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Abstract 

Aims: Extracellular vesicles (EVs) are membrane-derived vesicles that mediate intercellular communications. 
Neutrophils produce different subtypes of EVs during inflammatory responses. Neutrophil-derived trails 
(NDTRs) are generated by neutrophils migrating toward inflammatory foci, whereas neutrophil-derived 
microvesicles (NDMVs) are thought to be generated by neutrophils that have arrived at the inflammatory foci. 
However, the physical and functional characteristics of neutrophil-derived EVs are incompletely understood. In 
this study, we aimed to investigate the differences between NDTRs and NDMVs. 
Methods: The generation of neutrophil-derived EVs were visualized by live-cell fluorescence images and the 
physical characteristics were further analyzed using nanotracking analysis assay, scanning electron microscopic 
analysis, and marker expressions. Functional characteristics of neutrophil-derived EVs were analyzed using 
assays for bactericidal activity, monocyte chemotaxis, phenotype polarization of macrophages, and miRNA 
sequencing. Finally, the effects of neutrophil-derived EVs on the acute and chronic inflammation were examined 
in vivo. 
Results: Both EVs share similar characteristics including stimulators, surface marker expression, bactericidal 
activity, and chemoattractive effect on monocytes via MCP-1. However, the integrin- 
mediated physical interaction was required for generation of NDTRs whereas NDMV generation was 
dependent on PI3K pathway. Interestingly, NDTRs contained proinflammatory miRNAs such as miR-1260, 
miR-1285, miR-4454, and miR-7975, while NDMVs contained anti-inflammatory miRNAs such as miR-126, 
miR-150, and miR-451a. Although both EVs were easily uptaken by monocytes, NDTRs enhanced 
proinflammatory macrophage polarization whereas NDMVs induced anti-inflammatory macrophage 
polarization. Moreover, NDTRs showed protective effects against lethality in a murine sepsis model and 
pathological changes in a murine chronic colitis model. 
Conclusion: These results suggest that NDTR is a proinflammatory subtype of neutrophil-derived EVs 
distinguished from NDMV. 
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Introduction 
Extracellular vesicles (EVs) are membrane- 

derived vesicles surrounded by lipid bilayers [1]. 
Since EVs express various ligands and receptors 

originating from their source cells and transport 
various molecules to their target cells, they are 
important mediators of intercellular communications 
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[2]. Neutrophils, the professional phagocytes, also 
produce EVs in response to various stimulators. 
Neutrophil-derived EVs are thought to be generated 
through the membrane blebbing and shedding, and 
conform to the general description of EV [2]. Recently, 
a specialized type of neutrophil-derived EVs was 
discovered and called trails [3]. During migration 
through inflamed tissue, the uropods of neutrophils 
are elongated by adhesion to the endothelium [4]. 
These elongated uropods detach from the cell bodies, 
finally leaving chemokine-containing EVs [3]. Hence, 
neutrophil-derived EVs can be categorized into two 
subtypes according to the mechanism of generation: 
neutrophil-derived microvesicles (NDMVs) and 
neutrophil-derived trails (NDTRs). 

NDMVs are the classical type of 
neutrophil-derived EVs. Neutrophils generate 
NDMVs either spontaneously [5] or in response to 
various immunological stimuli such as bacterial 
stimulation [6-16], cytokines [12, 17], chemokines [13], 
complement components [13, 18], and antibodies [19, 
20]. Flow cytometric analysis and electron 
microscopic analysis showed that NDMVs are small 
enclosed vesicles less than 1 μm in diameter [13, 15, 
17, 20-23] and surrounded with a double-layered 
membrane [5, 10]. Phosphatidylserine (PS) is exposed 
in the outer layer of the membrane [6, 8, 13, 15, 16, 18, 
20, 24-26] and various adhesion molecules, such as 
integrin αM [5, 6, 14, 15, 19, 23], integrin β [6], and 
L-selectins [5, 21, 26], are expressed on the surface. In 
addition, NDMVs contain protease-enriched granules 
[5, 6, 10, 12, 15, 19, 20, 26]. Although NDMVs limit 
growth of bacteria by inducing bacterial aggregation 
[16], NDMVs exert anti-inflammatory functions in 
general [27]. NDMVs suppress inflammatory gene 
expressions in natural killer (NK) cells [13], 
monocyte-derived dendritic cells (moDCs) [7], 
macrophages [8, 9, 24, 28], chondrocytes [17], and 
endothelial cells [11, 19]. Moreover, NDMVs reduce 
cartilage damage in a murine model of inflammatory 
arthritis by enhancing TGF-β production from 
chondrocytes [17] and increase mortality in a murine 
model of sepsis by decreasing macrophage activation 
[29]. 

NDTRs are a recently identified subtype of 
neutrophil-derived EV. They are generated from 
neutrophils during migration from blood vessels into 
inflamed tissue [3, 4]. The physical forces between 
neutrophils and endothelial cells elongate the 
uropods of migrating neutrophils [4], leading to the 
detachment of the tail portion [3]. Since integrins 
mediate physical binding between neutrophils and 
endothelial cells, they are important for generation of 
NDTRs [30]. The detached tail portion contains 
CXC-chemokine ligand 12 (CXCL12) which guides 

CD8+ T cells to the influenza-infected tissues [3]. 
Although extensive studies revealed the 

anti-inflammatory roles of NDMVs, the detailed 
understanding on the functions of NDTRs has not 
been elucidated. The most important difference 
between NDTRs and NDMVs is considered to be the 
spatiotemporal generation mechanism; NDTRs are 
found in tissues where neutrophils migrated, whereas 
NDMVs are found at the inflammatory foci where 
neutrophils arrived. Based on this difference, we 
hypothesized that NDTRs and NDMVs play different 
roles in modulating immune responses. Here, we 
show that NDTRs are proinflammatory EVs 
distinguished from anti-inflammatory NDMVs. 
Although both EVs share similar characteristics 
including bactericidal activity and chemoattractive 
effects against monocytes, NDTRs showed distinct 
proinflammatory miRNA profiles that induced 
proinflammatory macrophage polarization. 
Moreover, NDTRs protected mice against sepsis- 
induced lethality and attenuated pathological changes 
in mice with chronic colitis whereas NDMVs did not. 

Results 
Characterization of NDTRs 

To identify specific stimulators for NDTR 
formation, we examined the effects of known 
stimulators for NDMV formation. The stimulators 
were categorized into the following subgroups: (i) 
pathogen-associated molecular patterns (PAMPs): 
formyl-methionyl-leucyl-phenylalanine (fMLP), 
lipopolysaccharide (LPS), opsonized E. coli, and 
opsonized S. aureus; (ii) danger-associated molecular 
patterns (DAMPs): high mobility group box 1 
(HMGB1), complement component 5a (C5a), and S100 
calcium binding protein B (S100B); (iii) inflammatory 
cytokines: tumor necrosis factor-α (TNF-α) and 
interferon-γ (IFN-γ); (iv) anti-inflammatory or 
immunosuppressive cytokines: tumor growth factor-β 
(TGF-β) and interleukin-4 (IL-4); and (v) exogenous 
compounds: N(γ)-nitro-L-arginine methyl ester 
(L-NAME) and phorbol 12-myristate 13-acetate 
(PMA). To visualize EV formation, neutrophils were 
stained with cell tracker green and live-cell 
fluorescence images were obtained. All stimulators 
induced the formation of NDTRs from neutrophils in 
the fibronectin-coated chemotaxis chamber (Figure 
1A, Movie S1). The stimulated neutrophils exhibited 
elongated uropods (Figure 1A, arrows), which were 
subsequently detached from the cell bodies, forming 
NDTRs (Figure 1A, arrowheads). As expected, all 
stimulators induced the formation of NDMVs from 
neutrophils in the uncoated confocal dish (Figure 1A, 
Movie S2). Live-cell fluorescence imaging showed the 
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blebbing of membranes (Figure 1A, arrowheads) and 
membrane blebs were finally detached, forming 
NDMVs (Movie S2). To quantify amounts of NDTRs 
and NDMVs, calcein-AM loaded neutrophils were 
allowed to generate EVs and fluorescence levels of 
calcein in neutrophil-derived EVs were measured 

using spectrofluorometer. A high correlation 
coefficient between the levels of calcein fluorescence 
and particle concentrations was confirmed (Figure 
S1A). We did not find any significant differences in 
amounts of neutrophil-derived EVs in response to 
indicated stimulators (Figure 1B). 

 

 
Figure 1. Characterization of NDTRs. (A-B) Various stimulators induce formation of both NDTRs and NDMVs (A) Representative time-lapse images of EVs released from 
neutrophils. Neutrophils were stained with cell-tracker, stimulated with the indicated stimulators, and visualized using immunofluorescence microscopy for 1 h. The time denotes 
minutes after stimulation. The arrows indicate elongated uropods. The arrowheads indicate deposited neutrophil-derived EVs. All data are representative of more than three 
independent experiments with n = 3 per each group. (B) Quantification of relative amounts of generated neutrophil-derived EVs. Neutrophils were stained with calcein-AM and 
stimulated with the indicated stimulators. n = 4–7 per group. Relative fluorescence normalized to the fluorescence of EVs isolated from unstimulated neutrophils. (C) 
Representative density plots and bar graph for sizes and concentrations of neutrophil-derived EVs. The size distribution and concentration of neutrophil-derived EVs was 
measured using Nanosight tracking analysis (NTA). n = 3 per group. (B-C) The data shown are the mean ± SEM. (B-C) ***P < 0.001 vs control. (D) *P < 0.05; **P < 0.01; ***P < 
0.001. (D-E) Scanning electron microscopic analysis of neutrophil-derived EVs. Neutrophils were stimulated with fMLP (1 µM) and neutrophil-derived EVs were separated. 
Neutrophil-derived EVs were coated on filter membrane and visualized with scanning microscopy. (D) Representative picture of NDTRs. The size of particle ranged up to 502 
nm. (E) Representative picture of NDMVs. The size of particle ranged up to 570 nm. 
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We further characterized NDTRs according to 
the guidelines provided by minimal information for 
studies of extracellular vesicles 2018 (MISEV2018) 
[31]. The sizes and numbers of NDTRs and NDMVs 
were analyzed using nanotracking analysis (NTA) 
assay. NTA revealed heterogeneity in the size 
distribution of spontaneously generated 
neutrophil-derived EVs (Figure 1C). The diameter of 
spontaneously generated neutrophil-derived EVs was 
between 50 and 600 nm (mode size, 73-350 nm). The 
sizes and diameters of neutrophil-derived EVs 
isolated from fMLP-stimulated neutrophils were not 
significantly different from those of spontaneously 
generated neutrophil-derived EVs [Spontaneous 
versus fMLP-stimulated: NDTR, 226.5 ± 14.11 nm vs 
232.1 ± 16.25 nm (mean size ± SEM); NDMVs, 211.5 ± 
13.47 nm vs 227.2 ± 9.324 nm (mean size ± SEM)]. The 
scanning electron microscopic (SEM) analysis showed 
the similar oval-shaped morphology of NDTRs and 
NDMVs (Figure 1D-E). These results suggest the 
robust structure of neutrophil-derived EVs, especially 
NDTRs, despite separation procedures. 

To further investigate the mechanism underlying 
NDTR formation, we examined the effects of various 
inhibitors on the formation of NDTRs. Neutrophils 
were allowed to generate neutrophil-derived EVs in 
response to fMLP in the presence or the absence of 
various signaling pathway inhibitors. PD90859 (an 
ERK inhibitor), SB203580 (a p38 MAPK inhibitor), 
BAPTA-AM (a Ca2+ chelator), CaCCinh (a Ca2+- 
activated Cl- channel transmembrane protein 16A 
inhibitor), Tat-C3 (a Rho inhibitor), NSC23766 (a Rac1 
inhibitor), and ML141 (a Cdc42 inhibitor) attenuated 
the formation of both NDTRs and NDMVs (Figure 
S1B). However, wortmannin [a phosphatidylinositol 
3-kinase (PI3K) inhibitor] significantly attenuated the 
formation of NDMVs but not NDTRs (Figure S1B). 
Moreover, IMB10 (an inhibitor of integrin αM and 
MAC-1) significantly inhibited the formation of 
NDTRs but slightly attenuated the formation of 
NDMVs (Figure S1B). We further confirmed these 
results in neutrophil-derived EVs stimulated with 
PMA, C5a, and TNF-α (Figure S1B). Wortmannin 
significantly inhibited generation of NDMVs whereas 
IMB10 significantly inhibited formation of NDTRs in 
response to stimulation with PMA, C5a, and TNF-α 
(Figure S1B). Since these results suggest the 
requirement of physical interactions for NDTR 
generation, we examined the effects of inhibitors on 
the migration of neutrophils. The accumulated 
distance traveled by neutrophils revealed the 
movement of neutrophils against known 
chemoattractive molecules for neutrophils such as 
fMLP, C5a, HMBG1, S100B, E. coli and S. aureus 
(Figure S1C). Interestingly, neutrophils also showed 

the enhanced chemokinesis against LPS, PMA, 
HMGB1, TNF-α, TGF-β, IFN-γ, IL-4, and L-NAME 
(Figure S1C). PD90859, SB205380, and IMB10 
significantly inhibited movement of neutrophils 
against fMLP, PMA, C5a, and TNF-α (Figure S1C). 

To further characterize NDTRs, we assessed the 
expressions of surface markers on NDTRs. Flow 
cytometric analysis showed NDTRs shared similar 
surface markers such as annexin A1 (AnxA1), 
phosphatidylserine [detected using annexin A5 
(AnxA5)], tetraspanins (CD9, CD81, and CD63), 
granules (CD66b, and CD35), adhesion molecules 
(CD11b, CD39d, CD29, and CD18), heat shock protein 
(HSP70), and monocyte chemoattractant protein 1 
(MCP-1) (Figure S1D). Interestingly, NDTRs showed 
higher expressions of CD29 (integrin β1), CD43 
(leukosialin), CD49d (integrin α4), flotillin-1, and 
PSGL-1 (P-selectin glycoprotein ligand 1) whereas 
NDMVs showed higher expression of CD16 (an Fcγ 
type III receptor) (Figure S1D). We further 
investigated contents of NDTRs and found that 
NDTRs contained RNA and protein but not DNA 
(Figure S1E-F). The concentrations of proteins 
retained in NDTRs and NDMVs were not 
significantly changed according to stimulators (Figure 
S1G). 

NDTRs exert bactericidal activity through 
ROS- and granule-dependent pathway 

A previous study reported that NDMVs inhibit 
the growth of bacteria by inducing bacterial 
aggregation [16], hence we examined the bactericidal 
activity of NDTRs. E. coli and S. aureus were exposed 
to neutrophil-derived EVs isolated from neutrophils 
stimulated with equivalent amounts of E. coli or S. 
aureus. Then, the survival of bacteria was analyzed 
(Figure 2A). Both NDTRs and NDMVs showed 
significant bactericidal activity against E. coli and S. 
aureus (Figure 2B). Neutrophil-derived EVs are 
composed of plasma membranes and carry 
substantial amounts of proteins and RNA, hence, we 
hypothesized that the continual production of 
neutrophil-derived EVs might negatively influence 
the overall bactericidal activity of remnant 
neutrophils (RNs). Therefore, we examined the 
bactericidal activity of RNs after the generation of 
neutrophil-derived EVs. Neutrophils were allowed to 
generate either NDTRs, NDMVs, or both, and the 
bactericidal activity of RNs was examined (Figure 
2A). Interestingly, RNs exhibited the significantly 
diminished bactericidal activity against E. coli and S. 
aureus (Figure 2C), suggesting that neutrophil-derived 
EVs might be involved in the general bactericidal 
activity of neutrophils. 
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Figure 2. NDTRs exert bactericidal activity via ROS- and granule-dependent pathway. (A) Schematic depiction of experimental design. (B) Bactericidal activity of 
neutrophil-derived EVs. Opsonized E. coli or S. aureus were exposed to neutrophil-derived EVs separated from neutrophils stimulated with respective bacteria. (C) Bactericidal 
activity of remnant neutrophils (RNs) after EV formations. RNs were recovered after generation of neutrophil-derived EVs. (D-E) The effects of inhibitors on the specific 
pathways for bactericidal activity by neutrophil-derived EVs. Bacteria were exposed to neutrophil-derived EVs in presence of absence of indicated inhibitors. Veh, DDW; DPI, an 
inhibitor of NDAPH oxidase, 10 µM; ProI, protease inhibitor cocktail, 10 µM; DNase, DNase I, 10 µM. The data are pooled from three independent experiments (n = 4-7 per 
each group) and shown as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. 

 
Neutrophils exert their bactericidal activity 

through the release of reactive oxygen species (ROS), 
granules, and neutrophil extracellular traps (NETs) 
[30]. We next evaluated the mechanism underlying 
the bactericidal activity of neutrophil-derived EVs by 
inhibiting each pathway of bactericidal activity. The 
NADPH oxidase inhibitor (diphenyleneiodonium, 
DPI) and protease inhibitor (PI) cocktail significantly 
attenuated the bactericidal activity of neutrophil- 
derived EVs (Figure 2D-E). DNase, an inhibitor of 
NETs, did not affect the bactericidal activity of 
neutrophil-derived EVs (Figure 2D-E). We further 
identified whether neutrophil-derived EVs generate 
ROS. A luminol assay showed that both neutrophil- 
derived EVs generate ROS in response to PMA 
stimulation (Figure S2A-B). Moreover, superoxide 
dismutase (SOD) activity assay and cytochrome c 
reduction assay showed the existence of functional 
units for ROS generation in neutrophil-derived EVs 
(Figure S2C-D). Collectively, these results suggest that 
both NDTRs and NDMVs exert bactericidal activity 
via ROS- and granule-dependent mechanisms. 

NDTRs induce monocyte chemotaxis through 
MCP-1 

Since we found the expression of MCP-1 in 

NDTRs and NDMVs, the effects of neutrophil-derived 
EVs on the chemotaxis of monocytes and 
macrophages were examined. One side of chemotaxis 
chamber was loaded with either NDTRs or NDMVs. 
Monocytes were isolated from peripheral 
mononuclear cells (PBMCs) and allowed to migrate 
toward neutrophil-derived EVs. Monocytes showed 
significant chemotaxis in a chemotaxis chamber 
coated with NDTRs and NDMVs (Figure 3A-C). 
Monocyte also showed significant chemotaxis against 
direct NDTR which were generated by allowing 
neutrophils to move toward indicated 
chemoattractants (Figure S3A). Macrophages were 
differentiated from monocytes isolated from PBMCs 
and allowed to migrate neutrophil-derived EVs. 
Macrophages did not show chemotaxis against any 
type of neutrophil-derived EVs (Figure S3B). 

We further examined the effects of 
pharmacological inhibition of CCR2, a receptor for 
MCP-1, on monocyte chemotaxis against neutrophil- 
derived EVs. The CCR inhibition completely 
abolished the migration of monocytes toward to 
NDTRs and NDMVs (Figure 3B-C, +MCP-1 inhibitor). 
These results suggest that neutrophil-derived EVs 
induce monocyte chemotaxis in an MCP-1-dependent 
manner. 



Theranostics 2021, Vol. 11, Issue 6 
 

 
http://www.thno.org 

2775 

 
Figure 3. NDTRs induce monocyte chemotaxis via an MCP-1-dependent pathway. (A-C) Neutrophils were stimulated with indicated stimulators and EVs were 
isolated. The lane was coated with isolated neutrophil-derived EVs and monocytes were allowed to migrate toward isolated neutrophil-derived EVs. The distances traveled by 
migrating cells were tracked on every minute for 45 min. Representative tracking results of thirty cells per each group are presented. (A) Monocyte migration tracking analysis. 
(B) The effects of MCP-1 inhibitor on chemotaxis of monocytes against neutrophil-derived EVs. Upper panels, monocytes were allowed to migrate toward MCP-1 (100 ng/mL) 
in the presence or absence of CCR1 antagonist. Middle and bottom panels, monocytes were allowed to migrate toward neutrophil-derived EVs in the presence of CCR2 
antagonist (+MCP-1 inhibitor, 1 µg/mL). (C) Mean distance and velocity of monocytes traveled towards neutrophil-derived EVs. The data are shown as the mean ± SEM. *P < 0.05; 
**P < 0.01; ***P < 0.001. All data are representative of three independent experiments (n = 3-4 per group). 

 
We next examined whether neutrophil-derived 

EVs induce chemotaxis of neutrophils themselves. 
Neutrophils showed efficient chemotaxis against both 
EVs, and LY223982 (a leukotriene B4 antagonist) 
completely abolished chemotaxis of neutrophils 
(Figure S3C). 

NDTRs induce proinflammatory phenotype 
polarization of M0-differentiated THP-1 cells 

NDMVs are considered to be generated from 

neutrophils in tissues [9, 10, 15, 28] whereas NDTRs 
are produced during migration toward inflammatory 
foci and guide following immune cells [3, 4]. We 
hypothesized that NDTRs might stimulate a 
pro-inflammatory response by activating following 
immune cells while NDMVs might attenuate an 
excessive inflammation by suppressing neighboring 
immune cells. Since both EVs enhanced chemotaxis of 
monocytes, we compared the effects of NDTRs and 
NDMVs on the phenotypic polarization of monocytes 
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into macrophages. We first examined whether 
monocytes directly interact with neutrophil-derived 
EVs. THP-1 cells, human monocytic cell line, were 
differentiated into M0 macrophages by stimulation 
with PMA (100 ngl, 48 h) and were exposed to 
neutrophil-derived EVs in a microfluidic chamber. M0 
macrophages actively migrated toward neutrophil- 
derived EVs and were merged with fluorescence- 
stained neutrophil-derived EVs (Figure 4A, Movie 
S3-4). Flow cytometric analysis further confirmed the 
increased EV uptake of neutrophil-derived EVs in M0 
macrophages (Figure 4B). 

Next, we evaluated the effects of NDTRs and 
NDMVs on the phenotypic polarization of 
macrophages. M0 macrophages were exposed to 
either NDTRs or NDMVs and the expression of 
phenotypic markers were examined (Figure 4C). For 
comparison, M0 macrophages were incubated with 
either LPS/IFN-γ or IL-4/IL-13 for differentiation into 
M1 or M2 macrophages, respectively (Figure 4C). 
Interestingly, NDTRs and NDMVs differentially 
induced the phenotypic polarization of M0 
macrophages. NDTR-exposed M0 macrophages 
showed increased expression of phenotypic markers 
of proinflammatory macrophages, such as inducible 
nitric oxide synthase (iNOS), IL-12, and TNF-α 
(Figure 4D-E). In contrast, NDMV-exposed M0 
macrophages showed upregulation of phenotype 
markers for anti-inflammatory macrophages, such as 
arginase-1 (Arg-1), IL-10, TGF-β, CD163, CD206, 
CD80, and CD86 (Figure 4D-E). Undifferentiated 
THP-1 cells did not show significant changes in 
neither morphology nor M1/M2 markers in response 
to stimulations with neutrophil-derived EVs (Figure 
S4A-C). We further confirmed these results using 
primary monocytes. Peripheral blood monocytes 
were exposed to either NDTRs or NDMVs for 24 h 
and the expressions of phenotypic markers were 
examined (Figure S4D). NDTRs significantly 
enhanced the expression of iNOS and CD80 in 
primary monocytes whereas NDMVs significantly 
enhanced the arginase expression (Figure S4D). 
Moreover, the iNOS/Arg1 ratio was significantly 
enhanced in NDTR-exposed monocytes whereas it 
was decreased in NDMV-exposed monocytes (Figure 
S4D). Based on these results, we hypothesized that 
NDTRs and NDMVs differentially induce 
macrophage polarization into proinflammatory 
phenotype and anti-inflammatory phenotype, 
respectively. 

To confirm the requirement of vesicular 
structures on effector functions of neutrophil-derived 
EVs, we evaluated the effects of lysed EVs. NDTRs 
and NDMVs were successfully lysed with SDS (Figure 
S4E-F) and lysed EVs showed negligible effect on 

macrophage polarization (Figure S4G-H). Moreover, 
lysed EV also did not affect bactericidal activity 
(Figure S4I). To examine whether diffusible molecules 
mediate the effects of neutrophil-derived EVs, 
supernatants were collected from neutrophil-derived 
EVs and were further filtrated. The filtrated 
neutrophil-derived EVs did not affect neither 
macrophage polarization nor bactericidal activity 
(Figure S4G-I). We further confirmed these results 
using Transwell assay. M0 macrophages loaded in 
upper chamber cells did not show significant changes 
in the expression of neither iNOS nor arginase against 
neutrophil-derived EVs loaded in bottom chamber 
(Figure S4G-H). Next, we examined whether the 
physical interaction is required for effector functions 
of neutrophil-derived EVs. Both AnxA5 and 
anti-AnxA1 abolished the effect of neutrophil-derived 
EVs on macrophages (Figure S4G-H). 

NDTRs express proinflammatory miRNAs 
miRNAs are small noncoding RNA molecules 

that post transcriptionally regulate gene expression. 
Various miRNAs are found in EVs and they mediate 
intercellular communications [32-34]. Since recent 
studies indicate that miRNAs play a pivotal role in the 
phenotypic polarization of macrophages [35-37], we 
performed miRNA sequencing (miRNA-seq) on 
neutrophil-derived EVs. Agilent human miRNA 
microarray assay was performed on the neutrophil- 
derived EVs isolated from healthy volunteers (Figure 
5A). The hierarchical clustering shows the differential 
miRNA expression patterns between NDTRs and 
NDMVs (Figure 5B). Furthermore, analysis of 
differentially expressed miRNAs (adjusted p-value < 
0.05, fold change ≥ 1.5) identified 40 miRNAs with 
significantly different expression levels in NDTRs and 
NDMVs (Figure 5A). Among the top 10 differentially 
expressed miRNAs, six miRNAs (miR-122-5p, 
miR-1260a, miR-1285-5p, miR-24-3p, miR-29a-3p, and 
miR-4454+miR7975) were highly expressed in 
NDTRs, while three miRNAs (miR-126-3p, miR-150- 
5p, and miR-451a) were highly expressed in NDMVs 
(Figure 5C). Next, RT-qPCR analysis was conducted 
to validate the differential miRNA expression in 
neutrophil-derived EVs. Cel-miR-39 was added to the 
samples during the RNA extraction step and was 
used as an exogenous control for normalization. We 
found that four miRNAs (miR-1260, miR-1285, 
miR-4454, and miR-7975) were highly expressed in 
NDTRs, while three miRNAs (miR-126, miR-150, and 
miR-451a) were highly expressed in NDMVs (Figure 
5D). To further confirm the involvement of miRNAs 
in macrophage polarization, M0-differentiated THP-1 
cells were transfected with mimics of miRNAs 
differently expressed in NDTRs and NDMVs. 
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Interestingly, the transfection with miRNA mimics 
highly expressed in NDTRs (miR-1260a, miR-1285-5p, 
miR-4454, and miR-7975) enhanced iNOS expressions 
in M0-differentiated THP-1 cells (Figure 5E). In 

contrast, the transfection with miRNA mimics highly 
expressed in NDMVs (miR-150-5p and miR-451a) 
enhanced arginase expressions in M0-differentiated 
THP-1 cells (Figure 5E). 

 

 
Figure 4. NDTRs induce proinflammatory phenotype polarization of macrophages. (A-B) Phagocytosis of neutrophil-derived EVs by M0-differentiated THP-1 cells. 
(A) Time-lapse images of M0-differentiated THP-1 cells acquiring neutrophil-derived EVs. Microfluidic chamber was coated with neutrophil-derived EVs and M0-differentiated 
THP-1 cells were allowed to phagocytose. Green, neutrophil-derived EVs stained with Cell Tracker Green; Arrowheads, neutrophil-derived EVs attached to the plates; Arrows, 
neutrophil-derived EVs phagocytosed by M0-differentiated THP-1 cells. Representative images of three independent experiments. (B) Flow cytometric analysis showing the 
uptake of neutrophil-derived EVs by M0-differentiated THP-1 cells. n = 3 per group. (C) Schematic depiction of experimental design for macrophage phenotype polarization. 
(D-E) The expressions of markers for M1 and M2 in M0-differentiated THP-1 cells exposed to neutrophil-derived EVs (n = 3-4 per each group). (D) Fold changes in the expression 
levels of cytokines in M0-differentiated THP-1 cells exposed to neutrophil-derived EVs using qPCR (E) The expression levels of surface markers in M0-differentiated THP-1 cells 
exposed to neutrophil-derived EVs using flow cytometry. The data are shown as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001 compared to control. 
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Figure 5. Proinflammatory miRNA profiles in NDTRs. (A) Hierarchical clustering of differentially expressed miRNAs in NDTRs and NDMVs. The miRNA profiles of 
NDTRs and NDMVs (n = 6 per group) clustered. Cluster analysis based on log10-transformed data. A red color represents relatively higher expression and a green color 
represents relatively lower expression. (B) Principal component analysis (PCA) plot of the miRNA expression profiles of NDTRs and NDMVs. (C) Summary of selected miRNAs 
differentially expressed in NDTRs and NDMVs. (D) Validation of selected miRNAs in NDTRs and NDMVs using RT-PCR (n = 10 per each group). (E) The effects of miRNA 
mimics (miR-1260a, miR-1285-5p, miR-4454, miR-7975, miR-126-3p, miR-150p, and miR-451a) on the expressions of iNOS and arginase in M0-differentiated THP-1 cells (n = 3 
per each group). The data are shown as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. 

 

NDTRs exert protective effects against acute 
and chronic inflammation 

We next evaluated the effects of NDTRs and 
NDMVs on the murine models of acute and chronic 
inflammation. Cecal-ligation and puncture (CLP, a 
murine model of experimental sepsis) [38] and 
chronic dextran sulfate sodium (DSS)-induced colitis 
[39] were used as murine models for acute and 
chronic inflammation, respectively. BALB/c mice 
were treated intraperitoneally with either NDTRs or 
NDMVs 30 min prior to CLP surgery and further 
treated on days 1, 2, and 3 after CLP surgery. 
NDTR-treated mice showed increased survival, while 

NDMV-treated mice did not show any survival 
benefit (Figure 6A). Peritoneal macrophages isolated 
from NDTR-injected mice showed higher expressions 
of iNOS, TNF-α, MHC II, and CD163 with decreased 
expression of CD86 and TGF-β compared to 
peritoneal macrophages isolated from control mice 
(Figure 6B). Peritoneal macrophages isolated from 
NDMV-injected mice showed decreased expression of 
IL-12 and TGF-β (Figure 6B). We further examined 
cytokine levels in peritoneal fluid. NDTR injection 
attenuated the levels of IL-1β and enhanced the levels 
of IL-6 (Figure 6C). NDMV injection did not affect the 
peritoneal cytokine levels (Figure 6C). For 
establishment of a chronic DSS-induced colitis, mice 
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were orally administered with two cycles of 2% DSS 
as previously described [39]. Either NDTRs or 
NDMVs were administered intraperitoneally on days 
16, 18, 20, and 22 (Figure 6D). Interestingly, NDTRs 
significantly attenuated DSS-induced reduction of 
colon length, while NDMVs had no effect (Figure 6E). 
Moreover, NDTR treatment significantly reduced 
colon damage (Figure 6F). 

Previously, neutrophil-derived EVs were 
suggested as markers and mediators in sepsis [40]. 
Therefore, we examined the existence of NDTRs and 
NDMVs in serum of sepsis patients to confirm the 
clinical relevance of neutrophil-derived EVs. Serum 
was obtained from 12 septic patients admitted to the 
intensive care units due to community-acquired 
pneumonia. EVs were isolated using ExoQuick and 

further stained with AnxA5 (FITC), anti-CD16 
antibody, and anti-CD66 antibody. Interestingly, the 
percentages of both NDTRs (CD66b+ AnnA5+ CD16-) 
and NDMVs (CD66b+ AnnA5+ CD16+) were higher in 
serum of sepsis patients than in those of healthy 
volunteers (Figure S6). 

Discussion 
In this study, we investigated the 

characterization and function of NDTRs. NDTRs 
share many similarities with NDMVs. NDTRs were 
generated by stimulators for NDMVs (Figure 1A-B) 
and showed similar physical characteristics such as 
diameter (Figure 1C), morphology (Figure 1D-E), and 
surface marker expressions (Figure S1D). Both NDTRs 
and NDMVs exerted bactericidal activities (Figure 2), 

 

 
Figure 6. Protective effects of NDTRs on murine models of acute and chronic inflammation. (A) Effects of NDTRs and NDMVs in a murine model of sepsis. 
Experimental sepsis was induced by CLP. Survival rates of septic mice after the administration of neutrophil-derived EVs. BALB/c mice were administered an i.p. injection of 
either NDTRs (n = 8), NDMVs (n = 12) or vehicle (saline, n = 12) 1 h before surgery and on days 1 and 3 after surgery. *P < 0.05 compared to vehicle. (B) The expressions of 
markers for M1 and M2 in peritoneal macrophages isolated from septic mice injected with neutrophil-derived EVs. (C) The cytokine levels of peritoneal fluid isolated from septic 
mice injected with neutrophil-derived EVs. (D-F) The effects of NDTRs and NDMVs in a murine model of chronic colitis. Mice were administered with two cycles of 2% DSS for 
5 days. At the beginning of the second cycle, mice were treated with NDTRs and NDMVs on every 2 days. n = 4 per each group. (D) Percentage of initial weight. (E-F) Mice were 
sacrificed on day 22 and subjected to evaluation. (E) Left panel, colon length. Right panel, representative photographs of the colon and cecum. (F) Macroscopic colonic damage. 
Left panel, histological score. Right panel, representative images of hematoxylin and eosin (H&E) staining. The arrows indicate crypt damage and inflammatory cell infiltration. 
The data are shown as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. 
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induced monocyte chemotaxis through MCP-1 
(Figure 3) and were uptaken by M0-differentiated 
THP-1 cells (Figure 4A-B). However, the generation 
mechanism of NDTRs preferentially depended on 
integrin-mediated signaling whereas that of NDMVs 
depended on PI3K signaling (Figure S1B). 
Phenotypically, NDTRs generally showed higher 
expression levels of PSGL-1 whereas NDMVs showed 
higher expressions of CD16 (Figure S1D). Notably, 
NDTRs showed higher expressions of 
proinflammatory miRNAs (Figure 5) and induced 
proinflammatory phenotype polarization of 
macrophages (Figure 4D-E). Finally, NDTRs showed 
beneficial effects in murine models of acute and 
chronic inflammation whereas NDMVs did not 
(Figure 6). 

Although we searched for specific stimulators 
for NDTRs, most immunological stimuli induced both 
NDTR and NDMV formations, suggesting that the 
generation of NDTRs and NDMVs is not determined 
by stimulators that neutrophils encounter during the 
inflammatory process. However, we found a specific 
mechanism underlying the generation of 
neutrophil-derived EVs. Although neutrophil-derived 
EVs shared common mechanisms of generation (e.g., 
via ERK MAPK, p38 MAPK, Rho, Rac1, Cdc42, and 
extracellular Ca2+), the integrin signaling and the PI3K 
pathway were required for the generation of NDTRs 
and NDMVs, respectively (Figure S1B). These results 
suggest that the generation of NDTRs and NDMVs by 
neutrophils is dependent on the immunological 
environment such as physical interaction through 
adhesion molecules, not the type of stimulation. We 
next tried to identify the specific markers of NDTRs. 
Although NDTRs shared most markers with NDMVs, 
we found surface markers differently expressed in 
neutrophil-derived EVs. NDMVs expressed relatively 
higher levels of CD16 whereas NDTRs expressed 
relatively higher levels of PSGL-1. CD16, an Fcγ type 
III receptor, is found on the surface of neutrophils [41] 
and is preferentially distributed on the leading edge 
in migrating neutrophils [42]. In contrast, PSGL-1 is 
found in the surface of resting neutrophils and 
redistribute to the uropods in response to 
chemoattractant stimulation [43]. NDTRs are 
generated from elongated uropods of migrating 
neutrophils whereas NDMVs are generated from 
membrane blebbing from neutrophils. Hence, the 
contribution of this physical characteristic to the 
generation mechanism might be responsible for 
differential expression patterns of these markers. 

Both NDTRs and NDMVs killed bacteria via 
ROS- and granule-dependent mechanism (Figure 2). 
Although a previous study showed that NDMVs limit 
bacterial growth by inducing bacterial aggregation 

[16], the specific mechanism underlying the 
bactericidal activity of NDMVs is incompletely 
understood. Both NDTRs and NDMVs showed 
bactericidal activity via ROS- and granule-dependent 
mechanisms (Figure 2). Previous studies have 
reported that NDMVs can actively generate ROS [19, 
26] and contain neutrophil granules such as 
myeloperoxidase [5, 15, 19], lactoferrin, elastase, and 
proteinase [5, 6, 10, 12, 19]. Consistent with this 
hypothesis, we found that NDMVs are equipped with 
functional units of ROS generation and they actively 
generate in response to stimulation (Figure S2). 
Moreover, the inhibition of NADPH oxidase and 
proteases significantly attenuated the bactericidal 
activity of NDMVs (Figure 2D-E). Interestingly, 
NDTRs also showed bactericidal activity via ROS- 
and granule-dependent mechanisms (Figure 2D). 
Additionally, NDTRs actively generated ROS in 
response to PMA stimulation (Figure S2) and 
expressed various granule markers (Figure S1C). 
Moreover, the bactericidal activity of NDTRs was also 
significantly attenuated by the NADPH oxidase 
inhibitor and protease inhibitors (Figure 2D-E), 
suggesting that NDTRs not only guide the migration 
of immune cells to inflammatory foci but also provide 
a defense against pathogens. Moreover, our results 
suggest that neutrophil-derived EVs might be 
involved in the general bactericidal activity of 
neutrophils (Figure 2C). After generation of EVs, 
neutrophils exhibited a marked decrease in overall 
bactericidal activity, suggesting that the generation of 
EVs leads to exhaustion state of neutrophils (Figure 
2C). Neutrophils are exposed to various bacteria- 
derived products which are strong stimulators of 
neutrophil-derived EVs production. Therefore, our 
results suggest the possible involvement of 
neutrophil-derived EVs in bactericidal process of 
neutrophils. 

Previous studies reported that NDMVs induce 
anti-inflammatory functions in neighboring cells. 
NDMV-exposed NK cells exhibited increased 
expression of anti-inflammatory cytokines and 
NDMVs inhibited the maturation of monocytes into 
dendritic cells [13]. Moreover, NDMVs inhibit 
proinflammatory cytokine expression in monocytes, 
macrophages [8, 9, 23, 28], and endothelial cells [11, 
12]. In contrast, very little is known regarding the 
effects of NDTRs in cell-to-cell communications 
except that they guide following CD8+ T cells and 
monocytes toward inflammatory foci [3]. We found 
that neutrophil-derived EVs play a pivotal role in 
recruiting monocytes and skewing the differentiation 
of M0-differentiated THP-1 cells into either 
proinflammatory or anti-inflammatory phenotype. 
Both subtypes of neutrophil-derived EVs induced 
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monocyte chemotaxis (Figure 3) and were uptaken by 
M0-differentiated THP-1 cells (Figure 4A, B). 
Neutrophil-derived EVs showed differential effects 
on the phenotypic polarization of macrophages; 
NDTRs induced polarization of M0 macrophages 
toward a proinflammatory phenotype, whereas 
NDMVs induced of M0 macrophages polarization 
toward an anti-inflammatory phenotype (Figure 
4C-E). 

We found that miRNAs differentially expressed 
in NDTRs and NDMVs are responsible for 
macrophage polarizations into different phenotypes 
(Figure 5). Interestingly, most miRNAs found in 
NDTRs are associated with proinflammatory 
responses of macrophages, whereas most miRNAs 
found in NDMVs are associated with anti- 
inflammatory responses of macrophages. miR-1260a 
and miR-1285-5p are expressed in bacteria-infected 
macrophages [44-46]. miR-122-5p and miR-29a-3p 
induce proinflammatory gene expression in 
macrophages [47, 48]. Moreover, miR-24-3p and 
miR-4454 are found in monocyte-derived dendritic 
cells [49] and alveolar macrophages [50]. In contrast, 
miR-126-3p and miR-150-5p are expressed in M2 
polarized macrophages [51, 52] and are associated 
with suppression of inflammation [53-56]. We 
identified differential miRNA expressions in NDTRs 
and NDMVs, suggesting that neutrophils might 
incorporate different types of miRNAs into EVs 
according to the immune environments. Since the 
adhesion molecules differentiate the generation 
mechanism of NDTRs and NDMVs, signaling 
associated with adhesion molecules could be helpful 
to understand this phenomenon. 

Although neutrophils are considered to generate 
different types of EVs according to the immune 
environment [6, 16, 22, 57], the reason has not been 
fully understood. Successful inflammation requires 
effective initiation and resolution. Since neutrophils 
are the first cells recruited to sites of inflammation, 
they play a pivotal role in initiating inflammation [30, 
58, 59]. Neutrophils actively participate in eliminating 
pathogens, guide following immune cells by releasing 
various kinds of chemokines and cytokines, and 
modulate the functions of neighboring immune cells 
[27, 59]. Neutrophils also play an important role in the 
resolution of inflammation; they can persist at 
inflammatory foci during the entire process of 
inflammation and participate in the resolution of 
inflammation by releasing proresolving factors [60]. 
The most prominent difference between NDTRs and 
NDMVs is the spatiotemporal generation mechanism; 
NDTRs are generated from neutrophils migrating 
toward inflammatory foci, whereas NDMVs are 
thought to be generated from neutrophils that have 

arrived at inflammatory foci. Therefore, NDTRs might 
augment the proinflammatory responses of 
accompanying immune cells to combat imminent 
inflammatory insults, whereas NDMVs might limit 
excessive inflammation by enhancing the 
anti-inflammatory responses of immune cells at 
inflammatory foci. Interestingly, NDTRs and NDMVs 
showed differential effects in murine models of 
inflammation. NDTRs reduced lethality in the murine 
model of sepsis (Figure 6A) and pathological changes 
in the murine model of chronic colitis (Figure 6D-F). 
Although bactericidal activity of neutrophil-derived 
EVs might explain the beneficial effects of NDTRs in 
murine models of inflammation, we did not find any 
beneficial effect of NDMVs despite their bactericidal 
activity. A possible explanation of this contradictory 
effects is the differential effects of neutrophil-derived 
EVs on macrophages. Immune responses in sepsis 
composed both proinflammatory and 
anti-inflammatory responses. Excessive immune 
responses such as cytokine storm are detrimental to 
patients with sepsis and either dysregulated or 
compromised immune responses are also detrimental 
to hosts [61]. Macrophages play a pivotal role 
throughout pathogenesis of sepsis. Although 
macrophages are responsible for excessive production 
of proinflammatory cytokines during sepsis, they also 
show immune paralyzed phenotype during sepsis 
[61]. Indeed, the induction of proinflammatory 
macrophages protect against CLP-induced lethality 
[62, 63]. NDTRs contained proinflammatory miRs and 
induced proinflammatory phenotype polarization of 
macrophages, hence this might explain beneficial 
effects in murine model of inflammations. In contrast, 
NDMVs showed negligible effects on the overall 
outcomes in our in vivo inflammation models despite 
their effects on macrophages. However, previous 
study showed the beneficial anti-inflammatory effect 
of NDMVs in chronic inflammation. The 
intra-articular injection of NDMVs decreased cartilage 
damage in a murine model of inflammatory arthritis 
by enhancing TGF-β production from chondrocytes 
[17]. Since our study showed that NDMVs promote 
anti-inflammatory macrophage polarization, it could 
be additional mechanism underlying the beneficial 
effect of NDMVs on inflammatory arthritis. However, 
additional in vivo studies are needed to verify the 
anti-inflammatory effects of NDMVs. Moreover, 
neutrophil-derived EVs, exosome, exacerbate chronic 
inflammatory disease such as chronic obstructive 
pulmonary disease and bronchopulmonary dysplasia 
[64], hence studies regarding therapeutic application 
of neutrophil-derived EVs should be addressed 
carefully. 
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In conclusion, our study provides important 
insight into the differential functions of neutrophil- 
derived EVs; proinflammatory NDTRs and anti- 
inflammatory NDMVs. NDTRs guide monocytes and 
induce polarization toward proinflammatory 
macrophages, thereby contributing to the effective 
initiation of inflammation. On the other hand, 
NDMVs have similar characteristics to NDTRs, but 
they induce macrophage polarization into an 
anti-inflammatory phenotype. Therefore, modulating 
neutrophil-derived EV generation might be a new 
strategy for control of inflammation. 

Material and methods 
Neutrophil isolation 

Human blood experiment was approved by 
Institutional Research Board of Kyungpook National 
University and Hallym University. Neutrophils were 
purified using histopaque (Sigma-Aldrich) 
centrifugation followed by Dextran sedimentation as 
described previously [65]. Briefly, venous blood was 
drawn from healthy male volunteers, layered over 
histopaque 1077 (Sigma-Aldrich), and centrifuged at 
1400 × g for 30 mins at RT. Neutrophil-containing 
layer was collected and sedimented with 5% (w/v) 
dextran (Pharmacosmos) for 45 min at 4 °C. 
Neutrophil-rich layer was collected and remaining 
red blood cells were removed using hypotonic lysis. 
Neutrophils were finally resuspended and incubated 
in RPMI 1640 (Gibco) supplemented with 5% Fetal 
bovine serum (FBS, HyClone) for maintaining 
neutrophil function. The purity of neutrophils was 
consistently greater than 95% determined by Wright- 
Geimsa staining. All the experiments regarding 
NDTRs and NDMVs were conducted in RPMI-1640 
supplemented with 5% FBS unless otherwise 
indicated. 

Live cell imaging of NDMV and NDTR 
formation 

Neutrophils (5 × 106 cells) were stained cell 
tracker green (1.5-2.0 μg/mL, Invitrogen) and 
incubated in either μ-slide chamber (Ibidi) pre-coated 
with fibronectin (5 μg/mL, Merck Millipore) for 
evaluation of NDTR formation or in confocal plates 
for evaluation of NDMV formation. Neutrophils were 
stimulated with various stimulators: fMLP (1 μM, 
Sigma-Aldrich), LPS (1 μg/mL, Sigma-Aldrich), C5a 
(50 ng/mL, Sino Biologicals), S100B (100 ng/mL, Sino 
Biologicals), HMGB1 (100 ng/mL, Sino Biologicals), 
TNF-α (50 ng/mL, Sino Biologicals), IFN-γ (100 
ng/mL, Sino Biologicals), TGF-β (20 ng/mL, Sino 
Biologicals), IL-4 (20 ng/mL, Sino Biologicals), PMA 
(100 μg/mL, Sigma-Aldrich), and N omega-Nitro-L- 

arginine methyl ester hydrochloride (L-NAME, 10 
μM, Tocris bioscience). Then, EV formations were 
visualized by immunofluorescence microscopy 
(Olympus IX83, Olympus) at 37 °C, 5% CO2 for 1 
hour. 

Separation of neutrophil-derived EVs 
For separation of NDTRs, neutrophils (5 × 106 

cells) were seeded on culture plates coated with 
fibronectin (5 μg/mL, Merck Millipore) and 
stimulated with stimulators for 20 min. Neutrophils 
and media were discarded from fibronectin-coated 
plated and adherent NDTRs were recovered using cell 
scraper. For separation of NDMVs, neutrophils (5 × 
106 cells) were seeded on the culture plate and 
stimulated with stimulators for 20 min. Supernatants 
were collected from uncoated plates and were 
subjected to purification. The remnant neutrophils 
and debris were further removed by centrifugation at 
700 × g and filtration through 1.2 μm filter (Minisart 
Syringe Filter, Sartorius). The filtered EV-containing 
supernatants were concentrated using 
ultra-centrifuged at 100,000 × g for 60 min at 4 °C. The 
concentrated EVs were dissolved in 100 μL RPMI and 
stored at -70 °C (maximum for 15 days). According to 
the concentration of neutrophils used in each 
experiment, EVs isolated from equivalent 
concentrations of neutrophils were used. The 
apoptotic rates of neutrophils at the time of EV 
harvest was examined using annexin V/propidium 
iodide (PI) apoptosis assay. Flow cytometric analysis 
showed that more than 95% of neutrophils were 
negative for annexin V/PI staining, which were 
general apoptotic rates of neutrophils incubated less 
than five hours. Since our experimental protocol 
provide neutrophil-derived EVs at high recovery with 
low specificity, vehicles were prepared for neutrophil 
non-containing groups. Vehicles for NDMVs were 
prepared from supernatants of media without 
neutrophils. Vehicles for NDTRs were prepared from 
scrapping fibronectin-coated plates without 
neutrophils. Then vehicles were centrifuged, filtered 
through 1.2 μm filter, and concentrated using ultra- 
centrifugation. No visible pellets were found in both 
vehicles, and they were suspended in 100 μL phenol 
red-free RPMI and employed as vehicles. 

Quantification of NDMV and NDTR 
Neutrophils (5 × 106 cells) were stained with 

calcein-AM (20 μg/mL, Merck Millipore) and 
stimulated with various stimulators: fMLP (1 μM), 
LPS (1 μg/mL), E. coli (1 × 106 cells), S. aureus (1× 106 
cells), C5a (50 ng/mL), S100B (100 ng/mL), HMGB1 
(100 ng/mL), TNF-α (50 ng/mL), IFN-γ (100 ng/mL), 
TGF-β (20 ng/mL), IL-4 (20 ng/mL), PMA (100 



Theranostics 2021, Vol. 11, Issue 6 
 

 
http://www.thno.org 

2783 

μg/mL), and L-NAME (10 μM). Then neutrophil- 
derived EVs were isolated and the fluorescence were 
measured using Spectramax M2/e fluorescence 
microplate reader (Molecular Devices). 

Characterization of NDTRs using scanning 
electron microscopy and nanoparticle tracking 
analysis 

EVs generated from neutrophils (2 × 109 cells) 
were examined using scanning electron microscopy 
(SEM) as previously described [66]. Briefly, EVs were 
absorbed on the surface of filter disc, incubated in 3% 
glutaraldehyde (Sigma-Aldrich), dehydrated using 
ethanol (Merk Millipore), dried with liquid CO2, and 
sputtered with osmium. Samples were visualized 
using Hitachi SU8229 scanning electron microscope 
(Hitachi). Neutrophil-derived EVs were characterized 
using Nanoparticle tracking analysis (NTA). EVs were 
re-suspended in PBS and analyzed with the 
Nanosight LM10 nanoparticle characterization system 
(Malvern Instruments). Samples were manually 
injected into the sample chamber and each sample 
was measured in duplicate with an acquisition time of 
30 sec and detection threshold setting 7. At least 975 
frames were analyzed per video. NTA analytical 
software version 3 was used for capturing and 
analyzing data. 

Bactericidal activity 
Neutrophils (108 cells) were stimulated with 

either opsonized E. coli (DH5α, 107 cells, American 
Type Culture Collection, ATCC) or S. aureus (107 cells, 
ATCC) for 30 min on the either uncoated culture plate 
or fibronectin-coated culture plate. EVs were isolated 
according to the procedure as described except the 
exposure to penicillin-streptomycin (Pen-Strep, 
Sigma-Aldrich) for 30 min before ultracentrifugation. 
Either E. coli (109 cells) and S. aureus (109 cells) were 
opsonized for 30 min with autologous serum (100 μL). 
Opsonized E. coli (107 cells) and S. aureus (107 cells) 
were exposed to either NDTRs and NDMVs (2 × 109 
particles per each group) which were isolated from 
neutrophils stimulated with respective bacteria for 30 
min. Bacteria were washed and seeded on the agar 
plate. For comparison of bactericidal activity, bacteria 
were exposed to neutrophils (108 cells) for 30 min, 
cells were lysed with chilled DDW, and remnant 
bacteria were seeded on agar plates. The percentages 
of killing were calculated as: percentages of killing (%) 
= [1 - (colony counts in experimental group/colony 
counts in vehicle (DDW)-treated group) × 100]. For 
inhibition of specific bactericidal pathways, bacteria 
were exposed to neutrophil EVs in presence of either 
protease inhibitor cocktail (10 μM, Sigma-Aldrich), 
diphenylene iodonium (DPI, 10 μM, Molecular 

Probes), or DNase I (10 μM, Bio basic). For bactericidal 
activities of remnant neutrophils, neutrophils (108 

cells) were allowed to generate either NDTRs or 
NDMVs in presence or absence of stimulation with 
respective bacteria. Then neutrophils were carefully 
recovered by removing of EVs using centrifugation at 
1400 × g, treated with pen-strep for 30 min, and the 
bactericidal activities of recovered neutrophils (108 

cells) against bacteria (107 cells) were examined. For 
generation of remnant neutrophils after generation of 
both EVs, neutrophils were first allowed to generate 
NDTRs against bacteria, neutrophils were recovered, 
and were further allowed to generate NDMVs against 
respective bacteria. Remnant neutrophils were 
recovered and subjected to bactericidal assay. For 
generation of control neutrophils after NDTR 
formation [Con (NDTR)], neutrophils were allowed to 
adhere on the fibrinogen-coated plates, treated with 
vehicles (either DDW or DMSO), and harvested with 
gentle scrapping. For generation of control 
neutrophils after NDMV formation [Con (NDMV)], 
neutrophils were suspended in media without 
stimulation and harvested. For generation of control 
neutrophils after NDTR and NDMV formation [Con 
(both)], neutrophils were harvested from fibrinogen- 
coated plates, resuspended in media without 
stimulation, and harvested.  

Monocyte isolation 
Monocytes were obtained from peripheral blood 

mononuclear cells (PBMCs) layer obtained after 
histopaque centrifugation by using percoll solution as 
described previously [67]. PBMCs were layered on 
hyper-osmotic percoll solution (GE healthcare Life 
science) and further purified using iso-osmotic percoll 
solution. Macrophages were differentiated from 
monocytes by incubation with granulocytes- 
macrophage colony stimulating factor (GM-CSF, 10 
ng/mL, Bio Legend) in RPMI supplemented with 5% 
FBS for 5 days. Cells (106 cells) were exposed to either 
NDTR (108 particles) and NDMV (108 particles) for 24 
h. For comparison, cells were exposed to either LPS 
(100 ng/mL) and IFN-γ (10 ng/mL) for M1 
polarization or IL-4 (10 ng/mL) and recombinant 
human IL-12 (10 ng/mL, Sinobiologicals) for M2 
polarization. 

Chemotaxis assay 
Migration of monocytes against neutrophil- 

derived EVs were determined using μ-slide chamber 
(ibidi) following manufacturer’s instruction. One side 
of chemotaxis chamber was loaded with either 
NDTRs or NDMVs, and monocytes were allowed to 
migrate. For comparison, chemotaxis chamber was 
loaded with MCP-1 (100 μg/mL), and migration of 
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monocytes were measured. For inhibition of 
monocyte chemotaxis against EVs, cells were pre- 
treated with CCR2 (a receptor for MCP-1) inhibitor 
(CCR2 inhibitor, 1 μg/mL, Santa Cruz) for 30 min and 
allowed to migrate toward EVs in presence of CCR2 
inhibitor. The cell movement were visualized and 
captured by Nikon Eclipse Ni-U microscope using 
20X objective. The movement of cells was then 
analyzed using ImageJ [68] and Chemotaxis/ 
migration tool (ibidi). 

Polarization of differentiated THP-1 
THP-1 cells were purchased from Korean Cell 

Line Bank. THP-1 cells were maintained at 5 × 106 
cells/mL in RPMI (Gibco) supplemented with 10% 
heat-inactivated FBS (HyClone, GE healthcare Life 
Sciences) with 1% penicillin/streptomycin (Sigma- 
Aldrich). THP-1 cells were differentiated into M0 
macrophages by treatment with PMA (100 ng/mL) 
for 48 h. M0-differentiated THP-1 cells (106 cells) were 
exposed to NDTRs (108 particles) and NDMVs (108 

particles) which were isolated from neutrophils (5 × 
106 cells) stimulated with fMLP (1 μM). For 
comparison, M0-differentiated THP-1 cells were 
stimulated with either LPS (100 ng/mL) and IFN-γ (10 
ng/mL) for M1 polarization or IL-4 (10 ng/mL) and 
recombinant human IL-12 (10 ng/mL, 
Sinobiologicals) for M2 polarization. For evaluation of 
macrophage phenotype polarization, polarized-THP- 
1 cells were detached using trypsin supplemented 
with EDTA (Life Technologies), fixed with Phosflow 
buffer (BD biosciences), and further stained with 
fluorescence-labeled anti-human monoclonal 
antibodies: CD14 (PerCP, BD biosciences), HLA-DR 
(APC, BD biosciences), CD80 (PE, Bio Legend), CD86 
(PE, Bio Legend), CD209 (APC, Bio Legend), CD23 
(APC, Bio Legend), CD163 (PE, Bio Legend), and 
CD206 (FITC, BD biosciences). Flow cytometric 
analysis was made using BD FAC calibur and 
analyzed using FlowJo software. For evaluation of 
cytokine expressions, RNA was extracted from 
polarized-THP-1 cells using TRIzol (Ambion) and 
cDNA was synthesized using RT2 First strand kit 
according to manufacturer’s recommended protocols 
(Qiagen). RT-qPCR was performed by using cDNA 
(100 ng), primer (1 μL) and RT2 SYBR Green qPCR 
mastermix (Qiagen) using Qiagen rotor. Briefly, 
reactions were performed under the suggested 
cycling conditions: polymerase activation for 10 min 
at 95 °C, followed by 40 cycles of 15 s at 95 °C and 45 s 
at 60 °C. For all PCR experiments, post-PCR DNA 
melt curve analysis was performed to assess 
amplification specificity. DNA melting was carried 
out using a temperature ramping rate of 1 °C per step 
with a 5-second rest at each step. Pre-designed RT2 

qPCR primer assays (Qiagen) were used to determine 
the expression level of cytokines: iNOS (NOS2, 
PPH00173F), Arg-1 (PPH20977A), TNF-α 
(PPH00341F), TGF-β1 (PPH00508A), IL-10 
(PPH00572C), IL-12A (PPH00544B), IL-6 
(PPH00560C), and IL-1β (PPH00171C). Gene 
expression level were calculated as log2(2-ΔΔct) using 
GAPDH (PPH00150F) as a control. In transwell assay, 
bottom chamber was loaded with neutrophil-derived 
EVs and M0-differentiated THP-1 cells were cultured 
in upper chamber for 4 h. Then, THP-1 cells were 
harvested and subjected to qPCR. 

The uptake of neutrophil EVs by THP-1 cells 
Neutrophils stained with cell tracker green (5 

μg/mL, Invitrogen) were stimulated with fMLP and 
EVs were isolated. M0-differentiated THP-1 cells were 
exposed to neutrophil-derived EVs on a confocal dish 
and visualized using immunofluorescence 
microscopy at 37 °C, 5% CO2 for 1 h. For flow 
cytometric analysis, M0-differentiated THP-1 cells 
were exposed to EVs for indicated time. The cells 
were harvested, fixed with phosflow fix buffer, 
permeabilized with perm buffer, and stained with 
fluorescence-conjugated antibodies against CD14 (PE) 
and CD66b (FITC). The fluorescence levels of CD66b 
in CD14+ M0-differentiated THP-1 cells were 
examined. Sample acquisition was performed with 
BD FACS Calibur (BD Biosciences). The data was 
analyzed using FlowJo software. 

miRNA array and validation 
Total RNA was isolated from neutrophil EVs 

using the miRNeasy Micro Kit (Qiagen, USA) 
following the manufacturer’s protocol. The purity and 
concentration of the isolated RNA was measured with 
Nanodrop ND-1000 spectrophotometer (Nanodrop 
Technologies, USA). An equal amount (20 ng) of total 
RNA was converted to cDNA using the TaqMan 
MicroRNA Reverse Transcription Kit (Applied 
Biosystems, USA). 3 μL of RT product from total RNA 
was contained in a reaction volume of 10 μL with 
TaqMan Universal Master Mix II (Applied 
Biosystems) and TaqMan probe (hsa-miR-24-3p, hsa- 
miR-29a-3p, hsa-miR-122-5p, hsa-miR-126-3p, hsa- 
miR-150-5p, hsa-miR-451a, hsa-miR-1260a, hsa-miR- 
1285-5p, hsa-miR-4454, hsa-miR-7975) The expression 
levels of selected miRNAs were analyzed according to 
the TaqMan MicroRNA Assay protocol in triplicate. 
Cel-miR-39 was added in the samples during the 
RNA extraction step and was used as an exogenous 
control for normalization of raw data. The miRNA 
profile of the samples was analyzed with Nanostring 
nCounterTM system. The effects of miRNAs (has-miR- 
1260a, hsa-miR-1285-5p, hsa-miR-4454, hsa-miR-7975, 
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hsa-miR-126-3p, hsa-miR-150-5p, and hsa-miR-451a) 
on the phenotype polarization of macrophages were 
confirmed. M0-differentiated THP-1 (1 × 106 cells) 
were transfected with 50 nM of indicated miRNA 
mimics (Applied Biological Materials) using NEPA21 
(NEPA gene) and incubated for 24 h in RPMI. RNA 
was extracted and the expression of iNOS and 
Arginase were determined by quantitative PCR. 

Animal experiments 
Animal experiments were approved by the 

Institutional Animal Care and Use Committee of 
Kyungpook National University and Hallym 
University. BALB/c (male, 5-8 weeks old) mice were 
purchased from Orient Bio. Bone marrow cells were 
isolated as previously described [69] and neutrophils 
were isolated using either neutrophil isolation kit 
(Miltenyi Biotec) or EasySepTM mouse neutrophil 
enrichment kit (StemCell technologies) as previously 
described [38]. EVs were separated by stimulating 
mouse neutrophils (5 × 106 cells/mL) with E. coli (1 × 
106 cells/mL). EVs were dissolved in 100 μL RPMI 
and stored at -70 ℃. Experimental sepsis was induced 
in BALB/c mice by the cecal ligation and puncture 
(CLP) procedure as previously described Mice were 
treated with either NDTRs (108 particles, 100 μL, i.p.), 
NDMVs (108 particles, 100 μL, i.p.) or vehicle 
(saline,100 μL, i.p.) 30 min before CLP surgery, and 
further treated on day 1, 2, and 3 after CLP surgery. 
The survival of septic mice was monitored for 9 days. 
Peritoneal fluids were collected 18 h after CLP 
surgery, centrifuged at 1400 × g, and filtered through 
1.2 μm filter. Supernatants and cells were subjected to 
enzyme-linked immunosorbent assay (ELISA) and 
macrophage isolation, respectively. The concentration 
of IL-1β, IL-6, and tumor necrosis factor (TNF)-α were 
measured using ELISA kit (R&D systems). Peritoneal 
macrophages were isolated using macrophage 
isolation kit (Miltenyi Biotec) and subjected to flow 
cytometric analysis. DSS-induced chronic colitis was 
performed according to previous study [39]. In brief, 
BALB/c mice received water containing 2% DSS 
during first 5 days and further received normal 
drinking water for 10 days. At day 16, mice were 
exposed to water containing 2% DSS again until day 
22. Mice were treated with NDTRs and NDMVs (108 
particles, 100 μL, i.p.) on days 16, 18, 20, and 22. Mice 
were sacrificed on day 22 and colon size were 
measured, and the colons were prepared for 
histological analysis as previously described [39]. 

Statistical analysis 
Data are presented as the mean ± SEM for 

continuous variables and as the number (%) for the 
categorical variables. Statistical data were analyzed by 

Graphpad prism 7.0e (GraphPad Software). 
Comparisons between two groups were performed 
with either two-tailed Student's t test (parametric) or 
Mann-Whitney (non-parametric test). Survival data 
were analyzed using Mantel-Cox log-rank test. Values 
of p < 0.05 were considered to indicate statistical 
significance. 

Summary 
Neutrophils generate different types of 

extracellular vesicles. In this study, we found that 
neutrophil-derived trails are proinflammatory extra-
cellular vesicles. Neutrophil-derived trails contained 
proinflammatory miRNAs, induced proinflammatory 
macrophage phenotype polarization, and showed 
protective effects in murine models of acute and 
chronic inflammation. 

Key points 
• Neutrophil-derived trails contain 

proinflammatory miRNAs and induce 
proinflammatory macrophage polarization; 

• Neutrophil-derived trails show protective effects 
in murine models of acute and chronic 
inflammation. 
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