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and Early Metastatic Events

Elena Deryugina,1,7,* Alexia Carré,1,4 Veronica Ardi,1,2 Tomoki Muramatsu,1,5 Jonas Schmidt,1,6 Christine Pham,3

and James P. Quigley1,*

SUMMARY

Functional roles of neutrophil elastase (NE) have not been examined in distinct
steps of the metastatic cascade. NE, delivered to primary tumors as a purified
enzymeorwithin intact neutrophils or neutrophil granule content, enhanced human
tumor cell intravasation and subsequent dissemination via NE-mediated formation
of dilated intratumoral vasculature. These effects depended on picomole range of
NE activity, sensitive to its natural inhibitor,a1PI. InElane-negativemice, the lack of
NE decreased lung retention of human tumor cells in experimental metastasis.
Furthermore, NE was essential for spontaneous metastasis of murine carcinoma
cells in a syngeneic orthotopic model of oral cancer. NE also induced tumor cell sur-
vival and migration via Src/PI3K-dependent activation of Akt signaling, vital for tu-
mor cell dissemination in vivo. Together, our findings implicate NE, a potent host
enzyme specific for first-responding innate immune cells, as directly involved in
early metastatic events and a potential target for therapeutic intervention.

INTRODUCTION

Cancer progression involves several distinct steps associated with heightened activity of tumor-associated

neutrophils. Tumor cells secrete cytokines and chemokines that attract inflammatory leukocytes and

myeloid-derived suppressor cells (MDSCs) (Coffelt et al., 2016; Gonzalez et al., 2018; Taniguchi and Karin,

2018). In response to cytokines emanating from a growing tumor, the bonemarrow increases production of

neutrophils andMDSCs, which egress into blood circulation, reach the primary tumor site, and infiltrate the

tumor environment (Marvel and Gabrilovich, 2015; Ouzounova et al., 2017; Zhou et al., 2018). The increased

numbers of circulating neutrophils and their granulocytic counterparts closely correlate with tumor pro-

gression and reduced patient survival in a variety of human malignancies, suggesting that cancer likely

adapts the host-protective innate immune system to facilitate tumor growth and metastasis (Crusz and

Balkwill, 2015; Dongre and Weinberg, 2019).

Being the first leukocytes to infiltrate a developing tumor, the neutrophilic granulocytes play an important role in

coordinating inflammatory responses beyond their established role in pathogen elimination (Henry et al., 2016;

Mantovani et al., 2011; Mocsai, 2013). Mature neutrophils become an essential part of the tumor microenviron-

ment (Jodele et al., 2006), by releasing their secretory granules containing potent enzymes and, in some cases,

generating extracellular traps (NETs) (Albrengues et al., 2018; Liang and Ferrara, 2016; Nicolas-Avila et al., 2017;

Powell andHuttenlocher, 2016). Certain neutrophil-derived proteases can functionally activate or modify a num-

ber of proteins, which induce tumor cell survival andmotility and trigger the angiogenic switch, all prerequisites

for tumor growth andmetastasis (Ardi et al., 2007, 2009; Kessenbrock et al., 2010; Nozawa et al., 2006). In partic-

ular, neutrophilMMP-9, a structurally and functionally unique formofMMP-9, was demonstrated to liberate from

the extracellular matrix a number of direct angiogenic factors, such as VEGF and basic FGF, making them avail-

able to activate endothelial cells and induce tumor angiogenesis (Ardi et al., 2009; Shojaei et al., 2008). Tumor-

infiltrating neutrophils contribute to MMP-9-dependent attraction of pericytes and development of an intratu-

moral vasculature crucial for efficient hematogenous dissemination of cancer cells (Chantrain et al., 2004; Jodele

et al., 2005). An intimate cooperation between disseminating tumor cells and influxing neutrophils was shown to

be critical also for the steps of metastasis following the initial intravasation step (Labelle and Hynes, 2012). In a

remarkable reciprocal manner, tumor cells modulate the cytokines that attract host neutrophils and activate

neutrophil-mediated signaling pathways facilitating cancer metastasis (Huh et al., 2010; Opdenakker et al.,
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2001; Strell et al., 2010; Tam et al., 2004). In addition to MMP-9, inflammatory neutrophils carry a cargo of other

proteases, including cathepsin G, proteinase 3, and neutrophil elastase (NE), which play critical roles in chronic

inflammation and acute responses to infection and injury (Korkmaz et al., 2010; Pham, 2006).

Among neutrophil-specific serine proteases, neutrophil-derived NE is of interest because of its unique po-

tency to escalate immune responses, microbial elimination, and wound repair (Kettritz, 2016; Stapels et al.,

2015). Although some reports describe the detection of NE in non-neutrophilic cell types (Sato et al., 2006),

high levels of NE protein and NE activity have been demonstrated almost exclusively in neutrophils and

their released granule contents. Therefore, it is not surprising that the heightened presence of NE and neu-

trophils often overlap in pathological conditions involving neutrophil influx into inflamed tissues. Accumu-

lating evidence indicates that neutrophil-delivered NE can act as a stimulatory factor in a variety of cancer

types and serve as an independent prognostic indicator in patients with cancer of breast, lung, prostate,

and colon (Akizuki et al., 2007; Lerman and Hammes, 2018; Sato et al., 2006). NE expression also has

been associated with enhanced tumorigenesis in various animal models (Gong et al., 2013; Houghton

et al., 2010; Lerman et al., 2017). NE is regarded as one of the modulators of tumorigenesis because its ge-

netic deletion or pharmacological inhibition reduces tumor burden in some preclinical studies of solid can-

cer and leukemia (Lerman and Hammes, 2018).

As oneof the potent pre-activatedproteases, NEmanifests somewhat broad substrate specificity in vitro, butNE

activity appears to be functionally under-explored for in vivo conditions involving low physiological concentra-

tions of the enzyme. Elevated levels ofNEallow for digestionof not only elastin but also other extracellularmatrix

proteins, including laminin (Albrengues et al., 2018), and a number of transmembrane proteins, such as E-cad-

herin, VCAM-1, JAM-C, and G-CSF receptor (Colom et al., 2015; Levesque et al., 2001; Mayerle et al., 2005). NE

also was shown to cleave and activate several cytokines, such as interleukin-1 (IL-1), granulocyte colony-stimu-

lating factor (G-CSF), and vascular endothelial growth factor (VEGF) (Henry et al., 2016; Hunter et al., 2003; Kur-

tagic et al., 2009). A specific NE inhibitor Sivelestat suppressed growth of human tumor cells and their invasion,

thereby reproducing effects of antibody-mediated neutrophil depletion in xenotransplantation (Ho et al., 2014;

Lerman et al., 2017; Wada et al., 2006). However, the molecular mechanisms underlying the role of NE in inflam-

mation-linked cancers remain poorly understood, especially with regard to tumor cell dissemination in the

context of primary tumor microenvironment and specific stages of metastasis.

Thegoal of this studywas to investigatewhere andwhenduring cancer progressiondoesNEactivity assist tumor

cells in their spread from the primary tumor tometastatic sites andwhat are the possiblemechanisms involved in

such assistance. Herein, we have demonstrated that at low pathophysiological concentrations, exogenously

delivered NE was able to substantially enhance the levels of tumor cell intravasation, one of the earliest steps

of cancer metastasis and quite distinct from the invasion step (Deryugina and Kiosses, 2017). Specifically, low

picomole levels of NE induced tumor angiogenesis and enhanced entry of escaping primary tumor cells into

a distinct set of dilated intratumoral angiogenic vessels capable of supporting intravasation. By employing

NE knockout (KO) mice, we also have shown that after intravasation, NE enabled the vascular-arrested tumor

cells to efficiently resist clearance and survive in secondary tissue sites. These key in vivo findings were further

supported by our demonstration that NE induced Src/PI3K-dependent Akt signaling,mechanistically underlying

the functional role of NE in early steps of cancer dissemination. Together with documentation of reduced tumor

cell tissue retention and diminished spontaneousmetastasis in NE-deficient hosts, this study strongly implicates

NE as a potential translational target.

RESULTS

NE Is Involved in Tumor Cell Metastasis

To investigate the role of NE in early events of cancer cell dissemination, we employed amodification of the

well-established chorioallantoic membrane (CAM) model of tumor cell intravasation and metastasis (Kim

et al., 1998; Quigley and Armstrong, 1998), allowing for precise localized treatments of primary tumors

(Deryugina, 2016). A human epidermoid carcinoma cell line, HEp3, representing an aggressive subset of

head and neck cancer (Toolan, 1954), was the main source of tumor cells in these in vivo assays. On day

10 of embryo development, 13 105 HEp3 cells were grafted onto 6 separate areas of the CAM. Developing

microtumors were treated daily with NE purified from human neutrophils. The delivery of IL-8, a potent

neutrophil chemoattractant (Waugh and Wilson, 2008), was used as positive control to comparatively

assess the effects of NE treatment. On day 5, portions of the liver were harvested and processed for quan-

tification of disseminated tumor cells by human-specific Alu-qPCR.

ll
OPEN ACCESS

2 iScience 23, 101799, December 18, 2020

iScience
Article



Daily treatments of HEp3 microtumors with exceptionally low levels of purified NE at 1 picomole/tumor (10 mL of

100 nMNE solution per tumor) significantly increased the levels of liver metastasis (Figure 1A). However, if NEwas

pre-mixed at a stoichiometric ratio of 1:3witha1PI, thisNE-specific serpin abrogated themetastasis-enhancing ef-

fect of NE (Figure 1A), coordinately inhibiting the enzyme’s capacity to cleave anNE-specific substrate (Figure 1B).

A

B

Figure 1. NE Is Involved in Tumor Cell Metastasis

(A) Human HEp3 carcinoma cells were grafted onto the CAM of live, day 10 chick embryos (6 sites each containing 13 105

cells in 10 mL of native type I collagen at 2.3 mg/mL). Developing tumors were treated daily with topical applications of

10 mL solutions of PBS/1% DMSO, containing purified neutrophil elastase (NE) (100 nM), NE mixed with a1PI (0.3 mM),

neutrophil cavitated (NC) preparations (100 nM of NE specific activity), NCmixed with a1PI (0.3 mM), IL-8 (100 ng), and IL-8

mixed with a1PI (0.3 mM). Control embryos were treated with vehicle solution (PBS/1% DMSO). On day 5, liver tissue was

harvested, total DNA prepared and processed for human-specific Alu-qPCR to quantify the number of HEp3 cells within

the chicken embryo background (106 cells). The data from individual experiments (5–7 embryos per variable) were

normalized to the number of disseminated cells in the vehicle control group (fold differences), and the normalized data

(up to 5 independent experiments) were combined for statistical assessment. *, p < 0.05 in Student’s t test or Mann-

Whitney U test compared with control. #, p < 0.05 in Student’s t test or Mann-Whitney U-test compared with the

corresponding group containing no a1PI. Data are presented as mean G SEM.

(B) Inhibition of NE activity by a1PI. Enzymatic activity of NE and NC preparations was analyzed for the sensitivity to a1PI in

a substrate cleavage assay. Purified humanNE (100 nM) and NC (diluted 1:3 to achieve ~100 nM of NE activity), used alone

or pre-mixed with 0.3 mM a1PI, were added to a 350 nM elastase-specific colorimetric substrate. Generation of the

cleaved substrate was monitored for 60 min at 405 nM.
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Because NE is delivered predominantly, if not exclusively, by neutrophils releasing their secretory granules,

we investigated whether neutrophil granule contents also would induce liver metastasis in an NE-activity-

dependent manner. HEp3 tumors were treated with the total granule contents generated by nitrogen cavi-

tation of purified neutrophils (Simpson, 2010). The neutrophil cavitates (NCs) were confirmed to be enzy-

matically potent in the NE-specific activity assay (Figure 1B) and delivered to HEp3 tumors at 1 picomole

equivalent of active NE per microtumor (6 picomoles per embryo). Daily treatments with NCs significantly

increased metastasis of HEp3 cells compared with vehicle-treated control (Figure 1A). Furthermore, a1PI

substantially reduced the metastasis-inducing effect of NC and brought the levels of HEp3 cell metastasis

to the vehicle control levels (Figure 1A; p < 0.04), indicating that native NE, contained within the total

granule contents of human neutrophils, is capable of substantially facilitating cancer cell dissemination.

The metastasis-facilitating role of tumor-infiltrating neutrophils was further demonstrated by topical treat-

ments of CAM tumors with IL-8, a potent tumor-cell-produced cytokine that attracts inflammatory neutro-

phils (Minder et al., 2015). The levels of HEp3 dissemination to the liver were significantly elevated by daily

treatments of primary tumors with IL-8 (200 ng per tumor; p < 0.03). Importantly, a large percentage of IL-8-

induced metastasis also was sensitive to a1PI (Figure 1A), again indicating NE as a metastasis-promoting,

neutrophil-specific protease.

NE Affects Tumor Angiogenesis and Angiogenesis-Dependent Intravasation

We have recently shown that tumor cell intravasation occurs mainly within the developing tumor and in-

volves intratumoral angiogenic blood vessels (Deryugina and Kiosses, 2017). This distinct subset of newly

formed vasculature is represented by blood vessels with lumens of ~15–40 mm in diameter, which would

readily accommodate the volume of intravasating tumor cell(s) (Minder et al., 2015). To investigate

whether NE would aid in the development of these angiogenic vessels, we employed a collagen ‘‘on-

plant’’ assay (Deryugina and Quigley, 2008), in which type I collagen rafts filled with GFP-tagged HEp3

cells were planted atop the CAM and treated daily with purified NE at low concentrations. After

3 days, the upward-sprouting, blood-carrying angiogenic vessels were counted between mesh grids of

the collagen rafts, and the angiogenic index was calculated as the ratio of grids containing newly formed

vessels versus total number of grids. Injection into embryos of the Rhodamine-conjugated lectin,LCA,

resulted in red-fluorescent vessels visible against the grids of the onplant-supporting meshes (Figure 2A).

Quantification indicated that NE treatment resulted in a 2-fold increase of the angiogenic index (p <

0.0001), consistent with NE functioning as a potent angiogenesis-inducing enzyme (Figure 2B). Portions

of the CAM tissue distal to the collagen onplants were analyzed for the number of intravasated human

HEp3 tumor cells. In tandem with the increased angiogenesis in these onplants, NE coordinately

enhanced 2-fold the levels of HEp3 cell intravasation (Figure 2C; p < 0.05), indicating that at picomole

levels, NE can induce the development of a functional angiogenic vasculature that provides conduits

for the observed tumor cell dissemination.

NE Facilitates Development of a Dilated Intravasation-Sustaining Intratumoral Vasculature

To investigate how NE could affect the structure of an intratumoral vasculature, GFP-tagged HEp3 cells

were grafted onto the CAM, and developing tumors were treated with purified NE delivered alone or in

combination with a1PI. To probe NE effect on vessel structure and lumen diameter, tumor-bearing em-

bryos were inoculated with Rhodamine-LCA to highlight the vasculature. Portions of the CAM contain-

ing treated or untreated primary tumors were excised, visualized under a fluorescence microscope, and

the diameters of intratumoral blood vessels were measured across individual tumors (10–15 measure-

ments per tumor). The percentages of vessels with diameters <15 mm, from 15 mm to 40 mm, and

>40 mm were calculated for several independent experiments and combined for final statistical

assessments.

Treatment with NE resulted in the development of intratumoral blood vessels having lumens larger than in

control group, but not if NE was delivered along with a1PI (Figure 3A, first three panels from the left). Dif-

ferential quantification indicated that blood vessels with lumens between 15 and 40 mm in diameter consti-

tuted less than 20% of all perfusable vessels in non-treated control tumors (Figure 3B, black bars). Purified

NE induced a substantial, 2.7-fold increase in the fraction of the 15- to 40-mm vessels unless the proteolytic

activity of NE was inhibited with a1PI (Figure 3B, red open and hatched bars). The low percentage of rela-

tively large >40-mm vessels (4–8%) was not affected by any type of treatment (data not shown); however, the

fraction of <15-mm vessels changed in a manner reciprocal to that of 15- to 40-mm vessels (Figure 3B, red
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bars). Importantly, the increase in 15- to 40-mm vessels in the NE-treated group correlated well with a cor-

responding increase in tumor cell intravasation measured in the same tumor-bearing embryos (Figure 3C,

red bars). These data indicate that NE induces the development of more dilated intratumoral blood vessels

capable of sustaining tumor cell intravasation.

Similar approaches were employed in which HEp3 tumors were treated with NC preparations (Figure 3A,

right two panels). Treatment with NC alone resulted in more than 3-fold increase in percentage of 15- to 40-

mm vessels but not if NCs were supplemented with a1PI (Figure 3B, right set of blue bars, open versus

hatched). In tandem with the induction of 15- to 40-mm vessels, NC preparations significantly induced

the levels of HEp3 intravasation unless the a1PI serpin was present (Figure 3C, blue bars), again indicating

that tumor-infiltrating neutrophils can deliver their active NE-containing granule contents to the sites of a

primary tumor and induce an intravasation-supporting vasculature.

A

B C

Figure 2. NE Affects Tumor Angiogenesis and Angiogenesis-Dependent Intravasation

(A) Grid rafts, each containing 30 mL of type I collagen (2.3 mg/mL) populated with GFP-tagged HEp3 cells (1 3 106/mL

reconstituted collagen), were planted on the CAM of chick embryos. The ‘‘onplants’’ were treated on days 1 and 2 with

purified neutrophil elastase (NE) (10 mL of 100 nM solution) or vehicle (PBS/1% DMSO). On day 3, the embryos were

inoculated i.v. with red-fluorescent lectin, Rhodamine-conjugated LCA (100 mg in 0.1 mL PBS), to contrast blood vessels

(red fluorescence) against the grids of onplant-supporting meshes. Scale bars, 100 mm.

(B) Angiogenic vessels containing visible circulating erythrocytes were counted between mesh grids of the collagen raft,

and the angiogenic index was calculated as the ratio of grids containing newly formed functional blood vessels versus

total number of grids. ***, p < 0.05 in Student’s t test compared with the vehicle control. Data are presented as mean G

SEM.

(C) On day 5, the levels of HEp3 cell dissemination from the 3D collagen rafts were determined with human-specific Alu-

qPCR in portions of CAM harvested far distal (1–5 cm) to the sites of onplant grafting. *, p < 0.05 in Student’s t test

compared with the vehicle control. Data are presented as mean G SEM.
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To substantiate the latter notion, tumor-bearing embryos were inoculated with freshly isolated human

neutrophils (Figure 4). The delivery of viable, intact neutrophils induced a substantially dilated intratu-

moral vasculature unless their NE activity was blocked by a1PI (Figure 4A). Differential measurements

A

B

C

Figure 3. NE and Neutrophil Granule Content Facilitate the Development of an Intravasation-Sustaining

Intratumoral Vasculature

(A) GFP-tagged HEp3 cells were grafted on the CAM and treated daily (10 mL per tumor, topical application) with vehicle

(PBS/1% DMSO), purified neutrophil elastase (NE), alone (100 nM) or mixed with a1PI (0.3 mM), and neutrophil cavitated

preparations (NC), alone (at 100 nM NE activity) or mixed with a1PI (0.3 mM). On day 5, the embryos were inoculated with

Rhodamine-conjugated LCA (0.1 mL of 1 mg/mL solution in PBS) to contrast the intratumoral angiogenic vasculature

against green fluorescence of human tumor cells. (Top) Tumor images with the signals of HEp3-GFP cells (green) and

LCA-stained vessels (red) merged. Scale bars, 100 mm. (Bottom) Monochromatic images depicting intratumoral blood

vessels only.

(B) The microtumors were analyzed for vessel diameter distribution on day 5 after cell grafting. Data are presented as

mean G SEM of at least 10 microtumors analyzed for each of control group and groups treated with NE (red bars) or NC

(blue bars) with (hatched bars) or without (non-hatched, open bars) a1PI (from a total of 3 independent experiments). *,

p < 0.05 in Student’s t test compared with the vehicle control.

(C) Levels of intravasation were quantified by human-specific Alu-qPCR in the portions of the CAM harvested distal to

primary tumors and presented as fold differences relative to vehicle control. Data are presented as mean G SEM

determined for three independent experiments involving from 7 to 38 embryos per variable. *, p < 0.05 in Student’s t test

compared with the vehicle control. #, p < 0.05 in Student’s t test compared with the corresponding group containing no

a1PI.
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indicated that neutrophil treatments resulted in a 3-fold increase in 15- to 40-mm vessels (Figure 4B, red

versus gray bars), along with a 5- to 10-fold increase in the levels of tumor cell intravasation (Figure 4C).

However, when developing tumors were pre-treated with a1PI, neutrophil-mediated induction of 15- to

A

B C

Figure 4. Intact NE-Competent Neutrophils Facilitate the Development of Intravasation-Supporting

Intratumoral Vasculature

(A) GFP-tagged HEp3 cells were grafted on the CAMwithin six 10-mL-collagen droplets, each containing 13 105 cells. On

day 3, the embryos were inoculated with 2 3 106 neutrophils freshly isolated from human peripheral blood. In a set of

embryos, the developing tumors were pre-treated with a1PI (0.3 mM) on day 1 and 2 and additionally treated after

neutrophil inoculations on day 4. On day 5, the embryos were inoculated with Rhodamine-conjugated LCA (0.1 mL of 1

mg/mL solution in PBS) to contrast the intratumoral angiogenic vasculature against green fluorescence of human tumor

cells. (Top) Representative IF images of tumors with signals for HEp3-GFP cells (green) and LCA-stained vessels (red)

merged. Scale bars, 100 mm. (Bottom) Monochromatic images depicting intratumoral blood vessels only.

(B) The microtumors were analyzed for vessel diameter distribution on day 5 after cell grafting. Data are presented as

mean G SEM of at least 10 microtumors analyzed for each of control group and groups treated with neutrophils with or

without a1PI (4 independent experiments). *, p < 0.05 in Student’s t test compared with the vehicle control.

(C) On day 5 of tumor development, the numbers of human tumor cells within portions of the CAM distal to primary

tumors were quantified by human-specific Alu-qPCR using a standard curve. The levels of intravasation are presented as

fold differences relative to the buffer control. The data are mean G SEM of four independent experiments involving a

total of 24 embryos in the control group, 21 embryos in the group inoculated with neutrophils, and 6 embryos in the group

treated with both neutrophils and a1PI. *, p < 0.05 in Student’s t test compared with the vehicle control. #, p < 0.05 in

Student’s t test compared with the corresponding group containing no a1PI.
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A B

C D

E

F

Figure 5. NE Induces Tumor Cell Migration via Src/PI3K-Dependent Akt Signaling

(A and B) Subconfluent cultures of HEp3 cells (A) and PC3-hi/diss cells (B) were pre-treated with 100 nMpurifiedNE for 2 or

6 h and then washed twice in serum-free (SF) medium. NE inhibitors a1PI (1 mM) and Sivelestat (Siv; 50 mM) were added

along with 100 nMNE to HEp3 cells for the 6-h incubation (A). Vehicle-treated cells (negative control) and NE-treated cells

were placed into Transwell inserts (1 3 105) and allowed to migrate toward chemoattractants in lower chamber (5% FCS).

After 18- to 24-h incubation, the percentage of cells transmigrated into the lower chamber was quantified. From 2 to 3
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40-mm vessels and tumor cell intravasation were both reduced to near control levels (Figures 4B and

4C).

Together, these findings strongly indicate that native NE activity released by inflammatory neutrophils infil-

trating primary tumors greatly facilitates the early events of tumor cell dissemination, namely intratumoral

angiogenesis, blood vessel dilation, and angiogenesis-dependent intravasation.

NE Induces Tumor Cell Migration via Src/PI3K-Dependent Akt Signaling

We investigated putative mechanisms and pathways, which could underlie the involvement of NE in tumor cell

dissemination. Because primary tumor cells should exhibit enhanced migratory capabilities to separate from

each other and actively enter the intratumoral angiogenic vessels during intravasation, we examined the effects

of purified NE on efficiency of tumor cell migration. In addition to HEp3 epidermoid carcinoma cells, human

prostate carcinoma PC3-hi/diss cells (Conn et al., 2009) were employed in this series of experiments.

TheeffectsofNEontumorcellmigrationwereanalyzed inTranswell assays inwhich tumorcellswerepre-treatedwith

100 nMNE for 2 or 6 h, washed, placed into the upper chambers of Transwells, and allowed to transmigrate toward

chemotactic stimuli. Pretreatment with active NE resulted in a time-dependent increase of migration rates for both

HEp3 and PC3-hi/diss cells (Figures 5A and 5B). Pre-incubation with NE did not affect the growth rate of HEp3 and

PC3-hi/diss cellswithin2days following treatment (FigureS1), eliminatingproliferation-driven increase in thenumber

of transmigrated cells fromNE-mediated effects on tumor cell migration. However, NE-inducedmigration of HEp3

cells was completely abrogated by the NE inhibitor a1PI added at 1 mM (Figure 5A), indicating that the enzymatic

activityofNEwas required for stimulationof cellmigration. This findingwas further verifiedwith theuseof a synthetic

NE inhibitor Sivelestat. Initially, theeffectivenessof this lowmolecularweight inhibitorwasevaluated inNE-mediated

cleavage of cell surface CD44, demonstrating effectiveness of Sivelestat in a range of 3–10 mM concentrations (Fig-

ure S2). When applied to HEp3 cultures during NE treatment, Sivelestat diminished NE-induced cell migration,

although it required 50 mM concentration of Sivelestat to be effective in contrast to 1 mM of a1PI (Figure 5A).

Tumor cells have to survive in circulation after the intravasation step and also in tissues after vascular arrest. Our

previous studies on the proteolytic mechanisms elicited by neutrophil MMP-9, uPA, and plasmin during angio-

genesis-dependent intravasation pointed to EGFR and Src/PI3K/Akt pathways as critically important for tumor

cell migration toward, along, and inside the angiogenic vessels and early metastasis in our animal models (Casar

et al., 2012, 2014; Deryugina andKiosses, 2017;Minder et al., 2015). In this studywe investigated indetail whether

NE treatment would induce the activation of Akt, a critical member of survival andmigration signaling pathways

that previously was linked to cancer progression (Altomare and Testa, 2005). HEp3 and PC3-hi/diss cells were

treated with 100 nM NE for 20 min and levels of Akt phosphorylation were measured in relation to the corre-

sponding levels of total Akt. As shown in Figures 5C and 5D, Akt activation was induced by NE in HEp3 epider-

moid carcinoma as well as PC3-hi/diss prostate carcinoma cells, indicating that NE can stimulate both the sur-

vival and motility of aggressive human cancer cells in Akt-dependent manner. In both cell types, NE-mediated

induction of Akt activationwas sensitive to 1 mM a1PI (Figures 5D and 5E), pointing out that the enzymatic activity

Figure 5. Continued

experiments were performed for both cell types, each experiment in triplicate. * and **, p < 0.05 and p < 0.01,

respectively, compared with vehicle control; two-tailed Student’s t test. Data are presented as mean G SEM.

(C and D) Serum-starved HEp3 (C) and PC3-hi/diss (D) cells were pre-treated for 20 min with purified NE (100 nM), alone or

along with a1PI (1 mM), or hepatocyte growth factor (HGF; 50 nM), washed and lysed. Western blot analysis was

performed on equal protein content (20 mg) under reducing conditions using antibodies against phosphorylated Akt

(pAkt; upper panels) and total Akt (lower panels).

(E) Serum-starved HEp3 cells were pre-treated for 20 min with the NE inhibitor Sivelestat (5 mM or 50 mM) and a1PI (1 mM)

or signaling inhibitors Dasatinib (Das, 5 mM) and Wortmannin (5 mM). Then, NE or HGF were added, both at 100 nM. After

20 min incubation, the cells were washed and lysed. Western blot analysis was performed on equal protein content (40 mg)

under reducing conditions using antibodies against phosphorylated Akt (pAkt). Equal protein loading is indicated by the

blot re-probed with antibodies against total Akt protein (Akt).

(F) HEp3 cells were pretreated for 6 h with vehicle or NE (100 nM), alone or mixed with Src inhibitor Dasatinib (Das; 1 mMor

5 mM) or PI3K inhibitor Wortmannin (Wort, 1 mM or 5 mM). Vehicle-treated cells (negative control) and NE-treated cells

were placed into Transwell inserts (13 105) and allowed to migrate toward 5% FCS in the lower chamber. After 18- to 24-h

incubation, the percentage of cells transmigrated into the lower chamber was quantified. ** and ***, p < 0.01 and p <

0.001, respectively, in comparison to the treatment with NE alone; two-tailed Student’s t test.

Data are presented as mean G SEM. See also Figures S1–S3.
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of NE is required for its cell-signaling-inducing effects. This effect of the natural NE inhibitor was reproduced by

the synthetic inhibitor Sivelestat, however, at a 50 mM concentration (Figure 5E).

To investigate whether Src/PI3K pathway was involved in NE-induced Akt activation, we used the known Src in-

hibitor Dasatinib and PI3K inhibitor Wortmannin (Figure 5E). Before activation with NE, HEp3 cells were pre-

treated for 20 min with 5 mM Dasatinib or Wortmannin and then treated with 100 nM NE for additional

20min. Both inhibitors completely abrogatedNE-inducedAkt activation (Figure 5E). Togetherwith the inhibition

of NE-induced pathway activation by theNE inhibitors, a1PI and Sivelestat, these data indicate that Src and PI3K

signaling pathways are involved in Akt activation induced by the enzymatic activity of NE (Figures 5C–5E).

We also probed for the role of mitogen-activated protein kinases (MAPKs) in NE-mediated effects on tumor cell

migration, namely for the Erk1/2 and p38 MAPK pathways. Serum-starved HEp3 carcinoma cells were treated

withNEor LPS usedas a positive control for inductionof phosphorylationof p38 andp42/p44.However, probing

cell lysates for activation of p38 or p42/p44 did not indicate an involvement of p38 and Erk1/2MAPK pathways in

NE-induced responses of human HEp3 carcinoma cells used in the study (Figure S3).

We next examined whether the Src/PI3K/Akt pathway was involved in NE-induced cell migration by em-

ploying signaling inhibitors in Transwell assays (Figure 5F). Dasatinib completely abrogated the NE-

induced portion of HEp3 cell migration when used at 1 mM, and - brought the migration levels below

the vehicle control baseline when used at 5 mM (Figure 5F). Although Wortmannin at 1 mM did not signif-

icantly decrease cell migration, it efficiently inhibited it to the baseline level when used at 5 mM (Figure 5F).

We also probed for the involvement of EGFR pathway, but an effective EGFR inhibitor Erlotinib did not

reduce NE-increased cell migration even when used at 30 mM, indicating that EGFR activation apparently

is not involved in NE-mediated signaling effects (data not shown).

Overall, these data provide evidence for the specificity of proteolytic effects of NE on cell migration as well

as indicate that NE-mediated induction of tumor cell migration involves the Src/PI3K/Akt cell survival/

signaling pathway.

NE Contributes to Vascular Arrest and Tissue Retention of Human Carcinoma Cells

The availability of NE-KO mice allowed us to directly investigate the role of NE in metastasis stages that

follow tumor cell intravasation, namely vascular arrest and tissue retention. We employed our lung reten-

tion model in which human tumor cells are inoculated into genetically modified mice and their wild-type

(WT) counterparts and then quantified by human-specific Alu-qPCR at defined time periods (Deryugina

and Quigley, 2012). Minutes after tail vein injections, the majority of inoculated cells are arrested in the pul-

monary vasculature.Within the following 14 h, a great majority (>85%) of the initially arrested cells is cleared

(Figure 6A), while the remaining cells, retained in the lung tissue, represent the portion of survived cells that

have a high potential to establish lung metastases. Because initial clearance of human tumor cells occurs

long before any species-specific immune responses are triggered within the murine recipients, the ratio of

tissue-retained over initially arrested cells (retention index) reflects the capability of the injected tumor cells

to withstand vascular clearance independent of host adaptive immunity.

We initially compared whether the numbers of vascular-arrested human tumor cells were similar in mice of

different genotypes, namely immunodeficient NOD-SCID BALB/c and WT C57BL/6 strains. The genetic

and immunological background of the recipients did not affect the numbers of initially arrested cells nor

did the presence or absence of NE in C57BL/6 mice (Figures 6A and 6B). However, the genetically enforced

lack of NE was associated with a substantially reduced number of HEp3 cells retained within the lung tissue

in NE-KO recipients compared with WT counterparts (Figures 6A and 6B). Correspondingly, the retention

index for HEp3 cells in NE-KO mice dropped to 25% of that in NE-competent NOD-SCID and C57BL/6 WT

mice (Figure 6C). Similar data were also obtained with human PC3-hi/diss prostate carcinoma cells.

Although arrest in the lung vasculature was not affected by the lack of NE expression in NE-KO mice, in-

jection of PC3-hi/diss cells into NE-KO mice resulted in significantly reduced percentage of retained cells

as compared with WT recipients and reflected in a 65%–70% reduced retention index (Figure S4).

The close correspondence of the differential retentions between the microscopically visible fluorescent tu-

mor cells andAlu-qPCR-quantified tumor cells (Figure 6 and S4) further validated our use of human-specific

Alu-qPCR as a quantitative throughput analysis for tissue retention of vascular-arrested human tumor cells.
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Overall these data document that host NE is important for retention of vascular-arrested tumor cells of

different tissue origin and is independent of adaptive immunity but clearly dependent on an enzyme

derived from an innate immune cell, namely the neutrophil.

NE Is Critical for Spontaneous Metastasis in a Syngeneic Mouse Model of Head and Neck

Cancer

To corroborate our HEp3 carcinoma data from the avian model of spontaneous metastasis (Figures 1A, 3C and

4C), we employed murine oral carcinoma cells, MOC2, in syngeneic WT and NE-KO C57BL/6 mice in our

A

B C

Figure 6. NE Contributes to Vascular Arrest and Tissue Retention of Human Carcinoma Cells

(A) GFP-tagged HEp3 cells were inoculated into the tail vein of immunodeficient SCID mice or C57BL/6 mice, WT type or

NE-KO (53 105 cells per mouse). The lungs were excised 20 min or 14 h later to determine the levels of tumor cell arrest in

the lung vasculature or tissue retention of vascular arrested cells, respectively. Green fluorescent HEp3 cells were imaged

in the lungs at original 2003 magnification in an immunofluorescence microscope equipped with a digital video camera.

Scale bars, 100 mm.

(B) The number of inoculated HEp3 cells arrested and retained in the lung vasculature was measured in the lung tissue

with human-specific Alu-qPCR. The lung tissue of mice that received no human tumor cells was used as negative control.

Three independent experiments were performed involving a total of 14–17 mice per variable. *, p < 0.05, unpaired two-

tailed Student’s t test. Data are presented as mean G SEM.

(C) Retention indices were quantified for each mouse as the percentage of HEp3 cells retained in the lung compared with

the number of cells arrested in the lung vasculature, based on human-specific Alu-qPCR analyses. *, p < 0.01, unpaired

two-tailed Student’s t test.

Data are presented as mean G SEM. See also Figures S4 and S5.
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orthotopic model of head and neck cancer metastasis (Deryugina et al., 2018). In this model, the oral squamous

carcinoma cells are inoculated into the buccal mucosa of the upper lip and after primary tumors reach ~1 cm in

diameter, the mice are sacrificed and their lung tissue is examined for metastasis, lungs being the major meta-

static site in human head and neck cancer (Daiko et al., 2010). In preliminary experiments we noted that the over-

all tumor growth was slightly impaired in NE-KO mice, therefore 30% more MOC2 cells were implanted into

these recipients (1.33 106 cells/site) compared to their WT counterparts (13 106 cells per site). This approach

allows for the changes in lungmetastasis to be attributed to the ability of tumor cells to disseminate in different

genetic environments rather than to the differences in primary tumor size.

Primary MOC2 tumors reached ~500 mg 12 days after cell inoculations into buccal mucosa, and the tumors

developed in WT and NE-KO mice were overall similar in gross appearance (Figure 7A) and weight (Fig-

ure 7B). However, staining of lung sections indicated that metastatic MOC2 cells occupied considerably

more interstitial spaces between the lung alveoli in WT mice compared to NE-KO recipients (Figure 7C).

Quantification indicated that there was a significant ~70% reduction of lung metastasis in the mice lacking

NE (Figure 7D), clearly indicating a functional role for NE during spontaneous metastasis of cancer cells

disseminating from orthotopic primary tumors in a syngeneic mammalian model system.

A

B

C

D

Figure 7. NE Is Critical for Spontaneous Metastasis in a Syngeneic Mouse Model of Head and Neck Cancer

Murine head and neck cancer carcinoma cells, MOC2, were inoculated into the buccal mucosa of syngeneicWT or NE-KO

C57BL/6 mice at 13 106 cells per site. Twelve to 14 days later (A), the mice were sacrificed and their primary buccal tumors

weighed (B). The lungs were excised, fixed, and processed for staining with H&E (C). Scale bars, 1 mm. The areas of lung

parenchyma filled with tumor cells (C, areas indicated by dashed lines) were quantified for each mouse against total area

of lung tissue and expressed as ‘‘Metastases’’ area (D). Two independent experiments were performed, involving a total of

16 WT and 12 NE-KOmice. *, p < 0.05; unpaired two-tailed Student’s t test. The numerical data are presented as meanG

SEM.
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DISCUSSION

Substantial evidence exists linking neutrophil influx into developing tumors with cancer progression and subse-

quent metastatic dissemination (Coffelt et al., 2016; Fridlender and Albelda, 2012; Liang and Ferrara, 2016; Nic-

olas-Avila et al., 2017; Powell and Huttenlocher, 2016; Uribe-Querol and Rosales, 2015). The evidence has come

from various in vivo models, employing exogenously added neutrophil populations or investigating tumor-re-

cruited endogenous neutrophils, and from cancer patient data showing high neutrophil-lymphocyte ratio in

blood and elevated tumor-associated neutrophils (TANs) in biopsies and resections (Fridlender and Albelda,

2012; Peng et al., 2015). Multiple reasons have been offered to account for heightened tumor progression

with a coordinately enhanced neutrophil influx. The evidence-based reasons stem from conventional observa-

tions that inflammatory neutrophils, driven by tumor-derived chemokines, are first responders on the scene,

and biochemical demonstrations that the release of neutrophil products, including hyperoxides and oxidases,

cytokines and chemokines, and peptides and proteases, can stimulate immune responses, angiogenesis, NETo-

sis, specific signaling pathways, and increased tumor cell migration, invasion, and dissemination (Albrengues

et al., 2018; Papayannopoulos et al., 2010; Powell and Huttenlocher, 2016).

The quantitative in vitro and in vivo data presented herein imply that NE, a potent serine protease, should be

considered as a major inflammatory neutrophil product that directly modulates tumor cell behavior, tumor-host

interactions, and critical initial steps in themetastatic cascade. Supporting this conclusion are the data generated

inour invivomodel systems,whereweemployedhumanandmurinecarcinomacells in twohost species (avianand

murine) to examine earlymetastatic events, including angiogenesis, development of dilated neovasculature, tu-

mor cell intravasation, lung tissue retentionof tumor cells, and initial spreadof intravasated cells. Concurrently and

coordinatelywith the levelsof tumor cell intravasation andmetastasis, thepresenceor absenceof activeNEdiffer-

entially altered the vascularity, structure of host-tumor tissue, and extent of tumor cell dissemination.

NE levels in our animal models were manipulated via attraction of endogenous tumor-infiltrating neutrophils

with neutrophil-specific chemoattractant agents (e.g., IL-8) or by exogenous delivery of total granule cavitates

or purified active NE. Importantly, NE was supplemented at picomole levels of active enzyme per tumor per

day, yet these exceptionally low levels resulted in a 2- to 8-fold change in tumor angiogenesis (Figure 2), carci-

noma cell intravasation (Figures 3 and4), and livermetastasis (Figure 1). Toour knowledge, theseeffects havenot

been reported before, and our observed differentials in vivo indicate that NE is one of the most potent natural

effector molecules/enzymes delivered by host neutrophils influxing the tumor milieu.

The specific removal of NE activity in the animal models initially was achieved by employing the natural NE

inhibitor, a1PI. This serpin, the most abundant serine proteinase inhibitor in plasma, exhibits a potent

inhibitory capacity against neutrophil serine proteases, particularly NE (Janciauskiene et al., 2018). Two other

neutrophil proteases, proteinase 3 and cathepsin G, can also be inhibited by a1PI but at concentrations more

than 10-fold higher than needed for NE inhibition, and therefore a1PI is considered as primarily acting to inhibit

NE (Janciauskiene et al., 2018; Korkmaz et al., 2010). As shown in Figure 1B, a1PI effectively inhibited activity of

100 nM NE when used at stoichiometric level of 0.3 mM. When supplemented at a concentration of 1 mM, a1PI

was also very effective in the inhibition of NE-induced Akt activation (Figures 5D and 5E). Furthermore, inhibition

of NEproteolytic activity by added a1PI caused a coordinated reduction of the effects elicited by exogenousNE

on intravasation of HEp3 carcinoma cells (Figures 3 and 4). These in vivo data are consistent with a previously

reported pharmacological inhibition of lung cancer through the upregulation of a1PI (Xu et al., 2012).

To strengthen the case for requirement of the proteolytic activity for NE-induced effects, we used the low-mo-

lecular-weight, syntheticNE inhibitor Sivelestat in someof our in vitro and in vivoexperiments.Wedemonstrated

that at 3–10 mM concentration, Sivelestat efficiently prevented proteolytic activity of NE (Figure S2). However, a

50mMconcentrationof Sivelestat was required to efficiently reduceNE-inducedAkt activation andcellmigration

compared to a 1 mM concentration- of a1PI (Figure 5). These data confirm relative inefficiency of this inhibitor in

cell function assays in other studies demonstrating that 10–200 mMconcentrations of Sivelestat were required to

significantly inhibit NE-induced responses in tumor cells in vitro (Aikawaa et al., 2011; Kumagai et al., 2013; Ler-

man et al., 2017; Okeke et al., 2020; Wada et al., 2006). Overall, our findings show that two distinct NE inhibitors,

the native a1PI and the synthetic Sivelestat, can blockNE-induced cell migration, requiringNEenzymatic activity

and NE-mediated Akt activation, both critical for enhanced cell motility and survival.

We also explored the putative inhibitory effects of Sivelestat in vivo. In agreement with the relatively low

efficacy of Sivelestat in cell function assays in vitro, the inhibitor failed to significantly reduce tumor cell
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numbers in the lung retention model in vivo, even when it was used via i.p. or i.v. routes, at a dose 1–2 mg/

mouse (50–100 mg/kg), and injected up to 3 times within 12- to 14-h duration of the lung retention assay

(Figure S5). These findings are consistent with several published studies indicating the poor pharmacoki-

netics of Sivelestat and requirement for its daily, repetitious or continuous infusions in animal models (Ai-

kawaa et al., 2011; Kumagai et al., 2013; Lerman et al., 2017; Okeke et al., 2020; Wada et al., 2006). In gen-

eral, our in vivo Sivelestat data are in line with the overall inefficiency of low-molecular-weight synthetic

protease inhibitors, including NE inhibitors, in reducing metastases in cancer animal models and clinical

trials (Fields, 2019; Okeke et al., 2020), in part due to their rapid in vivo clearance, off target effects, and/

or timing of administration.

An alternative removal of NE was achieved via genetic elimination of NE in NE-KO (Elane�/�) mice, which

were employed in our animal model systems designed to assess the metastatic events subsequent to intra-

vasation, namely vascular arrest and lung retention (Figure 6 and S4). Another model, where the absence of

NE was genetically enforced, involved metastasis of murine oral carcinoma cells from buccal primary tu-

mors to secondary lung tissue, the preferred metastatic site of oral squamous cell carcinomas (Figure 7).

In both cases, the absence of NE in NE-KO host neutrophils substantially reduced the specific tissue reten-

tion of vascular-arrested human oral and prostate carcinoma cells in a xenogeneic experimental metastasis

model, as well as the dissemination of murine oral carcinoma cells in an orthotopic syngeneic metastasis

model. These results provide additional evidence that host NE, delivered to early stage tumors by first-re-

sponding innate immune cells, is an essential effector molecule for ensuing cancer metastasis.

Other reports have demonstrated that NE-KO mice exhibit significant phenotypic changes compared to

WT mice, including reduced emphysema (Shapiro et al., 2003), reduced fibrosis (Gregory et al., 2015),

and diminished tumor cell proliferation in primary tumors and secondary growths (Houghton et al.,

2010), all demonstrating involvement of NE in these pathological processes. Uniquely adding to this evi-

dence, our NE-KO data and our in vivo NE addition-inhibition experiments indicate that NE is critical for

certain events in the metastatic cascade, namely intravasation of escaping primary tumor cells and reten-

tion/survival of disseminating tumor cells in the lung vascular network.

An additional aspect of NE related to metastatic dissemination was its effect on tumor angiogenesis and

structure-function aspects of the newly formed neovasculature. Purified NE, supplemented daily to HEp3

tumor cell-CAM onplants at only 1–2 picomoles, caused a significant 2-fold increase in the angiogenic in-

dex, and interestingly, the same NE-treated tumor onplants yielded a 2-fold increase in tumor cell intrava-

sation (Figure 2). Quantitative measurements of lumen diameters in the intratumoral vasculature demon-

strated a 2- to 3-fold increase in the fraction of dilated vessels in the NE-treated tumors (Figure 3).

Nearly identical results were obtained regardless whether NE-mediated effects were mediated by purified

enzyme, crude neutrophil cavitates, or intact viable neutrophils, suggesting that the dilated neovessels

represented those angiogenic conduits that sustained NE-mediated increase in tumor cell intravasation.

Noteworthy, a long-term connection has been established between larger diameters of microvessels in pri-

mary tumors with enhanced metastatic disease in cancer patients (Sugino et al., 2002; Yamamura et al.,

2001), further supporting the importance of tumor-associated vessel diameter in the intravasation step

that precedes metastasis (Chiang et al., 2016).

In order to further interrogate possible mechanisms underlying the pleiotropic effects of host NE on the

tumor vasculature, several in vitro studies were conducted. We showed that NE enhanced the chemotactic

migratory capacity of HEp3 and PC3-hi/diss tumor cells, providing a possible explanation for the escape

and active entry of these primary tumor cells into the intratumoral vasculature. We also demonstrated

that NE stimulated the activation of Akt, a critical component of intracellular survival pathway signaling,

and showed that NE-induced Akt activation was sensitive to NE inhibitors, a1PI and Sivelestat, and cell

signaling inhibitors, the Src inhibitor Dasatinib and the PI3K inhibitor Wortmannin. These in vitro results

provide a plausible NE/Akt-mediated mechanism for the NE-enhanced cell survival and tissue retention

exhibited by tumor cells following intravasation. A number of intracellular signaling pathways have been

linked to NE-mediated activation of transmembrane proteins or release of membrane bound ligands (Ler-

man and Hammes, 2018). In addition, one report indicates that NE can cross into tumor cells, activate the

Akt pathway, and enhance lung tumor growth via degradation of the intracellular insulin receptor sub-

strate-1 (Houghton et al., 2010). Thus, multiple extracellular and intracellular mechanisms may operate

downstream of NE catalytic activity, but until now NE has not been definitively associated as functionally
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involved with specific early steps in metastasis. Previously we demonstrated that divergent signaling path-

ways can be elicited in metastasizing cancer cells in response to different proteases such as MMP-1, MMP-

9, or plasmin (Casar et al., 2012, 2014; Juncker-Jensen et al., 2013; Minder et al., 2015). Furthermore, we

showed that diverse signaling pathways can be induced by the same protease, e.g., PARP1 and FAK/

PI3K/Akt signaling in response to plasmin (Casar et al., 2012; Casar et al., 2014) or FGFR and EGFR signaling

in response to MMP-9 (Ardi et al., 2009; Minder et al., 2015)). Our documented EGFR signaling elicited by

neutrophil MMP-9 (Minder et al., 2015) and Src/PI3K/Akt signaling elicited by NE shown in the present

study indicate that distinct signaling responses can be induced by specific proteases originating from

the same cell source, namely inflammatory neutrophils.

An inherent implication of our overall results is that NE released by responding neutrophils is catalytically oper-

ating in at least two distinct early stages of metastatic dissemination. One stage appears to be at the juncture

of a growing tumor and its newly forming intratumoral vasculature. Active NE, naturally released or exogenously

added, is affecting the development and lumen structure of the intratumoral blood vessels, thereby facilitating

primary tumor cell intravasation. This action of NE may be continuous or additive over the period of neutrophil

influx and also dependent on enzyme stabilization in the tissue. The second stage, whereNEappears to function,

is indicatedby the lack-of-functiondata fromNE-KOmurinemodels (Figures 6, 7 and S4). InNE-competent hosts,

this stepof cancer cell disseminationwould involveNEacting on the vascular arrested tumor cells within the capil-

lary network of a secondary site. At this particular stage, the NE released by neutrophils responding to vascular-

arrestedtumorcellswouldactdirectlywithin the tumor-vascularmicroenvironmentandenabledisseminatingcan-

cer cells toavoid amassiveclearance, to survive, andbe retained in the tissue.Ourdata indicate2- to3-foldhigher

levelsof lungretention forhuman tumorcells inWTversusNE-KOmice.Apossibleexplanation for thisNE-depen-

dent clearance avoidance and tissue retention stems from results showing that purifiedNE induces the Src/PI3K-

dependent Akt survival signaling pathway in twometastatic human carcinoma cell types employed in the present

study. The catalytic activity of NE exerted at two distinct stages would imply that different cell types, i.e. vascular

endothelial cells and/or vascular arrested tumor cells, and different protein substrates could be the targets of NE

action. Thus far, with the exception of CD44, we have not identified bona fideNE-specific target substrates, the

cleavage of whichmight yield someof the pronounced structural and functional changeswedocumented in vivo.

Proteomic andmolecular-genetic approaches shouldaid in the identificationof functionalNE substrateswithinor

on the surfaceof aggressive tumor cells and facilitate the demonstration thatNE-mediated cleavage of identified

targets is directly causal to the NE-mediated processes we have uncovered in this study.

It can be translattionallty challenging to further demonstrate that intrinsic NE enhances tumor cell dissem-

ination in cancer patients. A few chemical inhibitors of NE have shown limited success in clinical trials for

treatment of non-cancerous disorders of the lung (Aikawa and Kawasaki, 2014; von Nussbaum and Li,

2015); however, clinical trials employing highly specific NE inhibitors for cancer patients have not yet

been reported. The critical interactions of human tumor cells with NE documented herein might be readily

targetable because the metastasis-enhancing action of NE appears to operate in the extracellular milieu of

the engaged tumor tissue following influx of inflammatory neutrophils. The activity of NE also appears to

function within the targetable intratumoral neovasculature in response to vascular-arrested tumor cells at a

putative secondary site. The latter notion is consistent with the studies, which demonstrated a metastasis-

promoting engagement of neutrophils in experimental metastasis (Labelle and Hynes, 2012) or during tu-

mor-induced preparation of metastatic niches for the arrival of disseminating primary tumor cells (Kaplan

et al., 2006). However, neither of these studies identified the specific neutrophil product that was causal for

enhancing metastasis. Our findings indicate that both the delivery by inflammatory neutrophils of their NE

and the extracellular NE activity itself might be pharmacologically targeted shortly after diagnosis of early

tumor development. According to NE-KO studies, the normal physiological role of NE is quite mild or not

apparent unless challenged by infection, injury, or tumor growth (Gong et al., 2013; Kessenbrock et al.,

2008; Kolaczkowska et al., 2009). Therefore, molecular neutralization of NE might not be as deleterious

for cancer patients as pharmacologically induced systemic neutropenia, further supporting a translational

targeting of heightened NE activity locally, within the cancerous microenvironment. This notion might

especially be considered in those particular precancerous situations, where the chronic influx of inflamma-

tory neutrophils and delivery of their NE might be widespread.

Limitations of the Study

In this study we investigated the functional contribution of NE to early stages of metastasis. The major

experimental approaches involved the supplementation of developing tumors with exogenous NE and
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the use of NE-KOmice. However, we were not able to demonstrate the effectiveness of systemic inhibition

of intrinsic NE with a small molecule inhibitor Sivelestat. An additional limitation is related to the lack of

mouse model in which NE expression could be switched off specifically in the neutrophils. This mouse

model would have allowed us to demonstrate tumor-promoting activity of NE delivered distinctively by in-

flammatory neutrophils during different phases of primary tumor growth and primary tumor cell dissemi-

nation. We also demonstrated that NE-mediated activation of Src/PI3K/Akt pathway was critical for survival

and migration of tumor cells and excluded EGFR and MAPK pathways as activated by NE in our models.

However, it is possible that other pathways could be activated by NE and important for tumor cell

metastasis.
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Figure S1. NE does not affect tumor cell proliferation. Related to Figure 5. 

HEp3 (A) and PC3-hi/diss (B) tumor cells were treated with 100 nM NE for 2 or 6 hr, washed 

and plated at 5x104 cells per well in triplicate. After 48-hr incubation, the cells were detached 

and counted. Two independent experiments were performed for each tumor cell type. Data are 

presented as mean ± SEM. 
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Figure S2. Inhibition of NE-mediated cleavage of CD44 by Sivelestat. Related to Figure 5. 

PC3-hi/diss cells were left untreated or treated with 50 nM NE alone or pre-mixed with 

Sivelestat at the indicated increasing concentrations (0.3 to 10 mM). After 8-hr-incubation, the 

cell in each treatment culture (detached and still attached) were washed and lysed. Equal 

amounts of cell lysates (40 g/lane) were probed under non-reducing conditions for the C-

terminus and N-terminus CD44 with the corresponding terminus-specific antibodies. The blots 

indicate that CD44 is efficiently cleaved as evidenced by the diminishment of the extracellular 

N-terminal portion of 75 kDa full length CD44 and appearance of C-terminal cleavage 

fragments. At 3-10-M range, Sivelestat efficiently blocked NE-mediated cleavage of CD44. 
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Figure S3. NE does not induce activation of p38 and Erk1/2 MAPKs. Related to Figure 5. 

(A) HEp3 cells were serum starved and then treated with 100 nM NE for 20 min or 1 or 10 

mg/ml LPS for 6 hours as a positive control for activation of p38 (A) or Erk1/2 (B). Equal 

amount of protein in cell lysates were loaded per lane (40 g) of a gel run under reduced 

conditions. The phosphorylation of p38 and Erk1/2 was analyzed with the corresponding specific 

antibodies against phosphorylated p38 and p42/p44. Equal load was confirmed by probing blots 

for -actin.  
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Figure S4. NE is required for efficient lung retention of vascular-arrested PC3-hi/diss cells.  

Related to Figure 6. 

(A) PC3-hi/diss cells were stained with red-fluorescence dye (Abcam) and inoculated into the 

tail vein of C57BL/6 mice, WT or NE-KO (1x106 cells per mouse). The numbers of tumor cells 

arrested in the lung vasculature and cells retained in the lung tissue were measured within 20 min 

and 14 hr after cell inoculations, respectively, with human-specific Alu-qPCR. Two independent 

experiments were performed involving a total of 10 to 12 mice per variable. ***, P<0.001, two-

tailed Student’s t-test. Data are presented as mean ± SEM. 

(B) Red-fluorescent PC3-hi/diss tumor cells were imaged in the lungs in an immunofluorescence 

microscope equipped with a digital video camera. Original magnification, 200x. Bar, 100 m. 

(C) Retention indices were quantified for each mouse as the fraction (%) of PC3-hi/diss cells 

retained in the lung compared to the number of inoculated cells initially arrested in the lung 

vasculature. ***, P<0.01, two-tailed Student’s t-test. Data are presented as mean ± SEM. 
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Figure S5. Lack of inhibitory effects of Sivelestat on lung retention. Related to Figure 6. 

HEp3 cells were inoculated into the tail vein of immunodeficient SCID mice at 1x106 cells per 

mouse. The mice were treated with a total of 1 to 3.5 mg Sivelestat per mouse, administered by 

i.p. or i.v. routes, 2-3 times within the 12 hr period before lung harvest. Control mice received 

equal volume of vehicle (4% DMSO in PBS). The number of HEp3 cells retained in the lung 

after 12 hr following cell inoculation was measured with human-specific Alu-qPCR. Four 

independent experiments involving a total of 30 and 31 mice per vehicle control and Sivelestat 

were performed. The individual mouse data from these experiments were pooled since there 

were no effects of Sivelestat regardless of the delivery route, number of inoculations, or dose. 
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Transparent Methods 

Chemicals and reagents 

Purified NE was purchased from Athens Research & Technology, Inc. (Athens, Georgia). 

Natural inhibitor 1PI and protease and phosphatase inhibitor cocktails were from Sigma (St 

Louis, MO). Synthetic NE inhibitor Sivelestat was from Cayman Chemical. Interleukin 8 (IL-8) 

was purchased from Peprotech (Rocky Hill, NJ). Antibodies against p38 MAPK phosphorylated 

at Thr180/Tyr182 (#9216) and p44/42 (Erk1/2) phosphorylated at Thr202/Tyr 204 (#9106). were 

from Cell Signaling.  

 

Isolation of human neutrophils and preparation of nitrogen cavitates  

Human neutrophils were isolated from whole blood obtained from healthy donors at the Scripps 

Research Institute. Two volumes of anti-coagulated blood (50mM EDTA) were layered over a 

double gradient formed by carefully layering one volume of Histopaque-1077 over one volume 

of Histopaque-1119 (both from Sigma-Aldrich). Blood cells were separated by centrifugation for 

30 min at 700 × g. The upper plasma layer and mononuclear cells at the plasma/Histopaque-1077 

interface were removed. The granulocytes were harvested from the Histopaque-1077/1119 

interface and washed twice with cold Hanks Balanced Salt Solution (HBSS, Thermo Fisher 

Scientific) by centrifugation for 10 min at 400 × g. Washed granulocytes were re-suspended at 

the desired concentration in serum-free (SF) DMEM supplemented with gentamicin (10 µg/mL). 

The purity of neutrophil fraction was verified with HEMO staining (Protocol) and was >95%. To 

open granule contents, isolated neutrophils placed into the cryogenic tubes at 1x107 cells/mL 

HBSS. Tubes were subjected to 3 freeze/thawing cycles in liquid nitrogen/warm water bath. 

After centrifugation at 4 min, 4000 × g, 4°C, the cell debris was removed and the nitrogen 

cavitates (NC) were kept at -20°C until use. 

 

NE activity assay 

To determine the NE activity in NC preparations, 30 µL of the sample were mixed with 350 nM 

of the elastase colorimetric substrate (Elastase substrate I, Calbiochem) in ammonium 

bicarbonate buffer (50 nM). The enzyme activity was assayed by a colorimetric detection at 405 

nm (SynergyMX, BioTek) using a calibration curve generated by titration of purified NE. 

Kinetic assays were run for 1h, allowing for the determination of Vmax values and calculation of 

NE activity using the Gen5 2.0 software. 

 

Tumor cells and culture conditions 

Human epidermoid HEp3 carcinoma cell line (Toolan, 1954) and an aggressive variant of  

human PC3 prostate carcinoma cell line possessing high disseminating potential, PC3-hi/diss 

(Conn et al., 2009), were used in this study. Murine carcinoma cells, MOC2, generated to study 

head and neck cancer in syngeneic mouse models ((Judd et al., 2012), were received from Dr. R. 

Upalluri of Washington School of Medicine (St. Louis, MO). Cells were cultured in Dulbecco’s 

modified Earle’s medium (DMEM), supplemented with glucose, sodium pyruvate, non-essential 

amino acids, gentamycin and 10% FBS (D10). For using in experiments, the cells were detached 

with enzyme-free buffer, washed in serum-free (SF) DMEM, and re-suspended in desired 

concentration.  
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Cell proliferation and chemotactic cell migration 

HEp3 and PC3 cells were treated with purified NE at 100 nM for 2 or 6 hours, washed and 

suspended at 1x106 cells/mL SF-DMEM. For cell proliferation assays, washed cells were plated 

at 5x105 per well of 24-well cluster in D10. After 48 hours, cells were detached with trypsin-

EDTA and counted. For cell migration assays, washed cells were plated at 1x105 per insert of a 

6.5-µm Transwell with 8-µm pore size membrane. Cells were allowed to migrate towards 

chemoattractant in an outer chamber, 5% FBS or 100 nM of hepatocyte growth factor (HGF). 

Transmigrated cells were harvested after overnight incubation and counted. For NE inhibition 

experiments, the cells were first pretreated with NE inhibitors, 1PI and Sivelestat, or signaling 

inhibitors, Dasatinib and Wortmannin, at the indicated concentrations for 20 min, and then the 

cultures were treated with NE. 

 

Western blotting 

Sub-confluent layers of tumor cells plated the day before experiment were washed in SF-DMEM 

and treated with 100 nM purified NE for 20 min. For NE inhibition experiments, the cells were 

first pretreated with NE inhibitors, 1PI and Sivelestat or signaling inhibitors Dasatinib and 

Wortmannin at the indicated concentrations for 20 min, and then the cultures were treated with 

NE. Cells were lysed on ice with mRIPA buffer supplemented with the protease and phosphatase 

inhibitors (Sigma). Cell lysates were clarified by centrifugation and equal protein contents (20-

40 µg/lane) were separated by SDS-PAGE on 4-20% gels. The separated proteins were 

transferred to a PVDF membrane, blocked with 1% BSA, and incubated overnight with the 

mouse monoclonal antibody against Akt, phospho Akt, phospo p38, phosphor Erk1/2, -actin 

(all from Cell Signaling), C-terminal CD44 (Rb antibody from Boster), or N-terminal CD44 

mouse mAb 29-7 generated in our laboratory. The membranes were washed and incubated with 

the secondary antibodies conjugated with HRP (Cell Signaling). The bound secondary antibodies 

were visualized with West Pico substrate (Thermo Fisher Scientific).  

 

Animal studies 

All experiments involving animals were conducted in accordance with the Animal Protocol 

approved by TSRI Animal Care and Use Committee (IACUC). 

 

CAM angiogenesis model 

The effects of purified NE on tumor cell-induced angiogenesis were determined using a collagen 

onplant angiogenesis assay as described (Deryugina and Quigley, 2008a). Briefly, GFP-tagged 

HEp3 cells were incorporated at 1x106 cells per mL into 2.2 mg/mL neutralized native type I 

collagen (BD Biosciences) and 30 µL-droplets of the mixture were polymerized over grid 

meshes (3x4 mm) generating three-dimensional (3D) rafts (“onplants”) by incubating at 370C for 

20 min. Solidified onplants were grafted onto the chorioallantoic membrane (CAM) of 10 day-

old chick embryos incubated ex ovo (6 onplants/embryo). The onplants were treated daily with 

10 µL of 100 nM of NE or vehicle (PBS/1% DMSO). Within 68 h to 72 h, newly developed 

blood vessels that had grown into 3D collagen rafts were scored over the lower mesh using a 

stereoscope. The angiogenic index was calculated for each onplant as the ratio of number of 

grids having newly formed blood vessels over the total number of scored grids. To visualize the 

angiogenic blood vessels within collagen rafts, the onplant-bearing embryos were injected via 
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the allantoic vein with 100 ug of Rhodamine-conjugated Lens culinaris agglutinin (LCA; Vector 

laboratories) in 0.1 mL PBS. Portions of CAM with onplants were visualized for fluorescence in 

an Olympus microscope equipped with a digital video camera. To measure tumor cell 

intravasation, portions of CAM, 1-5 cm distal to collagen onplants, were harvested on day 5 after 

onplant grafting and processed for quantitative human-specific Alu-qPCR as described (Minder 

et al., 2015). 

 

CAM tumor model to study spontaneous metastasis 

To analyze the effects of purified NE, NC and intact neutrophils on intratumoral angiogenesis 

and tumor cell intravasation, CAM microtumor assays was employed as described (Deryugina, 

2016). Briefly, GFP-tagged HEp3 cells were suspended at 1x107 cells per mL within 2.2 mg/mL 

neutralized native type I collagen (BD Biosciences). Six 15 µL-droplets of cell-containing 

collagen mixtures were placed separately on the top of a CAM on 10 day-old chick embryos 

developing ex ovo (Deryugina and Quigley, 2008b). Developing tumors were treated daily by 

topical application of tested ingredients in PBS supplemented with 1% DMSO (vehicle). Purified 

NE was used at 100 nM, the NC was used at a concentration equivalent to 100 nM of NE 

activity, and α1PI was used at a final concentration of 300 nM. To assay the effect of intact 

neutrophils, freshly isolated neutrophils were injected on day 3 of microtumor development into 

the allantoic vein of chick embryos (2x106 neutrophils per embryo). After 5 days, 100 µg of 

Rhodamine-LCA in PBS was inoculated within 0.1 mL PBS in an allantoic vein to highlight 

chick embryo vasculature. Within 10-30 minutes, the portions of the CAM distal to tumors were 

excised and processed for Alu-qPCR to determine the number of intravasated human cells, after 

which the CAM microtumors were imaged using an Olympus IX51 microscope equipped with a 

QuantiFire XI digital microscope camera. Images were acquired at the original magnification of 

200X (20X objective and 10X eyepiece). In acquired images, intratumoral vasculature was 

analyzed using ImageJ for lumen size distribution. The lumen diameters were determined for 3-5 

areas within a tumor, 2-6 tumors per embryo, 3-5 embryos per group, allowing for statistically 

significant number of measurements.  

 

Pulmonary tumor cell arrest and lung retention in mice 

Lung retention experiments were conducted as described (Oncogene, 2012). WT and NE-KO 

mice (6-to-8-week-old) were injected through a lateral tail vein with 5x105 HEp3 cells or 1x106 

PC3 cells per mouse. Both sexes of mice were used throughout the study, although one the mice 

of one sex of similar age were used in an individual experiment. Tumor cell arrest in pulmonary 

vasculature and lung tissue retention of tumor cells was analyzed correspondingly after 30 

minutes or 12 hours following cell inoculations. Where indicated, the mice following cell 

injections were treated with Sivelestat at 1-1.5 mg/kg administered up to three times in 0.2 mL 

PBS/4%DMSO i.p. or i.v. during 12-hr-long duration of lung retention assays. Control. Mice 

were treated with vehicle (PBS/4% DMSO). Lung tissue was harvested and processed for 

human-specific Alu-qPCR to determine actual numbers of human cells using a standard curve as 

described (Conn et al., 2009; Deryugina and Kiosses, 2017; Minder et al., 2015).  

 

Mouse orthotopic model for spontaneous metastasis of head and neck cancer  

Mouse model to study mechanisms of spontaneous metastasis of head and neck cancer was 

performed as described (Deryugina et al., 2018). Herein, we employed an aggressive murine 

head and neck carcinoma cell line, MOC2, a syngeneic setting using genetically compatible 

C57BL/6 mice, WT and NE KO. Both sexes of mice were used throughout the study, although 
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one the mice of one sex of similar age were used in an individual experiment. MOC2 cells were 

inoculated into buccal lining of the upper lip at 1x106 per site (one site per mouse). After 12-14 

days, mice were sacrificed when primary tumors reached end point-size of ~0.5 cm in diameter. 

Tumors were excised and weighed. Lungs (the major organ for hematogenous dissemination of 

head and neck carcinomas in this model) were harvested and fixed for histological examination. 

Lung sections were stained with hematoxylin-eosin and digitally scanned. Areas in the lung 

tissue occupied by tumor cells were outlined and quantified using ImageJ software. 

 

Quantitative human-specific Alu-qPCR 

Dissemination of human tumor cells in CAM or mouse assays was measured by the 

quantification of human-specific Alu repeats in total DNA extracted from host tissue as described 

(Conn et al., 2009; Deryugina and Kiosses, 2017; Minder et al., 2015). The DNA was purified 

using the Puregene DNA purification kit from Qiagen. The Alu-qPCR was performed on 10 ng 

of genomic DNA in a Bio-Rad MyIQ LightCycler (Bio-Rad) using SYBR green (Life 

Technologies) as a binding dye. The Cq values were converted into number of human cells using 

a standard curve generated by spiking increasing numbers of human tumor cells (from 10 to 104 

cells) into a fixed number (106 cells) of chick embryo fibroblasts or murine B16 melanoma cells. 

 

Statistical analysis 

Data were analyzed using GraphPad Prism 7 (GraphPad Software, La Jolla, CA). In bar graphs 

the data are presented as mean ± SEM from either a representative experiment or several 

normalized pooled experiments. To normalize the data, the ratios of numerical values for each 

measurement over the mean of the control group of an individual experiment were calculated. 

The outliers were eliminated based on the Grubb’s test incorporated in GraphPad Software. The 

differences (P values) between data sets were analyzed with the unpaired two-tailed Student’s t-

test. P values <0.05 were considered statistically significant. 
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