibitor AZD9668 can phenocopy NE knockout in the PyMT breast 
cancer model.
7-week old PyMT NE+/+ mice were treated with either vehicle (N=11) or 100mg/kg 

AZD9668 (N=11), by intraperitoneal (IP) injection, B.I.D. (bis in die, twice a day), daily 

for 6–7 weeks, starting at week 7. (A) Percent of tumor-free mice, up to the endpoint of 

12–14 weeks is shown. (B) Doubling time and (C) Total tumor mass for each mouse treated 

in (A) is shown. (D) Representative images of H&E-stained lung tissue of mice treated 

either with vehicle or 100mg/kg AZD9668 is shown. Lungs were collected at endpoint 

(12–14 weeks age) and analyzed for metastasis. Scale bar 4mm. (E) Total number of lung 
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metastatic foci and D) lung metastatic index in PyMT NE+/+ treated with vehicle (N=14) & 

AZD9668 (N=17) treated mice, at the endpoint (12–14 weeks old). (G) qRT-PCR analysis 

for the 19-gene signature identified in Figure 4A was interrogated in tumors from A) Genes 

significantly altered as a result of AZD9668 treatments were by identified Student’s t-test for 

pairwise comparisons (* p<0.05, ** p<0.01).
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Figure 6: AZD9668 extends RFS in FVB NE+/+ mice bearing PyMT tumors.
A) Experimental design for assessing survival in FVB WT bearing orthotopic PyMT tumors, 

treated with either vehicle (N=15) or AZD9668, 100mg/kg B.I.D (N=15) (B) Overall 

survival and (C) Metastasis-free survival (MFS) in mice, at endpoint (N.A.=Not achieved). 

Endpoint was defined as death due to distant metastasis. (D) Primary tumor-recurrence 

incidence (%) was evaluated in the mice described in A). (E) qRT-PCR analysis for the 

19-gene signature identified in Figure 4A was interrogated in tumors from A). Genes 
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significantly altered as a result of AZD9668 treatments were by identified Student’s t-test for 

pairwise comparisons (* p<0.05, ** p<0.01, *** p<0.001).
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